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1. Summary 

Sustainable development is a key change for nowadays society to prevent future problems. 

Consequently, the role of engineers has to be modified in order to acquire sustainable 

competences for their projects. At this point, Life Cycle Assessment methodology can be useful 

for Sustainability Education as it provides a holistic view. For the future engineering students, 

LCA methodology will complement their knowledge, making them able to analyse projects 

looking at environment, society and economy. The capacity of work thinking about 

environment, society and economy will allow engineering students to develop their work taking 

into account all impacts generated. Therefore, future engineering generations will conduct us 

towards sustainable development. 

The purpose of this thesis is to analyse how Life Cycle Assessment methodology can be 

established as an educational support for Sustainability Education. Moreover, a LCA tool 

analysis has been conducted in order to determine which LCA tools can be helpful for the 

achievement of sustainability knowledge by engineering students. 

The thesis has been divided into two main parts. First part analyses and provides a Life Cycle 

Assessment Guide for engineering students, explaining the methodology step by step for the 

development of a normalised LCA. Second part it’s an analysis of available LCA Tools to 

determine if they are viable, or not, to introduce LCA methodology to engineering students. 

After the development of these parts, conclusions have been conducted by the analysis of the 

obtained results. 

The conclusion of the thesis is that LCA methodology can be helpful for Sustainability 

Education purpose. Conversely, there is not an ideal LCA Tool to satisfy this need, but some of 

them can fit the intended objectives. 
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2. Aims and Objectives 

During the work funded by the Nordic Council of Ministers to prepare a Nordic guideline for 

life cycle assessment, the SETAC definition of LCA (Consoli et al., 1993) was modified 

(Lindfors et al., 1995c):  

“A process to evaluate the environmental burdens associated with a product system, 

or activity by identifying and quantitatively describing the energy and materials 

used, and wastes released to the environment, and to assess the impacts of those 

energy and material uses and releases to the environment. The assessment includes 

the entire life cycle of the product or activity, encompassing extracting and 

processing raw materials; manufacturing; distribution; use; re-use; maintenance; 

recycling and final disposal; and all transportation involved. LCA addresses 

environmental impacts of the system under study in the areas of ecological systems, 

human health and resource depletion. It does not address economic or social effects”. 

The ISO/FDIS standard in Life Cycle Assessment (1997a) gives the following definition: 

“LCA is a technique for assessing the environmental aspects and potential impacts 

associated with a product, by 

• compiling an inventory of relevant inputs and outputs of a system; 

• evaluating the potential environmental impacts associated with those inputs and 

outputs; 

• interpreting the results of the inventory and impact phases in relation to the 

objectives of the study 

LCA studies the environmental aspects and potential impacts throughout a product’s 

life (i.e. cradle-to-grave) from raw material acquisition through production, use and 

disposal. The general categories of environmental impacts needing consideration 

include resource use, human health, and ecological consequences.” 

This thesis aims to introduce a brief and easy to use LCA guide to facilitate the comprehension 

of the LCA methodology by engineering students, providing them with a holistic view for the 

sustainable development.  

Final results of this work would be used to provide recommendations to interested educational 

organisations and for LCA tool developers in order to find an appropriate tool to teach LCA 

methodologies to engineering students and also to help developers to know what is needed for 

an educational LCA tool. 

The aims presented in Table 2.1 will be accomplished by fulfilling the research objectives 

presented below. 

Research objectives Tasks 

1. Review Sustainability 

competences for Engineering 

students 

 

- Review of literature about sustainability education. 

- Comprehension and analysis of the found information. 

2. Development of LCA guide.  

- Review the literature concerning LCA methodology. 

- Review the literature concerning LCA standards. 

- Review the literature concerning LCA projects and 
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Research objectives Tasks 

case studies. 

- Elaborate a guide for a complete LCA study. 

3. LCA tools selection.  

- Define criteria and methodology to select LCA tools. 

- Investigate LCA tools. 

- Analyse previous comparisons. 

- Review of literature for every LCA tool. 

- Selection of tools for the analysis. 

4. LCA tools analysis.  

- Review of case studies developed with chosen tools. 

- Analyse LCA tools features. 

- Describe the chosen tools. 

- Analyse the contents of LCA tools. 

- Select and describe the criteria for comparison. 

- Elaborate comparison tables. 

5. Analyse and assess LCA tools 

results to facilitate the LCA tool 

that fulfil sustainability 

education requirements. 

 

- Analyse the results obtained from the tables. 

- Determine the tools which fits better. 

- Elaborate conclusions. 

- Provide recommendations. 

Table 2.1. Research objectives. 
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3. Background and Viability Analysis 

The thesis has a Sustainability Education point of view to introduce the different steps included 

in an LCA study in order to facilitate comprehension of methodology and guide students 

towards the development of an LCA. Moreover, the report also includes a comparison between 

different LCA tools to determine which ones are the most appropriate in order to facilitate a 

holistic understanding of sustainability: Environment, Society and Economy. 

Green Research has developed some studies analysing sustainability needs and the following 

extract summarizes main factors. 

“The known world is having a mentality change to achieve the objectives of 

sustainable development and the countries are placing measures to guide an 

improvement on the environmental performance. Society has evolved to a state of 

insatiable consumerism which has created a huge demand of all variety of 

products involving the use of all kind of resources, even if renewables or not, to 

provide the society with all types of imaginable products. Moreover, all things 

involved inside the human being have been affected and the growing population 

increase the use of resources for living within the comfort standards of modern 

world.” 

According to the rising demands from customers and regulators to have an improved 

environmental performance and more transparency, have generated a rising interest in Life 

Cycle Assessment. The reason why LCA has been focused by community is the huge offer of 

possibilities to improve environmental performance without creating other consequences on the 

environment (Gabi EDU Handbook). As said by Green Research in 2011, “an aggressive use of 

LCA and life cycle thinking will become table stakes at leading companies, and those that 

aspire to lead, over the next two or five years”. 

In the last years, life cycle thinking has had an impact on environmental policies and agencies 

such as ISO standards, European Commission, World Resource Institute, etc., reaching a 

prominent role in the environmental policy making. Moreover, a continuous increasing number 

of stakeholders have felt the need to start reducing environmental impacts generated by global 

consumption. Finally, European Commission is elaborating a standard for environmental 

footprint with the International Reference Life Cycle Data System (ILCD) handbook, which 

will impulse the use of LCA by companies. 

Huge range of LCA tools have been created, offering the possibility of applying a huge range of 

methodologies to meet different goals (Green Research, 2011): 

- Production processes: Companies can use LCA to identify the part of a production 

process that has the greatest environmental impact so they can focus optimization 

efforts on that part. Process engineers can compare two alternative production processes 

with LCA to select the process with a higher environmental performance overall. 

- Waste management: LCA can be used to select among multiple waste management 

approaches. For example, recycling may not always be superior to incineration. The 

LCA can reveal if this is the case.  

- Product and packaging development: Companies draw on LCA methods in product and 

packaging design. It can help them select materials with lower environmental impacts. 

It can guide the development of designs that have lower impacts in the use phase or the 

ones that are easier to recycle.  

- Sustainability goals: A company with internal or public sustainability goals can use 

LCA to understand the impact of a new process on its ability to achieve those goals. 

This can give it advance notice that it may need to adjust some internal goals as a 

consequence of launching a new product or process.  
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- Green marketing: LCA has communication applications. A rigorous, science-based 

analysis, conducted in compliance with international standards, provides a sound basis 

for communicating with customers about environmental performance and progress. 

LCAs are the basis of environmental product declarations, a communication tool of 

growing importance.  

- Strategy and risk management: Some companies use LCA to get a better understanding 

of their dependence on critical raw materials, the availability of alternative sources and 

the impacts of those sources, and their exposure to interruptions in supply.  

All this goals can help the achievement of a sustainable development which will be respectful 

with the environment. But companies need to have tangible benefits to adopt a measure. 

Tangible benefits that should encourage companies to use LCA are listed below (Green 

Research, 2011): 

- Lower cost: LCA allows companies to make decisions that reduce their total cost. 

- Increase revenues: Use LCA to convey life cycle benefits to customers to win new 

business. 

- Respond to customer inquiries: Major customers ask suppliers for detailed 

environmental impact information, so the suppliers who conduct LCAs on their 

products will be prepared to respond to this information demand and allowing them to 

sustain those customer relationships. 

- Market access: Some products require an LCA before they can be successfully 

marketed. Also for green labelling as the Green Seal U.S. and EU Ecolabel require 

LCA.  

- Brand enhancement: The fact that a company carries an LCA to understand the impacts 

produced and the commitment to reduce them is favourably perceived by the customers. 

Nowadays, companies which are talking about measuring and reducing their 

environmental impacts are considered as leaders in their industries. 

- Quantitative basis for corporate sustainability: LCA enables companies to make fact-

based decisions about where to allocate resources, understand the consequences of their 

actions, avoid burden shifting and obtain benchmarks for improvement. 

There are numerous LCA tools being used but which could be a good one for an educational 

purpose? Furthermore, there are few tools that can provide complete LCA studies to show the 

complete methodology and different existing types of assessment methodologies (Eco-indicator 

99, ReCiPe, Impact 2002+, etc.). All that, makes necessary to compare all these LCA tools. 

Moreover, there exist free versions available but the LCA tools have to be related with 

databases for being useful. It is not usual to find a free version including a database. So using 

these free versions implies the acquisition of a database, usually by purchasing it if not having 

one. 

Nowadays there are criticisms which have created different points of view on strengths and 

limitations of LCA. In Table 3.1 based on ISO (1996), Frankl & Rubik (2000), Wriesberg et al. 

(2002), Fawer (2001), is possible to overview the strengths and limitations for LCA. 

Strengths and opportunities Limitations and threats 

LCA allows a cradle-to-grave approach. The degree of detail and time frame of an LCA may 

vary to a large extent, depending on the definition of 

goal and scope. 

LCA can systematically address the environmental 

aspects of a product system from raw material 

acquisition to final disposal. 

The possibility to select different allocations, system 

boundaries and recycling concepts leads to data 

inconsistencies, as well as double counting and 

omissions. Therefore, (further) standardisation of LCA 

after ISO is required. 

LCA is comprehensive with respect to environmental 

interventions and environmental issues considered. 

There is no scientific basis for reducing LCA results to 

a single overall score or number, since trade−offs and 

complexities exist for the systems analysed at different 

stages of their lifecycles. 

LCA can help to avoid problem shifting from one stage LCA is complex and hence data intensive. With respect 
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Strengths and opportunities Limitations and threats 

in lifecycle to another from one sort of environmental 

issue to another and from one location to another. 

to data coverage in the inventory, all relevant material 

flows of the Economy−wide Material Flow Analysis 

(EMFA) should be included which is currently not the 

case. In this respect, current LCAs are by no means 

comprehensive. 

LCA can make explicit distinctions between science 

based information and value choices. 

LCA does not consider rebound and other social 

effects. 

LCA is a flexible tool. Only known and quantifiable environmental impacts 

are considered. Value choices can be hidden in 

allocation rules. 

LCA can be combined with other tools. There is no single method for conducting LCA studies. 

The careful goal definition in LCA is a sound basis for 

the final evaluation. 

The availability and quality of data is a big problem, 

which still requires a lot of methodological and 

scientific work. It is unclear what to do, if data is 

missing and how to deal with (large) differences in 

different LCA databases. 

Decisions based on LCA foster minimisation the use of 

materials and energy of existing processes; 

minimisation/avoiding effluents, air emissions and 

(hazardous) wastes of today‘s factories; reducing 

emissions/ impacts to employees (health). 

Decisions for actions in a company like risks, benefits 

and costs are not addressed by LCA. 

LCA delivers a clear statement and intends to tell the 

ecological truth. 

The goal definition determines the result. 

LCA can be considered as an indicator for 

success/improvement in a company. 

Any LCA necessarily involves assumptions and 

subjective valuation procedures. Thus, great caution 

should be used in making environmental claims based 

on LCA. 

LCA raises the environmental awareness in companies 

and helps identifying environmental priorities. 

LCA does not directly consider future changes is 

technology and demand. 

The LCA approach intends to integrate life cycle 

thinking into business decisions (Joshi 2000). LCA 

supports environmental management systems. 

LCA represents only part of environmental impacts. 
  

LCA may be useful for marketing of environmental 

objectives and products (ecolabelling). LCA can foster 

introducing and developing new environmental 

technologies and thus providing advantages in the 

market. 

LCA only considers potential impacts. It does not 

reveal actual (e.g. unknown) impacts on the state of the 

environment. 

 

  

LCA allows comparison of different enterprises (micro 

level), although it is difficult, unless they have similar 

production conditions. 

LCA may tend to aggregations with minor significance. 

LCA allows comparison between related products over 

time considering a common indicator (e.g. land−use). 

LCA’s complexity is difficult to communicate. 
 

 

 It is difficult to adapt the LCA tool for the analysis of 

complex products. 

 LCA requires high expertise. 

 LCA is an extensive examination and thus time 

consuming and expensive. 

On the one hand, LCA tends to be beneficial in the case 

of mature products. Sine mature processes have been 

optimized in the past, data is often available. On the 

other hand, new and emerging processes with 

considerable impacts could be modified from the start. 

But during the development phase, data on these 

processes are usually insufficient for preventive or 

precautionary action. 

Table 3.1. Strengths and limitations of LCA methodology. 

W. Trusty (2010), president of Athena Sustainable Materials Institute, highlighted more 

misunderstandings related to LCA. First of all it has to be stated that “limited understanding 

poses a continuing problem, not only for LCA practitioners and entities promoting LCA, but 

also for code developers, policy makers and other users of the results of studies”.  
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Misunderstandings analysed are: 

- Study of same product yield different results. 

- Study or tool does not deal with whole life cycle. 

- Study does not show Human Health or Ecotoxicity impacts. 

- LCA does not include Social Effects or Economic impacts. 

- Different tools give different answers. 

- There is no consistent, readily available data. 

One of the most important criticism made against LCA is the Imprecisions and Uncertainties of 

studies. Philipp Schepelmann (2010).  

“In LCAs various sources of imprecision and uncertainties exist. The total error of an LCA can 

easily become larger than the calculated differences of ecological impacts of products and 

services. Most LCAs without error specification are regarded as unreliable (Schaltegger 1996). 

Results of LCA are mostly specific to one case and thus hardly to generalize. 

For many substances no data are available. LCA often uses heterogeneous data from different 

sources. The necessary estimations and adjustment hold certain errors. Large errors are 

possible for the classification of LCA results. The valuation step is fuzzy, because it is based on 

vague models. Every method leads to a different value. Therefore a careful consideration of 

imprecision and uncertainties in LCA is necessary (Schaltegger 1996). There are sufficient 

mathematical methods available to define the maximum error limits and to avoid the 

misinterpretation of results. 

The impact assessment phase (see section 3.2) is still under progress and requires 

methodological improvement. Yet, there are no generally accepted methodologies for consistent 

and accurate inventory data with specific potential environmental impacts (Frankl & Rubik 

2000).”  
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4. Sustainability Education 

United Nations Educational, Scientific and Cultural Organization (UNESCO) is the lead agency 

for the United Nations (UN) Decade of Education for Sustainable Development (2005-2014). 

UNESCO has defined Sustainability Education as: 

“Education for Sustainable Development means including key sustainable development issues 

into teaching and learning; for example, climate change, disaster risk reduction, biodiversity, 

poverty reduction, and sustainable consumption. It also requires participatory teaching and 

learning methods that motivate and empower learners to change their behaviour and take 

action for sustainable development. Education for Sustainable Development consequently 

promotes competencies like critical thinking, imagining future scenarios and making decisions 

in a collaborative way.” 

Nowadays, our society is contributing to the planet’s collapse and it is increasing year after year 

(Segalàs, 2009). Moreover, the steps to reach this point have been unsustainable practices 

affecting the development of society, leading to a point where something has to be changed. 

Society needs scientists, engineers, and business people who design technological and economic 

activities that sustain rather than degrade the natural environment (Segalàs, 2009). 

Disregarding this reality when educating future citizens, and therefore future professionals, 

could have several consequences. The need to achieve the change is to redefine a new kind of 

engineer, one who has a long-term, systematic approach to decision-making, guided by ethics, 

justice, equality and solidarity, and has a holistic understanding that goes beyond his or her own 

field of specialisation (Declaration of Barcelona, 2004). 

Following the premises, in the Declaration of Barcelona (2004) from the International 

Conference of Engineering Education in Sustainable Development, can be overviewed the 

following statements of what today’s engineers must be able to do: 

- Understand how their work interacts with society and the environment locally and 

globally, in order to identify potential challenges, risks and impacts. 

- Understand the contribution of their work in different cultural, social and political 

contexts and take those differences into account. 

- Work in multidisciplinary teams, in order to adapt current technology to the demands 

imposed by sustainable lifestyles, resource efficiency, pollution prevention and waste 

management. 

- Apply a holistic and systemic approach to solving problems and the ability to move 

beyond the tradition of breaking reality down into disconnected parts. 

- Participate actively in the discussion and definition of economic, social and 

technological policies, to help redirect society towards more sustainable development. 

- Apply professional knowledge according to deontological principles and universal 

values and ethics. 

- Listen closely to the demands of citizens and other stakeholders and let them have a say 

in the development of new technologies and infrastructures. 
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5. Methodology 

Methodology used has been information research as the thesis uses a theoretical approach of 

LCA tools. Research begins with a review of literature concerning LCA and also reviewing the 

standards and regulations. Using all information the LCA guide was developed, also using other 

LCA guides and standards as reference such as ILCD Handbook or ISO 14040. 

The development of the LCA guide implied a previous understanding of how to carry a LCA 

and also elaboration of brief case studies predefined in some tools to acknowledge which steps 

were more difficult. Elaboration of LCA guide supposed also a constant review of standards in 

order to develop a normalised LCA by following the steps. 

Upon completion of the LCA guide, following step was the analysis of LCA tools. 

Methodology used implied a definition of criteria in order to select LCA tools. Process used to 

select the tools were: 

- Define criteria for LCA tools. 

- Review of literature and previous LCA tools studies. 

- Research of information related with found LCA tools. 

- Analyse the information available of found LCA tools. 

- Select LCA tools that have relevant information available. 

Once the LCA tools for the study were selected, a further analysis of each one to provide 

specific information implied the investigation of each tool: 

- Research in developer’s webpage. 

- Review of previous LCA tool analysis. 

- Review of literature concerning the LCA tool. 

- Review of case studies developed with LCA tool. 

If basic information could not be completely fulfilled: 

- Contact with developer via e-mail. 

- Contact with sellers via e-mail. 

Afterwards, criteria that were significant for the accomplishment of objectives were defined. For 

a complete analysis 35 criteria were selected. All information concerning criteria was assembled 

into tables distributing them into categories and after that main criteria were analysed and 

explained in order to facilitate the comprehension of results. In Table 5.1 can be seen criteria 

used, grouped into categories. Moreover, criteria and important criteria used for final results 

have been taken from the overall criteria and are detailed in section 5.1. Criteria used to 

evaluate LCA tools. 

The full analysis of information collected and LCA tool analysis lead to conclusions and 

recommendations concerning the thesis aims and objectives. 

Category Criteria 

Economic and support  

 - License average cost. 

 - License durability. 

 - Student license. 

 - Demo version. 

 - Number of licenses sold. 

 - Installation. 

 - Last update 

Educational support  

 - Manual. 

 - Tutorial. 
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Category Criteria 

 - Virtual course. 

 - Teacher/Seminar. 

 - Learning time. 

 - ISO 14040 standards. 

 - Intended user. 

Technical features  

 - Data location. 

 - Sector specific. 

 - Databases included. 

 - Import data. 

 - Data edition. 

 - Data format SPOLD. 

 - Graphical Interface. 

Assess features  

 - Social LCA. 

 - Life cycle cost. 

 - LCI calculation. 

 - Allocation methods. 

 - Uncertainty analysis. 

 - Full LCA. 

Results  

 - Results 

 - Export results. 

 - Results comparison. 

 - Outputs. 

Table 5.1. Criteria used for LCA tool analysis. 

5.1. Criteria used to evaluate LCA tools 

Criteria used for evaluating LCA tools consist on a list of valuable characteristics which are 

considered to be important for the selection of a LCA tool. Different points are evaluated 

through an educative perspective focused on LCA methodology teaching for university 

students. From list of criteria, the ones underlined have had more relevance for results analysis, 

taking in consideration the educational point of view. 

 Economic and support: 

- License average cost (€ or free). 

LCA tools are sold by licenses depending on what the tool includes and how many 

users can use the tool.  

- License durability (time in years). 

The licenses are delivered for a period of time.  

- Student license (Yes/No). 

Some tools include the possibility to acquire a student license for universities or 

education organisations. In some cases are free but in others the license has a specific 

cost or has to be calculated specifically for requesting institution. 

- Demo version (Yes/No). 

In some cases the LCA tools developers offer the chance to test the tools in order to 

promote them through companies.  

- Number of licenses sold ( approx. number) 

Number of licenses sold is representative of popularity and impact of tools.  

- Installation (Yes/No). 

Most of tools require to be downloaded and installed for using them. There are some 

tools that can be operated online or that after installation need to be connected online. 
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- Last update (Year). 

Last update is important for knowing if tool is up to date or if it has become old-

fashioned. 

 Educational support: 

- Manual (Yes/No). 

Manual is basic for learning the functions offered by LCA tools unless the user has 

already used previous versions of the tool. 

- Tutorial (Yes/No). 

Tutorial is necessary for non LCA experts. 

- Virtual course (Yes/No). 

In some cases tool developers publish videos in their websites so users can learn how to 

run the tool. 

- Teacher/Seminar (Yes/No). 

Some tool providers offer the chance for users to take part in seminaries to learn how to 

work with the tool and to introduce innovations. This seminaries can be public for all 

users or specific for companies. 

- Learning time (time in days or N/A). 

Time required to understand perfectly all features of the tool and be ready to work with 

it.  

- ISO 14040 standards (Yes/No). 

Fulfil ISO 14040 standards. 

- Intended user (Yes/No). 

o LCA expert: if software is focused for companies specialized in LCA studies. 

o Design engineer: if software supports design features such as material analysis 

comparison for a decision choice. 

o Environmental engineer: if software has a big focus on environmental impacts. 

 Technical features: 

- Data location (world or country/ies). 

To determine if data is exclusive for one or some countries. 

- Sector specific (Sector or No). 

Some tools have been designed for a specific sector. 

- Include databases (Yes/No). 

Databases provided with the tool. 

- Import data (Yes/No). 

Option of adding new data from other databases. 

- Data edition (Yes/No). 

Possibility to modify data from the databases. 

- Data format SPOLD (Yes/No). 

The SPOLD format is the popular import/export format for LCA tools. 

 

- Graphical interface (Yes/No). 

Graphical interface refers to how the tool visually looks when working with it. The tool 

can have a comfortable visual to work or maybe have an old-fashioned interface. 

 Assess features: 

- Social LCA (Yes/No). 

If tool allows user to develop a Social LCA. 

- Life Cycle Cost (Yes/No). 

If tool allows user to develop a Life Cycle Cost analysis. 

- LCI calculation (Yes/No). 

Tool can help user when developing the inventory. 

- Allocation methods (Yes/No). 

Tools can include allocation methods, for example to include recycling in the 

assessment. 
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- Uncertainty analysis (Yes/No). 

If tool includes an uncertainty analysis to determine the data quality. 

- Full LCA (Yes/No). 

If the tool includes all steps of an LCA, including complementary steps. 

 Results: 

- Results (Yes/No). 

o Chemical substances: amount of chemicals which contribute to impacts such as 

CO2’s kilograms. 

o Effect categories: impacts divided in categories resulting from impact 

methodology used. 

o Environmental points: classification of impacts by giving points.  

- Export results (Yes/No). 

Possibility to export results from the tool, for example using the SPOLD format. 

- Results comparison (Yes/No). 

Comparison between alternatives once obtained the results. 

- Outputs (Yes/No). 

o Tables: results in a table format. 

o Graphs: results in bar graphs. 

o Diagrams: results in other graph formats as pie chart. 
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6. LCA Guide 

LCA methodology is settled by the ISO 14040, (2006), which describes principles and 

framework for life cycle assessment. According to ISO 14040, methodological framework for 

LCA consists of four phases which are outlined in Figure 6.1. In addition to the methodological 

framework for LCA, ISO 14044, (2006) defines requirements for the reporting of the 

assessments and guidelines for the possible implementation of the critical review. 

 
Figure 6.1. LCA methodology phases. 

6.1. Definition of goal and scope 

The goal and the scope definition is the first step in a life cycle assessment as will define the 

purpose of the study. These two parts also have a big impact on the final result of the study. 

6.1.1. Goal 

The goal of the study consists on the previous statements for the development of the LCA 

process. First of all it has to include the purpose of the study and where it is going to be applied. 

There should appear the reasons to carry out the LCA study specified, which result is expected 

to obtain, who will develop the study, who will take profit from the results and how can be 

done. All these statements will help the developing team to understand the detailed purpose of 

the study in order to make proper decisions throughout the study. 

6.1.2. Scope 

The definition of the scope in the LCA is used to set the boundaries of the study. That way, it 

defines what is included in the system of study and the detailed level that is wanted of the 

information that has to be analysed. It defines where the data will be coming from, how up-to-

date the study will be, how will be handled the information and where will be applied the 

results. 
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According to ISO 14040 (2006): “The scope should be sufficiently well defined to ensure that 

the breadth, depth and detail of the study are compatible and sufficient to address the stated 

goal.” 

All the points that should be defined in the scope are listed below: 

o Functions of the system or systems. 

o Functional Unit. 

o System to be studied. 

o System boundaries. 

o Allocation procedures. 

o Impact categories. 

o Methodology for the impact assessment. 

o Data requirement. 

o Assumptions. 

o Limitations. 

o Initial data quality. 

o Type and format of the report required for the study. 

Lindfors et al. (1995) summarises these points of the scoping process: 

o Product group. 

o Studied alternatives. 

o System boundaries. 

o Impact assessment boundaries. 

o Data quality goals. 

The product group in focus has to be described in detail in order to identify alternatives to be 

included in the study. The alternative products or product groups have to be described in detail 

too, in order to be able to define the system or systems boundaries. The definition of the system 

boundaries are important in the data collection phase because the system boundaries determine 

the amount of the work that has to be done. Impact assessment includes a number of different 

impact categories and impact assessment methods. The impact assessment boundaries limit the 

number of impact categories to be considered. If necessary, the scope can be revised during the 

study to include new or exclude some of the already chosen impact categories. 

The scope should include a full quality definition of all these parts to ensure the breadth, the 

depth and the detail of the study are enough to achieve the stated goal. By the way, the entire 

scope of the study can be modified during the development of the study due to the additional 

information that can appear, but all this has to be documented as said in the ISO 14044 (2006). 

6.1.3. Functional unit 

The functional unit needs to be included in the scope of the LCA as stated in the ISO 14044, 

(2006): “The scope shall clearly specify the functions (performance characteristics) of the 

system being studied.”  

The functional unit sets the scale for the product study or the comparison between two or more 

products. It is very important to define properly the functional unit as all the data collected in 

the inventory phase will be related to it. After the definition of the functional unit the input and 

outputs data will be normalised measuring the functional unit requirements. 

In order to find the functional unit for a process it is needed to define which is the product 

function, for example fulfilling the steps proposed by Weidema et al., (2004): 

1. Describe the product by its properties. 

2. Determine the relevant market segment. 

3. Determine the relevant product alternatives. 

4. Define and quantify the functional unit, in terms of the obligatory product properties 

required by the relevant market segment. 
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5. Determine the reference flow for each of the product systems. 

6.1.4. System boundaries 

System boundaries refer to the determination of which unit processes should be included in the 

system of study. In this unit processes are included the operations, inputs and outputs, its 

necessary to specify that some outputs can be inputs for other processes of the system. The ideal 

way to define model the product system is to elaborate it trying to include the inputs and outputs 

as elementary flows, but this could take time and resources, so it is necessary to focus well on 

the important inputs or outputs and consider negligible the ones which do not affect the final 

result of the study. By the way, any omission of life cycle stages, processes or data should be 

clearly stated and justified to avoid confusions. 

The system boundaries definition can be though and generate some troubles for being quite 

subjective, but Lindfors et al., (1995) included three main boundaries that have to be taken into 

account: geographical boundaries, life cycle boundaries (i.e. limitations of the life cycle) and 

existing boundaries between the technosphere and biosphere. 

As said above, it is often helpful to describe the system using a process flow diagram showing 

the unit processes and their relationships (Figure 6.2). 

 

Figure 6.2. Example of flow diagram (Gabi EDU handbook). 

The system boundaries are defined by cut-off criteria. Cut-off criteria allow defining which 

parts and materials of the product system will be included in the system, and therefore are taken 

into account, as well as defining which are excluded and cut off from the system. The cut off 

criteria can, for example, be fixed in 3% which would mean that all the parts of a product that 

contribute more than a 3% have to be integrated into the system boundaries.  

Another criteria might include the number of processing steps or the estimated contribution of 

materials or processes to the estimated overall environmental impact. There are different options 

to define the system boundaries, represented in Figure 6.3: 

- Cradle to Grave: includes the materials and processes from raw material extraction 

through production, transportation, use and end-of-life. Used for a full environmental 

footprint of a product. 

- Cradle to Gate: includes the materials and processes from raw material extraction 

through the production phase (gate of the factory). Used to determine the environmental 

footprint from the creation of the product. 

- Cradle to Cradle or Closed Loop: is a specific kind of cradle to grave assessment where 

the end of life disposal step for the product is a recycling process. 
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- Gate to Grave: includes the materials and processes from the use and end-of-life phases 

(everything post-production). Used to determine the environmental footprint of a 

product once it leaves the factory. 

- Gate to Gate: includes the materials and processes from the production phase only. 

Used to determine the footprint of a company. 

- Well to Wheel: is specific for transport fuels and vehicles. It is used to assess total 

energy consumption, or the energy conversion efficiency and emissions impact of 

marine vessels, aircraft and motor vehicle, including their carbon footprint and the fuels 

used in each of these transport modes. 

 

Figure 6.3. System boundaries possibilities (Gabi EDU handbook). 

6.1.5. Data quality 

The data collection can take time and resources depending on the quality that is required for the 

final result. There exist two main types of information that can be collected: 

- Site specific data: data collected for a specific process, occurring in a specific industry 

with a specific location. By the way, it does not mean that the data has to be taken on 

site as it can be collected for example from the town office or anywhere else. 

- Generic data: data that has not been collected on site. It can be from similar industries in 

the same location manufacturing the same product. 

The initial data quality should be collected by defining the following parameters established by 

the ISO 14044, (2006): 

- Time-related coverage: the desired age and the minimum length of time. 

- Geographical coverage: geographical area from which data for unit processes should be 

collected to satisfy the goal of the study (i.e. local, regional, national, global). 

- Technology coverage: nature of the technology mix. 

- Precision: measure of the variability of the data values for each data category expressed. 

- Completeness: percentage of flow that is measured or estimated, how many data 

collected is picked from existing data in a unit process. 

- Representativeness: qualitative assessment of the degree to which the data set reflects 

the true population of interest. 

- Consistency: qualitative assessment of how uniformly the study methodology is applied 

to the various components of the analysis. 

- Reproducibility: qualitative assessment of the extent to which information about the 

methodology and data values allows an independent practitioner to reproduce the results 

in the study. 
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6.1.6. Review process 

A review process in LCA, as in other studies, is used to certify and ensure the quality of the 

study. This process can be done internally or externally, and also involving interested parties 

included in the goal and scope definition. In the scope should be also included why the review is 

being undertaken, what will be covered and to what level of detail, and who needs to be 

involved in the process and the level of experience of the reviewer. 

If the review is carried out internally, the reviewer should be an internal expert independent of 

the LCA study. If it is performed externally it shall be an expert not included in the LCA study. 

When the review is performed by the interested parties the commissioner of the study selects an 

external independent expert who will select other independent experts of the interested parties 

such as stakeholders. 

Taking as reference the ISO 14044, (2006) the review process should ensure: 

- The methods used to carry out the LCA are consistent with the ISO 14044, (2006). 

- The methods used to carry out the LCA are scientifically and technically valid. 

- The data used are appropriate and reasonable in relation to the goal of the study. 

- The interpretations reflect the limitations identified and the goal of the study. 

- The study report is transparent and consistent. 

The review process should be performed parallel to the LCA study to correct at the moment the 

errors found, but it can also be done at the end of the LCA study and made the corrections 

afterwards. Independent of when the review processes carried out, the report of it should be 

included at the end of the LCA study. 

6.2. Inventory analysis 

The life cycle Inventory analysis (LCI) consists on the modelling of the system and the 

collection of the needed data to carry out the Impact assessment of the study. In this second 

phase should be included the following operational steps: 

 

Figure 6.4. Inventory analysis steps (Life Cycle Assessment Compendium, NTNU). 
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All these steps can be supported by a flowchart for the analysed product or system to help the 

determination of the material and energy flows. In Figure 6.5 appear an example of a beer bottle 

flowchart. 

 

Figure 6.5. Example of beer bottle flowchart (Life Cycle Assessment Compendium, NTNU). 

6.2.1. Data collection 

Collection and treatment of data is included in the inventory analysis and have to be collected 

for each unit process within the systems boundary, which can be a resource intensive process. 

However, the use of commercial LCA software and databases help reducing time and work for 

such data collection, but these represent average data for technologies that often are not 

sufficiently specific for the given product system that is studied.  

The data can be obtained from literature such as published databases, or from trade industries 

involved in the product production; the procedure to obtain the data will be defined considering 

the scope, the unit process and the application of the study. All the data sources have to be 

referenced independent if data is from the literature or site specific. 

Following the ISO 14044, (2006), some measures should be taken to reach uniform and 

consistent understanding of the product systems when referring them. 

- Drawing unspecific process flow diagrams that outline the entire unit processes to be 

modelled, including their interrelationships. 

- Describing each unit process in detail with respect to factors influencing inputs and 

outputs. 

- Listing of flows and relevant data for operating conditions associated with each unit 

process. 

- Developing a list that specifies the units used. 

- Describing the data collection and calculation techniques needed for all data. 

- Providing instructions to document clearly any special cases, irregularities or other 

items associated with the data provided. 
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There is an existing movement created by the Society for Promotion of Life-cycle Assessment 

Development (SPOLD) in order to ensure the applicability of industrial data. The project wants 

to develop a standard format for data sets to be used in LCA and to ensure consistency in 

registration of data in a database. The structure proposed by SPOLD, (1996) for their data 

format has five parts: 

A. Data identification: source and treatment. 

B. System model. 

C. System structure. 

D. Data 1: inputs; Data 2: outputs; Data 3: other; Data 4: balances. 

E. List of references. 

Once the data has been collected it can be grouped using an inventory table to organise it and 

prepare for the afterwards treatment. Table 6.1 shows an example of the LCI for a wind turbine: 

Table 6.1. . Example of wind turbine LCI (Life Cycle Assessment Compendium, NTNU). 

6.2.2. Validation of data 

The validation of data has to be conducted during the data collection process to ensure that the 

data quality requirements for the intended application have been fulfilled. A systematic data 

validation may point out those areas where data quality must be improved to reach the minimum 

requirements. This validation should be conducted during the process of data collection and 

should consist on establishing mass and energy balances as it would facilitate the validation 

process by applying the laws of conservation of mass and energy. After checking the validity of 

a unit process description, all the found anomalies should be solved by adding new or 

complementary data to fulfil the established data quality requirements. 

In case of missing data for any data category, the treatment is to add an acceptable reported data 

value, a calculated value based on the reported values from unit processes employing similar 

technology, or the addition of a “zero” data value justifying why. By the way, it is necessary to 

say that most of times data obtained from similar processes or unit processes have a lower data 

quality. 

6.2.3. Relating data to unit process and functional unit 

The needed input and output data provided by the industries is often given in arbitrary units 

which implies a non-connection with the exact production of the studied product alone. 

However, the data provided can be related with the production of similar products or the entire 

production activity, which will imply some calculations to have the data accorded to the LCA 

study. 
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According to ISO 14044, (2006), the best way to do it is to determine the flows for each unit 

process what will help to calculate the quantitative input and output data of all unit processes in 

relation to this flow. All these flows show be aggregated into a flowchart in order to organise 

them and clarify which are the flows between unit processes and the relations between them. 

Figure 6.6 is an example for an aluminium frame bicycle from the initial materials to the store 

where it will be sold: 

 

Figure 6.6. Example of a bicycle flowchart (Self-made, LCA problem sets, NTNU). 
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In Figure 6.6 is possible to see that all the data collected are related between unit processes and 

finally with the functional unit, which is the bike in the store. This is achieved by normalising 

the inputs and outputs of a unit process in the system to the functional unit and then normalising 

all upstream and downstream unit processes accordingly. 

ISO 14044, (2006) gives the following advice:   

“Care should be taken when aggregating the inputs and outputs in the product 

system. The level of aggregation shall be consistent with the goal of the study. 

Data should only be aggregated if they are related to equivalent substances and 

to similar environmental impacts. If more detailed aggregation rules are 

required, they should be explained in the goal and scope definition phase of the 

study or should be left to a subsequent impact assessment phase.” 

6.2.4. Refining the system boundaries 

The system boundaries are defined as a part of the scope definition. After data collection, 

system boundaries should be revised and refined in order to fit them with the inclusions or 

exclusions of life stages, unit processes or material/energy flows. Which data will be included 

or excluded is determined using a sensitivity analysis that will highlight their significance for 

the study. Sensitivity analysis may result in: 

- Exclusion of life cycle stages or unit processes when lack of significance can be shown 

by the sensitivity analysis. 

- Exclusion of material flows (inputs/outputs) which lack significance to the outcome of 

the results of the study. 

- Inclusion of new unit processes and material flows which are shown to be significant in 

the sensitivity analysis. 

Sensitivity analysis helps to limit the subsequent data handling to those input and output data 

which are determined to be significant for the LCA study. Therefore, the results of this refining 

process and the sensitivity analysis shall be documented. 

6.2.5. Allocation: reuse and recycling 

Sometimes the LCA study of a complex system can imply some problems when trying to handle 

all the impacts and outputs inside the system boundaries as most industrial processes yield more 

than one product or they recycle intermediate or discarded products as raw material. When this 

happens there exist two possible solutions: 

- Expansion of the system boundaries to include all the inputs and outputs. 

- Allocate all the relevant environmental impacts to the studied system. 

When expanding the system it can create the problem that the system is too complex to be 

analysed. This can suppose an expensive time and money process when collecting data, assess 

the impact and interpret the results. That is why allocation is used as an alternative in these 

cases, but just if there is a solving method that fits the problem. 

As the LCA Inventory is based on the material balances between inputs and outputs, allocation 

procedures should approximate as much as possible the input-output relationships and 

characteristics. These allocation methods are used for co-products, internal energy, services, 

reuse and recycling, even if are open or closed loop. There are some principles included in the 

ISO 14044, (2006) to think about for allocation: 

- The inputs and outputs shall be allocated to the different products according to dearly 

stated procedures that shall be documented and explained together with the allocation 

procedure. 

- The sum of the allocated inputs and outputs of a unit process shall be equal to the inputs 

and outputs of the unit process before allocation. 
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- Whenever several alternative allocation procedures seem applicable, a sensitivity 

analysis shall be conducted to illustrate the consequences of the departure from the 

selected approach. 

The allocation procedures recommended by the ISO standards are three, which are listed below: 

1. Wherever possible allocation should be avoided by expanding the product system as 

explained above or dividing the unit process to be allocated into two or more sub-

processes and collecting the input/output data in relation with theses sub-processes.  

2. Where allocation cannot be avoided the system inputs and outputs should be partitioned 

between its different products or functions in a way that highlights the relationships 

between them. 

3. Where physical relationship cannot be found or used for allocation the inputs should be 

allocated between the products and functions in a way which reflects economic 

relationship between them. 

Nowadays, there exist some other procedures which can be used when allocation is needed. The 

procedures listed below are described in 11.1. Appendix I for further information. 

- Cut-off method: each product should only be assigned environmental impacts directly 

caused by that product. 

- Loses of quality methods: when recycling downstream. 

- Closed loop method: each product is equally responsible for environmental impacts. 

- 50/50 method: when recycling as raw material. 

- Substitution method: when recycling without loss of material properties. 

6.3. Impact assessment 

The life cycle Impact assessment (LCIA) is the third phase of an LCA and consists on the 

evaluation of potential human health and environmental impacts of the environmental resources 

and releases identified during the LCI. The LCIA is used to establish a relation between the 

product or process studied and its potential environmental impacts which are classified in three 

categories: ecological effects, human health effects and resources depletion. 

The LCIA was also defined by Heijungs & Hofstetterk, (1996) as a “quantitative and/or 

qualitative process to characterise and asses the effects of the environmental interventions 

identified in the inventory table” and following also these authors they stated that “the impact 

assessment component consists in principle of the following three or four elements: 

classification, characterization, normalisation and valuation. Nevertheless, the valuation part has 

been renamed as weighting. 

The ISO 14044, (2006) the LCIA is divided in three mandatory elements that need to be 

followed to obtain the results of the study and analyse them: 

- Category definition. 

- Classification. 

- Characterization. 

And four optional elements which can or cannot be added in the LCA study: 

- Normalisation. 

- Grouping. 

- Weighting. 

- Data quality analysis. 

In this section all the elements included in the LCIA, even mandatory or not, will be described 

to facilitate the comprehension of the LCIA phase. By the way, the main important elements 

that should be included in every LCIA are Classification, Characterization, Normalisation and 

Weighting. 
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In the ISO standards there are also some previous omissions and sources of uncertainty 

specified which are needed to take into account for the right development of the LCA study. As 

the LCIA should be designed to achieve the goal and the scope of the study, these are the 

omissions and sources of uncertainty when the study has to be revised: 

- Whether the quality of the LCI data and results is sufficient to conduct the LCIA in 

accordance with the study goal and scope definition. 

- Whether the system boundary and data cut-off decisions have been sufficiently 

reviewed to ensure the availability of LCI results necessary to calculate indicator results 

for the LCIA. 

- Whether the environmental relevance of the LCIA results is decreased due to the LCI 

functional unit calculation, system wide averaging, aggregation and allocation. 

Once said that, there exist two levels for the LCIA methods: midpoint and endpoint. Both levels 

have advantages and disadvantages. In general, on midpoint level a higher number of impact 

categories are differentiated (around 10) and the results are more accurate and precise compared 

to the three areas of protection at endpoint level that are commonly used for endpoint 

assessments. 

The following impact categories have to be per default checked for relevance in an LCA study 

(European Commission, 2010b): 

- Midpoint level impact categories: 

o Climate change. 

o Ozone depletion (stratospheric). 

o Human toxicity. 

o Respiratory inorganics. 

o Ionising radiation. 

o (Ground-level) Photochemical ozone formation. 

o Particulate matter formation. 

o Acidification (land and water). 

o Eutrophication (land and water). 

o Ecotoxicity (land and water). 

o Land use. 

o Resource depletion (minerals, fossil and renewable energy resources, water). 

- Endpoint level impact categories: 

o Human health (damage to human health). 

o Natural environment (damage to ecosystem diversity). 

o Natural resources (resource scarcity). 

Finally, before starting with the description of the different elements of the LCIA, is important 

to difference between the perspectives according to Cultural Theory of risk by Thompson et al., 

(1990). Each perspective represents a hypothetical practitioner, stakeholder or decision maker 

with differences in moral beliefs, concerns or interests that correspond to a specific set of 

preferences and contextual values that explains one’s view on society and nature. The 

advantages of applying the Cultural Theory of risk are: 

- Provides an organizing framework to implement a set of value choices, compatible with 

a perspective or world vision reflecting one’s view on nature and society. 

- Stimulates consistent implementation of choices throughout the whole decision process. 

- Provides the practitioner an idea to what extent value choices affect the results of the 

LCA. 

- Motivates decision makers and analysts to include value choices in a transparent way. 

The perspectives used for the LCA studies are the individualist, egalitarian and hierarchialist; by 

the way, there are two more that are not used because they are considered to not have effect on 
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environmental decision making: fatalist and hermit. The three perspectives are shortly described 

below and it is possible to contrast them in Table 6.2. 

- Individualist (I): short term interest, optimism that technology can avoid many 

problems in future. 

- Hierarchialist (H): based on the most common policy principles with regards to time 

frame and other issues. Is often considered to be the default model. 

- Egalitarian (E): precautionary perspective taking into account the longest time frame. 

 Individualist Hierarchialist Egalitarian 

Vision on 

nature 

Considers nature 

robust 
Considers nature tolerant 

Considers nature 

vulnerable 

Level of 

knowledge 

Only considers certain 

proven effects 
Considers likely effects 

Considers all known 

effects 

Time horizon 
Emphasises present 

and short term effects 
Balanced time perspective 

Current and future 

effects are considered 

equal 

Vision on 

society 

Economic output is 

market driven 

Developments within 

limits of nature 

Equality and social 

driven 

Manageability 
Adaptive management 

style 

Preventive and 

comprehensive 

management style 

Controlling and 

limited management 

style 

Table 6.2. Comparison of LCA perspectives. (Thompson et al., 1990) 

6.3.1. Category definition 

The life cycle impact assessment involves as a first element the definition of the impact 

categories to be considered following the decisions made in the goal and scope definition. There 

exist lots of impact categories that have been previously defined by other studies which are 

commonly used to fit the needs of LCA studies, as long as these are in line with goal and scope.  

Since impact categories are selected in order to describe the impacts produced by the product or 

product system studied, many considerations have to be taken when selecting them: 

- Completeness: all relevant environmental problems should be covered. 

- Practicality: there should not be too many categories. 

- Independence: avoid using impact categories that count the same impact (double 

counting). 

- Relation to the characterization step: the impact categories selected should have an 

available characterization method. 

According to the ISO 14044, (2006), there are some specific components that have to be 

described in the LCIA per each impact category: 

- Identification of the category endpoint. 

- Definition of the category indicator for given category endpoint. 

- Identification of appropriate LCI results that can be assigned to the impact category, 

taking into consideration the previous selected category indicator and identified 

category endpoint. 

- Identification of the characterization model and the characterization factors. 

All these elements analysed per each impact category should facilitate the collection, 

assignment and characterization modelling of the LCI results. 

In Figure 6.7 is possible the see a list of impact categories and their indicators.  It is needed to 

be said that some environmental stressors will contribute to several midpoint indicators; and 

also various stressors can contribute to the same midpoint indicator, as seen in the Figure 6.8. 
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Figure 6.7. Impact categories and indicators for LCA (Life Cycle Assessment Compendium, NTNU). 

 

Figure 6.8. Contribution of stressors (Life Cycle Assessment Compendium, NTNU). 

Once all the impact categories are defined, next step is the classification. 

6.3.2. Classification 

The second element required for the LCIA is the classification of the LCI data into the different 

impact categories. When assigning the LCI data to impact categories there are two situations 

that can occur: one LCI item contribute only to one impact category or one LCI item contribute 

to two or more different impact categories. That is the reason why ISO 14044, (2006) states 

some considerations that have to be taken when developing the classification step: 

- Assignment of LCI items which are exclusive for one impact category. 

- Identification of LCI items that contribute to more than one impact category, including: 

o Distinction between parallel mechanisms: the effects are dependent on each 

other. 

o Assignment to serial mechanisms: the effects are independent of each other. 
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What has to be done in these two special cases of contributing to more than one impact category 

is, in the first case, the partition of a representative portion of the LCI results to the impact 

categories to which they contribute. In the second case is recommended to assign all the LCI 

results to all impact categories to which they contribute. All that said would affirm that double 

counting is allowed when the situation presented implies effects independent of each other 

whereas it is forbidden when the effects are dependent of each other. 

One case exemplifying the assignment to serial mechanisms can be shown using the nitrogen 

dioxide. Since nitrogen dioxide could potentially affect ground level ozone formation and 

acidification at the same time, the entire quantity of nitrogen dioxide would be assigned to both 

impact categories. These procedures must be clearly documented when applied to allow other 

practitioners to reproduce the procedure. 

The impact categories can be placed on a scale dividing the categories into three different space 

groups: global impacts, regional impacts and local impacts. That is useful because the impact 

categories are often related directly to the exposure, it means that a global exposure develops 

into a global impact. There are also some impact categories that are related with regional or 

local conditions as some areas will present a predisposition to be affected by some impacts and 

vice versa. The time is also relevant for impact categories as one global impact will have longer 

time horizons than one that is local. By the way, there are some impact categories that can be 

either global, regional or local. 

Nowadays, there has not been a consensus to establish a list of impact categories but some of 

the relevant impact categories that are commonly used are provided in Table 6.3 (EPA, 2006).  

 

Category Scale Examples of LCI Data 

Common 

Possible 

Characterization 

Description of 

Characterization 

Factor 

Climate 

Change 
Global 

Carbon Dioxide (CO2)  

Nitrogen Dioxide (NO2)  

Methane (CH4)  

Chlorofluorocarbons 

(CFCs)  

Hydrochlorofluorocarbons 

(HCFCs)  

Methyl Bromide (CH3Br) 

Global Warming 

Potential 

Converts LCI data to 

carbon dioxide (CO2) 

equivalents  

Note: global warming 

potentials can be 50, 

100, or 500 year 

potentials. 

Stratospheric 

Ozone 

Depletion  

Global  

Chlorofluorocarbons 

(CFCs)  

Hydrochlorofluorocarbons 

(HCFCs)  

Halons  

Methyl Bromide (CH3Br)  

Ozone Depleting 

Potential  

Converts LCI data to 

trichlorofluoromethane 

(CFC-11) equivalents.  

Acidification  
Regional  

Local  

Sulfur Oxides (SOx)  

Nitrogen Oxides (NOx)  

Hydrochloric Acid (HCL)  

Hydroflouric Acid (HF)  

Ammonia (NH4)  

Acidification 

Potential  

Converts LCI data to 

hydrogen (H+) ion 

equivalents.  

Eutrophication  Local  

Phosphate (PO4)  

Nitrogen Oxide (NO)  

Nitrogen Dioxide (NO2)  

Nitrates  

Ammonia (NH4)  

Eutrophication 

Potential  

Converts LCI data to 

phosphate (PO4) 

equivalents.  
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Category Scale Examples of LCI Data 

Common 

Possible 

Characterization 

Description of 

Characterization 

Factor 

Photochemical 

Smog  
Local  

Non-methane 

hydrocarbon (NMHC)  

Photochemical 

Oxidant Creation 

Potential  

Converts LCI data to 

ethane (C2H6) 

equivalents.  

Terrestrial 

Toxicity  
Local  

Toxic chemicals with a 

reported lethal 

concentration to rodents  

LC50  

Converts LC50 data to 

equivalents; uses 

multi-media 

modelling, exposure 

pathways.  

Aquatic 

Toxicity  
Local  

Toxic chemicals with a 

reported lethal 

concentration to fish  

LC50  

Converts LC50 data to 

equivalents; uses 

multi-media 

modelling, exposure 

pathways.  

Human Health  

Global  

Regional  

Local  

Total releases to air, 

water, and soil.  
LC50  

Converts LC50 data to 

equivalents; uses 

multi-media 

modelling, exposure 

pathways.  

Resource 

Depletion  

Global  

Regional  

Local  

Quantity of minerals used  

Quantity of fossil fuels 

used  

Resource 

Depletion 

Potential  

Converts LCI data to a 

ratio of quantity of 

resource used versus 

quantity of resource 

left in reserve.  

Land Use 

Global  

Regional  

Local  

Quantity disposed of in a 

landfill or other land 

modifications  

Land Availability  

Converts mass of solid 

waste into volume 

using an estimated 

density.  

Water Use  
Regional  

Local  
Water used or consumed  

Water Shortage 

Potential  

Converts LCI data to a 

ratio of quantity of 

water used versus 

quantity of resource 

left in reserve.  

Table 6.3. Impact Categories (Curran, 2006). 

Moreover, in 11.2. Appendix II and 11.3. Appendix III has been introduced information about 

Impact Categories in order to expand the descriptions provided.  

6.3.3. Characterization 

The characterization is the calculation of indicator results which involves the conversion of LCI 

results into common units and the aggregation of the converted results within the same impact 

category. Impact characterization uses science-based conversion factors, called characterization 

factors or equivalency factors, to convert and combine the LCI results into representative 

numerical indicators of impacts to human and ecological health. Characterization factors 

translate different inventory inputs into directly comparable impact indicators. The methods 

used to calculate the indicator results have to be documented within the value choices and the 

assumptions made. 
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Figure 6.9. Characterization steps (Life Cycle Assessment Compendium, NTNU). 

When the LCI results are unavailable or the data quality is not enough for the LCIA to achieve 

the goal and scope of the study, there should be an adjustment of the goal and scope definitions 

or make another data collection instead. 

The usefulness of the indicator results depends on the accuracy, validity and characteristics of 

the characterization models and characterization factors. The trick when impact characterization 

is choosing the adequate characterization factor. For some impact categories, such as global 

warming and ozone depletion, there is a consensus on acceptable characterization factors. For 

other impact categories, such as resource depletion, a consensus is still being developed. 

Impact indicators are typically characterized using the following equation:  

Inventory Data × Characterization Factor = Impact Indicators 

Here is an example of how characterization factors can be used to estimate the global warming 

potential (GWP) of defined quantities of greenhouse gases: 

 

Chloroform GWP Factor Value = 9 Quantity = 9.08 kg 

Methane GWP Factor Value = 21 Quantity = 4.54 kg 

 

Chloroform GWP Impact = 9.08 kg * 9 = 81.72 

Methane GWP Impact = 4.54 kg * 21 = 95.34 

Characterization factors have determined the amount of impact that these chemicals have on 

GWP. In the example can be seen how important the characterization factors are as 4.54 kg of 

methane would have a larger impact on GWP than 9.08 kg of chloroform. 

All that explained, there exist two types of characterization, the one for midpoint indicator 

values and the one for endpoint indicator values. There are several different LCIA methods on 

how to calculate the midpoint indicator values on the basis of a given LCI and there are also 

different available methods for transforming midpoint indicators to endpoint results. In the 

figure below can be appreciated how the midpoint indicator values in equivalents have to be 

processed through normalisation and weighting in order to obtain one weighted single score 

result as endpoint value. 
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Figure 6.10. Normalisation and weighting steps (Life Cycle Assessment Compendium, NTNU). 

6.3.4. Normalisation 

The normalisation step has the aim of expressing the impact indicators data in a way which 

allow the comparison among impact categories. The way normalisation transforms the midpoint 

value is by dividing it by a selected reference value which can be for example the per capita 

equivalent of the same indicator for a given region such as the global or European per capita 

level GWP contributions. Equation 1 shows how normalisation is carried out: 

𝑚𝑘 = 𝑑𝑘/𝑛𝑘 

Where: mk is the per capita normalized potential impact of environmental category k; dk is the 

total potential impact in environmental category k; and nk is the normalization factor for 

category k.  

The ISO 14044, (2006) specifies that normalisation of the indicator results can modify the 

conclusions drawn from the LCIA phase, so it may be desirable to use several reference systems 

to show the consequence on the outcome of mandatory elements of the LCIA phase. Also 

indicates that a sensitivity analysis would provide additional information about the reference 

data chosen. Finally, is said that the collection of normalised category indicator results 

represents the final normalised LCIA profile. 

6.3.5. Grouping 

Grouping is the assignment of impact categories into one or more sets predefined in the goal 

and scope to better facilitate the interpretation of the results into specific areas of concern using 

sorting or ranking indicators. There are two possible procedures for grouping LCIA data 

specified in the ISO 14044, (2006): 

- Sort indicators by characteristics such as emissions or inputs and outputs. Also location 

is used differencing between global, regional and local. 

- Sort indicators by a ranking system such as high, medium or low priority. 

Ranking system is based on value-choices, so different individuals, organizations and societies 

may have different preferences. Therefore, it is possible that different parties will reach different 

ranking results based on the same indicators results or normalised indicator results. 

 

(1) 
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6.3.6. Weighting 

Weighting aims to rank, weight, or aggregate the results of different LCIA categories in order to 

arrive at the relative importance of these different results. This step assigns weights or relative 

values to the different impact categories based on their perceived importance or relevance. The 

importance of weighting is that impact categories should reflect study goals and stakeholders 

values, for example having harmful air emissions would have higher concern in a human area 

than in an area over the sea. Weighting helps to give importance to an impact category 

depending on the situation by referencing it to political or ethical values. 

In general, weighting includes the following steps: 

- Identify the underlying values of stakeholders. 

- Determine weights to place on impacts. 

- Apply weights to impact indicators. 

The ISO 14044, (2006) gives two different procedures for the weighting step: 

- Convert the indicator results or normalized results with selected weighting factors. 

- Aggregate these converted indicator results or normalized results across impact 

categories. 

The way to applying the weighting step after the normalisation is shown in equation 2. 

𝑣 =  ∑(𝑚𝑘 · 𝑤𝑘)

𝑘=0

𝑘=1

  

Where: v is the weighted single score result; mk is the per capita normalized potential impact of 

environmental category k; and wk is the weighting factor of environmental impact category k. 

Finally, weighted data can be combined across impact categories, but weighting procedure has 

to be documented and in addition to that, the un-weighted data should be shown together with 

the weighted results to ensure a clear understanding of the assigned weights. 

After all these LCIA steps an additional data quality analysis has to be carried out in order to 

ensure the validity of the final results. The ISO 14044, (2006) clarify that this analysis would be 

useful to: 

- Distinguish if there are significant differences. 

- Identify negligible results. 

- Guide the iterative LCIA process. 

The specific techniques to develop all this data quality analysis are the following, according to 

ISO 14044, (2006): 

- Gravity analysis:  statistical procedure that identifies those data having the greatest 

contribution to the indicator result.  

- Uncertainty analysis: procedure to determine how uncertainties in data and assumptions 

progress in the calculations and how they affect the reliability of the results of the 

LCIA.  

- Sensitivity analysis: procedure to determine how changes in data and methodological 

choices affect the results of the LCIA. 

 

 

 

 

(2) 
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6.4. Interpretation 

The Interpretation is the last phase of the LCA study and has two main purposes according to 

ILCD, (2010): 

- During the iterative steps of the LCA and for all kinds of deliverables, the interpretation 

phase serves to steer the work towards improving the LCI model to meet the needs 

derived from the study goal. 

- If the iterative steps of the LCA have resulted in the final LCI model and results, and 

especially for comparative LCA studies, the interpretation phase serves to derive robust 

conclusions and most often to provide recommendations. 

The interpretation phase is where the results of the other phases are considered collectively and 

analysed in the light of the achieved accuracy, completeness and precision of the applied data, 

and the assumptions which have been made throughout the study. The final outcome of the 

interpretation should be conclusions or recommendations, which are to respect the intentions 

and restrictions of the goal and scope definition of the study. The interpretation has to present 

the results of the LCA study in an understandable way and help the user of the study appraise 

the robustness of the conclusions and understand any potential limitations. 

This description of the interpretation phase is also shown in the ISO 14044, (2006) as the 

following: 

“Life cycle assessment interpretation is a systematic procedure to identify, 

qualify, check, and evaluate information   from the conclusions of the inventory 

analysis and/or impact assessment of a system, and present them in order to meet 

the requirements of the application as described in the goal and scope of the 

study.  

Life cycle interpretation is also a process of communication designed to give 

credibility to the results of the more technical phases of LCA, namely the 

inventory analysis and the impact assessment, in a form which is both 

comprehensible and useful to the decision maker.” 

 

And the phase is divided in three steps: 

- Identification of the significant environmental issues based on the results of the LCI and 

LCIA phases. 

- Evaluation considering the completeness, sensitivity and consistency. 

- Conclusions, limitations and recommendations. 

The existing relationship among interpretation phase and the other phases of the LCA is shown 

in the Figure 6.11., where it is possible to see how the three steps interact with the different 

phases of the LCA. 
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Figure 6.11. Interpretation phase steps (Life Cycle Assessment Compendium, NTNU). 

6.4.1. Identification of significant environmental issues 

The objective of this step is to structure the information from the LCI and from the LCIA in 

order to determine the significant environmental issues in accordance with the goal and scope 

definition. The purpose of this step is to include structuring and presentation of relevant 

information which has implications for the development of the study. Some relevant 

information that is required from the perceiving phases is: 

- Findings from LCI and LCIA that shall be assembled and structured together with 

information on data quality. 

- Methodological choices from LCI (i.e. allocation rules) and LCIA (i.e. category 

indicators). 

- The value choices used in the study. 

- The role and responsibilities of the different interested parties in relation to the 

application, and also the results from a critical review process. 

When the results from the LCI and LCIA phases have been determined according to the goal 

and scope definition, the importance of these results has to be clarified. 

6.4.2. Evaluation 

The second step is the evaluation and the main objective is to establish confidence in the result 

of the study and on the significant environmental issues identified in the first step of the 

evaluation.  

It is important to understand that an LCA, despite the fact that it is an internationally 

standardized and recognized methodology, several assumptions and value choices are taken, and 

there are often large uncertainties in data. This will of course influence upon the reliability, 

accuracy and robustness of the LCI and LCIA results, and therefore so upon the conclusions and 
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recommendations. Hence, it is very important to carry out the completeness check, the 

sensitivity check and the consistency check in the evaluation step of LCA interpretation. 

6.4.2.1. Completeness check 

Completeness check is a qualitative procedure with the objective of ensuring that the significant 

environmental issues previously identified represent properly the information from the different 

LCA phases in accordance with the goal and scope definition. If any relevant information is 

missing or incomplete it has to be analysed the importance of this information according to the 

defined environmental issues. Then the data collection can be improved or the goal and scope 

definition can be revised. In case of considering that the missing information is unnecessary, it 

should be recorded in the study. 

6.4.2.2. Sensitivity check 

Sensitivity check involves a procedure for estimating the effects of variations in parameters to 

the outcome of the study. The objective is to assess the reliability of the final results and 

conclusions by determining how, for example, the uncertainties in the data, allocation 

procedures or calculation of category indicator results affect them. 

According to the ISO 14044, (2006), in a sensitivity check it shall be considered: 

- The issues predetermined by the goal and scope definition. 

- The results from all other phases of the study. 

- Expert judgements and previous experiences. 

The sensitivity analysis ca be done by making a kind of “what if” scenario where the value of 

different input parameters are changed systematically. A more proper way to do the sensitivity 

analysis is to change the input parameters systematically by using simulations such as Monte 

Carlo Simulations. 

6.4.2.3. Consistency check 

Consistency check is also a qualitative procedure, which aims to conduct a throughout check on 

the consistency of methods, procedures, assumptions and treatment of data used throughout the 

study. The following questions shall be addressed if relevant to the LCA or LCI study, 

according to ISO 14044, (2006): 

- Are differences in data quality along a product system life cycle and between different 

product systems consistent with the goal and scope of the study? 

- Have regional and/or temporal differences, if any, been consistently applied? 

- Have allocation procedures and the system boundary been consistently applied to all 

product systems? 

- Have the elements of impact assessment been consistently applied? 

6.4.3. Conclusions, limitations and recommendations 

The last part of the interpretation is to draw the conclusions, identify limitations and make 

recommendations for the intended audience of the LCA study. The ISO 14044, (2006) gives a 

sequence to draw the conclusions of the study iteratively with the development of the 

interpretation phase.  

1. Identify significant issues. 

2. Evaluate the methodology and results for completeness, sensitivity and consistency. 

3. Draw preliminary conclusions and check that these are consistent with the goal and 

scope definition. 

4. If consistent, report the final conclusions. 
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The recommendations provided must be based on the final conclusions of the study and shall 

reflect a logical and reasonable consequence of the conclusions. These recommendations should 

be explained to the stakeholders in an understandable way in order to meet the goals of the LCA 

study. 

 

  



42 
 

7. LCA tools 

The methodology used to select the LCA tools for the analysis is defined in section 5. 

Methodology. LCA tools included in Table 7.1 have been selected after applying selection 

criteria and will be analysed in deep in section 8. Results. In 11.3. Appendix III and 11.4. 

Appendix IV are described most common Life Cycle Impact Assessment (LCIA) methodologies. 

LCA Tools 

AIST v5 GEMIS 

BEES 3.0 GREET 1.8 

Boustead Model 6.0 KCL-ECO 

CES Edupack LEGEP 1.2 

CMLCA MiLCA 

DPL 3.0 OpenLCA 

Eco-Quantum Quantis 2.0 

EIME SimaPro 7 

EIO-LCA TEAM 5.0 

Environmental Impact Estimator TRACI 2.1 

eBalance UMBERTO 

GaBi  

Table 7.1. LCA Tools. 

7.1. Advanced Industrial Science and Technology: AIST v5 

7.1.1. Description 

The AIST v5 tool has been developed by National Institute of Advanced Industrial Science and 

Technology and JEMAI (Japan Environmental Management Association for Industry) and the 

last version is the AIST v5 created in 2008. The software is based on the ISO 14040 and is 

focused on the Japanese scenario, but it can be expanded as the software is also available in 

English. The tool includes the possibility to import models, include transportation and include 

recycling, all this displayed into a diagram. The software also includes the calculation of the 

allocation methods. A license is required to work with the tool but it does not include both 

social and cost analysis. 

7.1.2. Databases 

The tool has its own database including over 2000 processes. By the way, the software offers 

the chance to import/export new datasets from other databases. 

7.1.3. LCIA methods 

- LIME 2 (Japan). 

- Eco-indicator 95. 

- Eco-Indicator 99. 

- Ecopoint. 

- EPS 2000. 

The tool also allows users to introduce their own assessment methods. 

7.1.4. Results offered 

The results are showed in a comprehensive way for each stage, phase, region and source type. 

The tool provides the user with tables, graphs or combination of both as shown in Figure 7.1. 
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Figure 7.1. AIST v5 results (AIST v5 webpage). 

Finally, the tool also has a report option where it helps the redaction of the final report for the 

LCA.  

7.2. Building for Environmental and Economic Sustainability: BEES 

3.0 

7.2.1. Description 

BEES 3.0 software is a tool designed for the edification sector and it is focused on USA. This 

tool was created in order to provide a technique for the material selection taking into account 

environmental and economic factors. The tool was developed by NIST (National Institute of 

Standards and Technology) Engineering Laboratory and is based on the standards reached by 

consensus and the objective was to create a practical, flexible and transparent tool for designers, 

builders, architects and material producers as it includes actual environmental and economic 

performance data for 230 building products. 

BEES measures the environmental performance of building products by using the LCA 

approach taken from the ISO 14040 series of standards. The software analyse all the different 

stages of the building product: 

- Raw material acquisition. 

- Manufacture. 

- Transportation. 

- Installation. 

- Use. 

- Recycling/Waste management. 

The economic analysis follows the ASTM (American Society for Testing and Materials) 

standard LC cost method (E917), which includes the costs for: 

- Initial investment. 

- Replacement. 

- Operation. 

- Maintenance. 

- Repair. 

- Disposal. 

The environmental and economic values are combined into an overall performance measure 

using the ASTM standard for Multi-Attribute Decision Analysis (E1765). The overall 

performance value is synthesized into one single indicator. To ensure the correct calculation of 

the overall performance value, BEES uses the Multi-Attribute Decision Analysis technique 

(MADA), which combines the results found in the environmental and economic analysis and 

rescaled normalized based on their contribution to the indicator and weight. User can vary the 
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weighting value of each result, modifying how much they contribute to the final calculation of 

the single indicator. 

For the total BEES analysis, products are defined and classified using ASTM standard 

classification for building elements known as Uniformat II (E1557). The most common 

functional unit used by BEES model is 0.09 m2 of building material with a service life of 50 

years. 

A good fact of this software is that can be used online, avoiding the need of downloading and 

installing the software by the user but it can also be a problem if not having internet connection. 

Moreover, the tool does not include actualized assessment methods and social analysis, and also 

the uncertainty analysis. 

7.2.2. Databases 

Since the goal of BEES LCAs is to generate U.S. average results, generic product data are 

primarily collected using the industry-average approach. Manufacturer-specific product data are 

primarily collected using the unit process- and facility-specific approach, then aggregated to 

preserve manufacturer confidentiality. Data collection for BEES 4.0 was done under contract 

with Four Elements, LLC and First Environment, Inc. using the SimaPro LCA software. These 

data represent the closest approximations currently available of the burdens associated with the 

production, use, and disposal of BEES products. For generic products, assumptions regarding 

the associated unit processes were verified through experts in the appropriate industries to 

assure the data were correctly incorporated in BEES. For manufacturer-specific products, a U.S. 

Office of Management and Budget-approved BEES Please Questionnaire was completed by 

manufacturers to collect inventory data from their manufacturing plant(s); these data were 

validated by Four Elements, then associated upstream and downstream data added to yield 

cradle-to grave inventories.  

7.2.3. LCIA methods 

- Direct Use of Inventories: In the most straightforward approach to LCA, the impact 

assessment step is skipped, and the life cycle inventory results are used as-is in the final 

interpretation step to help identify opportunities for pollution prevention or increases in 

material and energy efficiency for processes within the life cycle. However, this 

approach in effect gives the same weight to all inventory flows (e.g., to the reduction of 

carbon dioxide emissions and to the reduction of lead emissions). For most impacts, 

equal weighting of flows is unrealistic.  

- Critical Volumes/Swiss Critical Volume approach. 

- Ecological Scarcity (Switzerland). 

- Environmental Priorities System (Sweden). 

- Eco-indicator 99. 

- Environmental Problems (SETAC). 

7.2.4. Results offered 

 After developing the LCA with BEES, the software shows 5 different results from the complete 

LCIA. First of all, the user can check both environmental and economic graphs in order to 

understand the hotspots showed. Figures 7.2, 7.3, 7.4, 7.5 provide examples of both kind of 

graphs with the related tables per each one. 
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Figure 7.2. BEES 3.0 results (BEES 3.0 webpage). 

The next result showed is the combination of both results to obtain the overall performance, 

differentiating between both environmental and economic results. 

 

 Figure 7.3. BEES 3.0 overall performance and contributor elements (BEES 3.0 webpage). 

The 2 results allow the user to analyse per each material compared the contribution of the Life 

Cycle Stage and the Environmental Flows. In the example showed about Acidification it is also 
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posible to see how the results offered show the contributor elements for the Impact Category 

selected, for example NH3, NO2 or SO2. 

 

Finally, the last result offered by the software is the chance to check the Embodied Energy of 

the materials studied and the alternatives. 

 

Figure 7.4. BEES 3.0 energy results (BEES 3.0 webpage). 

7.3. Boustead Model 6.0 

7.3.1. Description 

Boustead Model was developed by Boustead Consulting Ltd., which has been working on LCA 

since 1972. Their software has been running for 35 years and is distributed by CD after 

purchasing the license. There is no social or economic analysis and the user has to do lot of 

work for obtaining the final results, which are not provided in complex graphs. The model 

works very simply as the user has to describe the inputs and outputs of the product system by 

choosing between the ones in the database and the ones created.  

7.3.2. Databases 

The software offers a database with nearly 13.000 individual unit operations. For more data the 

user can enter values from other databases manually or just include the data of interest. It is 

really difficult to import/export data from other databases as the software does not have data 

compatibility.  

7.3.3. LCIA methods 

The Boustead Model includes its own LCIA method which cannot be described due to lack of 

transparency. 

7.3.4. Results offered 

The results offered are the values from the LCA calculations, presented as a set of eight tables 

each describing some aspect of the behaviour of the systems examined. In all cases the tables 

refer to the gross or cumulative totals when all operations are tracked back to the extraction of 

raw materials from the earth. These tables can be exported into a file format for an easier 

comprehension. 
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Figure 7.5. Boustead Model 6.0 results (Boustead webpage).  

7.4. CES Edupack 

7.4.1. Description 

The CES Edupack software was intended to be a useful help for teaching materials, engineering, 

design and sustainability, so it is not a specific designed LCA software. It helps to this purpose 

by having a complete materials database with comprehensive information about materials and 

processes.   

The software offers the possibility of analyse different materials individually, to create entire 

products involving all the life stages and compare between materials and products. Moreover, it 

is possible to use the incorporated tool Eco-Audit, which evaluates the environmental impact 

offering a huge variety of results related with the energy and CO2 footprint. Finally, it also 

includes another tool named Hybrid Synthesizer allowing the investigation on the use of hybrid 

materials.  

The database includes for each material or process, the database contains descriptive text, 

explanatory images, and technical, economic, and eco properties. By the way, the database has 

three modalities oriented to different levels of knowledge: level 1 or introductory, level 2 or 

intermediate, and level 3 or advanced. 

7.4.2. Databases 

Own database with 3 options: 

- Level 1: 69 materials and 77 processes. 

- Level 2: 100 materials and 109 processes. 

- Level 3: more than 3900 materials and more than 200 processes. 

7.4.3. LCIA methods 

No LCIA methods included as it has its own analysis non-oriented to LCA studies. 

7.4.4. Results offered 

The CES Edupack software has different types of results depending on the information of user’s 

interest. First of all it is possible to obtain 2 types of graph from any material or process 

included in the database, being able to include one or two properties of interest obtaining a 

graph with all the materials inside the established boundaries. 
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Figure 7.6. Electric Motorcycle (EM), Sustainable Design at UPC. 

Moreover, the tool also offers the option to analyse the energy and CO2 footprint, so the results 

provided are tables and graphs relating the energy and CO2 results in general and separating the 

life phases of the product or process. 

 

 
Figure 7.7. CES Edupack results (Scientific Research Open Access webpage). 

 
Figure 7.8. CES Edupack table results (Granta Design webpage). 

7.5. Chain Management by Life Cycle Assessment: CMLCA 

7.5.1. Description 

The CMLCA tool was developed by the Institute of Environmental Sciences from the 

University of Leiden to be used by scientists and students, not for a commercial purpose. The 

software does not contain any process data or impact assessment data, so the user can include 

the preferred ones from any database. The webpage of the software gives guidance for the user 

to help when choosing the database and the impact factors for the study. The software also 

allows the user to control all the options because it does not have a predefined method so the 

working conditions are settled entirely by the user. There exist a free version of the tool but it is 

empty, which makes it necessary to have a database and impact factors. 

The software allows the calculation of the following studies: 

- Life Cycle Assessment (LCA), including Social LCA (SLCA) and Life Cycle 

Sustainability Assessment (LCSA). 

- Input-Output Analysis (IOA), including Environmental IOA (EIOA). 

- Life Cycle Costing (LCC) and Eco-efficiency Analysis (E/E). 
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- Hybrid LCA, combining LCA and EIOA. 

7.5.2. Databases 

- Ecoinvent 2.0. 

- ELCD. 

- NREL U.S. LCI Database. 

- EXIOBASE. 

- CML’s and CML-IA. 

- E3IOT. 

- Any database in excel format. 

7.5.3. LCIA methods 

Any method included in the previous databases or introduced with excel format. 

7.5.4. Results offered 

The results provided by the tool are just table and low quality graphs. The results are accurate 

but the way they are shown is not visual. In the pictures below it is possible to see how the 

results are displayed. 

 
Figure 7.9. CMLCA results (CMLCA manual). 

7.6. DPL 3.0 

7.6.1. Description 

The software DPL was developed by IVAM (Interfaculty Environmental Science Department of 

the University of Amsterdam) and TNO (The Netherlands Organization) in close cooperation 

with the Dutch Ministry of Environment and five municipalities from the Netherlands. DPL 

means Location Sustainability Profile and is a tool focused on measuring the sustainable 

performance of urban districts, for both existing district and plans. It measures quantitatively the 

sustainable performance on the basis of 24 indicators divided over the 3 P’s: Planet 

(Environment), People (Society) and Profit (Economy). The tool has a license and there is a free 

version under request for students but is only in Dutch. 
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Figure 7.10. DPL 3.0 indicators (DPL3.0 manual). 

7.6.2. Databases 

The DPL software does not provide any database, the user has to introduce the data relative to 

the 24 indicators specified. 

7.6.3. LCIA Methods 

The software transforms the data introduced for the indicators into performance scores for 

sustainability between 0 and 10, being 0 very unsustainable. 

 

7.6.4. Results offered 

The results are provided in a comparative graph for the indicators, showing the score of each 

one and including the pass grade 6. There is an example of Maastricht where it is compared the 

actual situation with a future plan. 

 
Figure 7.11. DPL 3.0 results (DPL3.0 webpage). 
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7.7. Eco-Quantum 

7.7.1. Description 

Eco-Quantum was developed by IVAM (Interfaculty Environmental Science Department of the 

University of Amsterdam) and was oriented to building sector. In the software, the diversity of 

information on the environmental performance of buildings is converted into information that 

all parties involved in the construction work can use. The supplying industry submits relevant 

information on environmental matters, tested on the basis of the environmental fact sheet with 

LCA information about building products, for the computer program. Clients and civil servants 

can use Eco-Quantum as a policy instrument to determine environmental targets for housing 

programs after purchasing a license. The tool does not provide the user with social or economic 

analysis and it is not useful for existing building stock. Moreover, the tool is only available in 

Dutch. 

7.7.2. Databases 

As said previously, the supplying industry collaborates by submitting relevant information to 

create the own database for the software. By the way, the software also offer the links to acquire 

other databases from other groups, listed below: 

- AusLCI Database Initiative. 

- Life Cycle Strategies. 

- Eco Innovators. 

- Ecoinvent 2.0. 

- Carbon Reduction. 

- Carbon Trust. 

- Greenhouse Friendly. 

7.7.3. LCIA methods 

The software uses the IVAM method but there have been other studies where other LCIA 

methods have been combined in the same project. 

7.7.4. Results offered 

The results can be presented either as basic statistics (raw materials, energy, emissions or waste) 

or in the form of a comprehensive environmental profile. The user has the chance to zoom-in in 

the different items to see where the hotspots are. The way of showing the results offers also the 

chance to create graphic comparisons as showed in the example below. 

 

Figure 7.12. Eco-Quantum results (Eco-Quantum webpage). 
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7.8. EIME 

7.8.1. Description 

EIME online software was developed 10 years ago by CODDE, a Bureau Veritas department 

focused on Environment, Quality and Social Responsibility. The tool was supported by 6 major 

companies from the Electric and Electronic sector: Alcatel, Alstom, Schneider, Sagem, 

Thomson and Legrand. It has an annual license and also a free version of 30 days. 

EIME allows designers to realise environmental assessments of their products, even without 

having environmental competences. By the way, the interface of this tool allows the 

customization of it in order to fit the company policy. The tool provides the user with 

quantitative information about LCA and other environmental factors such as end of life 

management, legal aspects… 

 

The creators of EIME state that the tool is adapted to the companies’ environmental needs: 

- Comparison between competing design alternatives in order to improve products. 

- Internal dissemination to customer requirements, company rules and legal constraints. 

- Active contribution to the environmental management system.  

- Communication of an environmental declaration or an eco-profile to customers and 

shareholders. 

 

The tool uses 11 Impact indicators during the assessment, which are: Natural resources 

depletion, Energy depletion, Water depletion, Global warming potential, Stratospheric ozone 

depletion potential, Air toxicity, Water toxicity, Photochemical ozone creation, Air acidification 

potential, Water eutrophication and Hazardous waste production. Moreover, the tool adds 3 

Design indicators for a complete assessment: Physical characteristics, Use characteristics and 

End of life indicators. It does not include a social analysis. 

7.8.2. Databases 

The data in the EIME database has been selected by Bureau Veritas CODDE for its quality and 

relevance as well as for compliance with the specification and quality level required by Bureau 

Veritas CODDE. The process of developing and selecting LCI data requires that every item of 

data complies with "Entry Level" quality or higher, with the ILCD Handbook. 

 

The databases offered by the software includes the ELCD database and the Materials and 

Processes database elaborated by Bureau Veritas CODDE, which is updated every year. Then 

there are also offered sectorial databases as for Textiles or Transport. Furthermore, the tool 

allows to add other databases. 

7.8.3. LCIA methods 

EIME integrates the calculation methods of the impact indicators acknowledged in the field of 

ILCD. 

7.8.4. Results offered 

The results are provided with graphical functionalities and tables, with the excel export option. 

The tool allows the user to identify the hotspots of the product system faster and easier, 

allowing to track them. Finally, the tool also offers the chance to create comparisons of 

technical solutions. 
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7.9. Economic Input-Output LCA: EIO-LCA 

7.9.1. Description 

EIO-LCA estimates materials, energetic resources and emissions coming out from the economic 

activities. It was developed by Green Design Institute at Carnegie Mellon University. EIO-LCA 

is an online tool and has some difficulties when analysing processes. 

Each model is composed of national economic input-output models and publicly available 

resource use and emissions data. The tool requires the user to enter 4 inputs: a price model 

based on the country of analysis, the industry sector of the product, the amount of economic 

activity of the sector, and the category of the results wanted, so it does not include social 

analysis and there is a lack of environmental data. 

7.9.2. Databases 

The models offered by the software are national for the USA and international for Canada, 

Germany and Spain. 

- USA: 

o 2002 Benchmark producer price. 

o 2002 Benchmark purchaser price. 

o 1997 Industry Benchmark producer price. 

o 1997 Industry Benchmark purchaser price. 

o 1992 Industry Benchmark. 

o 1992 Industry mini. 

o 1997 Pennsylvania State. 

o 1997 West Virginia State. 

o 1997 Pennsylvania + West Virginia combined state. 

- International: 

o 2002 Canada Industry Account. 

o 1995 Germany Industry Account. 

o 2002 Spain Industry Account. 

7.9.3. LCIA methods 

- EIO-LCA. 

7.9.4. Results offered 

The EIO-LCA model produces results for inventory analysis and do not estimate the actual 

environmental or human health impacts. In the final results there are not represented the usage 

and end of life phases of the product system, but can be calculated using additional tools. The 

tool also allows to create comparisons between system levels. 

Results can be viewed for six categories: economic activity, conventional air-pollutants, 

greenhouse gases, energy, toxic releases, and employment. The example displayed below is 

about the economic activity (table) and Greenhouse gases (graph). 

Figure 7.13. EIO-LCA results (EIO-LCA webpage). 
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7.10. Environmental Impact Estimator 

7.10.1. Description 

The Eco Estimator is the North American tool for the environmental assessment of the whole 

building or assembly level and was developed by Athena’s Institute. The software is able of 

modelling 95% of the building stock in North America and can compare 5 options at the same 

time but does not include social analysis for the study. A license is required but there is a free 

demo available. The model allows the user, after introducing all the inputs, to analyse the 

environmental impacts generated by: 

- Material manufacturing. 

- Transport. 

- On-site construction. 

- Regional variation in energy use. 

- Building type and assumed lifespan. 

- Usage and maintenance phases. 

- Demolition and end of life management phases. 

7.10.2. Databases 

The database used is the one created by Athena including information directly obtained from the 

sources (construction companies, material suppliers…). Athena has also developed a huge 

database including energetic data and air emissions. 

7.10.3. LCIA methods 

- TRACI 2.1. 

7.10.4. Results offered 

The tool displays the results of the assessment using tables and graphs, and allows to export the 

results directly to excel, word or pdf. The tool also builds a tree of information so that each 

individual assembly can be identified and checked easily, showing to the user the impact for the 

selected category in percentage. This last function gives the user the opportunity to identify and 

track the hotspots. 

7.11. EPD tools: eBalance 

7.11.1. Description 

The eBalance online tool is a full-featured LCA software, developed by IKE Environmental 

Technology Co. Ltd. in 2013. All the information related with the tool is provided in Chinese, 

but the tool has been half translated into English. This tool can be used for studies related with: 

- ISO 14040/14044 compliant LCA. 

- Product environmental footprint. 

- Type III Environmental Declaration (EPD). 

- Life cycle energy conservation and emission reduction analysis. 

- Life cycle based Eco-design for environment. 

- Life cycle based cleaner production audit. 

- Green procurement and supply chain management. 

7.11.2. Databases 

- CLCD 2.0. (Chinese Life Cycle Database). 

- ELCD 2.0. (European Life Cycle Database). 

- Ecoinvent 2.0. 
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7.11.3. LCIA methods 

- CML 2002. 

- IMPACT 2002+. 

- NRDP. 

- EDP. 

- CML 2001. 

- Cumulative Energy Demand. 

- Cumulative Exergy Demand. 

- Eco-indicator 99. 

- Ecological Footprint. 

- Ecological Scarcity 1997. 

- EDP. 

- EDIP 1997. 

- EDIP 2003. 

- EPS 2000. 

- IPCC 2007. 

- IPCC 2001. 

- TRACI 2.1. 

7.11.4. Results offered 

The final results are available in tables, graphs or diagrams provided by the software. There is 

an example of a diagram resulting from a product system. 

 

 
Figure 7.14. eBalance results (EPD tools webpage). 

7.12. GaBi 

7.12.1. Description 

GaBi is a software developed by PE Europe GmbH which is a company focused on 

sustainability performance by offering services and solutions to other companies. For this 

reason they have developed GaBi software for the LCA projects. Moreover, IKP University of 

Stuttgart has also taken part on the development of the software during the ten years that it 

lasted. The software has different versions available, with license, from the educational use to 

professional use of LC Analysis to evaluate life cycle environmental, cost and social profiles of 

products, processes and technologies. There is also a free version with non-real database.  

What makes GaBi a good software for the companies is that supports the systematic preparation 

and analysis of product and company related decisions by integrating technical, economic and 

ecological aspects in the optimization of production, product design and product marketing. 

The educational view of the company is to offer LCA software with comprehensive databases 

which can be useful for students or teachers which are working with LCA methodology. There 

is also an on-line service with tutorials and handbooks for students, complemented all by 

everyday examples. 
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GaBi is defined to be a holistic LC Analysis tool due to the modular and parameterized 

architecture of the software. Because of this architecture the software allows a rapid modelling 

of complex processes with thousands of components or different production options, being 

useful also to facilitate the addition of new data such as economic cost or social impact 

information to a model.  That interface provides a visual map of system boundaries and all 

flows associated with the system. 

GaBi has also a comprehensive and up-to-date LC Inventory databases available which are 

maintained by the developers to offer over 2000 cradle-to-gate material data sets, 8000 

intermediary chemical process models and thousands of LCA projects from industries. 

7.12.2. Databases 

The software GaBi presents different types of data sets. First of all, the software owns 21 

databases, including public databases. The databases provided by GaBi are:  

- Professional. 

- Organic intermediates. 

- Inorganic intermediates. 

- Energy. 

- Steel. 

- Aluminium. 

- Non-ferrous metals. 

- Precious metals. 

- Plastics. 

- Coatings. 

- End of life. 

- Manufacturing processes. 

- Electronics. 

- Renewable raw materials. 

- Ecoinvent integrated. 

- Construction materials. 

- Textile finishing. 

- Seat covers. 

- NREL U.S. LCI integrated. 

- U.S. database. 

- Bioplastics. 

Moreover, the PE International offers the possibility for companies to request any other datasets 

related with their processes which means that PE International has the compromise of creating 

this new dataset for the requesting company in order to facilitate the well functions of their 

software. 

7.12.3. LCIA Methods 

- CML 2011. 

- CML 2010. 

- CML 2009. 

- CML 2007. 

- CML 2001. 

- CML1996. 

- Eco-Indicator 95. 

- Eco-Indicator 95 RF. 

- Eco-Indicator 99. 

- EDIP 1997. 

- EDIP 2003. 
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- Impact 2002+. 

- Method of Ecological Scarcity 2006 (UBP Method). 

- ReCiPe. 

- TRACI 2.1. 

- USEtox. 

7.12.4. Results offered 

The software provides the Life Cycle Inventory and the Life Cycle Assessment results of the 

model made, showing the contribution percentages of flows or processes. Also allows analysing 

the impacts classified according to the impact categories offered by the chosen methodology 

and also to group them to facilitate the comparison between the impacts. 

In the Life Cycle Inventory is provided a list with the materials, energy consumptions, 

emissions and wastes produced in the model. There it is possible to see which elements 

contribute more to the final impacts, being able to classify the list according to an impact 

category as said before. 

For the Life Cycle Impact Assessment occurs the same as for the LCI, and it is possible to see 

how the individual emissions contribute to an impact and from which process or processes they 

arise. 

GaBi also includes a dashboard that allows evaluating all the results customizing the graphs to 

see the most relevant results and export them. The software also offers the GaBi Balance which 

shows the results in a tabular format supported by different analysis tools for results 

interpretation, graph function and the possibility to export the tables into excel format. 

Regarding the interpretation phase, the software offers the chance to apply the Normalization 

and the Weighting phases of an LCA study, allowing also the addition of own made weighting 

factors. Finally, the software has the GaBi Analyst to develop more advanced scenario analysis, 

sensitivity analysis and Monte Carlo analysis. 

As last options that the software offers for a complete LCA study appear the Life Cycle Costing 

for economic issues and the Life Cycle Working Environment for social issues, which can be 

assessed alongside the Life Cycle Impact Assessment impacts to end with a complete study 

within the boundaries of the sustainability.  

The Life Cycle Costing consist on consider the different cost factors related to the processes or 

the life cycle of products of the study. The software automatically computes the costs to offer a 

relation of costs with individual processes, material or energy flows from the study. 

The Life Cycle Working Environment provides the measurement and quantification of the 

social aspects within the boundaries of the study. Using the data included in GaBi Databases 

and combining with the GaBi Balance it is possible to develop an evaluation. It provides a 

quantitative tracking of social aspects along the product’s life cycle on the basis of seconds of 

labour per value added. 

7.13. GEMIS 

7.13.1. Description 

GEMIS tool was developed in 1989 by Öko Institut (Germany) but IINAS (International 

Institute for Sustainability Analysis and Strategy) became the software host. Since the first 

release of the tool there have been lots of updates and extensions even for the software or the 

own database until nowadays. The tool is used by many parties in more than 30 countries as it is 

a public domain life cycle and material flow analysis model and also includes a free database 

provided by IINAS. 
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GEMIS can analyse costs and employment of an LCA study. A problem is that most of the 

reports are in German. 

Results of GEMIS are the environmental flows, but also aggregated values: 

 Resources as cumulated energy demand (CED). 

 Greenhouse gases as CO2 equivalents. 

 Air emissions as SO2 equivalents (acidification potential) and ozone precursor equivalents 

(summer smog). 

 Externals environmental costs. 

 

GEMIS models and calculates the direct and indirect employment effects. The basic scheme of 

this balance is shown in the following graph for the example of biogenic energy for heating.  

 
Figure 7.15. GEMIS employment effects (IINAS webpage). 

The direct employment effects are stored in the GEMIS database as part of the process 

information, the indirect effects are calculated from investment and O&M costs using country-

specific input-output tables.  

7.13.2. Databases 

- GEMIS: 10.000 datasets. 

- Possibility to add new datasets from other databases. 

7.13.3. LCIA methods 

- GEMIS. 

- Eco-Indicator 99. 

- ReCiPe. 

- USEtox. 

- CML IA. 

- EDIP 2003. 

- EPS 2000. 

- Impact 2002+. 

- IPCC 2007. 

- TRACI 2.1. 

- BEES. 

- Ecological Scarcity 2006. 

- Greenhouse Gas Protocol. 

- Ecological Footprint. 

- Ecopoints 97. 

- EDP. 

7.13.4. Results offered 

The results provided by the software are set out in tables and graphs (shown below). The 

results are classified in the following options:  

- Greenhouse gases. 

http://www.iinas.org/employment-en.html
http://www.iinas.org/gemis-en.html
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- Air emissions. 

- Solid wastes. 

- Liquid effluents. 

- Resources use. 

- Land use. 

- Costs. 

- Employment effects. 

- Fuel balance. 

- Process turnover. 

 

Figure 7.16. GEMIS results (self-made). 

7.14. Greenhouse gases, Regulated Emissions and Energy in 

Transportation: GREET 1.8 

7.14.1. Description 

Greet 1.8 model was developed by Argonne National Laboratory. The model is a spreadsheet 

workbook with several macros that can be used directly or manipulated with a graphical user 

interface (GUI) packaged with the model download. There is a free license under request but the 

tool does not include both social and cost analysis. 

The tool allows to model different kinds of transports and calculate the energy use or the 

environmental impact caused by the emissions generated by vehicles. The software is able to 

evaluate different vehicles and fuel combinations using the LCA, both for fuels and vehicle. 

GREET calculates the following: 

- Total energy used. 

- Total emissions in CO2-eq. 

- Pollutant emissions from different gases. 

7.14.2. Databases 

GREET owns a database containing all the data necessary for the models of analysis. By the 

way, the user can include data of interest by creating new datasets for the software. 

7.14.3. LCIA methods 

- US EPA-default LCIA methods. 

7.14.4. Results offered 

The results are displayed by tables which can be selected by the user. The examples below show 

different tables and graphs, which can be modelled with the excel sheet of the tool. 
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Figure 7.17. GREET 1.8 results (GREET 1.8 webpage). 

7.15. KCL-ECO 

7.15.1. Description 

KCL-ECO is a Finnish commercially available LCA software that has been developed since 

1992 but have not been updated since 2004. KCL-ECO allows the user to perform life cycle 

inventory (LCI) calculations, impact assessment calculations as well as present the calculation 

results in a comprehensible way through its unique reports and charts. The software can afford 

big systems including transport and energy flows. The tool does not allow the user to conduct 

social analysis. 

7.15.2. Databases 

- KCL Ecodata (2000 datasets and continuously updated). 

- Ecoinvent 2.0. 

- ELCD 2.0. 

- Databases with Simantics platform. 

7.15.3. LCIA methods 

- Eco-Indicator 99. 

- DAIA 98 (Finland). 

- CML 2001. 

- Cumulative Energy Demand. 

- Cumulative Exergy Demand. 

- Ecological Footprint. 

- Ecological Scarcity 1997. 
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- EDP. 

- EDIP 1997. 

- EDIP 2003. 

- EPS 2000. 

- IMPACT 2002+. 

- IPCC 2001. 

- TRACI 2.1. 

- Other methods included in the databases. 

7.15.4. Results offered 

The results are provided using tables and graphs allowing a visual comprehension. The software 

also help the user with the LCA report by providing the option Eco report, where a simple 

report is drawn depending on the user preferences. 

 

    
Figure 7.18. KCL-ECO results (KCL-ECO webpage). 

7.16. LEGEP 1.2 

7.16.1. Description 

LEGEP is a LCA tool focused on building as all the information is structured along life cycle 

phases: construction, maintenance, operation, refurbishment and demolition. The tool has been 

based on the ISO 14040-43. A license is required but does not include social analysis and new 

data cannot be included. 

LEGEP is organized along 7 software tools, each with its own database:  

- Costs Planning. 

- Energy Demand and Costs. 

- Life Cycle Costs. 

- Life Cycle Assessment. 

- Materials and Health. 

- Projects Comparison. 

- Sustainability Certification. 

7.16.2. Database 

- Own database based on DIN 276 and DIN 18960. 

- SIRADOS. 

- EnEV 2002. 

- EN 832. 

- Ecoinvent 2.0. 

- Ökobau. 

- Wecobis. 
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7.16.3. LCIA methods 

- CML 2001. 

- Cumulative Energy Demand. 

- Cumulative Exergy Demand. 

- Eco-indicator 99. 

- Ecological Footprint. 

- Ecological Scarcity 1997. 

- EDP. 

- EDIP 1997. 

- EDIP 2003. 

- EPS 2000. 

- IMPACT 2002+. 

- IPCC 2001. 

- TRACI 2.1. 

7.16.4. Results offered 

The tool allows the user to select the “top-down” or the “bottom-up” approach. The user can 

obtain the results depending on each phase, interrelated sets of costs, energy, mass-flows or the 

environmental indicators selected for the study.  It is also possible to show all the indicators or 

one by one for each life cycle phase of the study, allowing the detection of hotspots by the user. 

The results are shown in tables and different kinds of graphs depending on user interests. The 

following figures show some examples of the graphs. 

Figure 7.19. LEGEP 1.2 results (LEGEP webpage). 

7.17. MiLCA 

7.17.1. Description 

MiLCA is the new version of the AIST v5 tool. It has also been developed by JEMAI (Japan 

Environmental Management Association for Industry) and needs the purchase of a license to be 

used. The software makes possible the basic calculation features required for basic LCA, 

including inventory analysis and impact assessment but not social analysis. The user can track 

potential environmental impact throughout the life cycles of products and services and to act on 

the hotspots for improvement. The software includes the T-E2A system developed by Toray 

Industries, Inc., which can compare among case studies of environmental and economic aspects. 

7.17.2. Databases 

- IDEA: 3000 datasets. 

7.17.3. LCIA methods 

- LIME 2 (Japan). 
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7.17.4. Results offered 

The results provided by the tool consist on tables mixed with different kind of graphs as can be 

seen in the following figures. 

Figure 7.20. MiLCA results (MiLCA webpage). 

7.18. OpenLCA 

7.18.1. Description 

The OpenLCA software project was started in 2006 by Andreas Ciroth, Michael Srocka and 

Jutta Hildenbrand with the objective of designing and building a reliable modular framework for 

the sustainability assessment and LC modelling using the Open Source software. Initially, the 

main application of the software was focused on the environment as LCA, but afterwards it was 

expanded to be able to cover also the economic life cycle assessment models in the form of Life 

Cycle Costing. 

What means open source license (Mozilla Public License, MPL 2.0) is that you can have the 

software and change the software code for your benefit. By the way, the software doesn’t offer 

the datasets, but you can take them from other companies as other LCA software do. 

In the OpenLCA webpage is said literally: “OpenLCA is completely free, without any license 

costs. The software is fully transparent. You can freely share both the software and any models 

you create in openLCA, provided the database licenses allow it. If you want you can even 

inspect the code for any potential issues including security issues and any malicious behaviour. 

This makes open source software also suited for work in highly sensitive areas. The fact that 

OpenLCA is open source does not mean that you have any obligation to publish or make 

accessible any data you use or models you create in openLCA.” 

That means that users can have a free LCA software to work with in their own studies. By the 

way, the openLCA developers offer a huge variety of licenses, 69 in total, which don’t include a 

brief description of what the license offer to the user, it is necessary to ask for information. 

What OpenLCA offers is that supports all modelling options expected from a professional LCA 

software. Includes all parameters on different levels, allocation methods, system expansion and 

uncertainty analysis. All this allows the user to develop huge systems with a lot of processes 

without troubles. Moreover, the software has a good designed interface, including a manual and 

an auto-complete option to link the processes in the product system. Also offer contribution 

analysis and Sankey diagrams to help the identification of hotspots in the life cycle studied. The 

software also allows the export and import of data in formats such as EcoSpold and ILCD. The 

software only offers ILCD and EcoSpold databases, and all the free ones that the user can have, 

but for more databases as GaBi or Ecoinvent it is necessary to pay for the license.  
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To start working with openLCA it is needed to download LCA databases previously and create 

the links between the software and the databases in order to relate them. After that it is also 

necessary to previously have the LCIA methods to link them with the software. All that done it 

is possible to start working with the software and create our own project. 

7.18.2. Databases 

The databases which can be used by OpenLCA are all these databases that have the ILCD or 

EcoSpold format. By the way, there are tools which can transform the formats such as 

OpenLCA format converter or EcoSpoldAccess spreadsheet macro. As said before, the 

OpenLCA nexus webpage offers the possibility of downloading 3 free databases and purchasing 

the licenses for other 5 databases. The databases offered are the following: 

- Bioenergiedat. 

- ELCD. 

- NEEDS. 

- Ecoinvent. 

- GaBi. 

- LC-inventories. 

- Ökobaudat. 

- Social Hotspots. 

7.18.3. LCIA Methods 

The methods offered by OpenLCA are in the formats ecospold1, olca. and zolca. The last format 

is pretended to be used in the latest versions of OpenLCA while the other ones can be used in all 

versions. The user is warned by the developers that the databases including these LCIA methods 

should have reference data from OpenLCA in order to obtain the results for the Impact 

Assessment, if not all the values of the results would be 0. 

In order to develop the study, the LCIA method has to be chosen before starting it. Moreover, 

the OpenLCA software includes more characterization factors in the LCIA methods pack due to 

the inclusion of specific flows and compartments from other databases. That said, the 

comparison with the Ecoinvent pack shows the differences in the characterization factors as 

seen in the graph. 

 

Figure 7.21. OpenLCA characterization factors (OpenLCA webpage). 

The different LCIA methods contained in the OpenLCA pack are listed above: 

- CML 2001. 

- Eco-indicator 99 (E), (H) & (I). 

- Ecological Scarcity Method 2006. 
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- EDIP 2003. 

- ILCD 2011. 

- ReCiPe 8. 

- TRACI 2.1. 

- US EPA-default LCIA methods. 

- USEtox. 

7.18.4. Results offered 

The OpenLCA interface allows an easy performance of the LCI and also an easy way to select 

between the LCIA categories that the user wants to visualize. Moreover, as all LCA tools, the 

diagram of the product system offers the chance to have the steps within the inputs and outputs 

of each one, allowing the visualization of what goes in and what goes out from the process, 

making it more clearly. 

After the elaboration of the first steps, the software provides the results by using a Sankey 

diagram and also showing the contributing processes to the chosen impact category. The Sankey 

diagram has different colours which mean the percentage of contribution from the process, 

allowing an easy localization of the hotspots. 

Finally, after applying the normalisation and characterization factors, the software has the 

option to elaborate the economic allocation and to include recycling into the process. 

The way the results are showed is using graphs where it is possible to compare two products, 

the Sankey diagrams, the product system diagram with the inputs and outputs, and finally tables 

including the LCI or the input/output data.  

A good improve of the results showing is the inclusion of a map showing the area affected by 

the chosen impact category as seen in the Figure 7.22. 

 

Figure 7.22. OpenLCA map result (OpenLCA webpage). 

 

 

 



66 

7.19. Quantis 2.0 

7.19.1. Description 

Quantis SUITE 2.0 is a web tool designed for analysing and manage environmental footprints of 

companies, sites and products. Figure 7.24 shows what provides Quantis software to the user. It 

allows to analyse the carbon footprint, GHG Protocol, water footprint, environmental labelling 

and LCA, following the ISO 14040. The tool also offers the possibility to calculate the costs.  

Figure 7.23. Quantis 2.0 features (Quantis webpage). 

7.19.2. Database 

- Ecoinvent v2.2. 

- Possibility to add new datasets from other databases. 

7.19.3. LCIA methods 

- CML 2001. 

- EDIP 2003. 

- EPS 2000. 

- IMPACT 2002+. 

- IPCC 2001. 

- ReCiPe Endpoint. 

- TRACI 2.1. 

- Eco-indicator 99. 

- Ecological Footprint. 

- Ecological Scarcity 2006. 

- Ecosystem Damage Potential. 

- Other methods included in the databases. 

7.19.4. Results offered 

The tool provides results for one or more indicators in tables or graphs easily understandable. It 

also allows the user to obtain values for cost analysis. 

Figure 7.24. Quantis 2.0 results (Quantis webpage). 
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7.20. SimaPro 7 

7.20.1. Description 

SimaPro is a software which was developed by PRé Consultants in 1990 and SimaPro 7 was 

released in 2012 under license. The tool follows the ISO 14040 standard and provides tutorials 

and guides for the users. The tool offers ultimate flexibility, parameterized modelling, 

interactive results analysis and a large included database. The developers have included a help 

option which guides the user through the definition of the lifecycle and the addition of data. All 

that makes the tool to be easier to use by everyone. If more advanced level is required, the 

software includes advanced steps like Monte Carlo analysis to clear uncertainties or Allocation 

methods for multiple output processes. It does not include a social analysis. 

Moreover, the software includes process-based inventories of many common systems which are 

compiled into modules of information to be assembled by the user into a complete inventory. In 

this way, a user does not need to determine emissions data for basic inputs, such as electricity 

use or transportation, but may use available information to simplify an analysis. The user also 

has access to the databases files and can also edit them and, furthermore, the user can include 

own data through templates offered by the software. 

7.20.2. Databases 

- Ecoinvent v3 LCI database. 

- Agri-Footprint LCI database. 

- ELCD v3. 

- Franklin US LCI 98 library. 

- European Life Cycle Data. 

- US Input Output database. 

- Japanese Input Output database. 

- EU Input Output database. 

- Danish Input Output database. 

- Dutch Input Output database. 

- Swiss Input Output database. 

- LCA food database. 

- Industry data v2. 

- ETH-ESU 96. 

- BUWAL 250. 

- IDEMAT 2001. 

- IVAM database. 

- Other data converted to SimaPro (free service by PRé). 

7.20.3. LCIA methods 

- Eco-Indicator 99. 

- ReCiPe. 

- USEtox. 

- CML IA. 

- EDIP 2003. 

- EPS 2000. 

- Impact 2002+. 

- IPCC 2007. 

- TRACI 2.1. 

- BEES. 

- Ecological Scarcity 2006. 

- Greenhouse Gas Protocol. 

- Ecological Footprint. 

- Ecopoints 97. 
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- EDP. 

7.20.4. Results offered 

SimaPro 7 tool provides the user with tables and graphical results, even for the overall study and 

step by step. It is possible to show only the inventory results that contribute to a certain impact 

category, and it is also possible to show the uncertainties of every inventory result in a table. For 

the impact assessment results it is very easy to shift from characterization to damage 

assessment, normalization or weighting. The user can double click on the graph to get a 

specification of substances or processes that contribute to the impact category that was clicked 

on. A separate contribution analysis is available that also displays pie-charts. With every impact 

result a completeness check is available that displays substances that were in the inventory, but 

not in the impact assessment result. SimaPro offers the chance to compare two or more systems 

highlighting the differences to allow the user to see if the difference between product systems 

are indeed relevant, and for which impact category. SimaPro can generate a process network, in 

which each process has a small bar chart showing the contribution of this process to the total 

environmental load. The bar chart can display a single score, an impact category indicator or an 

individual inventory parameters.  

Figure 7.25. SimaPro 7 results (SimaPro webpage). 

7.21. TEAM 5.0 

7.21.1. Description 

This software has been developed by EcoBalance/Ecobilan. The software is based on the ISO 

14040 and the ISO 14044 to be updated on the LCA studies and industrial analysis. The tool 

allows the user to build and manage large databases and modelling systems representing all the 

various operations related to products, processes and activities of a business. Its simulation 

mode allows the use of a pre-set basis for non-expert users and easy studies of stroke or eco-

design. 

7.21.2. Database 

- DEAM (own database). 

- Possibility to create new databases or use existing ones. 

7.21.3. LCIA methods 
- IMPACT 2002+. 

- CML 3.9. 

- IPCC 2007. 

- USEtox. 

- EDIP 97. 

- Eco-Indicator 99. 

- ReCiPe 2008. 

- NF EN 15804. 

- WMO. 

- FRED. 

- Other methods included in alternative databases. 
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7.21.4. Results offered 

The software offer the results after a sensitivity analysis using tables. There is no possibility to 

create graphs with the software so graphs must be created with other tools after exporting the 

results. 

7.22. Tool for the Reduction and Assessment of Chemical Impacts: 

TRACI 2.1 

7.22.1. Description 

TRACI 2.1 has been developed by the United States Environmental Protection Agency (EPA) 

with the purpose of assisting the impact assessment for Sustainability Metrics, LCA, Industrial 

Ecology, Process Design and Pollution Prevention. 

TRACI 2.1 is a modular set of LCIA methods intended to provide the most up-to-date 

scientifically defensible impact assessment methodologies for the US. These methods can be 

used within other LCA tools, such as LCA modelling tools and LCA-based decision support 

tools. They have also been made operational within a public domain software tool available 

from the EPA, which reads inventory data and applies the TRACI 2.1 methods to provide 

graphical and tabular results. 

Figure 7.26. TRACI 2.1 Impact Assessment (EPA webpage). 

Actually, TRACI 2.1 is also the name of the method used by the software and included in other 

software such as Gabi or SimaPro 7. It is a midpoint impact assessment method and possible 

endpoints which uses the amount of chemical emission or resource used and the estimated 

potency of the stressor to determine the following environmental impacts: 

- Ozone depletion. 

- Global warming. 

- Acidification. 

- Eutrophication. 

- Photochemical oxidation. 

- Ecotoxicity. 

- Human health: air pollutants. 

- Human health: carcinogenic. 

- Human health: non-carcinogenic. 

- Fossil fuel depletion. 

- Land use. 

- Water use. 

7.22.2. Databases 

- NREL U.S. LCI Database. 

- IVAM LCA Data 4.0. 
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- SPINE@CPM. 

7.22.3. LCIA methods 

- TRACI 2.1. 

7.22.4. Results offered 

The TRACI 2.1 tool just gives values that the user has to integrate in an excel spreadsheet to 

calculate the endpoint analysis by himself as it is not integrated in the tool. In this way, the 

characterization and the normalisation has to be done by the user using an excel spreadsheet. 

7.23. UMBERTO 

7.23.1. Description 

The software has been developed by ifu Hamburg GmbH in cooperation with the ifu Institute 

for Energy and Environmental Research of Heidelberg. The tool is used to analyse production 

systems, either in a plant or a whole company or, along a product life cycle. The user can both 

calculate environmental effects and costs along the system but cannot conduct a social analysis. 

A license is required but there is a free demo of 30 days. 

7.23.2. Databases 

- Ecoinvent 3. 

- Any other databases. 

7.23.3. LCIA methods 

- CML 2001. 

- Cumulative Energy Demand. 

- Cumulative Exergy Demand. 

- Eco-indicator 99. 

- Ecological Footprint. 

- Ecological Scarcity 1997. 

- EDP. 

- EDIP 1997. 

- EDIP 2003. 

- EPS 2000. 

- IPCC 2007. 

- IPCC 2001. 

- TRACI 2.1. 

- Other methods included in alternative databases. 

7.23.4. Results offered 

The software analyses the product system providing results using tables and graphs. It is also 

offered a Sankey Diagram for the cost analysis. 
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8. Results

The resulting tables show the information obtained once applied the selected criteria tool by 

tool. For avoiding the complexity of looking for precise results through all this data, the 

principal criteria have been separated and explained after in individual tables or graphs to 

facilitate the comprehension. 

8.1. General aspects 

  QUESTION 

TOOL 

Supplier Country English Other language 

AIST v5 AIST & JEMAI Japan Yes Japanese 

BEES 3.0 NIST USA Yes No 

Boustead Model 5.0 Boustead Consulting Ltd. UK Yes No 

CES Edupack GRANTA UK Yes No 

CMLCA 

Institute of Environmental 

Sciences (University of 

Leiden) 

Netherlands Yes No 

DPL 3.0 IVAM Netherlands No Dutch 

Eco-Quantum IVAM Netherlands No Dutch 

EIME CODDE France Yes No 

EIO-LCA 
Green Design Institute 

(Carnegie Mellon University 
USA Yes No 

Environmental 

Impact Estimator 
Athena's Institute USA Yes No 

EPD tools: eBalance 
IKE Environmental 

Technology Co.Ltd 
China 

Yes, but 

not all 
Chinese 

GaBi PE Europe GmbH Germany Yes 

German, Spanish, French, 

Italian, Portuguese, Chinese, 

Japanese, Thai 

GEMIS 
IINAS (developed by Öko 

Institut) 
Germany Yes Spanish, Czech, German 

GREET 1.8 Argone National Laboratory USA Yes No 

KCL-ECO 

Oy Keskuslaboratorio-

Centrallaboratorium Ab, 

KCL 

Finland Yes No 

LEGEP LEGEP Software GmbH Germany Yes German 

MiLCA JEMAI Japan Yes Japanese 

OpenLCA GreenDelta Germany Yes No 

Quantis 2.0 Quantis 
Switzerland + 

Canada 
Yes No 

SimaPro 7 

PRé Consultants France Yes Chinese, Danish, Dutch, 

French, German, Italian, 

Japanese, Portuguese, 

Spanish, Swedish 

TEAM 5.0 EcoBalance/Ecobilan France Yes No 

TRACI 2.1 EPA USA Yes No 

UMBERTO 
IFU Hamburg GmbH + 

IFEU Heidelberg 

Germany Yes No 

Table 8.1. General aspects of LCA tools. 
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8.2. Economic and support 
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AIST v5 N/A N/A N/A No N/A Yes 
2008-

2009 

BEES 3.0 Free N/A No No N/A Online 2010 

Boustead Model 5.0 N/A N/A N/A Yes N/A Yes 2013 

CES Edupack 
12000-

15000 
Year Yes No N/A Yes 2014 

CMLCA Free Infinite Yes No >200 Yes 2012 

DPL 3.0 750 € Year No Yes N/A Yes N/A 

Eco-Quantum N/A N/A N/A No N/A Yes N/A 

EIME 
2180-

10000 
Year Yes Yes >100 N/A N/A 

EIO-LCA Free Year Yes Yes >150.000 Online 2002 

Environmental Impact 

Estimator 
300-600 Year Yes Yes N/A Yes 2014 

EPD tools: eBalance Free Infinite No No N/A 
Yes but 

requires 

internet 

2014 

GaBi 7300 Year 
Free (non-real 

database) 
Yes >15.000 Yes 2013 

GEMIS Free Infinite No No >3.000 Yes 2014 

GREET 1.8 Free Infinite No No N/A Yes 2014 

KCL-ECO 3000 Year N/A No >100 Yes 2004 

LEGEP 5900 Year 120 No >100 Yes 2014 

MiLCA 600-6000 Year No Yes N/A Yes 2013 

OpenLCA Free Infinite No No N/A Yes 2014 

Quantis 2.0 Free Infinite No No N/A Online 2014 

SimaPro 7 
6000-

12000 
Year 1200-4200 Yes N/A Yes 2014 

TEAM 5.0 
4500-

10000 
Year 

Free (without 

database) 
Yes >400 Yes 2014 

TRACI 2.1 Free N/A No N/A >7.000 N/A 2012 

UMBERTO 10000 N/A No 
30 

days 
>700 Yes 2013 

Table 8.2. Economic and support aspects of LCA tools. 
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8.3. Educational support 
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AIST v5 No No No No <1 day Yes Yes No Yes 

BEES 3.0 Yes Yes No No N/A Yes Yes Yes No

Boustead Model 5.0 No No No Yes 1 day Yes Yes No No

CES Edupack Yes Yes Yes Yes <1 day No No Yes Yes 

CMLCA Yes Yes No No 1 day Yes Yes Yes Yes 

DPL 3.0 No No No No N/A No No Yes No

Eco-Quantum No No Yes Yes N/A Yes No Yes No

EIME Yes Yes Yes Yes <1 day Yes Yes No Yes 

EIO-LCA Yes Yes No Yes <1 day No Yes No Yes 

Environmental Impact Estimator Yes Yes No No N/A Yes Yes Yes Yes 

EPD tools: eBalance No No No No N/A Yes Yes Yes Yes

GaBi Yes Yes Yes Yes 2 days Yes Yes Yes Yes

GEMIS Yes Yes No No 1 day Yes Yes Yes Yes

GREET 1.8 Yes Yes Yes No N/A No Yes Yes Yes

KCL-ECO No No No No <1 day Yes Yes Yes Yes

LEGEP German German No German 1 day Yes Yes No Yes 

MiLCA Yes Yes No No N/A Yes Yes Yes Yes

OpenLCA Yes Yes Yes Yes N/A Yes Yes Yes Yes

Quantis 2.0 Yes Yes Yes Yes N/A Yes Yes Yes Yes

SimaPro 7 Yes Yes Yes Yes 2 days Yes Yes Yes Yes

TEAM 5.0 Yes Yes No Yes 1 day Yes Yes Yes Yes

TRACI 2.1 No No No No 1 day Yes No No Yes 

UMBERTO Yes Yes No Yes (766€) 4 days Yes Yes Yes Yes

Table 8.3. Educational support of LCA tools. 
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8.4. Technical features 
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AIST v5 Japan No Yes Yes No Yes Yes

BEES 3.0 USA Building Yes No No No Yes

Boustead Model 5.0 WORLD No Yes No Yes No No 

CES Edupack WORLD No Yes Yes Yes No Yes 

CMLCA WORLD No No Yes Yes No No 

DPL 3.0 WORLD Urban planning No No Yes No No 

Eco-Quantum WORLD Building No Yes Yes No Yes

EIME WORLD No Yes Yes Yes No Yes

EIO-LCA WORLD No Yes No No No Yes

Environmental Impact Estimator USA Building Yes No No No No 

EPD tools: eBalance WORLD No Yes No Yes No Yes

GaBi WORLD No Yes Yes Yes Yes Yes

GEMIS WORLD No Yes Yes Yes No Yes

GREET 1.8 WORLD Transportation Yes Yes Yes No Yes

KCL-ECO WORLD - Yes No No No Yes

LEGEP WORLD Building Yes No No No Yes

MiLCA WORLD No Yes No No No Yes

OpenLCA WORLD No No Yes Yes Yes Yes

Quantis 2.0 WORLD No Yes Yes Yes Yes Yes

SimaPro 7 WORLD No Yes Yes Yes Yes Yes

TEAM 5.0 WORLD No Yes Yes Yes No Yes

TRACI 2.1 USA No Yes No No No No 

UMBERTO WORLD No Yes Yes Yes Yes Yes 

Table 8.4. Technical features of LCA tools. 
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8.5. Assess features 
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AIST v5 No No Yes Yes Yes Yes 

BEES 3.0 No No No No No No 

Boustead Model 5.0 No No No Yes No Yes 

CES Edupack No Yes Yes Yes Yes No 

CMLCA Yes Yes Yes Yes Yes Yes 

DPL 3.0 No No No No No No 

Eco-Quantum No No No No No No 

EIME Yes Yes Yes Yes Yes Yes 

EIO-LCA No Yes No No No No 

Environmental Impact Estimator No Yes No No No Yes 

EPD tools: eBalance Yes Yes Yes Yes Yes Yes 

GaBi Yes Yes Yes Yes Yes Yes 

GEMIS Yes Yes Yes Yes Yes Yes 

GREET 1.8 No No No No No Yes 

KCL-ECO No Yes Yes Yes Yes Yes 

LEGEP No Yes Yes Yes Yes Yes 

MiLCA No Yes Yes Yes Yes Yes 

OpenLCA Yes Yes Yes Yes Yes Yes 

Quantis 2.0 No Yes Yes Yes Yes Yes 

SimaPro 7 No Yes Yes Yes Yes Yes 

TEAM 5.0 No Yes Yes Yes Yes Yes 

TRACI 2.1 No Yes No No No No 

UMBERTO No Yes Yes Yes Yes Yes 

Table 8.5. Assess features of LCA tools. 
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8.6. Results features 

         

                                 QUESTION 
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AIST v5 Yes Yes Yes Yes Yes Yes Yes Yes 

BEES 3.0 No No Yes Yes Yes Yes Yes No 

Boustead Model 5.0 Yes Yes No Yes No Yes Yes No 

CES Edupack Yes Yes No Yes Yes Yes Yes Yes 

CMLCA Yes Yes No Yes Yes Yes No No 

DPL 3.0 No No Yes Yes Yes Yes Yes Yes 

Eco-Quantum No No Yes Yes Yes Yes Yes Yes 

EIME Yes Yes No Yes Yes Yes Yes Yes 

EIO-LCA Yes Yes No Yes Yes Yes Yes Yes 

Environmental Impact Estimator Yes Yes No Yes Yes Yes Yes Yes 

EPD tools: eBalance Yes Yes No Yes Yes Yes Yes Yes 

GaBi Yes Yes Yes Yes Yes Yes Yes Yes 

GEMIS Yes Yes No Yes Yes Yes Yes No 

GREET 1.8 Yes Yes No Yes Yes Yes Yes Yes 

KCL-ECO Yes Yes Yes Yes Yes Yes Yes Yes 

LEGEP Yes Yes Yes Yes Yes Yes Yes Yes 

MiLCA Yes Yes Yes Yes Yes Yes Yes Yes 

OpenLCA Yes Yes Yes Yes Yes Yes Yes Yes 

Quantis 2.0 Yes Yes Yes Yes Yes Yes Yes Yes 

SimaPro 7 Yes Yes Yes Yes Yes Yes Yes Yes 

TEAM 5.0 Yes Yes No Yes Yes Yes No No 

TRACI 2.1 Yes No No Yes Yes Yes No No 

UMBERTO Yes Yes Yes Yes Yes Yes Yes Yes 

Table 8.6. Results features of LCA tools. 
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8.7. Results analysis 

In Figure 8.1 can be observed the minimum cost and the maximum cost for every LCA tool 

with specified costs. 

 

Figure 8.1. Licenses Cost comparison. 

The most expensive tools are SimaPro 7, Team 5.0, EIME and UMBERTO. Moreover, the 

cheapest tools except the free ones are Gabi, Environmental Impact Estimator and DPL 3.0. 

Also analysed within the cost is the chance to have student license. The ones providing this 

licenses are CMLCA, EIME, EIO-LCA, Environmental Impact Estimator, Gabi, LEGEP, 

SimaPro 7 and TEAM 5.0. From those ones, the tools providing a price list are LEGEP (120€) 

and SimaPro (1200-4200€). The ones being for free are Gabi, which does not include a real 

database; and TEAM 5.0 which does not include any database. The other ones do not provide 

information about the costs. 

Installation is necessary for all the tools except four: BEES 3.0, EIO-LCA, eBalance and 

Quantis 2.0. Form these ones, all are online but eBalance needs to be installed and the internet 

connection is required to access to the tool. So this tools could be a problem if not having a 

permanent internet connection. 

Once analysed economic and installation results, support becomes important. It is necessary to 

say that all the tools including manuals also have tutorials and vice versa.  
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Figure 8.2. Educational support comparison. 

 

As seen in Figure 8.2, the basic requirements for support are not accomplished by DPL 3.0, 

eBalance, KCL-ECO and TRACI 2.1, but also by LEGEP because all the support given is in 

German. On the other hand all the tools include the basic support and there are some which 

provide virtual course and teacher/seminars. Most complete are CES Edupack, EIME, GaBi, 

OpenLCA, Quantis 2.0 and SimaPro 7. Having extra support makes interesting the possibility of 

contracting a teacher/seminar to help the use learning of the tool. 

 

Proceeding with the criteria analysis, it is important for selecting a tool if it is updated and if it 

accomplish the ISO 14040 standards. In Figure 8.3 can be observed that most of the tools have 

been updated within recent years, but EIO-LCA and KCL-ECO have not been updated so they 

may have old-fashioned data. Moreover, there are some tools which does not provide the last 

update date, so as is not possible to determine the last update the tools would be considered non 

useful. Furthermore, the tools which does not include the ISO 14040 standards are the CES 

Edupack, DPL 3.0, EIO-LCA and GREET 1.8.  

 

Figure 8.3. Last update comparison. 
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After all these characteristics analysed, another way to discriminate between LCA tools is if the 

tool is oriented for a specific sector. In this way, the tools which are specific are: 

- DPL 3.0: urban planning. 

- Eco-Quantum: building. 

- Environmental Impact Estimator: building. 

- GREET 1.8: transportation. 

- LEGEP: building. 

The specific tools shown above are automatically discarded unless the learning process is 

related with one of the sectors. 

One important criteria, maybe more than the economic cost of the tool, is the databases included 

as the databases individually cost as much as the tool and even more. 
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D X X X X - - - X X X X X X X X X X - X X X X X 

EI X - - - X X X X - - - X X X - - - X X X X - X 

E 
- 

- X - X X X X - - X X X X - - - X X X X - X 

D=database; EI=export/import; E=edition 

Table 8.7. Data features results of LCA tools. 

Table 8.7 shows that there are few tools which not include database, although all offer the 

chance for the user to introduce data from other databases or own data. That implies that the 

user has to have another data source for using the tool. From the tools that offer data it is 

interesting to offer the possibility to work with different kinds of databases so they have the 

option to import data in some cases. Moreover, if we want to create own processes it is 

necessary that the tool includes the option of editing data for introducing or modifying it. The 

most complete tools in what data refers are EIME, GaBi, GEMIS, GREET 1.8, Quantis 2.0, 

SimaPro 7, TEAM 5.0 and UMBERTO. 

When focusing the tool with an educative purpose it is needed to have a comfortable interface. 

The tools which have an old-fashioned and simple graphical interface are Boustead Model 5.0, 

CMLCA, DPL 3.0, Environmental Impact Estimator and TRACI 2.1. These tools do not 

provide a comfortable working environment as they look hard to work with, and most important 

is the fact of trying to teach young people. 

An important requirement to fulfil the holistic view is the inclusion of Social LCA and Life 

Cycle Cost analysis. Moreover, the tool should also include all the steps of a LCA study, which 

is analysed in the after this graph analysis. 
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Figure 8.4. SLCA and LCC comparison. 

 

Figure 8.4 shows that only six tools are available to calculate both social and economic 

assessments and there are also four tools which are not able to calculate neither social nor 

economic assessments. Meanwhile, the majority of tools include the option of the Life Cycle 

Cost analysis without having the Social LCA but there exist other options to calculate the social 

factors externally. This happens because analysing the social factors is quite difficult and 

requires a reliable data source and a lot of time and actually is not the goal of LCA tools. 

Focusing on LCA itself, all of the tools provide LCA studies but some of them will be more 

complete. As explained in point 5.3. Impact assessment, there are four steps out of seven that 

are complementary, so the ones including all the steps will be more complete. Moreover, the 

tools including allocation methods and uncertainty analysis would be helpful for teaching LCA 

complexity.  Tools with LCI calculation are easier to use and reduce the complexity for the user.  

In this criteria case, almost all the tools can carry a full LCA. Table 8.8 show that all the tools 

able to develop a full LCA also include the options of LCI calculation, Allocation methods and 

Uncertainty analysis, except for Boustead Model 5.0 (including only Allocation methods), 

Environmental Impact Estimator and GREET 1.8. Moreover, the CES Edupack offers all the 

options but full LCA as it is not an oriented LCA tool. The tool which not provide any option 

are BEES 3.0, DPL 3.0, Eco-Quantum, EIO-LCA and TRACI 2.1. 
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LCI 

calculation 
X - - X X - - X - - X X X - X X X X X X X - X 

Allocation 

methods 
X - X X X - - X - - X X X - X X X X X X X - X 

Uncertainty 

analysis 
X - - X X - - X - - X X X - X X X X X X X - X 

Full LCA X - X - X - - X - X X X X X X X X X X X X - X 

 Table 8.8. Assess features results of LCA tools. 

LCC and SLCA

Life Cycle Cost Social LCA
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Finally, the results would be the reflection of the LCA developed. The importance of the results 

depend on the values and the display mode, but also if the tool allow comparison between 

alternatives or not but for the tools analysed all but Boustead Model 5.0 include this function. In 

that way, the following graph summarizes the variety of results in both the values provided as 

the display mode. 

Figure 8.5 shows the way the results can be displayed in the horizontal axis and the values on 

which the results are provided. In the following way, the points situated on a thick line indicate 

that this tool includes both. For example, in the case of GEMIS, the tool would display the 

results in tables and graphs, using the values of chemical substances and effect categories. 

Another example to understand the graph is BEES 3.0, which offers tables and graphs and 

provides the results just in environmental points. 

 

 

Figure 8.5. Results comparison. 

In Figure 8.5 can be observed two big groups differentiated from the other tools. In that way 

there is a group of 9 tools which provides the results in tables, graphs and diagrams, and the 

used values are chemical substances, effect categories and environmental points. In the other 

hand the other group of 6 tools provides the results in the same way but the values for the results 

are just chemical substances and effect categories. The different combinations for the tools are 

listed below. 

- Chemical substances/Tables: TRACI 2.1. 

- Chemical substances + Effect categories/Tables: CMLCA and TEAM 5.0. 

- Chemical substances + Effect categories/Tables + Graphs: Boustead Model 5.0 and 

GEMIS. 

- Chemical substances + Effect categories/Tables + Graphs + Diagrams: CES Edupack, 

EIME, EIO-LCA, eBalance, Environmental Impact Estimator and GREET 1.8. 

- Environmental points/Tables + Graphs: BEES 3.0. 

- Environmental points/Tables + Graphs + Diagrams: DPL 3.0 and Eco-Quantum. 

- Chemical substances + Effect categories + Environmental points/Tables + Graphs + 

Diagrams: AIST v5, GaBi, KCL-ECO, LEGEP, MiLCA, OpenLCA, Quantis 2.0, 

SimaPro 7 and UMBERTO. 
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To sum up, Table 8.9 summarizes the performance of the criteria considered for the total of 23 

tools. More or less all the criteria are well covered by the tools. The only ones which does not 

have the majority of tools are the student license, the sector specific, the social LCA and the 

environmental points.  
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Table 8.9. General overview of results for LCA tools. 

 

Accordingly with the Sustainability Education competences explained in section 4. 

Sustainability Education, the applied criteria can support the engineering students. 

At first sight, a LCA tool including LCA, Social LCA and Life Cycle Cost analysis can provide 

the engineering students with a holistic view. The possibility to analyse the impacts produced 

from a process or product facilitate engineering students to understand the interactions between 

environment, society and economy. That would allow the identification of potential challenges, 

risks and impacts arising from their work. 

Moreover, when applying their work in different contexts with other cultures, economies and 

environments, is important to understand how this work will generate an impact, in particularly 

because engineer occurs all over the world. 

Consequently from the previous statements, as said by Declaration of Barcelona (2004), it is 

important that engineering students acquire a holistic view because they have to work in tandem 

with other disciplinary experts. Having a holistic view gives them the help for understanding 

their colleagues and solving multidisciplinary problems. 

In the second place, the learning process have to take place in universities so professors have the 

responsibility of introducing LCA methodology to engineering students. A good point for LCA 

tools is having educational support. Providing students with manuals and tutorials will help 

them when studying LCA methodology and concepts. Moreover, this educational support can 

facilitate professors’ work when explaining LCA methodology, giving examples and elaborate 

practical exercises for students. 

Finally, the results is a key point for achieving a good comprehension of Sustainability 

Education. Understanding the results depends to a certain extent on the values provided by the 

LCA tool. When having impact categories results, engineering students’ comprehension can be 

easier if they have learned LCA methodology previously because they will be able to highlight 

the key points where process or product has a big impact. Because of that, the engineering 

students will have the ability to change their work in order to reduce impacts, regardless of 

whether are environmental, social or economic.  

Criteria analysed can generate engineering students with sustainability abilities, combined of 

course with other Sustainability Education areas as LCA methodology is not enough. Still, 

teaching LCA methodology can be a good point for future engineer students’ generations. 
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9. Conclusions 

The thesis has been guided by the Sustainability Education basis of providing a holistic view for 

engineers. In combination with the recommendations described in section 4. Sustainability 

Education, an analysis of LCA methodology and LCA tools have been done in order to 

facilitate the introduction of the holistic view for engineering students.  

To analyse the aims and objectives defined in section 2. Aims and Objectives a LCA guide and a 

LCA tool analysis has been conducted to obtain conclusions and recommendations. 

9.1. LCA guide 

The LCA guide proposed wants to be an easy manual to conduct a normalised LCA study. The 

conclusions extracted from the development of the LCA guide are the following: 

- LCA methodology provides a holistic vision when conducting all the steps properly. All 

the assessment allows to understand how the processes are in deep and provides helpful 

results to understand how sustainable procedures can reduces the impacts generated.  

- LCA methodology can be introduced deeply into engineering courses. Provides a step 

structure that can be acknowledged by engineering students, providing them with 

capacity to analyse situations from multiple viewpoints involving the three main areas: 

environment, economy and society 

- For the acknowledgement of the LCA methodology the engineering students must 

practice with case studies after having learned the theory. LCA methodology can be 

hard to understand without using it in practice exercises. The practices can be easily 

related with the contents of each engineering course. 

9.2. LCA tools analysis 

Section 5. LCA tools shows the results of the assessment of the 23 LCA tools. From those 

results conclusions can be highlighted. 

- From the group of 23 tools only 8 fulfil the intended purpose, but from these 8 just 2 

fulfil all criteria. 

- The purchase cost for licenses is high, so it supposes a big cost for universities. Some of 

the providers offer discounts when purchasing a huge number of licenses but even with 

that licenses are expensive. In most of cases this would be a discarding factor. 

- Most of LCA tools include learning support which can be helpful when introducing the 

LCA methodology to engineering students. 

- Almost all LCA tools include databases which are included in the license cost. If the 

database provided does not have enough data for the user purpose another database has 

to be bought, so it increases the total cost. 

- Data edition included in almost all LCA tools is helpful to show the engineering 

students how to create their own processes and products. 

- Graphical interface is important as students will have to work with LCA tool. Most of 

developers have produced LCA tools that are comfortable to work with.  

- Inclusion of assess features in most of LCA tools provides a good overview of the 

methodology and facilitate the comprehension of the methodology. 

- Accomplishment of the ISO 14040 standards is a must to develop a normalised LCA, 

but this not mean including Social LCA or Life Cycle Cost analysis. The LCA tools 

which not accomplish the standards will not be appropriate for the LCA methodology 

acknowledgement. 

- There are few tools including Social LCA, making difficult to introduce it to the 

engineering students. The development of Social LCA has to be included in order to 

achieve a holistic view. 
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- Results’ format is important as will be the final step to understand the LCA 

methodology. The interpretation of results can help engineering students on the 

acknowledgment of LCA methodology by practising with and modifying case studies. 

- There is not a perfect LCA tool for Sustainability Education because any of them has 

been developed for that purpose. Moreover, LCA tools that fulfil all criteria have 

expensive licenses, which is a discarding factor. 

9.3. Recommendations 

The most appropriate LCA tool for Sustainability Education obtained from the analysis of 23 

LCA tools is GaBi. The process to select it has been the accomplishment of criteria and discard 

of other LCA tools: 

- 6 tools include SLCA and LCC:  

CMLCA, DPL 3.0, EIME, GaBi, GEMIS and OpenLCA. 

- From these 6 tools, just 5 include all the assess features: 

CMLCA, EIME, GaBi, GEMIS and OpenLCA. 

- From these 5 tools, just 3 include database: 

EIME, GaBi and GEMIS. 

- From these 3 tools, just 2 are free: 

GaBi and GEMIS. 

- From these 2, just GaBi include all educational support. Moreover, it has more number 

of licenses sold, as indicator of well-functioning and satisfactory results. 

GaBi does not have real data but it could be used for educational purpose as the case studies are 

done to practice the acknowledgement of the methodology. Using this tool, the holistic view 

could be provided to engineering students and could introduce the LCA methodology deeply 

inside engineering courses. 

Moreover, as the selection of a LCA tool requires of all the criteria analysed, a good 

recommendation for the tool developers would be to create a free license student system 

allowing the universities to use the tool for educational purposes, offering the same benefits as 

professional tools. Moreover, as universities just use the tools during a period of the course, in 

case of not being free student licenses the developers could offer discounts. These two 

recommendations would create a more attractive opportunity for universities to introduce the 

LCA tools for introducing holistic view in engineering courses.  

Finally, as analysed at the end of section 8.7. Results analysis, LCA tools criteria analysed can 

be used to introduce Sustainability Education for engineering students. The procedure in order 

to achieve the use of LCA tools for that purpose has to be the use of an appropriate LCA tool 

which can provide engineering students with holistic view. Recommendation for that purpose is 

using the criteria for selecting a proper LCA tools when introducing LCA methodology with 

Sustainability Education purposes. 

 

 

  



85 
 

10. Bibliography 

- Acero, A.P.; Rodriguez, C. & Ciroth, A. (2014). LCIA methods: Impact assessment 

methods in Life Cycle Assessment and their impact categories.  

- Althaus, H; Doka, G.; Dones, R.; Heck, T.; Hellweg, S.; Hischier, R.; Nemecek, T.; 

Rebitzer, G.; Spielmann, M. & Wermet, G. (2007). Ecoinvent: Overview and 

Methodology. Ecoinvent report Nº. 1. 

- Andrews, E. et al. (2009). Guidelines for Social Life Cycle Assessment of Products. 

United Nations Environmental Programme. 

- Astrup, A.; Hoffman, L.; Møller, B. & Schmidt, A. (1997). Life Cycle Assessment 

(LCA): A guide to approaches, experiences and information sources. Environmental 

Issues Series Nº. 6. 

- Ayres, R.U. (1995). Life cycle analysis: A critique. Resources, Conservation and 

Recycling. Vol. 14, pp. 199-223. 

- Bayer, C.; Gamble, M.; Gentry, R. & Joshi, S. (2010). AIA Guide to Building Life 

Cycle Assessment in Practice.  

- Behm, K. (2007). KCL-ECO 4.1: LCA calculation software with specific impact 

assessment factors. 

- Benoît, C.; Norris, G.A. & Aulisio, D. (2009). Social Hotspots Database: a database to 

help identify social and socio-economic areas of concern or opportunity in product life 

cycles. 

- Briones, R.; Tal, L.; Daoud, E. & Hart, J. (2011). Life Cycle Assessment: Identifying 

Process Improvement Opportunities and Assessing Alternatives. 

- Chapman, A. & Hollins, O. (2010). Review of Life Cycle Assessments of Clothing. 

- Ciroth, A. & Franze, J. (2009). Life Cycle Costing in SimaPro. 

- Ciroth, A. & Franze, J. (2011). Conducting a Social LCA. Workshop: Social aspects of 

products over the whole Life Cycle. 

- Ciroth, A. (2007). ICT for Environment in Life Cycle Applications openLCA – A new 

open source software for Life Cycle Assessment. 

- Ciroth, A. (2013). OpenLCA nexus quick explanation: web-based Life Cycle 

Assessment data exchange and web shop. 

- Cleij, V.; de Gelder, C.; Wannee, T. & Oele, M. (2013). SimaPro 8.0 Installation 

Manual. 

- Curran, M.A. (2006). Life cycle assessment: principles and practice. 

- De Schryver, A. (2010). Value choices in life cycle assessment.  

- Finnveden, G. (2012). On the limitations of life cycle assessment and environmental 

systems analysis tools in general. The international Journal of Life Cycle Assessment, 

Nº5. Vol. 4, pp. 229-238. 

- Foolmaun, R.K. & Ramjeawon, T. (2012). Comparative life cycle assessment and social 

life cycle assessment of used polyethylene terephthalate (PET) bottles in Mauritius. 

International Journal of Life Cycle Assessment. Vol.18, pp.155-171. 

- Gaudreault, C. (2012). Methods for open-loop recycling allocation in Life Cycle 

assessment and carbon footprint studies of paper products. NCASI technical bulletin Nº 

1003. 

- Goedkoop, M. et al. (2013). ReCiPe 2008: A Life Cycle Impact Assessment Method 

which comprises harmonized category indicators at the midpoint and the endpoint level. 

- Goedkoop, M.; Oele, M.; Schryver, A. & Vieira, M. (2008). SimaPro 7 Database 

Manual. 

- Griebhammer, R.; Benoît, C.; Dreyer, L.; Flysjö, A.; Manhart, A.; Méthot, A. & 

Weidema, B. (2006). Feasibility Study: Integration of social aspects into LCA. 



86 
 

- Hawkins, T.R. et al. (2013). The Life Cycle Assessment Harmonization Tool and the 

Improvement of OpenLCA.  

- Horvath, A. & Chester, M. (2011). Life Cycle Assessment Support for California EPA’s 

Green Chemistry Initiative. 

- Huijbregts, M.A.J. et al. (tentative date: end of 2014/beginning of 2015). LC-Impact 

Version 0.1. 

- ISO 14040:2006 – Environmental management – Life cycle assessment – Principles and 

framework.  

- ISO 14044:2006 – Environmental management – Life cycle assessment – Requirements 

and guidelines.  

- ISO/TR 14047:2012 – Environmental management – Life cycle assessment – 

Illustrative examples on how to apply ISO 14044 to impact assessment situations.  

- ISO/TS 14048:2002 – Environmental management – Life cycle assessment – Data 

documentation format.  

- ISO/TR 14049:2012 – Environmental management – Life cycle assessment – 

Illustrative examples on how to apply ISO 14044 to goal and scope definition and 

inventory analysis.  

- Jönbrink, A.K.; Wolf-Wats, C.; Erixon, M.; Olsson, P. & Wallén, E. (2000). LCA 

Software Survey. IVL report B1390. 

- Lehtinen, H.; Saarentaus, A.; Rouhiainen, J.; Pitts, M. & Azapagic, A. (2011). A review 

of LCA Methods and Tools and their Suitability for SMEs. 

- Menke, D.M.; Davis, G.A. & Vigon, B.W. (1996). Evaluation of life cycle assessment 

tools. 

- Menoufi, K.A.I. (2011). Life Cycle Analysis and Life Cycle Impact Assessment 

Methodologies: a state of the art.  

- Miller, A. & Thomas, L. (2006). Comparison of Life-Cycle Inventory Databases: A 

case study using soybean production. Journal of Industrial Ecology. Vol. 10, Nº 1-2. 

- Miller, S.A. & Theis, T.L. (2006). Comparison of Life Cycle Inventory Databases. 

Journal of Industrial Ecology. Vol. 10, Nº 1-2, pp. 133-147. 

- Nicholson, A.L. et al. (2009) End-of-life LCA allocation methods: open loop recycling 

impacts on robustness of material selection decisions. 

- Norris, G.A. (2009). Globalaizing OpenIO: GTAP as a basis to estimate output and 

impacts by sector and country for LCA, including Social LCA. 

- Petersen, E.E. (2013). Tracking down Social Impacts of Products with Social Life Cycle 

Assessment. 

- Pfister, S. & Juraske, R. (2012). Introduction to SimaPro: How to model?  

- Ponsioen, T.; Cleij, V.; Goedkoop, M.; Leijting, J. & Oele, M. (2013). SimaPro S: 

What’s new in SimaPro 8? 

- Sandin, G. et al. (2014). Making the most of LCA in technical inter-organizational 

R&D projects. Journal of Cleaner Production. Vol. 70, pp. 97-104. 

- Segalàs, J. (2009). Engineering education for a sustainable future. 

- Selke, S.; Auras, R.; Speck, R. & Fitzsimmons, J. (2012). Comparison of LCA Methods 

and Databases for Evaluation of Packaging Alternatives. 

- Shepelmann, P. (2009). Life cycle assessment (LCA). 

- Siegenthaler, C.P.; Braunschweig, A.; Oetterli, G. & Furter, S. (2005). LCA Software 

Guide 2005: market overview-software portraits. 

- Simon, R.; Rice, E.; Kingsbury, T. & Dornfeld, D. (2012). A Comparison of Life Cycle 

Assessment Software in Packaging Applications.  

- Spatari, S. et al. (2001). Using GaBi 3 to perform Life Cycle Assessment and Life 

Cycle Engineering. Int. Journal LCA Nº 6. Vol. 2, pp. 81-84. 



87 

- Stranddorf, H.K.; Hoffmann, L. & Schmidt, A. (2005). Impact categories, normalization 

and weighting in LCA. Environmental news Nº 78. 

- Sule, A. (2012). Life Cycle Assessment of Clothing Process. Research Journal of 

Chemical Sciences. Vol. 5, Nº. 5, pp. 87-89. 

- Tahara, K.; Kobayashi, M.; Nakano, K. & Inaba, A. (2008). The development of LCA 

software “AIST-LCA Ver.5 (JEMAI-LCA Pro Ver.3)”. 

- Tillman, A. (2000). Significance of decision-making for LCA methodology. 

Environmental Impact Assessment Review. Vol. 20, pp. 113-123. 

- Unger, N.; Beigl, P. & Wassermann, G. (2004). General requirements for LCA software 

tools. 

- VanDuinen, M. & Daisy, N. (2009). Handbook to explain LCA using the GaBi EDU 

software package. 

- Wang, H. & Weng, D. (2011). Life Cycle Assessment for Green Technology. 

- Wang, H. et al. (2010). Development of Chinese Reference Life Cycle Database 

(CLCD). 

- Wiek, A.; Withycombe, L. & Redman, C. (2011). Key competencies in sustainability: a 

reference framework for academic program development. Sustain Sci. Vol. 6, pp.203-

218. 

10.1. Web resources 

- Information:  LCI Data Sources. At LCA Links Homepage. <http://www.life-

cycle.org/> (15/08/2014) 

- Information:  Sustainability Assessment for Technology. At PRé Homepage. 

<http://www.pre-sustainability.com/> (10/09/2014) 

- Information: OpenLCA Help. At OpenLCA Homepage. <http://www.openlca.org/> 

(15/10/2014) 

- Information: LCA Tools and Methods. At SolidWorks Homepage. 

<http://www.solidworks.com/> (04/06/2014) 

- Information: Social Life Cycle Assessment. At LCA center Homepage. 

<http://www.lcacenter.org/> (08/05/2014) 

- Information: LCA Guidelines Overview. At International Dairy Federation Homepage. 

<http://www.idf-lca-guide.org/> (18/04/2014) 

- Information: LCA Resources. At EPA Homepage. <http://www.epa.gov/> 

(13/09/2014) 

- Information: Life Cycle Impact Assessment methods. At GaBi Homepage. 

<http://www.gabi-software.com/> (08/11/2014) 

- Information: Impact Assessment Methodologies. At Eco-Efficiency Action Project 

Homepage. <http://eco-efficiency-action-project.com/> (08/11/2014) 

- Information: ILCD Handbook General Guide for LCA DETAIL. At Scribd Homepage 

<http://es.scribd.com/> (08/11/2014) 

- Information: Life Cycle Assessment Software, Tools and Databases. At Building 

Ecology Homepage. <http://www.buildingecology.com/> (04/06/2014) 

- Information: U.S. LCI database. At GaBi Homepage. <http://www.gabi-

software.com/> (08/07/2014) 

- Information: Results, Interpretation and Reporting. At GaBi Homepage. 

<http://www.gabi-software.com/> (18/04/2014) 

- Information: The openLCA project. At OpenLCA Homepage. 

<http://www.openlca.org/> (04/08/2014) 

http://www.life-cycle.org/
http://www.life-cycle.org/
http://www.pre-sustainability.com/
http://www.openlca.org/
http://www.solidworks.com/
http://www.lcacenter.org/
http://www.idf-lca-guide.org/
http://www.epa.gov/
http://www.gabi-software.com/
http://eco-efficiency-action-project.com/
http://es.scribd.com/
http://www.buildingecology.com/
http://www.gabi-software.com/
http://www.gabi-software.com/
http://www.gabi-software.com/
http://www.openlca.org/


88 
 

- Information: OpenLCA tutorial. At OpenLCA Homepage. <http://www.openlca.org/> 

(04/08/2014) 

- Information: OpenLCA features. At OpenLCA Homepage. <http://www.openlca.org/> 

(04/08/2014) 

- Information: OpenLCA key Advantages. At Triangle Life Cycle Assessment 

Homepage. <http://www.trianglelca.com/> (19/10/2014) 

- Information: Software and data. At Universiteit Leiden Homepage. 

<http://www.leiden.edu/> (04/06/2014) 

- Information: Resources for Life Cycle Analysis. At LCA Commons Homepage. 

<http://www.lcacommons.gov/> (18/04/2014) 

- Information: NREL Database. At LCA Commons Homepage. 

<http://www.lcacommons.gov/> (08/07/2014) 

- Information: ELCD 3.0. At European Platform on Life Cycle Assessment Homepage. 

<http://eplca.jrc.ec.europa.eu/> (08/07/2014) 

- Information: Social Hotspots. At OpenLCA Homepage. <http://www.openlca.org/> 

(08/08/2014) 

- Information: Comparison of Best Life Cycle Assessment Software. At LinkCycle 

Homepage. <http://www.linkcycle.com/> (04/06/2014) 

- Information: BEES Online. At National Institute of Standards and Technology. 

<http://www.nist.gov/> (04/08/2014) 

- Information: List of tools. At European Commission Homepage. 

<http://eplca.jrc.ec.europa.eu/> (09/06/2014) 

- Information: GREET Model. At Life Cycle Associates Homepage. 

<http://www.lifecycleassociates.com/> (04/08/2014) 

- Information: Ecoinvent Version 3. At Swiss Centre for Life Cycle Inventories. 

<http://www.ecoinvent.org/> (08/07/2014) 

- Information: KCL-ECO 5. At VTT TECHNICAL RESEARCH CENTRE OF 

FINLAND. <http://www.vtt.fi/> (04/08/2014) 

- Information: LEGEP Software. At Legep Homepage. <http://legep.de/> (04/03/2014) 

- Information: LCA Software. At Environment Tools Homepage. 

<http://www.environmenttools.co.uk/> (04/08/2014) 

- Information: Quantis Suite. At Quantis Sustainability counts Homepage. 

<http://www.quantis-intl.com/> (04/08/2014) 

- Information: Umberto Software. At ifu Hamburg Homepage. 

<http://www.umberto.de/> (04/08/2014) 

- Information: Education for Sustainable Development. At UNESCO Homepage. 

<http://www.unesco.org/> (15/11/2014) 

 

 

 

 

 

  

http://www.openlca.org/
http://www.openlca.org/
http://www.trianglelca.com/
http://www.leiden.edu/
http://www.lcacommons.gov/
http://www.lcacommons.gov/
http://eplca.jrc.ec.europa.eu/
http://www.openlca.org/
http://www.linkcycle.com/
http://www.nist.gov/
http://eplca.jrc.ec.europa.eu/
http://www.lifecycleassociates.com/
http://www.ecoinvent.org/
http://www.vtt.fi/
http://legep.de/
http://www.environmenttools.co.uk/
http://www.quantis-intl.com/
http://www.umberto.de/
http://www.unesco.org/


89 
 

11. Appendixes 

  



90 
 

11.1. Appendix I 

 



ncasi 

N A T I O N A L  C O U N C I L  F O R  A I R  A N D  S T R E A M  I M P R O V E M E N T  

 
 
 

 
 
 
 
 
 

 

 

 

METHODS FOR OPEN-LOOP  

RECYCLING ALLOCATION IN  

LIFE CYCLE ASSESSMENT AND  

CARBON FOOTPRINT STUDIES 

OF PAPER PRODUCTS 

 

TECHNICAL BULLETIN NO. 1003 

DECEMBER 2012 

 

 

 
 
 
 
 

by 
Caroline Gaudreault, Ph.D. 

NCASI  
Montreal, Quebec 

 



 

 

 
 
 
 
 
 
Acknowledgments 
 
The author would like to acknowledge Angeline de Beaufort (private consultant), Reid Miner (Vice President – 
Sustainable Manufacturing, NCASI), Kirsten Vice (Vice President – Canadian Operations, NCASI), Jay Unwin 
(retired Fellow, NCASI), Brad Upton (Principal Research Engineer, NCASI) and Barry Malmberg (Senior Research 
Engineer, NCASI) for reviewing this report and providing valuable feedback. 
 
 
For more information about this research, contact: 
 
Caroline Gaudreault, Ph.D. 
Senior Research Scientist 
NCASI  
P.O. Box 1036, Station B 
Montreal, QC  H3B 3K5 
(514) 286-1182 
cgaudreault@ncasi.org

Reid Miner 
Vice President, Sustainable Manufacturing 
NCASI 
P.O. Box 13318 
Research Triangle Park, NC  27709-3318 
(919) 941-6407 
rminer@ncasi.org  

 
 
 
To request printed copies of this report, contact NCASI at publications@ncasi.org or (352) 244-0900. 
 
 
 
Cite this report as: 
 
National Council for Air and Stream Improvement, Inc. (NCASI).  2012.  Methods for open-loop recycling 
allocation in life cycle assessment and carbon footprint studies of paper products.  Technical Bulletin No. 1003.  
Research Triangle Park, N.C.: National Council for Air and Stream Improvement, Inc. 
 
 
 
 
 
 
© 2012 by the National Council for Air and Stream Improvement, Inc. 
 



 

National Council for Air and Stream Improvement 

ncasi 

s e r v i n g  t h e  e n v i r o n m e n t a l  r e s e a r c h  n e e d s  o f  t h e  f o r e s t  p r o d u c t s  i nd u s t r y  s i n c e  1 9 4 3  

 

 

PRESIDENT’S NOTE 

For many years, the industry has been responding to questions from customers and other important 
stakeholders about the environmental implications of paper recovery and recycling. There are many 
ways to approach these questions, but increasingly, they are being examined using life cycle 
assessment (LCA), which is the study of the potential environmental and resource impacts of a 
system from cradle-to-grave. 

While LCA studies, and closely related carbon footprint studies, provide a useful structure for 
understanding the implications of fiber recovery and recycling, the application of LCA to these 
questions is not straightforward. In part, this is because there are many situations in which wood fiber 
is used to produce one type of product, after which it is then recovered and used to make a different 
type of product. An example of this type of recycling, which is called “open-loop” recycling by LCA 
practitioners, is the use of recovered office paper to produce recycled tissue paper. When performing 
an LCA on a system producing recycled tissue paper, one must therefore decide how to “allocate” 
various environmental loads and resource requirements between two connected systems, one of which 
produces the recovered fiber (the office paper system) and the other that uses it as a raw material (the 
tissue paper system). 

In this report, several open-loop recycling allocation methods are explained, examined, and 
illustrated. The reader should be aware that the International Organization for Standardization (ISO) 
has issued standards and guidance addressing many of the issues discussed in this report. Companies 
interested in the allocation questions that arise in LCA and carbon footprint studies should familiarize 
themselves with this ISO material, much of which is summarized in this report. A body of literature 
and practice related to the ISO standards and guidance has emerged over time. Because companies 
may encounter this supplemental material, some of it is reviewed herein. This supplemental material, 
however, lacks the international expert consensus and global standing attached to ISO standards and 
guidance, and companies should be mindful of this limitation. 

The report highlights the potential for the results of an LCA to be greatly influenced by the selection 
of an allocation method. This report is a partner to Technical Bulletin No. 1002, which discusses co-
product allocation methods, and does not limit any of the options available to companies under ISO 
standards and guidance. Companies are responsible for selecting and justifying the methods used for 
allocation in studies they perform and for any claims based on those studies. 

Ronald A. Yeske 

December 2012  
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NOTE DU PRÉSIDENT 

Depuis de nombreuses années, l'industrie répond aux questions de ses clients et d'autres intervenants 
importants sur les conséquences environnementales de la récupération et du recyclage du papier. Il y a 
plusieurs façons d'aborder ces questions, mais de plus en plus, elles sont abordées à l'aide d’analyses du 
cycle de vie (ACV).  L’ACV est l'étude des impacts potentiels d'un système sur l'environnement et les 
ressources, du berceau au tombeau (cradle-to-grave). 

Bien que les études ACV, et aussi les études de l'empreinte carbone qui y sont étroitement liées, 
fournissent une structure utile pour comprendre les implications environnementales de la récupération  
et du recyclage de la fibre, l'application de l'ACV à ces questions n'est pas simple. Cette complexité est  
en partie due au fait qu'il existe de nombreuses situations dans lesquelles la fibre de bois est utilisée  
pour fabriquer un type de produit, après quoi elle est ensuite récupérée et utilisée pour fabriquer un autre 
type de produit. Un exemple de ce type de recyclage, qui est appelé recyclage en «circuit ouvert» ou en 
«boucle ouverte» par les praticiens de l'ACV, est l'utilisation de papier de bureau récupéré pour fabriquer 
du papier hygiénique. Lors de la réalisation d'une ACV sur un système de production de papier hygiénique 
à base de fibre recyclée, il faut donc décider comment "allouer" diverses charges environnementales et 
besoins en ressources entre les deux systèmes intereliés : l'un produisant la fibre récupérée (le système de 
papier de bureau) et l'autre utilisant cette fibre récupérée comme une matière première (le système de 
papier hygiénique). 

Dans le présent rapport, plusieurs méthodes d'allocation appliquées au recyclage en circuit ouvert sont 
expliquées, analysées et illustrées. Le lecteur doit savoir que l'Organisation internationale de normalisation 
(ISO) a publié des normes et directives portant sur un grand nombre des questions abordées dans le 
présent rapport. Les entreprises intéressées par les questions d’allocation qui se posent dans les études 
d’ACV et d'empreinte carbone devraient se familiariser avec les normes et directives ISO, dont une grande 
partie sont résumées dans le présent rapport. Une littérature et des pratiques abondantes à propos des normes 
et directives ISO ont vu le jour au fil du temps. Puisque ces informations supplémentaires sont accessibles 
aux entreprises, certaines d'entre elles sont examinés dans le présent rapport. Cependant, ces informations 
supplémentaires sont privées du consensus d'experts internationaux et de la réputation mondiale des 
normes et directives ISO; les entreprises doivent tenir compte de cette limitation. 

Ce rapport met en évidence le potentiel qu’ont les résultats d'une ACV d’être grandement influencés par la 
méthode d’allocation choisie. Ce rapport peut être utilisé conjointement au bulletin technique n° 1002, qui 
lui porte sur les méthodes d'allocation des coproduits.  De plus, ce rapport n’a pas pour objectif de restreindre 
l’utilisation des autres options méthodologiques offertes en vertu des normes et directives ISO, même si 
ces dernières ne sont pas couvertes dans ce rapport.  Les entreprises sont responsables du choix et de la 
justification des méthodes d’allocation utilisées dans les études qu'elles effectuent et pour toute affirmations 
tirées de ces études. 

Ronald A. Yeske 

December 2012
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ABSTRACT 

In this document, the allocation methods for open-loop recycling most frequently used in pulp and 
paper case studies or presented as options in the ISO standards on life cycle assessment (LCA) are 
presented, illustrated, discussed and compared. It is shown that the choice of one allocation procedure 
over another can have a significant effect on the results of an LCA. In particular, the ISO standards on 
LCA require that sensitivity analyses be performed when several methods seem applicable. In part 
because of this, LCA may not be useful for obtaining unambiguous conclusions if the objective of the 
LCA is to compare virgin and recycled paper. When selecting an allocation method for recycling, the 
following should be kept in mind: the method should be consistent with the objective of the study; the 
set of values inherent to the selection of the method should be transparent; the selected method should 
preserve mass and energy balances (with the exception of the closed-loop procedure); and a similar 
allocation method should be applied to both the inflows and outflows of recovered material in the 
system boundary.  
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RÉSUMÉ 

Dans ce document, les méthodes d'allocation appliquées au recyclage en circuit ouvert les plus 
fréquemment utilisées pour les études de cas dans l’industrie des pâtes et papiers ou celles incluses 
comme options dans les normes ISO sur l'analyse du cycle de vie (ACV) sont présentées, illustrées, 
discutées et comparées. Il est montré que le choix d'une procédure d'allocation par rapport à une autre 
peut avoir un effet significatif sur les résultats d'une ACV. En particulier, les normes ISO sur l'ACV 
exigent que des analyses de sensibilité soient effectuées lorsque plusieurs méthodes semblent être 
applicables au cas à l’étude. En partie pour cette raison, l'ACV peut ne pas être utile pour obtenir des 
conclusions claires si l'objectif de l'ACV est de comparer le papier vierge au papier recyclé. Lors de la 
sélection d'une méthode d'allocation pour le recyclage, les éléments suivants doivent être pris en 
compte: la méthode doit être compatible avec l'objectif de l'étude, l'ensemble des valeurs inhérentes à 
la sélection de la méthode doit être transparent, la méthode choisie doit préserver les bilans de masse 
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METHODS FOR OPEN-LOOP RECYCLING ALLOCATION IN LIFE CYCLE 
ASSESSMENT AND CARBON FOOTPRINT STUDIES OF FOREST PRODUCTS 

1.0 INTRODUCTION 

The North American pulp and paper industry is increasingly employing life cycle assessment (LCA) 
studies and closely related carbon footprint (CF) studies to assess the sustainability of its processes and 
products. LCA studies can serve multiple purposes such as educating customers and stakeholders about 
the environmental attributes of the industry’s products and providing a basis for documenting 
improvements in these attributes over time.  

One important characteristic of paper products is that they are usually recyclable. Indeed, the industry 
recycles a large proportion of its products. In both the US and Canada, 60 to 65% of paper consumed is 
recovered for recycling (ICFPA 2011). Two broad categories of recycling can be distinguished within 
LCA: closed-loop recycling and open-loop recycling. In closed-loop recycling, the recovered product 
from one system is reused within the same system. An example of this would be a system involving the 
domestic production of corrugated containers where all of the recovered old corrugated containers (OCC) 
are used in domestic containerboard production. Conceptually, the modeling of closed-loop recycling 
activities is relatively simple because all of the loads from the system can be assigned to the system’s 
primary product, corrugated containers in this example.  

However, in the pulp and paper sector, many product systems involve open-loop recycling, meaning that 
a significant portion of recovered paper products is reused as a raw material for producing other types of 
paper or paperboard, or even other types of products. An example of open-loop recycling would be a 
system producing domestic printing and writing paper, where 10% of the recovered paper is used in 
domestic printing and writing paper production while the remaining 90% is used as a raw material for the 
domestic production of other grades (e.g., boxboard, tissue).  

Systems with open-loop recycling are a particular challenge in LCA because the same material provides a 
function for multiple products and hence, one must decide how to allocate the environmental load due to 
activities which are shared among these products. Closed-loop recycling does not require allocation 
because no processes are shared between more than one product system. The modeling of open-loop 
recycling, including allocation, has been described as the most complex methodological topic related to 
allocation in LCA (Werner 2005). In the case of paper, wood fiber is the material that can provide a 
function for different products and the shared activities can include virgin fiber production, recycling 
processes, and final disposal. The allocation in this case is even more complex because the fiber quality is 
altered in each recycling stage (cascade recycling). Some options for addressing fiber recycling in life 
cycle studies are addressed in ISO LCA standards (ISO 2006b) and in ISO 14049:2012 Technical Report 
(ISO 2012b), but questions have arisen as to how these standards are being applied in studies of paper and 
paperboard products (NCASI 2009, 2011). In this context, the objective of this report is to describe, 
discuss, and illustrate with forest products examples the most common approaches and methods for open-
loop recycling allocation. 

1.1 Disclaimer 

The reader should be aware that the International Organization for Standardization (ISO) has issued 
standards and guidance addressing many of issues discussed in this report. Of particular relevance with 
respect to allocation questions are ISO standards ISO 14040:2006 and ISO 14044:2006, and ISO 
Technical Report ISO/TR 14049:2012. Companies interested in the allocation questions that arise in LCA 
and carbon footprint studies should familiarize themselves with this ISO material.  

In this report, NCASI explains the material in the ISO documents and examines some of the 
interpretations of the ISO documents that have appeared in the literature and which are emerging in 
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practice. NCASI has included this additional information because it addresses issues that forest products 
companies are likely to encounter in performing or interpreting LCA studies. It should be understood, 
however, that this supplemental material does not enjoy the international expert consensus and global 
recognition attached to ISO standards and guidance, a limitation that companies should take into account 
when relying on approaches not specifically addressed in ISO documents.  

This report does not limit any of the options available to companies under ISO standards and guidance. 
Companies are responsible for selecting and justifying the methods used for allocation in studies they 
perform and for any claims based on those studies.  

2.0 DEFINITIONS 

Note: Most of the definitions presented here are from the ISO 14044: 2006 standard cited as “(ISO 
2006b).” Other sources were also used when necessary. 

Environmental Load 
In this report, an environmental load is any input (resources, raw materials) or non-product output 
(releases, wastes) to or from a unit process or set of unit processes. 

Unit Process 
A unit process is the “smallest element considered in the life cycle inventory analysis for which input and 
output data are quantified” (ISO 2006b, p. 5). 

Product 
A product is “any good or service” that is tangible or intangible (e.g., lumber or energy, respectively) 
(ISO 2006b, p. 2). 

Product System 
A product system is the “collection of unit processes with elementary and product flows, performing one 
or more defined functions, and which models the life cycle of a product” (ISO 2006b, p. 4). 

Closed-Loop Recycling 
The ISO 14044 Standard does not formally define closed-loop recycling but it specifies that a closed-loop 
product system is a system in which “material from a product is recycled in the same product system” 
(ISO 2006b, Figure 2, p. 16).  

Open-Loop Recycling  
The ISO 14044 Standard does not formally define open-loop recycling but it gives the following technical 
description of an open-loop recycling product system: “material from one product system is recycled in a 
different product system” (ISO 2006b, Figure 2, p. 16). “Cascade recycling” is a form of open-loop 
recycling in which a material is used or recycled over and over again until its quality becomes too low to 
be used any further as a raw material in another product system (Ekvall 1994; Kim, Hwang, and Lee 
1997; Tillman et al. 1994). 

Flows 
Flows are material or energy entering or leaving the product system being studied. Elementary flows  
have been “drawn from the environment without previous human transformation” or released into the 
environment without subsequent human transformation (ISO 2006b, p. 3). Intermediate flows are 
“product, material or energy flow occurring between unit processes of the product system being studied” 
(ISO 2006b, p. 4). Product flows are “products entering from or leaving to another product system” (ISO 
2006b, p. 4).  
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Co-Product 
A co-product is “any of two or more products coming from the same unit process or product system” 
(ISO 2006b, p. 3). While this definition would include within the co-products the studied product itself, 
the text of the ISO 14044 standard differentiates between three different concepts: the “product” that 
refers to the studied product, the “co-products” as defined above and “wastes”, the “substances or objects 
which the holder intends or is required to dispose of” (ISO 2006b, p. 5). To avoid confusion, in this 
Technical Bulletin, the studied product is referred to as a co-product when it is produced from a unit 
process or a product system that produces more than one product, but is also always labeled “studied 
product”. 

Note: It is important to understand the difference between a co-product and a waste because the 
environmental load of a shared process needs to be allocated between the co-products only and 
not the wastes. (Note, however, that waste management processes may require allocation if they 
are shared between two or more product systems.) The economic value of a material is often used 
to determine if it is a waste or a co-product. A material with a positive economic value is 
considered to be a co-product while a material with a negative economic value is considered to be 
a waste.  

Determining and Dependent Co-Products 
The ISO 14044 standard does not distinguish between different types of co-products. However, for the 
purpose of applying system expansion methods, the concepts of “determining” and “dependent” co-
products can be helpful. A determining co-product is a co-product that determines the production 
volume of a shared process (Weidema 1999). A dependent co-product is a co-product for which the 
production volume is dependent on the production volume of the determining co-product. Any of the 
determining or dependent co-products can be studied in LCA. For instance, in a pulp mill, the 
determining co-product would the pulp and the dependent co-product could be turpentine. This is because 
the quantity of turpentine varies with the quantity of pulp that is produced. Any of these co-products 
could be the focus of an LCA study and thus would be the studied products.  

Function 
A function describes the performance characteristic of the product system or of a unit process. An 
exported function is generated within one product system but used in another one. Exported functions 
include the functions of co-products that are used in other systems, the processing of wastes from other 
systems and the raw material supply and waste management of recycling processes (Ekvall 1999b). 

Allocation 
Allocation is “partitioning the input or output flows of a process or a product system between the product 
system under study and one or more other product systems” (ISO 2006b, p. 4). The ISO 14044 standard 
(ISO 2006b) distinguishes three allocation approaches: 1) avoid allocation through system subdivision or 
expansion, 2) partition based on underlying physical relationships, and 3) partition based on another 
relation. 

System Subdivision 
System subdivision consists of “dividing the unit process to be allocated into two or more sub-processes 
and collecting the input and output data related to these sub-processes” (ISO 2006b, p. 14). 

System Expansion 
System expansion consists of “expanding the product system to include the additional functions related 
to the co-products” (ISO 2006b, p. 14). Two system expansion models are encountered in the literature 
and not cited in the ISO LCA standards or technical reports: direct system enlargement and avoided 
burden (or substitution). 
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1) Direct System Enlargement 
Direct system enlargement is the modification of the objective of the study to fully account 
for the shared process by expansion of the system boundary to include all exported functions 
[modified from (Werner 2005)]. 

2) Avoided Burden Method (Substitution) 
The avoided burden method involves the expansion of the system boundaries and 
incorporation of substitution of those functions that are not of interest (exported functions) 
with an alternative way of providing it i.e., the process(es) or product(s) that the exported 
function supersedes, such that they are effectively removed from the studied system. 

Material Balance Requirement 
The ISO 14044 standard (ISO 2006b, p. 14) requires that “the sum of the allocated inputs and outputs of 
a unit process shall be equal to the inputs and outputs of the unit process before allocation.”  

Analyzed Decision 
The analyzed decision is the decision that is to be informed by the LCA study. For instance, an analyzed 
decision can be to purchase one product versus another one, or to select amongst various policy options, 
etc. 

Whole-System Model  
“Whole-system model” is a term used in change-oriented LCAs to designate all unit processes affected by 
the analyzed decision or, in other words, the unit processes included in the system boundary by applying 
system expansion [adapted from Tillman et al. (1994) and (Werner 2005)]. 

Comparative Assertion 
A comparative assertion is an “environmental claim regarding the superiority or equivalence of one 
product versus a competing product that performs the same function” (ISO 2006b, p. 2). 

Recycled vs. Recovered Material and Recycling vs. Recovery Processes 
The ISO 14044 Standard defines a “raw material” as being “primary or secondary material that is used to 
produce a product” and specifies that “secondary material includes recycled material” (ISO 2006b, p. 
3). It does not provide a definition of “recovered material.” Also, while the ISO 14044 Standard (ISO 
2006b, p. 15) speaks of recycling in general terms without mentioning the recycling process itself (e.g., 
"recycling may change the inherent properties of materials in subsequent use"), it does mention the 
recovery process as one for which "specific care should be taken when defining system boundary" (ISO 
2006b, p. 15). The Standard does not provide any explanation on what is a recovery process. ISO 14049 
(ISO 2012b) provides a little bit more insight. For instance, it presents an example in which "paper 
recycling" is described as having two functions: "recovery of waste paper" and "production of de-inked 
pulp" (ISO 2012b, Table 2, p. 5). Also, in the aluminum package example provided in ISO 14049 (ISO 
2012b, paragraph 8.3.2), the recovered material includes the portion of used product that is not sent to 
disposal and any pre-consumer material that is sent to recycling. In this example, a recycling furnace 
transforms the recovered material into secondary aluminum. Some definitions of the recycling process 
can also be found in the literature. For instance, it has been described as the process(es) "in which post-
consumer material or production residues are collected and upgraded to secondary material" (Lindeijer 
1994, p. 29). Sometimes, the collection and sorting process are included in the recycling process. An 
example illustrating different system configurations for fiber recovery is shown in Figure 2.1.  

The definition of the recycling process is also dependent on the allocation method used. For instance, if 
economic allocation is applied (see Section 6.3.3), then the end-of-life processes are considered “waste 
management” processes until the economic value of the recovered material goes from negative to 
positive. All the processing with positive economic value is then considered as the recycling process. The 
recovered/recycled material that leaves the system boundary of a product is referred to in this report as 
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“outflow of recovered/recycled material,” while the recovered/recycling material that enters the system 
boundary of a product is referred to as “inflow of recovered/recycled material.” 

 

 

(a) 

 

(b) 

Figure 2.1  Recovered versus Recycled: A Fiber Example a) Collection and Sorting Are Included in 
the Recycling Process, and b) Collection and Sorting Are Not Included in the Recycling Process 

 
Technosphere 
The technosphere is the entirety of human activities covering production, consumption and disposal of 
products (Werner 2005). 

3.0 LCA AND ALLOCATION 

Life cycle assessment (LCA) is a methodology for the “compilation and evaluation of the inputs, outputs 
and the potential environmental impacts of a product system throughout its life cycle” (ISO 2006b, p. 2). 
The life cycle covers extraction of raw materials required for production, sometimes called the cradle, 
through final disposal of the product, sometimes called the grave. 

LCA studies usually evaluate a variety of potential environmental impacts (e.g., global warming, 
acidification, smog, toxicity, etc.). Carbon footprint studies are similar to LCA studies, but they typically 
focus only on the global warming indicator. LCA and CF studies can serve multiple purposes, such as 
educating customers and stakeholders about the environmental attributes of the industry’s products and 
providing a basis for documenting improvements in these attributes over time. 

Life cycle principles and requirements have been specified in two standards from the International 
Organization for Standardization: the ISO 14040 and ISO 14044 standards. In addition, a series of 
technical reports and specifications were developed to support the application of LCA. These are 
summarized in Table 3.1.  
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Table 3.1  ISO LCA Standards, Technical Reports, and Technical Specifications 

Document Number 
Citation in 

This Document 
Title 

ISO 14040:2006  (ISO 2006a) 
Environmental Management -- Life Cycle Assessment -- Principles 
and Framework 

ISO 14044:2006 (ISO 2006b) 
Environmental Management -- Life Cycle Assessment -- 
Requirements and Guidelines 

ISO/TR 14047:2012 (ISO 2012a) 
Environmental Management -- Life Cycle Impact Assessment – 
Illustrative Examples on How to Apply  ISO 14044 to Impact 
Assessment Situations 

ISO/TS 14048:2002 (ISO 2002) 
Environmental Management -- Life Cycle Assessment -- Data 
Documentation Format 

ISO/TR 14049:2012 (ISO 2012b) 
Environmental Management -- Life Cycle Assessment -- Examples 
of Application of ISO 1404 4 to Goal and Scope Definition and 
Inventory Analysis 

 
The following subsections describe the LCA methodology, as specified in ISO standards (ISO 2006a, 
2006b), in greater detail.  

3.1 Concept of a Product System 

LCA is used to model the life cycle of a product, referred to as a product system, which performs one or 
more defined functions. As illustrated in Figure 3.1, a product system is divided into a series of unit 
processes, which are linked together by intermediate flows and can also be linked in turn by flows to or 
from other systems. Product systems are linked to the environment by input elementary flows (natural 
resources) and output elementary flows (releases to air, water and land). 
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Figure 3.1  Example of Product System (ISO 2006a, p. 10) 

© ISO. This material is reproduced from ISO 14040:2006 with permission of the American 
National Standards Institute (ANSI) on behalf of the International Organization for Standardization (ISO). 
No part of this material may be copied or reproduced in any form, electronic retrieval system or otherwise 

or made available on the Internet, a public network, by satellite or otherwise without the prior written 
consent of ANSI. Copies of this standard may be purchased from ANSI, 25 West 43rd Street, New York, 

NY 10036, (212) 642-4900, http://webstore.ansi.org. 

3.2 Function and Functional Unit 

An essential feature of LCA is that product systems are characterized by their function(s), or performance 
characteristic(s), and not solely in terms of their final products. A given product system can have a single 
function or multiple functions. LCA is generally focused on only one function, which is quantified using 
the functional unit.  Examples of paper-related functions and functional units are presented in Table 3.2. 

Table 3.2  Examples of Functions and Functional Units 

Function Functional Unit Examples of Products 

Packaging of beverage 
To provide packaging for 12 cans 
of soft drink 

Containerboard, plastic wrap 

Printing surface 
To provide 30 m2 of printing 
surface for a given purpose 

Uncoated freesheet, coated 
mechanical paper 

Disseminating the news 
Reading or watching the daily 
news  

Newspaper, television, internet 

Hand drying To dry 100 pairs of hands Paper towels, electric hand dryer 
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3.3 Four Phases of LCA  

The ISO LCA methodology consists of four phases: 

1) goal and scope definition; 
2) inventory analysis; 
3) impact assessment; and 
4) interpretation. 

The goal and scope definition is the phase of LCA where the objectives of the study, the product system 
(including boundary and function), and the procedures (including allocation procedures) to be used in the 
next phases are defined. Data are collected and relevant input and output flows are quantified during the 
inventory analysis phase. The impact assessment phase involves transforming flow information collected 
in the inventory phase into impact categories and then into impact indicator values. Impact indicator 
values, which are derived via characterization factors reflecting the relevant environmental mechanisms, 
are intended to assist in understanding and evaluating the magnitude of potential environmental impacts. 
Finally, the interpretation phase aims to provide additional analyses, conclusions, and recommendations 
based on the findings of the other phases. 

3.4 What is Allocation? 

When performing carbon footprint or LCA studies, the product system must be defined, as discussed 
previously. When several products (or functions) from different product systems share the same unit 
process or group of unit processes, allocation may be required. The shared processes are often referred to 
as multifunction (or multifunctional) processes. Allocation is needed in order to attribute the 
environmental load of the shared process(es) to the studied product (or function) and to each of the 
additional products (or functions) delivered by the shared process. The ISO 14044 standard (ISO 2006b) 
mentions two types of situations where allocation might be necessary: allocation related to co-products 
and allocation related to reuse and recycling. 

The ISO 14044 standard does not further categorize the types of situations where co-product allocation 
might be necessary but two types of them are typically identified in the literature (Azapagic and Clift 
1999; Baumann and Tillman 2004; Ekvall 1994; Tillman et al. 1994): multi-output processes (or 
coproduction) and multi-input processes (waste treatment processes).  

A multi-output process, as illustrated in Figure 3.2, is a process which results in more than one output. A 
sawmill is an example of multi-output processes, where the products include lumber and chips. For 
instance, allocation would be required if an LCA was interested in lumber production and it was 
necessary to determine the fraction of the environmental load associated with the sawmill that should be 
allocated to lumber versus to chips. 
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Figure 3.2  Allocation Related to Multi-Output Processes  
[The functions or the functional flows are shown in dashed lines and the shared processes in gray.] 

 

A multi-input process, as illustrated in Figure 3.2, is generally a waste management process that has input 
that consists of different products (more than one). An example of this is municipal landfilling in which 
several different products are disposed of at the same time. Allocation would be required if the LCA study 
was interested in only one of these products and hence it would be necessary to split the environmental 
load of the landfill process between the different products being disposed of. 

 

 

Figure3.3  Allocation Related to Multi-Input Processes 
[The functions or the functional flows are shown in dashed lines and the shared processes in gray.] 

 

In relation to recycling, the ISO 14044 standard discusses two technical descriptions for product systems, 
not to be confused with allocation procedures for recycling. These two are closed-loop product systems 
(generally described in the literature as closed-loop recycling) and open-loop product systems (generally 
described in the literature as open-loop recycling). Closed-loop recycling occurs when material from one 
product system is recycled within the same product system. Closed-loop recycling does not require 
allocation because no processes are shared between more than one product system. Open-loop recycling 
occurs when a material from one product system is recycled within another product system. A general 
illustration of this is depicted in Figure 3.4. In this example, the material is recycled two times, but it 
could be only one time, more than two and, in theory, an infinite number of times. 
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Figure 3.4  Allocation Related to Open-Loop Recycling 
[The functions or the functional flows are shown in dashed lines and the  

processes most commonly recognized as shared in the literature are shown in gray.] 
 

In parallel, the ISO 14044 (ISO 2006b, Figure 2, p. 16) standard distinguishes between recycling for 
which the “material is recycled without changes to inherent properties” and recycling in which 
“recycled material undergoes changes in inherent properties”. Closed-loop and open-loop product 
systems can include recycling of material with or without changes to inherent properties. 

Where the material undergoes changes in inherent properties, two cases can occur: input-output processes 
and cascade recycling. Input-output processes (Werner 2005) provide one function through the treatment 
of an input and another function due to the production of an output product (usually a waste management 
process with a beneficial function, e.g., burning with energy recovery, landfilling with methane recovery 
and burning for energy, agricultural landspreading of wastewater treatment residuals, composting, etc.). 
These processes can occur in closed-loop or open-loop product systems. In the case of cascade recycling, 
material is used or recycled over and over again until its quality becomes too low to be used any further as 
a raw material in another life cycle system (Ekvall 1994; ISO 2012b; Kim, Hwang, and Lee 1997; 
Tillman et al. 1994). Cascade recycling generally occurs in open-loop product systems and not in closed-
loop product systems. 

ISO recommendations for situations involving recycling allocation as well as specific methods to address 
them are presented in Section 4. Open-loop recycling allocation is further discussed in NCASI Technical 
Bulletin 1002. 

Open-loop recycling allocation is discussed in this report with an emphasis on cascade recycling 
allocation. 

4.0 ISO 14044 RECOMMENDATIONS FOR ALLOCATION 

In this section, the general recommendations of the ISO standard on LCA (ISO 2006b) regarding open-
loop recycling allocation are summarized. 

4.1 General Recommendations 

The ISO 14044 Standard has the following general requirements for allocation (ISO 2006b, p. 14). 

“The inputs and outputs shall be allocated to the different products according to clearly stated 
procedures that shall be documented and explained together with the allocation procedure. 
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The sum of the allocated inputs and outputs of a unit process shall be equal to the inputs and 
outputs of the unit process before allocation.1 

Whenever several alternative allocation procedures seem applicable, a sensitivity analysis shall 
be conducted to illustrate the consequences of the departure from the selected approach.” 

In addition,  

“Allocation procedures shall be uniformly applied to similar inputs and outputs of the system 
under consideration. For example, if allocation is made to usable products (e.g. intermediate or 
discarded products) leaving the system, then the allocation procedure shall be similar to the 
allocation procedure used for such products entering the system.” 

4.2 The ISO 14044 Stepwise Procedure for Allocation 

Different strategies can be used to resolve co-product allocation situations. The ISO 14044 Standard on 
LCA (ISO 2006b) provides the following stepwise procedure :  

 Step 1: Avoid allocation through: 
a) System subdivision, or 
b) System expansion. 

 Step 2: Partition using an underlying physical relationship, and 
 Step 3: Partition using another relationship. 

In this document, Steps 1 to 3 are referred to as “allocation approaches,” while the different options 
within each of the approaches will be referred to as “methods.” 

Strictly speaking, the ISO 14044 Standard’s stepwise procedure requires that, whenever possible, an 
approach to avoid allocation (i.e., subdivision or expansion) should be selected rather than an allocation 
approach. In practice, the selection of adequate allocation approaches and methods will have to consider 
the goal of the study, the available data and information, and the type of shared process to be allocated. 
More practically, the selection of an adequate approach and method depends on the goal of the study, the 
available data and information, and the type of shared process to be allocated (Ekvall and Weidema 2004; 
European Commission 2010; Tillman 2000; Werner 2005). The LCA ISO series (ISO 2006a, b) also 
recognizes that the decision context and the intended application should be considered when defining the 
product system studied but has been criticized for not accounting for various study objectives in its 
stepwise procedure for allocation (Ekvall and Finnveden 2001; Ekvall and Tillman 1997; Ekvall and 
Weidema 2004; Werner 2005). 

The allocation approaches and methods, and their relationship with the study objective, are discussed in 
greater detail in the next sections. 

Co-product allocation is further discussed in NCASI Technical Bulletin 1002. 

4.2.1 Open-Loop Allocation 

The ISO 14044 Standard (ISO 2006b) specifies that the stepwise procedure for co-product allocation also 
applies to recycling, especially for the recovery processes. However, additional elaboration compared to 
co-product allocation may be required because recycling “may imply that the inputs and outputs 
associated with unit processes for extraction and processing of raw materials and final disposal of 
products are to be shared by more than one product system” (ISO 2006b, p. 15). In other words, it is not 
necessarily only the recycling processes that are shared between different product systems. This aspect 
can apply to both input-output and cascade recycling problems, despite the fact that allocation related to 

                                                      
1 This is referred to in this report as the mass balance requirement. 
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input-output processes is often dealt with using co-product allocation methods (see NCASI Technical 
Bulletin 1002). 

Another reason for the recycling allocation to potentially require additional elaboration compared to co-
product allocation is that recycling “may change the inherent properties of materials in subsequent use” 
(ISO 2006b, emphasis added), as in the case of cascade recycling systems for materials such as paper. 

Several allocation approaches can be applied to open-loop recycling. As mentioned above, the first 
approach in the ISO 14044 hierarchy for co-products is to avoid allocation by dividing or expanding the 
system boundaries. Another way to avoid allocation, specifically for recycling allocation, is to 
approximate an open-loop system with a closed-loop system. In doing so, it is assumed that the use of 
recovered material displaces the use of virgin materials. The ISO standard allows for this only in cases 
“where no changes occur in the inherent properties of the recycled material2”(ISO 2006b, p. 15). 

In cases where allocation cannot be avoided, the ISO standard (ISO 2006b) recommends application of an 
allocation procedure for the shared unit processes that uses, in order of preference, the following as the 
basis for allocation (partitioning methods), where feasible: 

 physical properties (e.g., mass); 
 economic value (e.g., market value of the scrap material or recycled material relative to market 

value of primary material); or 
 number of subsequent uses3 of the recycled material. 

The approaches and methods specifically mentioned in the ISO 14044 LCA standard as well as its ISO 
14049 accompanying report (ISO 2006b, 2012b) are discussed in this NCASI report. In addition, other 
methods that have been applied in the literature for pulp and paper case studies (NCASI 2009, 2011) are 
also discussed. All the methods that will be discussed in this document are summarized in Table 4.1. 

                                                      
2 The ISO standard uses the term “recycled material” to designate a type of secondary raw material. This 
terminology can be confusing. Hence, in this document, “recovered material” will be used instead. 
3 In this report, the method that uses the number of subsequent uses as the basis for allocation will be referred to as 
the "Number of Uses" (NOU) method. 
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Table 4.1  Recycling Allocation Methods Discussed in this Document 

ISO Stepwise Procedure Method Name 
Section of This 

Report 

Avoid allocation through system 
subdivision 

N/A 6.2.1 

Avoid allocation by applying a 
closed-loop procedure 

Closed-loop procedure 6.2.2 

Avoid allocation through system 
expansion 

Direct system enlargement 6.2.3.1 

Substitution: credit for end-of-life recycling 6.2.3.2 

Substitution: credit for use of recovered material 6.2.3.3 

Substitution: Ekvall  6.2.3.5 

Partitioning using underlying 
physical relationship 

N/A 6.3.1 

Partitioning using other 
relationships 

Physical properties, mass 6.3.2 

Economic value 6.3.3 

Number of uses (NOU) 6.3.4 

Other methods not mentioned in 
ISO 14044 or ISO 14049 

Cut-off 6.3.5.1 

Extraction-load 6.3.5.2 

50/50 6.3.5.3 

Others: quality losses, disposal load 6.3.5.4 

4.2.2 Relationship between the Study Objective and the Choice of an Allocation Approach 

While the ISO 14044 standard does not provide any requirement that relates the choice of an allocation 
approach to the study objective, other authors have been distinguishing between two approaches based on 
the study objective: 1) one which assigns environmental loads to a specific product system typically as an 
account of the history of the product, and 2) one which evaluates the environmental consequences of a 
change in the product system. These two approaches, which are briefly mentioned in an informative 
Annex of the ISO 14040 Standard (ISO 2006a), have been referred to, respectively, by authors as 

 accounting or attributional LCA (Baumann and Tillman 2004; Ekvall and Weidema 2004) 
[although other terms have also been used in the literature, for instance information-oriented 
LCA (Baumann 1996), (Weidema 1998), descriptive LCA (Ekvall 1999a; European Commission 
2010), attributional LCA, retrospective LCA (Ekvall, Tillman, and Molander 2005; Tillman 
2000), and bookkeeping LCA (European Commission 2010); and 

 change-oriented or consequential LCA (Baumann and Tillman 2004; Weidema 1998; Ekvall and 
Weidema 2004; European Commission 2010) [although other terms such as decision support 
LCA have also been used in the literature (European Commission 2010; Ekvall, Tillman, and 
Molander 2005; Tillman 2000; Werner 2005)]. 

The diversity of terms for those two approaches illustrates the lack of international consensus and the 
need for complete transparency in describing the approach used. 

Although the ISO 14044 standard (ISO 2006b, p. v) recognizes that “the scope, including system 
boundary and level of detail, of an LCA depends on the subject and the intended use of the study”, it does 
not provide any guidance on how the allocation procedures should be selected in this context (Curran 
2007; Ekvall and Finnveden 2001; Werner 2005) and does not propose different rules for the two 
approaches mentioned above. 
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A number of options have been proposed in the literature to address this flexibility in ISO 14044 
(Baumann 1996; Baumann and Tillman 2004; Ekvall 1999a; Ekvall, Tillman, and Molander 2005; Ekvall 
and Weidema 2004; European Commission 2010; Tillman 2000; Weidema 1998; Werner 2005).  

Because accounting LCA does not imply any decision support but is rather of a descriptive character, it 
has been proposed in the non-ISO literature that the LCA model can be established in a way that describes 
the system as it is. In this context, an allocation approach based on partitioning would be preferred to an 
approach involving system expansion. In some cases, one might be interested in including the potential 
interactions of one product system with another one, although the objective of the study is to describe the 
environmental load attributable to a given product. For instance, if a paper mill sells electricity to the grid, 
it might be interested in including in the LCA of paper the benefits from selling this electricity. In this 
case, some sort of system expansion would be required. This situation will be referred to, in this 
document, as accounting LCA including the existing benefits outside the studied system. 

Change-oriented LCA implies that the study is interested in the consequences of a given decision on the 
product system. It involves a change in the production level of a given material. In this case, it has been 
proposed in the non-ISO literature that the LCA model can be established in a way that reflects as much 
as possible the consequences of a change and system expansion approaches are usually preferred over 
partitioning approaches. 

Many pulp and paper LCA case studies are available in the literature, most of them addressing questions 
best examined with accounting LCA. 

 What are the main contributors to the life cycle environmental performance of a paper product? 
 What are the environmental impacts attributable to a given paper product? How does the 

environmental performance of a paper product vary from year to year? 
 How does the environmental profile of a virgin paper product compare with the environmental 

profile of a recycled paper product? 
 How does the environmental profile of a paper product that is used for a given function compare 

with the environmental profile of an alternative non-paper product that is used to fulfill the same 
function? 

In using accounting LCA to examine these questions, an allocation procedure must be selected to address 
recycling. The choice of the allocation procedure will have an effect on the results of the LCA and thus, 
on the answer to the question. Case studies will be presented later to illustrate this. 

The main change-oriented question that has been posed in pulp and paper case studies is related to the 
various waste management options for paper. However, it is not always asked in a way that it is clearly a 
change-oriented question. The question that is most often asked is: 

 What is the preferable waste management option for paper from an environmental perspective: 
landfilling, incineration with energy recovery, or recycling? 

This question could be interpreted as an accounting-type question if it is strictly focused on a comparison 
of options as they currently exist. More commonly, however, it is asked in a context that implies a 
change-oriented question, such as: 

 What is the environmental consequence of increasing paper recycling?  

Change-oriented questions require that system expansion be used and thus, are not subject to the 
uncertainty related to the choice of an allocation procedure. However, they are subject to the limitations 
and challenges associated with system expansion methods. These are also discussed below. 
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5.0 DEFINITION OF SHARED PROCESSES AND SYSTEM LEVELS 

The allocation approaches that are available in the literature for cascade recycling can be discussed based 
on the unit processes that are considered to be shared and based on the system level that is used to address 
the allocation. These two aspects are discussed in this chapter. 

5.1 Defining Shared Processes 

One of the main challenges in open-loop recycling allocation, especially in cascade recycling allocation, 
is that there is no agreement on what the shared processes are (i.e., processes that need to be allocated 
between the various usages of the material). This section provides an overview of different authors’ 
perspectives on this in relation to what is available in the ISO 14044 Standard and ISO 14049 Technical 
Report. 

The ISO 14044 Standard (ISO 2006b, p. 15) specifies that “recycling […] may imply that the inputs and 
outputs associated with unit processes for extraction and processing of raw materials4 and final disposal 
of products are to be shared by more than one product system” and that “specific care should be taken 
when defining system boundary with regard to recovery processes” [emphasis added]. In the same vein, 
some authors (Ekvall 1994; Ekvall and Tillman 1997; Kim, Hwang, and Lee 1997) argue that virgin 
material production processes, waste management processes and recycling processes are shared between 
the different products in the material cascade.  

On the other hand, Werner (2005) argues that, to determine under which circumstances unit processes are 
shared, it is necessary to evaluate the range of responsibilities of the manufacturer of the material and 
energy flows related to the product. To do that, according to Werner (2005), two approaches based on 
economic science are available in the literature. The first one accounts for the environmental impacts 
within the product system in which they directly occur. The second one, the asset approach, extends the 
range of responsibilities of the manufacturer by considering the material as an asset with an embedded 
environmental load from its virgin material production and final waste management unit processes. 

In the first approach, each product is attributed the environmental load directly caused by that product. 
The virgin material production is allocated to the first product in the material life cycle. Waste 
management is allocated in the product system where it occurs. The recycling process is generally 
allocated to the user of recovered material. This approach does not account for environmental load that 
occurred in the past nor does it postpone the accounting of environmental load in the future. Werner 
argues that, by ignoring environmental load that occurred in the past, this approach may result in 
suboptimal results for accounting LCAs (see an example of this for the cut-off method in Section 6.3.5.1). 
However, accounting for environmental load that occurred in the past for change-oriented LCAs will lead 
to systematic errors.  On the other hand, according to Frischknecht (2010), it is a risk-averse approach 
because it does not allow for postponing the accounting of environmental load in the future. This 
approach is usually used in public life cycle inventory databases. The main allocation method within this 
approach is the cut-off method described in Section 6.3.5.1. 

Using the second approach, the asset approach, the environmental load of virgin material production and 
final waste management is allocated to all products in the material life cycle based, for instance, on the 
number of uses (see Section 6.3.4) or losses of material quality (see Section 6.3.5.4). An allocation 
procedure needs to be selected for the recycling process. Using this approach, the LCA of a given product 
system may account for environmental load that occurred in the past and, at the same time, a portion of 
the accounting of environmental load that directly occurs in the studied product system may be postponed 
into the future. According to Werner (2005), when applied in accounting LCA, this approach emphasizes 
the importance for material efficiency in the context of sustainable development. On the other hand, 

                                                      
4 Virgin or recovered. 
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applying this approach would result in including, in the boundary of a given product system, activities 
and their related environmental load that are outside the control of the entity performing the study. It is 
viewed as a risk-tolerant approach because it allows for postponing of the accounting of environmental 
load, under the assumption that recycling will occur. 

Werner (2005) argues that the choice between the two approaches in accounting LCA should be based on 
the product type and its market characteristics. Werner also stresses that environmental load that occurred 
in the past should not be accounted for in change-oriented LCAs. 

Other authors have visions of the shared process that can be described, in full or in part, according to 
these two approaches. Ekvall (1994) and Axel Springer Verlag AG, Stora, and Canfor (1998) suggested 
that the environmental load of the full material life cycle can be split across all products in the material 
life cycle. In the ISO example related to application of the number of uses method, presented in ISO 
14049  technical report (ISO 2012b), an accompanying document to the ISO 14044 Standard, processes 
associated with the production of the virgin paper product, including papermaking, are assumed to be 
shared (see Section 6.3.4). Final disposal and the recycling process are not considered to be shared (at 
least there is no discussion on that topic). Ekvall and Tillman (1997) and Strömberg et al. (1997) 
mentioned that, in a cascade of material, the allocation efforts can be reduced by allocating the 
environmental load associated directly with one product to that same product. This includes the 
manufacturing of the product (e.g., papermaking and conversion) and the use of that product. Hence, the 
shared processes are considered to be the production of the virgin raw material, recycling processes, and 
final waste management. Guinée, Heijungs, and Huppes (2004) assumed that all processes in the virgin 
product system are shared between the virgin product and the subsequent uses of the recovered material 
except for the disposal of the non-recovered fraction. The recycling processes are not shared. 

5.2 System Levels 

In the literature, a dichotomy exists between allocation approaches that focus on the two product systems 
connected by the recycling process and approaches that consider the full material life cycle  (Heijungs 
1994). That is, open-loop recycling allocation has been discussed based on the different system levels 
(Ekvall and Tillman 1997). 

 Two product systems connected by the recycling  process: 
o Process level (designated by boundary A in Figure 5.1, focusing on the recycling 

processes and the functions they provide); 
o Product system level (designated by boundary B in Figure 5.1, focusing on the life cycle 

of the products and the functions provided by the product system);  
 Consideration of the full material life cycle: 

o Material life cycle level (designated by boundary C in Figure 5.1, focusing on the life 
cycle of the fibers). 
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Figure 5.1  System Levels for Cascade Recycling 
[Adapted from Werner (2005)] 

5.2.1 Process Level 

At the process level, only the recycling process needs allocation (i.e., is considered to be shared). The 
situation involving allocation is resolved by considering recycling as bi-functional with the following 
functions: 

 providing waste management for the upstream product system; and 
 providing secondary raw material for the downstream product system. 

At this system level, the virgin material production and waste management processes are not considered 
to be shared between different products. Accordingly, the environmental load associated with the virgin 
material production process is allocated to the first product using that material and the environmental load 
for waste management processes is allocated to the product system where the material is disposed of. 

Process level analyses are usually easy to apply but have some disadvantages, in that virgin material 
production and waste management are not considered to be shared as discussed in the ISO standard (ISO 
2006b) and the effects of recycling on virgin material production and waste management are not reflected. 

5.2.2 Product System Level 

At this system level, the entire product system is considered to be shared by providing two or more 
functions: 

 the function of the studied product; and 
 a waste management function for the upstream product system and/or a raw material production 

function for the downstream product system.  

This approach allows the inclusion of environmental loads of processes that are not directly linked to the 
studied product system. However, only interactions between the studied product system and those 
immediately upstream or immediately downstream are considered. This system level also requires a 
separation to be made between the various product systems, i.e., deciding where one stops and the next 
one starts. 

Werner (2005) argues that using a product system level allows application of an asset approach (described 
in Section 5.1) without having to model the whole, possibly hypothetical, material life cycle but rather by 
only considering interactions with other product systems directly connected to the product system being 
studied. 
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5.2.3 Material Life Cycle Level 

In accounting LCAs, when addressing the allocation situation at the material life cycle system level, the 
entire material life cycle is considered to be a multifunction process providing the functions for all 
products in the life cycle. In other words, all the processes in the material life cycle need to be evaluated 
in terms of allocation. That said, some processes can clearly be associated with only one specific product 
and thus should not be allocated (Ekvall and Tillman 1997). These include, for instance, the production 
and use of the specific products under study. Allocation methods are required for the other processes that 
cannot be clearly associated with a specific product (shared processes, see Section 5.1). In change-
oriented LCAs, this system level involves the inclusion of all affected processes within the system 
boundary, including the processes that are affected through a propagation of effects in the material life 
cycle (whole-system model). 

5.2.4 Allocation Methods in the Context of System Levels 

When dealing with allocation at the process level, the allocation of the environmental load of the 
recycling process between the two functions can be made using partitioning methods developed for co-
products (see NCASI Technical Bulletin 1002). However, physical properties (e.g., mass) are inadequate 
parameters for the description of the functionality of waste management and secondary material 
production. This is because of the difficulty of identifying a physical property that reasonably relates both 
to the waste management and raw material production functions. For this reason, it has been argued that 
only economic allocation (described in Section 6.3.3) is applicable for process level analysis (Huppes 
1992; Werner 2005). That said, the cut-off method (described in Section 6.3.5.1) allocates 100% of the 
recycling process to the product using the recovered material, and thus does not have the problem of 
determining an adequate parameter for the description of the functionality of waste management and 
secondary material. Therefore, it can also be applied at the process level. 

Werner (2005) states that allocation methods based on substitution (closed-loop procedure and 
substitution methods) fall within the product system level or material life cycle level. On the other hand, 
Ekvall and Tillman (1997) argue that allocation at the product system level is not well established in 
practice and that the substitution methods rather apply at the process level or at the material life cycle 
level. Werner’s view on this is that methods at the process level cannot include processes that occur in 
other product systems. 

For accounting LCAs, situations involving allocation can be dealt with at the material life cycle system 
level either by expanding the system boundaries to the full material life cycle (direct system enlargement, 
see Section6.2.3) or by allocating the environmental load of the entire material life cycle to all functions 
provided by the material, using appropriate partitioning methods (Werner 2005). Partitioning methods to 
do this include, for instance, mass allocation (see Section 6.3.2), economic allocation for pseudo-
recycling (see Section 6.3.3) and the number of uses method (see Section 6.3.4). For change-oriented 
LCAs, it is necessary to expand the system boundary to apply a whole-system model5.  This can be done, 
for instance, by using price elasticities for the determination of the effects of marginal changes in a “pre-
defined” whole-system [quoted after Werner (2005), proposed by Ekvall (2000), see Section 6.2.3.5], or 
based on mathematical models (linear programming) that depict the changes in an entire technological 
system caused by marginal changes [quoted after Werner (2005), proposed by Azapagic and Clift (1999), 
see Section 6.3.5.4]. Werner (2005) argues that although the above mentioned methods are based on a 
whole-system model, to date there has been no effort towards including product systems within a whole-
system model that are not directly connected with the product system studied.  

                                                      
5 Term used in change-oriented LCAs to designate all unit processes affected by the analyzed decision or, in other 
words, the unit processes included in the system boundary by applying system expansion. 
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6.0 METHODS FOR CASCADE RECYCLING ALLOCATION 

As briefly mentioned in the preceding sections, many different methods have been proposed in the 
literature for open-loop recycling allocation and more specifically for cascade recycling systems. This 
document focuses on the methods presented in the ISO LCA standards and accompanying report (see 
above), as well as on methods other than these that have been used in pulp and paper case studies [see 
NCASI Special Report 09-04 (NCASI 2009) and Technical Bulletin No. 985 (NCASI 2011)]. A list of 
these methods is provided in Table 4.1. In the next sections of this document, these methods are 
explained, illustrated using a common example presented below, and discussed, with an emphasis on their 
relationship to the ISO 14044 Standard. 

6.1 Example for Illustrating the Allocation Methods 

An open-loop recycling allocation situation occurs when used material from the studied system is 
recycled into another product system or when the studied system uses material that is recovered from 
another product system. In other words, this situation can be caused by outflows of recovered material 
from the product system or inflows of recovered materials to the studied product system. In this report, a 
hypothetical example, presented in Figure 6.1, is used to illustrate various allocation methods for open-
loop recycling.  
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In this example, virgin material is produced (Vm1 e.g., kraft pulp) to produce virgin paper product (Pr1 e.g., 
virgin uncoated freesheet). This product is used and 70% is recovered for recycling (MR1). The other 30% is 
disposed of (DPr1). The collected material (CM1) is processed to produce recycled material (Rm1 e.g., de-inked 
pulp with a loss of 0.28571 t/t) that is used for production of recycled paper product (Pr2) which, in turn, is used 
and recovered at a rate of 70% (MR2). It is assumed that an additional 0.50 t of paper will be produced in the “n-
2” subsequent uses of that recovered fiber. Hypothetical carbon footprint values are given for each of the unit 
processes presented. “N” is the total number of times a fiber is used. In this figure, the fiber is used n times: 

 Used in the virgin product (n=1); 
 Used the first time in a recycled product (n=2); and 
 Used “n-2” times in subsequent products. 

Nomenclature: 
Vmi: Quantity of virgin material i, Vi: Environmental load of virgin material production6, Pri: Quantity of 
product i, Pi: Environmental load of the production of product i, Ui = Environmental load of use of product i, 
DPri: Quantity of product i to disposal (= 30% x Pri), Wi: Environmental load of product disposal, MRi: 
Quantity of used product i for recovery, CMi: Quantity of used product i after collection, Ci: Environmental load 
of collection of used product, Rmi: Quantity of recycled material from product i; Ri: Environmental load of 
recovered fiber processing. 

The environmental load of the various unit processes are: V = 500 kg CO2E/t Vmi, C = 10 kg CO2E/t CMi, R = 
400 kg CO2E/t Rmi, P = 800 kg CO2E/t Pri, W = 1000 kg CO2E/t DPri. Z is the environmental load occurring 
downstream in the material life cycle i.e., due to the subsequent uses and disposal of the fiber not shown on the 
figure (i.e., ∑ ). All the examples presented in this report are applied to Pr1 
(the virgin product) and Pr2 (one recycled product). However, Z is necessary to demonstrate some of the 
methods. 

Figure 6.1  Example for Illustrating the Allocation Methods 

In the example above, the focus is on “cascade recycling” i.e., on cases where a material, such as paper, is 
used or recycled over and over again until its quality is inadequate to enable its further use as a raw 
material in another life cycle system (e.g., it becomes a waste). Different allocation methods from those 

                                                      
6 In this report, global warming (in CO2E) is used an example of environmental indicator referred to as 
environmental load. 
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discussed below would be required if the last usage of the fiber was for energy production. The example 
below considers “n” usages of the fiber in paper products. All allocation equations provided in this 
document are valid for cases where the first usage of the fiber is fully from virgin material and the 
subsequent usages of the fiber are fully from recycled material. Some equations are not valid for cases 
where there is input of virgin material in the subsequent uses of the material. This limitation is clearly 
indicated for relevant equations provided below. 

6.2 Methods Used to Avoid Allocation 

The ISO 14044 Standard (ISO 2006b, p. 14) specifies that requirements for co-products also apply to 
recycling. This means that allocation should be avoided, where possible by “1) dividing the unit process 
to be allocated into two or more sub-processes and collecting the input and output data related to these 
sub-processes” (referred in this report as “system subdivision”), or “2) expanding the product system to 
include the additional functions related to the co-products” (referred in the report as system expansion). 
The standard also provides a third way of avoiding allocation: applying a closed-loop procedure. These 
three approaches are discussed in this section.  

6.2.1 System Subdivision 

Subdivision consists of the division of the multifunction process into sub-processes, and collection of 
separate data for each sub-process. System subdivision is of limited usefulness to open-loop recycling 
allocation (Ekvall and Finnveden 2001). For this reason, it is not discussed further. 

6.2.2 Closed-Loop Procedure 

Modeling an open-loop recycling system as a closed-loop system can be used to avoid allocation (ISO 
2006b, 2012b; Luebkert et al. 1991; Werner 2005). The ISO 14044 Standard distinguishes between two 
technological descriptions of product systems: closed-loop product systems, and open-loop procedures. It 
also distinguishes between closed-loop and open-loop allocation procedures for recycling. The ISO 14044 
Standard specifies that "a closed-loop allocation procedure applies to closed-loop product systems [and] 
to open-loop product systems where no changes occur in the inherent properties of the recycled material" 
(ISO 2006b, p. 15). This is illustrated in Figure 6.2. 
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Figure 6.2  Recycling Cases and Application of Allocation Procedures for Recycling 
[Light gray cells: closed-loop procedure applies. Dark gray cells: open-loop procedure applies.] 
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Neither the ISO 14044 (ISO 2006b) Standard nor its ISO 14049 accompanying technical report (ISO 
2012b) provide more explanation as to what “changes in inherent properties of the recycled material” 
actually means. Also for applying a closed-loop procedure to an open-loop product system, the product 
system being analyzed needs to be modeled as participating in “product independent material pools” 
(ISO 2012b, p. 30) by delivering recovered material into an external material pool and being supplied 
with recovered material from that same external material pool. The ISO 14049 Technical Report  further 
specifies that “if the import and export of secondary raw material between the pool and product specific 
life cycle are equivalent, the product specific system can be modelled as closed loop recycling without 
any problem” (ISO 2012b, p. 30). The technical report does not specify whether the import and export 
needs to be equivalent in terms of quantity and/or type/quality of recovered material. The following 
interpretations of “equivalent” and “no change in the inherent properties of the recycled material,” and 
thus, of when the closed-loop procedure can be applied, can be found in the literature. 

 One interpretation is that a closed-loop procedure can be applied to open-loop systems if the 
recovered material is used to produce a product of very similar quality or if it would be possible 
to recycle the recovered into the same product (Luebkert et al. 1991). 

 According to Werner (2005), determining whether a closed-loop procedure can be applied to an 
open-loop system requires predefining the conditions under which this assumption can be made, 
including deciding which parameters (physical, chemical, biological, technical or economic) 
should be used to define the equivalency of the import and export, and the extent to which 
deviation of these parameters is tolerable. Werner specifically mentions fiber length as an 
example of a parameter that can be used to determine whether the inherent properties are 
changed. Change in inherent properties is one of the main reasons why a material has a limited 
service life (Werner 2005). In this context, it is important to mention that wood fiber gets shorter 
each time it is processed in the recycling process. When fibers become too short or brittle to bond 
with each another, the physical and performance characteristics of the paper sheet may be 
compromised. Fibers can be reused between four to nine times depending on the new paper grade 
that is being produced (GreenBlue 2011). Consequently, with Werner’s interpretation of “change 
in inherent properties,” a closed-loop procedure would not be adequate for a paper product, at 
least for recycling processes that significantly alter the fiber length (i.e., at a level that would be 
greater than the tolerable deviation). The definition of a tolerable deviation is not mentioned. 

 The closed-loop procedure is applicable for materials that do not degrade significantly in quality 
when being recycled and when it can be assumed that recycled material replaces virgin material. 
For degradable material such as paper, the closed-loop procedure is less suitable (Baumann and 
Tillman 2004). 

When a closed-loop procedure is applied to an open-loop system, it is assumed that recovered material 
leaving the system boundary of the investigated product will replace virgin material in subsequent product 
systems (Werner 2005). Using this approach, the material losses are not attributed to the product system 
that causes them but rather to the product system that has an outflow of recovered material. Also, this 
assumes that the recycled material is fully substitutable for virgin material.  

The ISO 14049 Technical Report (ISO 2012b) describes three cases of open-loop systems that can be 
dealt with using a closed-loop procedure. The underlying assumption, as illustrated in Figure 6.3, is that 
the product system participates in a recovered material pool by delivering secondary raw material into the 
pool and by being supplied with secondary material from the same pool, meaning that, in theory, for a 
closed-loop procedure to apply to open-loop recycling, the quantity and type of recovered material 
supplied to the pool should be similar to the material taken from the pool (X should be similar to Y in 
Figure 6.3). 
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The recycling of the same material can occur many times and, in some cases, the material can 
theoretically be permanently kept from disposal through continual recycling. This is not the case with 
paper products because each recycling loop further degrades the fiber until it can no longer be used. 

 
Figure 6.3  Schematic Illustration of Open-Loop System for Which a Closed-Loop Procedure Can Apply 

 

The three cases presented in ISO 14049 (ISO 2012b) are: 

 Case 1 – The studied product system delivers and uses equivalent quantities of recovered material 
from the pool (X = Y); 

 Case 2, defined by ISO 14049 (ISO 2012b) as cases where “an adjusted technology split” is used – 
There is a net inflow (2a) or a net outflow (2b) of recovered material, and the virgin and recovered 
material processing applied in the studied product system is identical or very similar to that applied in 
the rest of the recovered material market, and the inherent properties of the virgin and recycled 
products are identical or similar; and 

 Case 3 – The processes related to virgin and recovered material processing are different in the studied 
product system than in the rest of the recovered material market, and/or the inherent properties of the 
virgin and recycled products are different. 

These are discussed further and illustrated in the next sections.  

6.2.2.1 Case 1 – Equivalent Inflows and Outflows 

Where the inflows and outflows of recovered material between the studied product system and the 
recovered material pool are equivalent, the system can be modeled directly as a closed-loop system by 
including the related portion of the material pool within the boundary, as illustrated in Figure 6.4. In this 
case, there is no need for allocation and hence the environmental load of the product system can be 
calculated directly. In practice, this case almost never occurs; hence, it is not discussed further. 
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Figure 6.4  Closed-Loop Procedure Applied to Open-Loop Recycling,  

Equivalent Inflow and Outflow 

 

6.2.2.2 Case 2a – Net Inflow: Similar Processes 

The second case is when there is a net inflow or outflow of recovered material from the material pool, the 
virgin and recovered material processing are either identical or not very different in the studied product 
system and in the rest of the recovered material market, and the inherent properties of the virgin and 
recycled products are identical or similar. The case described here focuses on net inflows of recovered 
material. An example of this is a system producing corrugated containers from a combination of virgin 
kraft fiber and recovered fiber derived primarily from old corrugated containers. In this case, the closed-
loop procedure can be applied by adjusting the technology split of virgin material production and 
recovered fiber processing to match the recovery rate. 

The general equation for calculating the environmental load using the closed-loop procedure, Ei,CL, is 

, ′ 	

where Pi is the environmental load of the production of product i, Ui the environmental load of use of 
product i, Wi the environmental load of product i disposal, Ci the environmental load of collection of used 
product i, Ri the environmental load of recovered fiber processing, and V’i is calculated as follows: 

′  

βi is an equivalency factor between virgin and recycled material (e.g., in this case the quantity of virgin 
pulp equivalent to a given quantity of recovered pulp) and V is the environmental load of virgin pulp 
production per ton of virgin pulp (see Figure 5.1). 

In Figure 6.5, which is based on Figure 4.1, a simplified recycling model is used to illustrate the case 
where there is a net inflow of material from the pool. 
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Figure 6.5  Illustration of Closed-Loop Procedure with Adjusted Technology Split, Net Inflow 

In this example, the inflow of recovered material from the pool is MR1 = 0.70 t and the export to the pool 
is MR2 = 0.35 t. Hence, there is a net import of recovered material from the pool (i.e., MR1>MR2). When 
applying the closed-loop procedure by adjusted technology split, the product system is allowed to use 
only as much recovered material as it generates (i.e., MR1 is forced to be equal to MR2 and C1 + R1 is 
forced to be equal to C2 + R2) and the remaining raw material requirements are fulfilled with virgin 
material (V’m2), which may not reflect actual system behavior. 

The related environmental loads are calculated as follows: 

′ 	

Assuming	βi	 	1	 i.e.,	1.00	t	of	virgin	pulp	compensates	for	1.00	t	of	de‐inked	pulp :	

′ 500 0.50	 0.00	 1 0.25	 125	 	 	

The environmental load allocated to Pr2 using the closed-loop procedure by adjusted technology split is 
calculated as follows: 

, ′ 125 400 0 150 3.5 100 779	 	
1557	 	 / 	 	

6.2.2.3 Case 2b – Net Outflow: Similar Processes 

As mentioned in Section 6.2.2, the second case is when there is a net inflow or outflow of recovered 
material from the material pool, the virgin and recovered material processing are either identical or not 
very different in the studied product system and in the rest of the recovered material market, and the 
inherent properties of the virgin and recycled products are identical or similar. The case described here 
focuses on net outflows of recovered material. While in theory, a closed-loop procedure cannot be applied 
to study end-of-life recycling of virgin paper because the virgin system delivers material to a recovered 
fiber pool but does not take any recovered fiber back in, the virgin paper system can act as a good 
example to illustrate Case 2b, where there are net outflows of recovered material.  
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In this example (Figure 6.6), the inflow of recovered material from the pool is MR0 = 0 t and the export to 
the pool is MR1 = 0.70 t. Hence, there is a net export of recovered material to the pool. When applying the 
closed-loop procedure by technology adjustment, the product system is allowed to use as much recovered 
material as it generates (i.e., MR0 is forced to be equal to MR1 and C0 + R0 is forced to be equal to C2 + 
R2) and then to reduce its virgin material production accordingly. 

The related environmental loads are calculated as follows: 

′ 	

Assuming	βi	 	1	 i.e.,	1.00	t	of	virgin	pulp	compensates	for	1.00	t	of	de‐inked	pulp :	

′ 500 0.00	 1.00	 1 0.50	 250	 	 	

The environmental load allocated to Pr1 using the closed-loop procedure with adjusted technology split is 
calculated as follows: 

, ′ 250 800 0 300 207 1557	 	
1557	 	 / 	 	

 

Figure 6.6  Illustration of Closed-Loop Procedure with Adjusted Technology Split, Net Outflow 

As illustrated in this example, when using the closed-loop procedure with technology adjustment, the 
virgin and recycled products are assigned the same environmental load if they are recovered equally 
(given that there is no other difference in paper production or end-of-life). 

Note: In this example, the closed-loop procedure gave the same result as the classical substitution 
method. This is because the closed-loop procedure was also applied to the virgin product. In theory, the 
closed-loop procedure is applicable to systems that both use material from the pool and provide material 
to the pool and hence it should not be applied to systems that do not use recovered materials. This is also 
why the closed-loop procedure is often described as an approximation of system expansion. 
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6.2.2.4 Case 3 – Net Inflow or Net Outflow: Different Processes 

For cases where the processes for virgin and recovered material processing are different in the studied 
product system compared to those in the rest of the recovered material market, and/or the inherent 
properties of the virgin and recycled products are different, the closed-loop procedure is applied as before, 
except that the environmental loads of the various processes are adjusted to reflect these differences. 

An example of this is presented in Figure 6.7. In this example, product Pr2 sources recovered fiber from 
“Collection and Recovered Fiber Processing” that has environmental loads of C = 10 kg CO2E/t CM1 and 
R = 400 kg CO2E/t Rm1 (i.e., C1 + R1 = 207 kg CO2E). This product then supplies recovered material to a 
pool and this material is subsequently used to make other products.  The collection and recycling 
processes for those subsequent uses have environmental loads of C’ = 20 kg CO2E/t CMi and R’ = 600 kg 
CO2E/t Rm2 (i.e., C’2 + R’2 = 157 kg CO2E). The closed-loop procedure demonstrated above would 
assume that the collection and recycling processes with loads of C’2 and R’2 (calculated using loads of C’ 
and R’) are used to produce the recycled fiber going into Pr2. However, the processes actually used to 
produce that fiber have loads of C and R so the assumption would be incorrect. To account for the 
difference (between R and R’, and C and C’ in this example), the application of the closed-loop procedure 
should be modified by using a recovered fiber process within the system boundary that also has an 
environmental load of C = 10 kg CO2E/t CM1 and R = 400 kg CO2E/t Rm2 (i.e., C2+ R2 = 103.5 kg 
CO2E). 

 

Figure 6.7  Example of Net Inflow with Different Recovery Processes in the Context of  
Applying the Closed-Loop Procedure 

6.2.2.5 Discussion of the Method 

The main feature of the closed-loop procedure is that the need for allocation is eliminated by assuming 
that the use of recovered material displaces the use of virgin material without requiring a lot of 
information on the other products in the material life cycle. 

Some authors (Baumann and Tillman 2004; Ekvall 1999a; Tillman et al. 1994; Werner 2005) have argued 
that the closed-loop procedure is applicable in the following cases: 

 where the material quality loss during recycling is small (i.e., recycled a large number of times); 
 where the fraction of recovered material being collected for recycling from the product system is 

similar to the quantity of recovered material used in the product system; or  



28 Technical Bulletin No. 1003 

National Council for Air and Stream Improvement 

 where a material is recovered within the production of the same type of material (e.g., old 
newspapers are recovered for use in newsprint production or old corrugated containers are 
recovered for use in corrugated board production).  

An assumption behind the closed-loop recycling procedure is that the recycled material is fully 
substitutable for virgin material. For instance, a ton of recycled pulp may be used in practice, in place of a 
ton of virgin pulp to produce paper, and the paper produced may fulfill the same function whether made 
of virgin or recycled fiber. However, in reality the virgin and recycled paper product may not be fully 
equivalent because their potential for further recycling is not the same given their average fiber length. In 
this case, assuming full substitution would not be adequate. Paper has been specifically described in the 
literature as a case for which the closed-loop recycling approximation is less suitable because recycling 
inherently results in fiber quality loss (Baumann and Tillman 2004). The ISO 14044 Standard requires 
that allocation methods be additive (mass balance requirement). That said, as noted by Werner (Werner 
2005), the closed-loop procedure proposed by ISO is not additive because the virgin material production 
process is not fully accounted for.  

6.2.3 System Expansion 

ISO 14044 discusses “expanding the product system” as one means to avoid allocation. Two different 
models of system expansion have been distinguished in the literature (Azapagic and Clift 1999): 

 one which expands the system boundary by fully accounting for the shared process/processes and 
redefines the functional unit and objective of the study to include the exported functions; and 

 one which eliminates the exported functions by subtracting the processes that are substituted by 
these. 

The former is often referred to as “direct system enlargement” and the latter as “substitution” or as the 
“avoided burden method.”  

Interpreted literally, “expanding the product system” as discussed in the ISO 14044 Standard fits better 
with the first model of system expansion presented above. There is no direct reference to the substitution 
method as a form of system expansion for the case of recycling in the ISO 14044 Standard. In the 
literature, it has been asserted that the substitution method is conceptually equivalent to the direct system 
enlargement method (European Commission 2010; Heijungs and Guinée 2007; Jungmeier et al. 2002; 
Weidema 2000; Werner 2005). A few models of the substitution method can be found in the literature, 
some of which are discussed in this report.  

An early example of a model that applies a credit for end-of-life recycling was proposed by Fleisher 
(1994) and Karlsson (1994).  The ISO 14049 Technical Report (ISO 2012b, Figure 16, p. 32) provides an 
example of “open-loop with closed-loop recycling procedure [...] with expanded system boundaries” 
which is very similar to this model of the substitution method. Similarly, it has been discussed in the 
literature that a model that uses a credit for the use of recovered material can also be applied in this 
situation (Ekvall 1996, 1999b). Another model found in the literature proposed that a systematic 
procedure can be used to determine whether and to what extent these credits should be applied (Ekvall 
and Weidema 2004). In all cases, however, the substitution method requires assumptions about potential 
interactions with other product systems and the uncertainty in these assumptions can impact the utility of 
the results.  

Direct system enlargement and the three models of substitution described above are discussed next. 
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6.2.3.1 Direct System Enlargement 

Direct system enlargement is what ISO 14044 (ISO 2006b) explicitly refers to as system expansion 
(Werner 2005). It consists of changing the objective of the study and the system boundary to include the 
co-products or their functions (Guinée et al. 2002; Richter, Werner, and Althaus 2006) or, in other words, 
of broadening the system boundary and introducing several functional units (Azapagic and Clift 1999). 
Because it consists of enlarging the system boundaries to incorporate the various different product made 
of the material, it can be described as an open-loop procedure.  

Given the general model presented in Figure 5.1, the allocation equation for the environmental load from 
direct system enlargement, EDSE is 

	

where Vi is the environmental load of virgin material production, Pi the environmental load of the 
production of product i, Ui the environmental load of use of product i, Wi the environmental load of 
product i disposal, Ci the environmental load of collection of used product i, and Ri the environmental 
load of recovered fiber processing. 

Note: For comparative LCA, direct system enlargement must be performed in a way that ensures that the 
compared systems are functionally equivalent. Procedures for doing this are available in the literature and 
are summarized under the discussion on the substitution method (see Section 6.2.3.5). 

6.2.3.1.1 Example 

Applying direct system enlargement to the pulp and paper example presented in Figure 5.1 means that the 
full life cycle of the fiber is included in the system boundary, as illustrated in Figure 6.8. The product 
system illustrated in Figure 6.8 now has more than one function: the function of the virgin product and the 
functions of the recycled products. The environmental load, EDSE, of this product system can be calculated 
by summing up the individual environmental loads of each of the unit processes within the system 
boundary. 

500 800 0 300 7 200 0 400 0 150 3.5 100 653
3114	 	 	

In this example, the functional unit needs to encompass 

 1.00 t of virgin paper (Pr1); and 
 0.50 t (Pr2) + 0.50 t (∑ Pr ) of recycled paper. 
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Figure 6.8  Application of Direct System Enlargement – Pulp and Paper Example 

 

6.2.3.1.2 Discussion of the Method 

Direct system enlargement deals with the open-loop allocation at the material life cycle level. While some 
pulp and paper case studies expand the system boundary to the whole fiber life cycle (see for instance 
(Byström and Lînnstedt 1997)), most of them expand the boundary only to the previous or next usage of 
the fiber. That is, direct system enlargement has most often been applied at the product life cycle level 
rather than at the material life cycle level, which seems more appropriate for input-output recycling 
problems than for cascade recycling problems. Using the material life cycle level is a more accurate 
model of the wood fiber system and is the only scientifically unambiguous solution to open-loop 
recycling allocation (Klöpffer 1996), but it introduces more uncertainty to the results of the analysis 
because it requires that the full fiber life cycle be modeled, which necessitates several assumptions. Using 
the product life cycle level requires much less information than accounting for the whole fiber life cycle 
but it provides less relevant information. Also, by limiting the scope of the analysis to the product life 
cycle level, there is a chance that the alternative production included is also a multifunction process, 
which would mean the allocation situation would effectively not be solved. 

One of the main disadvantages of direct system enlargement is that because it provides an aggregated 
overall environmental load, it does not describe the separate environmental loads of the various products 
in the material (fiber) life cycle. In addition, changing the goal and scope of the study to include the 
additional functions may lead to inordinately large systems dominated by the added functions (Guinée et 
al. 2002).  

Direct system enlargement is usually performed to maintain comparability of compared product systems 
by balancing a quantity of a co-product that occurs in only one of the product systems through adding an 
equivalent production in the other systems (Weidema 2000). 

6.2.3.2 Substitution – Credit for End-of-Life Recycling 

The substitution method, as applied in the literature, generally occurs at the product system level (Werner 
2005). A recycling process is usually considered to provide two distinct functions: waste management for 
the upstream product system and secondary raw material production for the downstream product system. 
If the objective of the study is to calculate the environmental loads associated with the waste management 
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function (or associated with the product being recovered), then the environmental load of the recycling 
process needs to be allocated between the two functions so that the loads associated with the studied 
function can be isolated. The credit for end-of-life recycling method (Fleisher 1994; Karlsson 1994; 
Klöpffer 1996) consists of including the recycling processes within the boundary of the system supplying 
the recovered material and crediting the system by subtracting an alternate material production process 
(almost always assumed to be virgin material). The ISO 14049 Technical Report (ISO 2012b, Figure 16, 
p. 32) provides an "open-loop with closed-loop recycling procedure for aluminium package with 
expanded system boundaries" which employs a very similar procedure. In this example, recovered 
aluminum packages are used in building material. The allocation situation is dealt with by expanding the 
system boundary to include the recycling process and subtract the avoided virgin aluminum production. 

There is mention in the literature that the credit for end-of-life recycling method can be applied as long as 
the recycled material competes with other alternate materials and that data can be obtained for these 
(Ekvall 1996, 1999b).  Modeling the environmental load of the alternate material production process can 
involve a large number of assumptions, however, and if the uncertainty is high, the approach will not 
provide useful information (Ekvall and Finnveden 2001, Weidema 2000). 

To preserve mass balances when this method is applied, the product produced with recovered material 
should be allocated an environmental load equivalent to the environmental load of producing that product 
from virgin material and should not be allocated the recycling process.  

Considering the simplified recycling model provided in Figure 5.1, the general equation for calculating 
the environmental load using a credit for end-of-life recycling for recycling, Ei,CR1, is 

, ′ ′ 	

where Vi is the environmental load of virgin material production, Pi the environmental load of the 
production of product i, Ui the environmental load of use of product i, Wi the environmental load of 
product i disposal, Ci the environmental load of collection of used product i, Ri the environmental load of 
recovered fiber processing, and V’i is the virgin material production avoided because of recycling and is 
calculated as follows: 

′  

βi is an equivalency factor between virgin and recycled material (e.g., in this case, the quantity of virgin 
pulp equivalent to the quantity of recovered pulp). 

6.2.3.2.1 Example 

The application of the classical substitution model to the example provided in Figure 5.1 is described in 
this section and shown in Figure 6.9. The environmental load allocated to both products is calculated as 
follows: 

, ′ ′ 	

, ′ ′ 	

Assuming	βi	 	1	 i.e.,	1.00	t	of	virgin	pulp	compensates	for	1.00	t	of	de‐inked	pulp ,	then:	

′ 500 1 0 0	 	 	
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′ 500 1 0.50	 250	 	 	

′ 500 1 0.25	 125	 	 	

Rm0	 	0	t,	because	no	recovered	fiber	is	used	in	the	virgin	product	and	V2	 	0	t	because	no	virgin	
fiber	is	used	in	the	recycled	product.	Then,	

, ′ ′ 0 500 800 0 300 7 200 250
1557	 	 1557	 	 / 	 			

, ′ ′ 250 0 400 0 150 3.5 100 125
778.5	 	 1557	 	 / 	 	

As illustrated by this example, the first two products are allocated the same environmental load per unit of 
product irrespective of whether it was made from virgin or recovered material. This is true only because 
the recovery rate of the two products is the same7. The reason behind this result is that this method 
assumes that disposing of the product from virgin material will result in the same future environmental 
load that would result from disposing of the recovered material. In practice, virgin paper products are of 
greater “quality”8 than recycled products, which means that this assumption is not fully valid. Also, this 
method gives the exact same result as does the closed loop approximation if the virgin and recovered 
material processing is identical in the studied product system and in the rest of the recovered material 
market. 

 

Figure 6.9  Application of the Credit for End-of-Life Recycling Method – Pulp and Paper Example 
[The affected processes are shown in dark gray in this figure.] 

 

  

                                                      
7 The environmental load of the third to nth products is not the same because the nth product is not recovered. 
8 In terms of fiber length or, in other words, potential for future recycling. 
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A comparison between the credit for recycling (Figure 6.9) and the closed-loop procedure (Figure 6.5) is 
shown in Figure 6.10. This figure shows that the two methods treat recovery in a slightly different way. 
The closed-loop approach does not fulfill the mass balance requirement because an unlimited reuse of the 
material makes attributing the environmental load of virgin material production irrelevant  (Werner 2005). 
In this example, depending upon the approach, there can be a 100% difference in calculated 
environmental load for virgin and recycled products. 

 Virgin Product  Recycled Product  End-of-life  Total 

         

Actual environmental 
load 

 

E1,AC = 20  E2,AC = 10  WAC = 5  35 

Environmental load 
if virgin product is 

not recovered 

 

E1,WR = 20  E2,WR = 20  WWR = 5  45 

Allocated 
environmental load – 

Credit for recycling  

 

E1,WR – E2,WR + 
E2,AC = 10 

 
E2,WR – WAC + WWR 

= 20 
 WWR = 5  35 

Allocated 
environmental load – 

Closed loop 

 

E2,AC = 10  E2,AC = 10  WWR = 5  25 

Figure 6.10  Comparison of the Closed-Loop and Credit for End-of-Life Recycling Methods 
[In this example, AC is “actual” and WR is “without recovery.”] 

 

6.2.3.3 Substitution – Credit for Use of Recovered Material 

A recycling process is usually considered to provide two functions: waste management for the upstream 
product system and secondary raw material production for the downstream product system. Likewise, a 
system using recovered paper to make new “recycled” paper products can be assumed to perform two 
functions. The first is the function performed by the “recycled products” themselves while the second is a 
waste management function for the upstream system that produced the used paper. If the objective of the 
study is to calculate the environmental loads associated with the function performed by the recycled 
product, the environmental load of the recycling process needs to be allocated between the two functions 
so that the loads associated with the function of the recycled product or of raw material production can be 
isolated. Similar to crediting the product system for end-of-life recycling, in this case the substitution 
method consists of including the recycling processes in the system boundary of the product using the 
recovered material and crediting the product system by subtracting an avoided waste management 
process. This can be done only if data can be obtained for the alternate fate of the material (Ekvall 1996, 
1999b). Modeling the environmental load of the alternate waste management production process can 
involve a large number of assumptions and if the uncertainty is high, the approach will not provide useful 
information (Ekvall and Finnveden 2001; Weidema 2000). 

To preserve mass balances, the product supplying the recovered material should be allocated the 
additional waste management that would occur if the material were not recovered and should not be 
allocated the recycling process.  

Considering the simplified recycling model provided in Figure 5.1, the general equation for calculating 
the environmental load using a credit for use of recovered material, Ei,CR2, is 

, ′ ′ 	
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where Vi is the environmental load of virgin material production, Pi the environmental load of the 
production of product i, Ui the environmental load of use of product i, Wi the environmental load of 
product i disposal, Ci the environmental load of collection of used product i, Ri the environmental load of 
recovered fiber processing, and W’i is the waste management avoided because of the use of recovered 
material. It is calculated as follows: 

′ 	

where W is the unit environmental load of disposal processes (in kg CO2E/t DPri), DPri is the quantity of 
product i to disposal and MRi the quantity of used product i for recovery. 

6.2.3.3.1 Example 

The application of the credit for use of recovered material to the example provided in Figure 5.1 is 
described in this section and shown in Figure 6.11. The environmental load allocated to both products is 
calculated as follows: 

′ 0	

′ 1000 0.7 700	 	 	

′ 1000 0.35 350	 	 	

, ′ ′ 0 0 0 500 800 300 700
2300	 	 2300	 	 / 	 	

, ′ ′ 7 200 700 0 400 150 350
407	 	 814	 	 / 	 	

 

Figure 6.11  Application of the Credit for Use of Recovered Material Method – Pulp and Paper Example 
[The affected processes are shown in dark gray in this figure.]  
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6.2.3.4 Discussion of the Crediting Methods 

The credit for end-of-life recycling method has been extensively applied to LCA studies of paper 
recycling as an end-of-life management option (NCASI 2009). Studies which award the credits for use of 
recovered material, however, are less common.  

Frischknecht (2010) compared the end-of-life recycling method with the cut-off method (presented in 
Section 6.3.5.1 of this document). He argues that the credit for end-of-life recycling is more aligned with 
what has been termed the “weak sustainability concept,” defined by Neumayer (Neumayer 2003), where 
natural capital can be substituted by man-made capital. He also describes this method as a risk-tolerant 
method because it grants credits to material recycling that may occur in the future assuming that the 
material will still be in demand by that time in the future. The same argument would be applicable to any 
method that somehow grants the studied product system with some benefits due to end-of-life recovery 
for recycling, for instance other substitution methods (see Section 6.2.3.5), the economic allocation 
method for pseudo-recycling (described in Section 6.3.3.3), or the number of uses method (described in 
Section 6.3.4). Interestingly, this argument may be less relevant when considering products with 
relatively short life spans and constant or increasing rates of recycling, such as paper. 

There are several limitations for both methods (credit for end-of-life recycling and credit for use of 
recovered material). First, the credit for end-of-life recycling method was originally designed and 
intended for the development of recyclable products and it is not well suited for other types of decisions 
such as deciding between a product made from virgin or recovered material (Karlsson 1994). It has been 
argued that the crediting methods are often applied without consideration of their original intent, and thus 
may be based on inaccurate assumptions, both regarding the materials replaced by outflows of recovered 
material from the investigated product, and regarding the alternative fate of inflows of recovered material 
within the system boundaries, and that they do not provide a comprehensive picture of the implications of 
recycling (Ekvall 1996, 1999a, 2000). The uncertainty related to the determination of affected processes 
is inherent to the substitution method and may be of major importance (Weidema 2000). The uncertainty 
is even more important if there are several different possible scenarios regarding processes that may be 
substituted. It was argued that in cases where the uncertainty regarding the substituted processes is too 
high, the substitution approach would not provide useful information (Ekvall and Finnveden 2001; 
Weidema 2000). 

The substitution method can make the process of data collection much more complicated, especially in 
cases where there is a need for further system expansion if the avoided processes are also shared between 
more than one product systems (Azapagic and Clift 1999; Curran 2006). Data availability as well as time 
and effort to collect this information can put the practicality of applying the substitution method into 
question (Curran 2006). 

The crediting methods provide a mathematically simple way to eliminate the exported functions. 
Unfortunately, however, while easy to use, these methods are often applied in ways that result in internal 
inconsistencies (Guinée et al. 2002). This can happen if one of the two methods is not applied consistently 
to both the end-of-life recycling and to the use of recovered material, or if the two methods are employed 
simultaneously. Indeed, as illustrated in Figure 6.12, it is sometimes recommended that the substitution 
method be applied by fully accounting for the multifunctional system and eliminating the surplus 
functions by subtracting equivalent mono-functional systems to obtain a mono-functional functional unit 
(e.g., Azapagic and Clift 1999; Finnveden 1994; Tillman et al. 1994; Werner 2005). 
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Figure 6.12  Schematic Illustration of Applying the Substitution Method as a  

Purely Mathematical Solution to Allocation 

In these cases, the mass balance requirement will not be respected. The shared process will be included in 
both systems using it, which cannot be additive (Ekvall 1994; Heijungs and Guinée 2007). This is 
illustrated in Figure 6.13. 

 

In this example, the process for collection and recovered 
fiber processing provides two functions: one related to waste 
management, and one related to the production of raw 
material for paper production. The total load of this process 
is, for instance, 100. 

 

Case A: The waste management function is of interest for 
the study. 

If the substitution method is applied as a purely 
mathematical solution to allocation, then the shared process 
is included in the boundary of the study and an alternative 
raw material production (ERM = 75), is subtracted from the 
system boundary. Hence the load from the shared process 
that is allocated to the system of interest, the waste 
management function, EA, is calculated as follows: 

EA = E – ERM = 25 

 

Case B: The raw material production function is of 
interest for the study. 

If the substitution method is applied as a purely 
mathematical solution to allocation, then the shared process 
is included in the boundary of the study and an alternative 
waste management process (EWM = 55), is subtracted from 
the system boundary. Hence the load from the shared process 
that is allocated to the system of interest, the raw material 
production function, EB, is calculated as follows: 

EB = E – EWM = 45 

The ISO 14044 (ISO 2006b, p. 14) requires that “the sum of the allocated inputs and outputs of a unit process 
shall be equal to the inputs and outputs of the unit process before allocation” (i.e., mass balance requirement). 
This means that E shall be equal to EA + EB. 

For this example: 

E = 100, EA = 25, EB = 45 

EA + EB = 70 ≠ 100 

This illustrates how the application of the substitution method as a mathematical solution to allocation can lead 
to violation of the ISO mass balance requirement. This requirement is also violated in cases where what is 
credited on one side is not added back on the other side. 

Figure 6.13  Mass Balance Problem Occurring When the Substitution Method Is Applied 
as a Purely Mathematical Solution to Allocation: An Example 
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As mentioned previously, the ISO standard requires that 1) a similar allocation procedure is applied to the 
inflows and outflows of recovered material, and 2) that the allocation procedure is additive (mass balance 
requirement). This would mean that, in order to be compliant with the ISO standard, application of a 
credit to both the inflow and outflow of recovered material would be required. However, as shown in the 
previous example, this is likely to violate the mass balance requirement unless a decision is made 
regarding the allocation of the recycling process.  

6.2.3.5 Substitution – Ekvall (2000) 

This section discusses a procedure that has been proposed in the literature to deal with some of the 
limitations of the crediting methods discussed above (Ekvall 2000; Ekvall and Weidema 2004). Like the 
crediting methods above, this variation on the substitution method for allocation is not discussed in ISO 
standards. This proposed approach is intended to address open-loop recycling allocation situations, i.e., 
situations where material is recovered from the investigated system (outflows of recovered/recycled 
material) or when recovered/recycled material is used in the studied product system (inflows of 
recovered/recycled material). The substitution  method proposed by Ekvall and Weidema (Ekvall and 
Weidema 2004) involves the expansion of the system boundary to include (by addition or subtraction) the 
unit processes that are actually affected by the inflows and outflows of recovered material. As for the 
credit for end-of life recovery, this method can be described as a risk-tolerant method because it grants 
credits to material recycling that may occur in the future assuming that the material will still be in demand 
by that time in the future. This is more in line with change-oriented LCAs, which was the original intent 
of Ekvall’s and Weidema’s method. However, this method has also been used in accounting LCAs. 

As discussed previously, the default assumption concerning outflows of recovered material when 
applying the classical substitution method is that they produce a reduction of virgin material production in 
another product system (Ekvall 1996, 1999a; Ekvall and Finnveden 2001). This is also what is suggested 
in the ISO 14049 Technical Report (ISO 2012b). This assumption may be adequate if the objective of the 
study is to assess the effect of increasing the global recovery rate but is not adequate if the objective is to 
provide information on a specific product system (Ekvall and Finnveden 2001). In practice, the outflow of 
recovered material may also displace recovered material from other sources, or it may compete with other 
types of material (e.g., recovered fiber can compete with plastic).  

In cases of recovered fiber inflows, expanding the system boundaries means including the alternative 
usage of the recovered material if it were not used in the studied system. A default assumption is that it 
would be disposed of (Ekvall 1996, 1999a). In practice, the recovered material could also be used in other 
recycled products that would otherwise have to compensate with virgin material. 

Material replaced by outflows of recovered/recycled material and alternative fate of inflows of recovered 
material can be difficult to identify but both may be critical to LCA results.  

If the uncertainty regarding the avoided material production or the alternative fate of inflows of 
recovered material is high, the avoided burden approach may not provide useful information (Ekvall and 
Finnveden 2001; Weidema 2000).  

In order to render the substitution method proposed by Ekvall and Weidema (2004) operational, the 
authors also proposed some simplifications. One simplification is to assume that recycled material only 
competes with virgin or recycled material of the same type. Even with this simplification it is still 
necessary to establish the extent to which recovered/recycled material from the studied product system 
displaces virgin material versus recycled material in other product systems and to what extent the use of 
recycled material in the studied system results in reduced waste management versus use of recycled 
material in other product systems. In this context, an approach based on price elasticities has been 
proposed in the literature (Ekvall 2000; Ekvall and Weidema 2004). The original method proposed by 
Ekvall (2000) requires information on market behavior that may be difficult or even impossible to obtain. 
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Also, price elasticities strongly depend on the time horizon for the study, meaning that it would be 
necessary to determine elasticities for each specific case studied. Because this is not very practical further 
simplification is needed. Some options for further simplification are (Ekvall and Weidema 2004) 

 use default values if available; 
 assume that the supply or the demand is fully elastic; or 
 assume that 50% of an outflow of recovered material from the life cycle studied replaces virgin 

material and that the remaining 50% replaces recycled material from other sources, and that 
inflow of recovered material results in 50% increased collection and 50% reduced use of cascade 
material in other products (50/50 approximation). 

The 50/50 approximation minimizes the maximum error that can be made and does not necessitate that 
default elasticities be available. An inherent assumption is that there is demand for and sufficient supply 
of recovered material so that recycling can occur. 

Originally, this system expansion approach was developed as a direct system enlargement method with 
the objective of analyzing changes in the recovered material flows (i.e., for change-oriented LCAs). 
However, the authors also proposed a version that is suitable for accounting LCAs, which they referred to 
as the “allocation approximation.” Using this approximation, the recovered material (i.e., material after 
collection for recycling) is attributed a general environmental load, Mi, of 

′ 1 ′ 	

where 

′ 	

′ 	

Ri is the environmental load of recovered fiber processing, Ci the environmental load of collection of used 
product, Rmi is the quantity of recycled material from product i, βi is an equivalency factor between virgin 
and recycled material (e.g., in this case the quantity of virgin pulp equivalent to a given quantity of 
recovered pulp to be suitable for the same product),V is the environmental load of virgin pulp production 
per ton of virgin pulp (see Figure 5.1), and α is a constant that depends on market conditions.  

If the 50/50 approximation is applied, then α is equal to 0.5. If the supply of recovered material is fully 
elastic, then α is equal to 1. 

Mi is added to systems using recovered material and subtracted from the system generating the recovered 
material.  

Hence the general equation for the environmental load calculated using the 50/50 allocation 
approximation, Ei,50/50AA, is 

, / 	

where Vi is the environmental load of virgin material production, Pi the environmental load of the 
production of product i, Ui the environmental load of use of product i, Wi the environmental load of 
product i disposal, Ci the environmental load of collection of used product i, and Ri the environmental 
load of recovered fiber processing. 
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More information on how these equations have been obtained, and on the assumptions behind these, can 
be found in Ekvall and Weidema (2004). 

6.2.3.5.1 Example 

In this section, the 50/50 allocation approximation is illustrated using the example presented in Figure 
5.1. 

The environmental load of the recovered fiber can be calculated as follows: 

0.5 ′ 1 0.5 ′ 	

0.5 ′ 1 0.5 ′ 	

Assuming	βi	 	1	 i.e.,	1.00	t	of	virgin	pulp	compensates	for	1.00	t	of	de‐inked	pulp ,	then:	

′ 500 1 0.50	 250	 	 	

′ 500 1 0.25	 125	 	 	

′ 1000 0.70 700	 	 	

′ 1000 0.35 350	 	 	

and 

0.5 200 250 1 0.5 7 700 322	 	 	

0.5 100 125 1 0.5 3.5 350 161	 	 	

The environmental load of each product is then calculated as follows: 

, /

0 0 500 800 0 300 7 322 1929	 	 	
	1929	 	 / 	 	

, /

322 200 0 400 0 150 3.5 161 593	 	
1186	 	 / 	 	

6.2.3.6 Summary Discussion of System Expansion Methods 

Based on the literature, the main advantage of any form of system expansion, be it direct system 
enlargement or substitution, is the modeling of the indirect effects of a product system on other product 
systems, thereby providing a more comprehensive picture of the effects of the material life cycle 
(Azapagic and Clift 1999; Ekvall 1999a, 2000; Ekvall and Weidema 2004). However, it increases the 
complexity of the study, requires additional data and adds uncertainty to the LCA results because of the 
simplifications that have to be performed in order for the method to be practical (Azapagic and Clift 
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1999; Ekvall 1996, 1999a; Guinée et al. 2002; Tillman et al. 1994). In some cases, the redefined product 
system can be dominated by the environmental load of the added/subtracted processes and there is a risk 
that the environmental load of the system under study will be seen as minor and become “lost” (Azapagic 
and Clift 1999; European Commission 2010; Finnveden 1994; Guinée et al. 2002; Strömberg et al. 1997). 
This can lead to results showing negative emissions and impacts that are less than zero (for substitution 
methods), results that can easily be misinterpreted. In this case, there is a need for special attention in 
reporting of results. For instance, the environmental load directly attributable to the system under study 
and from other systems could be reported separately. 

Crediting methods generally consider only the interactions between two connected life cycles, without 
fully investigating how a change in the market propagates in the material life cycle (Werner 2005). One 
reason for this is that substitution methods generally assume that recycled material is fully substitutable 
for virgin material (e.g., one ton of recycled pulp is fully substitutable for one ton of recycled pulp). In 
reality, a product made of recycled material will not be fully equivalent to a product made from virgin 
material if their potential for further recycling is not the same (see discussion of inherent properties in 
Section 6.2.2). Defining a true substitution ratio is difficult (Werner 2005). For instance, if some paper is 
diverted from disposal, more than one recycling loop will occur. Furthermore, if recovered paper is 
diverted from one usage to another without affecting the recovery rate, this will also have an effect on the 
number of times a fiber can be reused (e.g., if recovered paper is recycled into containerboard, it will be 
possible to recycle it more times than if reused in tissue paper). Diverting a virgin paper product will not 
have the exact same effect as diverting a paper product that already contains recycled fiber if the whole 
material life cycle is considered. Also, the credit for end-of-life recycling has been described as a risk-
tolerant method because it results in the postponing of the accounting of some environmental load in the 
future (Frischknecht 2010). The same reasoning can also partly apply to the substitution method proposed 
by Ekvall (2000). 

The direct system enlargement approach and the substitution approach include in the framework of 
analysis the effects that the studied system potentially has on other product systems. The direct 
enlargement approach, however, does not generate information on the environmental load that is specific 
to a given function. The substitution method has been suggested as a means of generating information on 
a single function of interest (Ekvall 1996, 2000; Ekvall and Finnveden 2001; Ekvall and Tillman 1997; 
Ekvall and Weidema 2004; Finnveden and Ekvall 1998).  That said, application of the substitution 
method can lead to violations of the ISO mass balance requirement, i.e., mass conservation, if not applied 
correctly.   

6.3 Partitioning Methods 

As mentioned previously, the ISO 14044 Standard (ISO 2006b) specifies that the hierarchy for co-product 
allocation also applies to recycling. This means that underlying physical relationships should be favored 
over other relationships to perform allocation wherever it is not possible to avoid allocation. Underlying 
physical relationships are relationships that reflect the way in which the environmental loads are changed 
by quantitative changes in the products or functions delivered by the product system. In cases where 
allocation based on an underlying physical relationship cannot be performed, then another relationship 
can be used. 

The ISO 14044 Standard (ISO 2006b) also mentions that open-loop recycling allocation should be based, 
where feasible, on physical properties (e.g., mass), economic value (e.g., market value of the scrap 
material or recovered material in relation to market value of primary material), or the number of 
subsequent uses of the recovered material. None of these three options is based on underlying physical 
relationships. 

Partitioning methods proposed in ISO 14044, as well as other methods that have been used in pulp and 
paper case studies, are discussed next.  
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6.3.1 Underlying Physical Relationship 

No practical example of applying underlying physical relationships for partitioning can be readily found 
in the literature. Furthermore, it is often argued that in a material life cycle, the causal relationship 
between the functions of the various products and the environmental load of the material life cycle is 
economic rather than physical (Ekvall and Finnveden 2001). Therefore, this will not be discussed further. 

6.3.2 Other Relationship: Physical Properties (Mass) 

Allocation is often based on some physical quantity (e.g., mass) without reference to the underlying 
physical relationships involved (Finnveden 1994). Allocation based on mass for open-loop recycling 
problems makes sense only at the material life cycle level. In this case, the entire material life cycle is 
considered to be a multifunction process providing the functions of all products in the life cycle and the 
mass of the products can be used as the basis for allocation (Azapagic and Clift 1999; Boguski, Hunt, and 
Franklin 1994; Vigon et al. 1993). This method has also been described as the “open-loop recycling 
allocated system approach” (Curran 1996) or the quasi-co-product method (Axel Springer Verlag AG, 
Stora, and Canfor 1998). This is a form of system expansion, but allocation is not avoided. Pulp and paper 
case studies using this method can be found (Axel Springer Verlag AG, Stora, and Canfor 1998).  

The general equations for calculating the environmental load using allocation based on mass, Ei,Mass, is 

, ∑
	

where Vj is the environmental load of virgin material production used in product j, Pj the environmental 
load of the production of product j, Uj the environmental load of use of product j, Wj the environmental 
load of product j disposal, Cj the environmental load of collection of used product j, Rj the environmental 
load of recovered fiber processing, and Prj the quantity of product j. 

6.3.2.1 Example 

Using this method the environmental load of the entire material life cycle is split across the various 
products in proportion to the product mass. On a mass basis, all products are allocated the same 
environmental load. For the example presented in Figure 5.1, the environmental load of the products can 
be calculated as follows: 

,
	
∑
0.50	

1.00 0.50 0.50
500 800 0 300 7 200 0 400 0 150 3.5

100 653 779	 	 1557	 	 / 	 	

6.3.2.2 Discussion of the Method 

According to the literature, the main advantages of this method are its relative simplicity and its 
acknowledgement of the relationships between the virgin and recycled products (because all products 
share in the system’s overall loads), including the fact that the recycled product would not exist if the 
virgin product was not manufactured first (Boguski, Hunt, and Franklin 1994; Curran 1996). However, it 
does not take into account the market reactions to changes in inflows and outflows of recovered material 
from the studied product system (Ekvall and Finnveden 2001). It generally has the same disadvantages as 
the direct system enlargement method except that it provides environmental loads specific to each of the 
products.  
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6.3.3 Other Relationship: Economic Value 

ISO 14044 specifies that allocation can be based the market value of the scrap material or recovered 
material in relation to market value of primary (virgin) material (i.e., allocation based on the economic 
value). This method, which has also been referred to as allocation based on social causation (Finnveden 
1994), has not typically been used for paper recycling allocation, but examples of its application to other 
economic sectors can be found in the literature (Guinée et al. 2004; Jolliet, Saadâe, and Crettaz 2005).  

In economic allocation the recycling process is considered to be a waste management process if the 
economic value of the recovered material is negative (Guinée et al. 2002; Guinée, Heijungs, and Huppes 
2004; Werner 2005). This leads to multiple possible situations illustrated in Figure 6.14 and discussed in 
the next sections.  

Process level 

Waste case: 
Negative to neutral 

 

Intermediate case: 
Negative to positive 

 

Intermediary case: 
Neutral to positive 

 

Material life 
cycle level 

Co-product case: 
Positive 

 
Figure 6.14  System Boundary and Allocation Based on the Economic Value of the Recovered Material 

(after Guinée et al. 2002; Guinée, Heijungs, and Huppes, 2004; and Werner 2005, modified)  
[In this figure the process that is considered to be shared is shown in gray 

and where the system boundary is set is depicted by a dashed vertical line.] 

6.3.3.1 Waste Case 

In this case, the scrap material has a negative economic value that will never become positive. That is, the 
system generating it has to pay to dispose of it (negative value) but the system using the recovered 
material does not pay to obtain it (neutral value) or is paid to accept it (negative value). In this case, the 
scrap material is truly a waste and is assigned no production-related environmental load. The system 
generating it assumes the environmental load related to the treatment of this waste and the material comes 
“free” of environmental load to the system using it. There is a need to evaluate at what point the scrap 
material enters the system boundaries of the product using it as recovered material in its production (i.e., 
the point at which the economic value of the material changes from negative to neutral, illustrated by a 
vertical dashed line in Figure 6.14). For instance, in the example illustrated in Figure 5.1, the switching 
point in the economic value could either be the “collection” process or the “recovered fiber processing” 
and hence, either could be considered as the waste treatment process. Also, in reality, recovered paper is 
almost never a true waste because the user generally pays for it, at least partially.  

6.3.3.2 Intermediate Case 

In this case, the system generating the scrap material either gives it away (neutral value) or has to pay to 
dispose of it (negative value) and the system using the recovered material has to pay to obtain it (positive 
value). A treatment process is required before the waste becomes a valuable product. It is thus necessary 
to determine the point at which the material goes from a neutral or negative economic value to a positive 
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economic value. The process that constitutes the switching point in the economic value can be, for 
instance, the collection process or the recovery process. In the case where the collection process is the 
turning point the general equation for allocating the environmental load is 

, , 1 	

where Vi is the environmental load of virgin material production, Pi the environmental load of the 
production of product i, Ui the environmental load of use of product i, Wi the environmental load of 
product i disposal, Ci the environmental load of collection of used product i, Ri the environmental load of 
recovered fiber processing and 

,

, ,
	

EVi,MR is the economic value of scrap material and EVi,CM is the economic value of the collected material. 
Note that the economic value of a material for which there are disposal costs is negative and the economic 
value of a material for which there are acquisition costs is positive. The economic value of material that is 
disposed of at no cost is zero. 

If the process responsible for the change in the economic value of the material is the recovery process, 
then the environmental load is calculated as follows: 

, , 1 	

where Vi is the environmental load of virgin material production, Pi the environmental load of the 
production of product i, Ui the environmental load of use of product i, Wi the environmental load of 
product i disposal, Ci the environmental load of collection of used product i, Ri the environmental load of 
recovered fiber processing and 

,

, ,
	

where EVi,Rm is the total economic value of the recovered material and EVi,CM is the economic value of 
the collected material. 

6.3.3.2.1 Example 

If a pulp and paper producer pays for recovered paper that has been collected but it does not pay for the 
collection process, then economic allocation for intermediary cases can be applied. In this case, the 
switching point in the economic value of the waste is the collection process. Economic allocation is 
applied by dividing the environmental load of the collection process between the upstream and 
downstream product systems based on the cost of treatment versus the price paid by the user of the 
recovered material to obtain this material. This is illustrated in Figure 6.15. For this example, it is 
assumed that the user of paper pays $10/t to dispose of it (i.e., EVMR,1 = -$10.00/t x 0.70 t = -$7.00, 
EVMR,2 = -$10.00/t x 0.35 t = -$3.50) and that the user of recovered paper pays $90.00/t to acquire the raw 
material (i.e., EVCM,1 = +$90.00/t x 0.70 t = +$63.00, EVCM,2 = +$90.00/t x 0.35 t = +$31.50). The 
environmental load attributable to the first product in the material life cycle is calculated as follows: 
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, , 1  

In this equation, ρ0 = C0 = R0 = 0, because the first product in the material life cycle does not use 
recovered fiber. 

,

, ,

$7.00
$7.00 $63.00

0.10	

, , 0 0 500 800 0 300 0.1 7 1601	 	 1601	 	 / 	 	

The environmental load attributable to the recycled product is calculated as follows: 

, , 1 	

,

, ,

$3.50
$3.50 $31.50

0.10	

E , , 1 0.1 7 200 0 400 0 150 0.10 3.5 744	kg	CO
1487	kg	CO E/t	 	

 

Figure 6.15  Example of Economic Allocation – Intermediate Case 
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6.3.3.3 Co-Product Case 

6.3.3.3.1 Overview of the Method 

The third economic allocation case is when the material is so valuable that it never has a negative or 
neutral value. In other words, it is a co-product rather than a waste. This happens if the downstream 
system pays to obtain it but there is no treatment cost associated with the material (or if the users of the 
recovered material pay for its treatment cost). This is referred to as “pseudo-recycling” in Guinée, 
Heijungs, and Huppes (2004).  

In this case, the use process can be seen as a multifunctional process delivering two functional flows: the 
product that is being used and the material that is going to be recycled. The environmental load required 
to deliver these functions (i.e., the environmental load associated with the use process itself and of 
everything upstream) is split between the virgin product and the subsequent recycled products based on 
the economic value related to the two functions9. This is applied only to the fraction of the virgin product 
that is recovered for recycling. The collection and recovery processes are no longer multifunctional. The 
environmental loads using this approach can be calculated as follows:  

,

, , 1

, , 2
 

where Vi is the environmental load of virgin material production, Pi the environmental load of the 
production of product i, Ui the environmental load of use of product i, Wi the environmental load of 
product i disposal, Ci the environmental load of collection of used product i, Ri the environmental load of 
recovered fiber processing, DPri the quantity of product i to disposal, MRi the quantity of used product i 
for recovery, Pri the quantity of product I, and Ai,Eco is the allocation factor for pseudo-recycling, which is 
calculated as follows: 

,

∑
, 1

,

∑
, 2

	

EV1 is the economic value of product i and EVMR,i is the economic value of the recovered product i (in 
$/unit). 

Note: This equation is valid only for cases where V2, V3, …, and Vn = 0. In cases where a product system 
uses both virgin and recovered material, the product system must be split into a virgin product system to 
which equations for i = 1 are applied and into another product system for which equations for recycled 
products (i>1) are applied. 

  

                                                      
9 Only one example of application of this method was found in the literature. The example in question deals with the 
use of aluminum to produce an engine that is recycled into another aluminum product. The authors (Guinée, 
Heijungs, and Huppes 2004) used the economic value of using the engine and the economic value of the used engine 
as the basis for allocation. Note that the authors do not provide an explanation of how this would apply to cascade 
recycling. 
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6.3.3.3.2 Example 

The pulp and paper example presented in Figure 5.1 is used to illustrate the economic allocation method 
for co-product cases and this is presented in Figure 6.16. In the example, 70% of the virgin product is 
recovered for recycling. To apply the economic allocation for co-product cases, the virgin product system 
(Pr1) is first divided into two sub-systems: 

 system for producing Pr1A, which is equal to 30% (100% - 70%) of system Pr1 but for which the 
product is fully disposed of i.e., E1A = V1A + P1A + U1A + W1A = 0.30(V1 + P1 + U1) + W1; and 

 system for producing Pr1B, which is equal to 70% of system Pr1 but for which the product is fully 
recovered i.e., E1B = V1B + P1B + U1B = 0.70(V1 + P1 + U1). 

Then, the economic allocation for the co-product case can to be applied only to the system for producing 
Pr1B i.e., to that portion of the product that is fully recovered. The following economic values are 
assumed. 

 Economic value of virgin paper (EV1) is $250/t. 
 Economic value of the recovered paper (EVMR,1 = EVMR,2 = … =EVMR,n-1) is $150/t.  

Using this information, the allocation factors for virgin material production are calculated as follows: 

, ∑
0.7 250

0.7 250 1.40 150
0.45 

, ∑
0.7 150

0.7 250 1.40 150
0.27 

The remaining 28% allocation factor is applied to products 3 to n. 

The environmental load of the individual product is calculated as follows: 

, ,

0.30
1.00

500 800 0 0.45
0.70
1.00

500 800 0 300 1104	 	

1104	 	 / 	 	

, ,

0.27
0.70
1.00

500 800 0 200 7 150 605	 	

1210	 	 / 	
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(a) (b) 

Figure 6.16  Example of Economic Allocation – Co-Product Case – Allocated Product System 
 a) Virgin Product P1, b) Recycled Product P2 

 

6.3.3.4 Discussion of the Economic Allocation Methods 

Economic allocation methods have not been used extensively in published pulp and paper case studies 
(NCASI 2009, 2011). 

The use of economic allocation is somewhat controversial. It is often justified based on the fact that the 
product’s market value reflects the underlying economic reasons for its production, and that those 
economic reasons are important in determining how co-products are used (Jolliet, Saadâe, and Crettaz 
2005). In other words, economic allocation is justified by the fact that the environmental load of a process 
is a consequence of the value this process generates for society (Huppes 1992). However, economic 
allocation provides results that vary over time due to fluctuations in market value of the various products, 
which can have significant effects on LCA results (Guinée, Heijungs, and Huppes 2004; Scientific 
Applications International Corporation 2006; Vigon et al. 1993).  

There are some challenges specific to the application of economic allocation to the co-product case 
(pseudo-recycling). First, it requires that the full material life cycle be evaluated, and thus the economic 
values of all products in the life cycle must be known. Second, it assumes that all processes in the virgin 
product system, except for disposal, are shared between the virgin product and the subsequent recycled 
product. There is agreement in the literature, including the ISO 14044 Standard, that only the processes 
related to the production and processing of the virgin raw material should be considered shared between 
the various product systems10 (Baumann and Tillman 2004; Ekvall and Tillman 1997; ISO 2006b). 
Although there is no consensus regarding what should be considered to be virgin raw material (i.e., is it 
                                                      
10 The ISO 14044 Standard (ISO 2006b, p. 15) specifies that “recycling […] may imply that the inputs and outputs 
associated with unit processes for extraction and processing of raw materials and final disposal of products are to 
be shared by more than one product system.” 
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virgin pulp or wood chips?), this certainly does not include the use phase (and other conversion processes 
that may occur before the product is used). In several cases in the literature, only the production of the 
raw material is considered to be shared (Baumann and Tillman 2004, Ekvall and Tillman 1997), which 
would therefore exclude paper production. 

6.3.4 Other Relationship: Number of Uses (NOU) Method 

It has been proposed, in cases where the purpose of an LCA study is to study the environmental load of 
one specific product within a material life cycle, that the environmental load associated with virgin 
production and the effects of recycling should be distributed among the various products manufactured 
from the material based on physical properties such as mass (Curran 1996; Tillman et al. 1994). The ISO 
14044 Standard and accompanying ISO 14049 Technical Report (ISO 2006b, 2012b) propose allocating 
the environmental load of virgin material production based on the percentage of fiber going to recycling, 
weighted by the inverse of the number of uses (u) of the fiber (Werner 2005). The environmental load of 
the portion of the fiber not recycled is allocated to the product system investigated. Werner (2005) argues 
that this is a form of system expansion. However, in doing so, allocation is not avoided. 

Calculating the number of uses may not be straightforward. For this reason, a simplified procedure using 
a flow model based on mass flows and yield of the recycling processes is presented in the ISO 14049 
Technical Report (ISO 2012b). This procedure is summarized and illustrated in Appendix A. 

The allocation factor for virgin production is calculated as follows: 

,

1 , 1

1
1 ∑

, 2 0
	

where MRi is the quantity of used product i for recovery and Pri the quantity of product i. 

It is generally assumed in the literature that the load from the virgin material production process (i.e., V1) 
is shared between the uses of the material. Given that, the environmental load of the various products is 
calculated as follows (Note: the equation is valid only for cases where V2, V3, …, and Vn = 0): 

, ,  

where Vi is the environmental load of virgin material production, Pi the environmental load of the 
production of product i, Ui the environmental load of use of product i, Wi the environmental load of 
product i disposal, Ci the environmental load of collection of used product i, and Ri the environmental 
load of recovered fiber processing. 

However, in the paperboard example that is presented in the ISO 14049 Technical Report (ISO 2012b) 
both the virgin material production (i.e., virgin pulp) and the product (i.e., paper made from virgin pulp) 
manufacturing loads are assumed to be shared. Given that, the environmental load of the various products 
is calculated as follows: 

,
, , 1

, , 2
 

Note: These equations are valid only for cases where V2, V3, …, and Vn = 0). In cases where a product 
system uses both virgin and recovered material, the product system must be split into a virgin product 
system to which equations for i = 1 are applied and into another product system to which equations for 
recycled products (i>1) are applied.  
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6.3.4.1 Example 

This section presents example allocation calculations for the number of uses method using the two 
different sets of assumptions regarding shared loads discussed above. Figure 6.14, which is based on 
Figure 4.1, serves as the basis for the example calculations. The number of uses, u, is calculated for this 
example11 as follows: 

∑
1.00 0.50 0.50 2.00	 /  

The allocation factors are calculated as follows: 

, 1
0.70
1.00

0.70
2.00 1.00

0.65 

, 0.70
0.70

2.00 1.00
1

2.00 1.00
0.5

0.5 0.5
0.175 

The remaining 17.5% (1 – 0.65 – 0.175) allocation factor is applied to products 3 to n. 

Assuming only the virgin material production process is shared, the environmental loads are calculated as 
follows: 

, , 0 0 0.65 500 800 0 300
1425	 	 1425	 	 / 	  

, , 7 200 0.175 500 400 0 150
845	 	 1689	 	 / 	  

Assuming that both the virgin material production and product manufacturing processes are shared (ISO 
14049 example), the environmental loads are calculated as follows: 

, , 0 0 0.65 500 800 0 300
1145	 	 1145	 	 / 	  

,
7 200 0.175 500 800 400 0 150 985	 	
1969	 	 / 	  

                                                      
11 The equation presented is appropriate for the example, but it is not applicable to all situations.  See Appendix A. 
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(a) (b) 

Figure 6.17  Example of Allocation Using the NOU Method 
 a) Virgin Product Pr1, b) Recycled Product Pr2 

6.3.4.2 Discussion of the Method 

The number of uses method was originally recommended by the American Forest & Paper Association 
(American Forest & Paper Association 1996) and has been used in several pulp and paper case studies 
(Environmental Resources Management 2007; Galeano, Smorch, and Richardson 2011; NCASI 2009, 
2011). This method requires information that allows calculation of the number of uses. This is less 
information than is required for system expansion or allocation based on mass (Section 6.3.2). Indeed, it 
is not necessary to know or estimate the environmental load of all unit processes in the material life cycle. 
The procedure to calculate the number of uses provided in ISO 14049 (ISO 2012b) and summarized in 
Appendix A of this report, accounts for quality losses to a certain extent but in order for this procedure to 
be applied in practice, it is necessary to assume that everything that is recovered and used in non-tissue 
products is recycled infinitely (Guinée et al. 2002). This overestimates the number of uses. The method 
does not account for market reactions to changes in inflows and outflows of recovered material from the 
studied product system (Ekvall and Finnveden 2001). The method, as illustrated in the ISO 14049 
Technical Report (ISO 2012b), does not mention how to allocate recycling processes, which suggests that 
these processes should be fully allocated to the products using the recovered material. The implicit 
assumption is that these processes are necessary to render the material high enough in quality to allow 
manufacture of the product. Finally, as with the substitution methods, the number of uses method can be 
seen as a risk-tolerant method because the accounting of some of the environmental load is postponed into 
the future (Frischknecht 2010). 

6.3.5 Allocation Methods Not Discussed in ISO 14044 or ISO 14049 

In the following sections, allocation methods that have been used in, or proposed for, the pulp and paper 
industry but that are not mentioned in the ISO LCA standards and technical reports (ISO 2006b, 2012b) 
are discussed. Note that ISO 14044 specifies that the three partitioning methods mentioned above 
(physical properties, economic value or number of uses) should be used if feasible. This was interpreted 
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by Frischknecht (2010) as implying that the standard is not stringent regarding which basis for allocation 
to apply. 

6.3.5.1 Cut-Off Method 

The cut-off method, sometimes called the recycled content method, consists of separating (i.e., “cutting 
off”) the material life cycle into the various product systems by applying an arbitrary definitive separation 
between them. In the literature, it is generally recommended that the separation be made just before the 
recycling processes (Curran 1996; Ekvall and Tillman 1997; Frischknecht 2010; Tillman et al. 1994; 
Werner 2005). This way the recycling process becomes the “raw material extraction and production 
process” for the recycled products.  In other words, the cut-off method solves the recycling allocation 
situations on a process level by the setting of the system boundaries. Ekvall and Tillman (1997) proposed 
a refinement in which the recovery process would be partly allocated upstream using a co-product 
allocation method. 

In this method, the basis for allocation of the virgin material production is the amount of virgin material 
used, the basis for allocation of the waste management processes is the loss of material from the 
technosphere to the environment, and the basis for allocation of the recycling processes is the use of 
recovered material. 

One rationale for using this method is that through recycling, the system providing the recovered material 
benefits from having to do less waste management while the system using the recovered material benefits 
from not having had to produce the virgin material (Frischknecht 1994).  

More specifically, in the example presented in Figure 6.1, the cut-off method is applied by allocating 

 virgin material production process (V1) to the virgin product (P1); 
 recycling process (R1) to the recycled product (P2); and 
 waste management process to the product that is not recovered (W1 to P1 and W2 to P2). 

Hence, the general equation for the cut-off method is 

,  

where Vi is the environmental load of virgin material production, Pi the environmental load of the 
production of product i, Ui the environmental load of use of product i, Wi the environmental load of 
product i disposal, Ci the environmental load of collection of used product i, and Ri the environmental 
load of recovered fiber processing. 

6.3.5.1.1 Example 

An illustration of application of the cut-off method is presented in Figure 6.18. The environmental loads 
attributable to the virgin and recycled products are calculated as follows: 

, 0 500 800 0 300 7 1607	 	
1607	 	 / 	  

, 250 0 400 0 150 3.5 754	 	
1507	 	 / 	  
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Figure 6.18  Example of Allocation Using the Cut-Off Method 

 

6.3.5.1.2 Discussion of the Method 

The cut-off method is the simplest method to apply (Baumann and Tillman 2004; Boguski, Hunt, and 
Franklin 1996; Ekvall and Tillman 1997; Werner 2005) and it has been used extensively for pulp and 
paper case studies (NCASI 2009, 2011).  

As mentioned previously, Frischknecht (2010) compared the cut-off method with the end-of-life recycling 
method (described in Section 6.3.3.2) in terms of environmental sustainability and risk perception. He 
argues that the cut-off method is more aligned with the “strong sustainability concept,” defined by 
Neumayer (2003), where natural capital should not be substituted by man-made capital and thus 
environmental impacts are strictly linked to the product (man-made capital) that causes them, irrespective 
of any potential future reuse of it. Frischknecht also describes this method as a risk-averse method 
because emissions occurring today are allocated to today’s product and there is no load shifting to future 
generations. 

It has been observed that the cut-off method ignores the relationships between the virgin and recycled 
products and that the recycled product would not exist if the virgin product was not manufactured first 
(Boguski, Hunt, and Franklin 1994; Curran 1996). According to Boguski, Hunt, and Franklin (1994) and 
to Werner (2005), it does not provide comprehensive information regarding the implications of recycling 
and gives no incentive for the preservation of the value of the material. The use of the cut-off method for 
studies of paper products has also been justified based on the ability of producers to control the level of 
recycled material they use and the lack of control they have on end-of-life recycling (Franklin Associates 
2004). 

It has also been suggested that the cut-off method may lead to suboptimal recommendations, as illustrated 
in the example presented in Figure 6.19 (Werner 2005). In this example, manufacturing of Product A 
requires 45 GJ of energy when produced from virgin material. The product is recycled with a recycling 
yield of 90%. Virgin material is used to compensate for the losses. The recycling process requires 5% of 
the energy required for producing the product from virgin material. Manufacture of Product B requires 20 
GJ of energy when produced from virgin material. It is made from a material that is not recyclable, hence 
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requiring the virgin material to produce each product life. The results show that Product A would appear 
to consume much more energy than Product B if the cut-off method is used (comparing the first life of 
Product A with the first life of Product B), because subsequent uses of the material are not considered. 
However, if a method that does consider the subsequent uses of the material is used, this would show that 
Product A becomes superior to Product B from an energy standpoint after three uses of the material. This 
suggests that the cut-off method may not be appropriate if the objective of the LCA is to select between 
two product options. 

 

Figure 6.19  Cumulative Energy Used of Two Products Compared Over Several Product Lives 
[Fictitious data; example based after Werner (2005).] 

 

6.3.5.2 Extraction-Load Method 

The extraction-load method is based on the premise that, “since all material will end up as waste, final 
waste management is an inevitable consequence of material extraction from the biosphere or geosphere” 
(Ekvall and Tillman 1997). Hence, virgin material production and waste management processes are 
allocated to the product(s) using the virgin material (Fleisher 1994). Assuming that virgin material is 
produced only for the first product (i.e., V2 = V3, …, Vn = 0), the general equation for the environmental 
load of the products calculated using the extraction-load method is 

,
, 1

, 2

 

where Vi is the environmental load of virgin material production, Pi the environmental load of the 
production of product i, Ui the environmental load of use of product i, Wi the environmental load of 
product i disposal, Ci the environmental load of collection of used product i, and Ri the environmental 
load of recovered fiber processing. 
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6.3.5.2.1 Example 

An example application of the extraction-load method is presented in Figure 6.20. The environmental 
loads of the virgin and recycled product are calculated as follows: 

, 500 800 0 300 150 150 1900	 	

1900	 	 / 	  

, 7 200 400 0 607	 	 1214	 	 / 	  

 

Figure 6.20  Example of Allocation Using the Extraction-Load Method 

 

6.3.5.2.2 Discussion of the Method 

This method has not been extensively used for pulp and paper case studies. A slightly modified version 
can be found in a study by the Paper Task Force (Environmental Defense Fund 2002). 

This method is, in theory, easy to apply. However, to render the method accurate, the disposal of fiber 
losses that occur because of recycling should also be allocated to the virgin product, i.e., 
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In addition, in this context, the environmental load of disposing of fiber losses should not be included in 
the environmental load of the recovery processes. 

The method ignores the fact that the recycled product would not exist if the virgin product was not 
manufactured first. 

6.3.5.3 50/50 Method 

Note: This method is different from the 50/50 allocation approximation presented above. 

This method allocates 50% of the environmental load of virgin material production and final waste 
management to the product using the virgin material, and the remaining 50% to any products not further 
recycled. The recycling processes are allocated 50% upstream and 50% downstream. The rationale for 
this method is that both supply and demand for recycled material are necessary to enable recycling 
(Ekvall and Tillman 1997). 

The general equation for the environmental load of the products calculated using the 50/50 method is 

, /

	0.50 1
∑

0.50 ,																																																											 1

0.50
∑

0.50 0.50 , 2

	

where Vi is the environmental load of virgin material production, Pi the environmental load of the 
production of product i, Ui the environmental load of use of product i, Wi the environmental load of 
product i disposal, Ci the environmental load of collection of used product i, Ri the environmental load of 
recovered fiber processing, and DPri the quantity of product i to disposal. 

6.3.5.3.1 Example 

When applied to the case study shown in Figure 5.1, the 50/50 allocation methods lead to the following 
environmental loads: 

, / 0.50 1
∑

0.50

0.50 1
0.30

0.30 0.15 0.15
500 300 150 150 800 0

0.50 7 200 1728	 	 1728	 	 / 	 	

, / 0.50
∑

0.50

0.50

0.50
0.15

0.30 0.15 0.15
500 300 150 150 0.50 7 200 400 0

0.50 3.5 100 693	 	 1386	 	 / 	 	
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6.3.5.3.2 Discussion of the Method 

This method has not been used significantly in recent LCAs of paper products (NCASI 2009, 2011). 
Although this method is applied at the material life cycle level, it requires less information than other 
methods at this level. It requires information on the recycling processes upstream and downstream, on 
virgin material production, and on final waste management. In theory, in order to determine how much 
final waste management occurs, it is necessary to know the number of uses of the material. However, this 
can be estimated by assuming 

 

In practice, some material losses occur during recycling, meaning that this equation would overestimate 
the environmental load of the whole material life cycle. For instance, in the example presented in Figure 
5.1, the environmental load of the material life cycle would be overestimated by 12% using this equation. 
The method provides some information on the global implications of recycling because the entire material 
life cycle is considered. 

6.3.5.4 Others 

Other methods have been proposed; however, there are very few applications in the literature. These 
methods are briefly discussed below. 

Methods based on quality losses have been proposed; however, no references to their use have been found 
in the literature. At least three of these methods can be found in the literature (Ekvall and Tillman 1997; 
Karlsson 1994; Wenzel, Hauschild, and Rasmussen 1996). These three methods, summarized by Ekvall 
and Tillman (1997), require that the difference in quality between the virgin product and the recycled 
product be known. 

The first of these, originally proposed by Karlsson (1994), considers that man-made material is a valuable 
resource, that virgin material is required to obtain this resource, and that the recycling process is required 
because the quality of recovered material is too low to be reused without upgrading. Accordingly, the 
method allocates virgin material production based on the reduction in material quality, and allocates the 
recycling process to the upstream product system. Based on Ekvall and Tillman (1997), the following 
equations can be derived for this allocation method: 

,

, 0 1

,
 

where Vi is the environmental load of virgin material production, Pi the environmental load of the 
production of product i, Ui the environmental load of use of product i, Wi the environmental load of 
product i disposal, Ci the environmental load of collection of used product i, Ri the environmental load of 
recovered fiber processing, and Qi the material quality of Pri. 

Note: This equation is valid only for cases where V2, V3, …, and Vn = 0). In cases where a product 
system uses both virgin and recovered material, the product system must be split into a virgin product 
system to which equations for i = 1 are applied and into another product system for which equations for 
recycled products (i>1) are applied. 

Ekvall and Tillman (1997) mention a second method based on quality losses, originally proposed by 
Wenzel, Hauschild, and Rasmussen (1996). This method also considers that man-made material is a 
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valuable resource and that the recycling process is required because the quality of recovered material is 
too low to be reused without upgrading but considers that both the virgin material and final waste 
management are required to obtain this resource. Accordingly, the method allocates virgin material 
production and waste management based on the reduction in material quality, and allocates the recycling 
process to the upstream product system. Based on Ekvall and Tillman (1997), the following equation can 
be derived for this allocation method: 

,

, 0 1

,
 

where Vi is the environmental load of virgin material production, Pi the environmental load of the 
production of product i, Ui the environmental load of use of product i, Wi the environmental load of 
product i disposal, Ci the environmental load of collection of used product i, Ri the environmental load of 
recovered fiber processing, and Qi the material quality of Pri. 

Note: This equation is valid only for cases where V2, V3, …, and Vn = 0). In cases where a product 
system uses both virgin and recovered material, the product system must be split into a virgin product 
system to which equations for i = 1 are applied and into another product system for which equations for 
recycled products (i>1) are applied. 

The third method based on quality losses, presented in Ekvall and Tillman (1997), considers that virgin 
material production, final waste management and the recycling process are all necessary to enable the 
combined function of the material. Accordingly, the method allocates virgin material production, final 
waste management and recycling based on the reduction in material quality, and the recycling process to 
the upstream product system. Based on Ekvall and Tillman (1997), the following equation can be derived 
for this allocation method: 

,

, 0 1

,
 

where Vi is the environmental load of virgin material production, Pi the environmental load of the 
production of product i, Ui the environmental load of use of product i, Wi the environmental load of 
product i disposal, Ci the environmental load of collection of used product i, Ri the environmental load of 
recovered fiber processing, and Qi the material quality of Pri. 

Note: This equation is valid only for cases where V2, V3, …, and Vn = 0). In cases where a product 
system uses both virgin and recovered material, the product system must be split into a virgin product 
system to which equations for i = 1 are applied and into another product system for which equations for 
recycled products (i>1) are applied. 

In Section 6.3.5.2, the extraction-load method was presented. This method assumes that since all material 
will end up as a waste, waste management is an inevitable consequence of material extraction from the 
environment. Ekvall and Tillman (1997) also discussed a similarly constructed method but based on the 
opposite reasoning, known as the disposal-load method. This method assumes that to avoid reduction in 
the quantity of material available for man-made applications, material losses from the technosphere need 
to be replaced with virgin material. Accordingly, this method allocates virgin material production based 
on material disposal and allocates the recycling process upstream. This method was originally presented 
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by other authors (Fleisher 1994; Klöpffer 1996; Östermark and Rydberg 1995). Based Ekvall and Tillman 
(1997), the following equation can be derived for this allocation method: 

,
∑

, 0 1

∑
,

 

where Vi is the environmental load of virgin material production, Pi the environmental load of the 
production of product i, Ui the environmental load of use of product i, Wi the environmental load of 
product i disposal, Ci the environmental load of collection of used product i, Ri the environmental load of 
recovered fiber processing, and Qi the material quality of Pri. 

Note: This equation is valid only for cases where V2, V3, …, and Vn = 0). In cases where a product 
system uses both virgin and recovered material, the product system must be split into a virgin product 
system to which equations for i = 1 are applied and into another product system for which equations for 
recycled products (i>1) are applied. 

The disposal-load method promotes the development of recyclable products when the environmental load 
of recycling is lower than the combined load of virgin material production and waste management but 
gives no incentive for using recycled material. 

The methods presented in this section are not further discussed in this document. 

7.0 CASE STUDIES 

In this section, case studies are presented that look at the following accounting-type questions and the 
effect of the choice of the allocation procedure. 

 What are the main contributors to the life cycle environmental performance of a paper product? 
 What are the environmental impacts attributable to a given paper product, and how does the 

environmental performance of a paper product vary from year to year? 
 How does the environmental profile of a virgin paper product compare with the environmental 

profile of a recycled paper product? 
 How does the environmental profile of a paper product that is used for a given function compare 

with the environmental profile of an alternative non-paper product that is used to fulfill the same 
function? 

The example presented in Figure 5.1 will be used in each of these case studies. The nomenclature used for 
the various allocation methods used is presented in Table 7.1. It should be noted that these case studies 
are presented to illustrate the effect of using various allocation method in different contexts. The results 
obtained are specific to the example used and cannot be seen as absolute answers. 
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Table 7.1  Allocation Method Nomenclature 

Nomenclature Method Nomenclature Method 

A** Credit for end-of-life recycling B Credit for use of recovered material 

C  Ekvall with 50/50 approximation D* Closed-loop 

E* Mass allocation F* 
Allocation using the economic value 

(intermediary case) 

G* 
Allocation using the economic value 
(co-product case, pseudo-recycling) 

H Modified number of uses (NOU) 

I* Number of uses (NOU, ISO 14049) J Cut-off 

K Extraction-load L 50/50  

*Mentioned in ISO 14044 or ISO 14049. **Not specifically mentioned in ISO 14044 but a similar example 
provided in ISO 14049. 

7.1 Case Study #1: Determination of the Main Environmental Contributors 

In this case study, the main contributors to the potential environmental impacts of the recycled paper 
product (example presented in Figure 5.1) for various allocation procedures are discussed. In other words, 
the question being asked is: 

What are the main contributors to the life cycle environmental performance of a paper product? 

To do so the following life cycle stages have been defined: 

 production of raw material: upstream collection and processing of recovered fiber (if applicable), 
and any environmental load avoided or imported because of the use of recovered material; 

 production: paper production; and 
 end-of-life: downstream collection and processing of recovered fiber (if applicable), disposal, and 

any avoided or imported load due to the recovery for recycling. 

The contributions of these three life cycle stages to the environmental performance of recycled paper are 
shown in Figure 7.1. The following observations can be made from this figure. 

 Using the credit for use of recovered material (B) and Ekvall with 50/50 approximation (C) 
procedures for system expansion, the production of raw material gives a negative contribution 
(i.e., improves the environmental performance) meaning that it could be concluded that an 
opportunity for improvement is to increase the use of recovered fiber. 

 The contribution of end-of-life varies from none to relatively significant. 

This indicates that the choice of an allocation procedure may affect the identification of main contributors 
to the environmental performance of paper and the potential opportunities for improvement. It is thus 
important to understand the inherent value choices made when selecting an allocation method, as will be 
discussed later. 
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Figure 7.1  Estimated Contribution of the Life Cycle Stages to the Environmental Profile 
 of Recycled Paper Given Various Allocation Methods 

(*Mentioned in ISO 14044 or ISO 14049. **Not specifically mentioned in ISO 14044 but a similar 
example provided in ISO 14049.) 

7.2 Case Study #2: Year-to-Year Evaluation of the Environmental Impact Attributable to a 
Given Paper Product 

In this case study, the potential environmental load of the virgin product in Year 1 (as presented in the 
example illustrated in Figure 5.1) is compared with the potential environmental load of the same product 
in Year 2 under three different scenarios presented in Table 7.2. In other words, the questions being asked 
are: 

What are the environmental impacts attributable to a given paper product?  

How does the environmental performance of a paper product vary from year-to-year? 

Table 7.2  Scenarios for Comparing the Allocation Methods for Year-to-Year Evaluations 

Scenario Description 

Scenario I The recovery rate (MR1) is decreased from 70% to 50%. 

Scenario II The recovery rate (MR1) is increased from 70% to 100%. 

Scenario III The environmental load of virgin production is decreased by 20% (i.e., V = 400 kg CO2E/t). 

Scenario IV 20% of the virgin production is substituted with recovered fiber (i.e., Vm1 = 0.8 and Rm0 = 0.2 t). 

 

The results of the scenarios presented in Table 7.2 are depicted in Table 7.3. In this table a result larger 
than 1.0 indicates that the estimated environmental load observed in Year 2 is higher than the estimated 
load observed in Year 1 (environmental performance estimated to have decreased) and a result lower than 
1.0 indicates that the estimated environmental load in Year 2 is lower than the estimated environmental 
load in Year 1 (environmental performance estimated to have improved).  
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This table shows that, for the example presented in this document, decreasing the recovery rate (Scenario 
I) is detrimental to the estimated environmental performance of the virgin product regardless of the 
allocation procedure used for recycling, with the exception of using a credit for end-of-life recycling (B). 
This is true only because the estimated environmental load of disposal is large enough to compensate for 
any gain that could be caused due to the applied allocation procedure. Some allocation procedures give 
lower estimated environmental load results when the recovery rate is reduced under certain conditions 
(e.g., low environmental load for disposal). The inverse is true when the recovery rate is increased 
(Scenario II). 

Scenario III looks at improving the environmental performance of the virgin production process. This 
improves the total estimated environmental load regardless of the allocation procedure. 

Finally, the results show that increasing the utilization of recovered fiber gives results that are dependent 
on the allocation procedure. This is because a decision is made on the treatment of recycled fiber as 
having a positive or negative effect on the environment. 

Table 7.3  Impact of the Recycling Allocation Procedure for Evaluating Various Changes 
in the Life Cycle of a Paper Product 

Allocation Method 
Scenario I Scenario II Scenario III Scenario IV 

Estimated Environmental Load in Year 2/Environmental Load in Year 1 

A 1.14 0.80 0.97 1.00 

B 1.00 1.00 0.96 0.87 

C 1.06 0.92 0.96 0.92 

D 1.14 0.80 0.97 1.00 

E 1.14 0.80 0.97 1.00 

F 1.12 0.81 0.94 0.99 

G 1.35 0.38 0.94 1.02 

H 1.20 0.66 0.95 1.04 

I 1.37 0.33 0.94 1.14 

J 1.12 0.82 0.94 0.99 

K 1.09 0.68 0.95 0.93 

L 1.11 0.69 0.96 0.96 

Minimum 1.00 0.33 0.94 0.87 

Maximum 1.37 1.00 0.97 1.14 

Average 1.15 0.72 0.95 0.99 

Standard deviation 0.11 0.20 0.01 0.07 
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7.3 Case Study #3: Comparison of the Environmental Impacts Attributable to Virgin and 
Recycled Paper 

In this section, the various allocation methods presented above are examined in the context of comparing 
virgin and recycled paper. In other words, the question being asked in this case study is: 

How does the environmental profile of a virgin paper product compare with the environmental profile of 
a recycled paper product? 

For this comparison, scenarios were defined and are presented in Table 7.4.  

Table 7.4  Scenarios for Comparing the Allocation Methods 

Scenario Description 

Scenario 0 
This is the scenario described in the example presented in Figure 5.1, in which V > R (i.e., 
V = 500 kg CO2E/t and R = 400 kg CO2E/t) and the recovery rate is 70%. 

Scenario 1 
In this scenario, V < R (i.e., V = 400 kg CO2E/t and R = 500 kg CO2E/t) and the recovery 
rate is 70%. 

Scenario 2 In this scenario, W is lower (i.e., W = 400 kg CO2E/t) and the recovery rate is 70%. 

Scenario 3 
In this scenario, V > R (i.e., V = 500 kg CO2E/t and R = 400 kg CO2E/t) and the recovery 
rate is 30%. 

Scenario 4 
In this scenario, C+R > V+W (i.e., V = 200 kg CO2E/t, W = 200 kg CO2E/t and C+R = 
600 kg CO2E/t) and the recovery rate is 70%. 

 

The various allocation methods are compared under Scenario 0 in Figure 7.2. The ratio of the estimated 
environmental load of the virgin product (E1) to the estimated environmental load of the recycled product 
(E2) is shown for the various allocation methodologies. A result lower than 1.0 (bold horizontal line) 
means that the virgin product has lower estimated environmental load than the recycled product, a result 
of 1.0 means that the loads are the same and a result greater than 1.0 means that the estimated 
environmental load of the recycled product is lower than that for the virgin product. 

This figure shows that the estimated environmental load of the virgin product ranges from significantly 
lower to significantly higher than the recycled product depending on the allocation method used, even 
when considering only those methods specifically mentioned in ISO standards and guidance. The figure 
also shows that giving a waste management credit for using recovered fiber has the potential to yield 
results significantly different from other methods (especially if the estimated environmental load of 
disposal is high compared to other unit processes). 
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Figure 7.2  Comparison of Allocation Methods for Scenario 0 
(*Mentioned in ISO 14044 or ISO 14049. **Not specifically mentioned in ISO 14044 but a similar 

example provided in ISO 14049.) 

Figure 7.3 shows how the comparison of the virgin and recycled products is affected by the different 
scenario assumptions. Figure 7.4 shows how the estimated environmental performance of the virgin 
product (E1) is affected by the various scenario assumptions while Figure 7.5 shows the same but for the 
recycled product (E2). In the two latter figures, the values shown are ratios of estimated environmental 
loads obtained in Scenarios 1 through 4 to the estimated environmental load obtained in Scenario 0. A 
value lower than 1.0 (bold horizontal line) means that the estimated environmental load for a given 
scenario is lower than the estimated environmental load obtained in Scenario 0, a value of 1.0 means that 
the estimated environmental load for that scenario is the same as that for Scenario 0, and a value greater 
than one means that the estimated environmental load for the scenario is greater than that for Scenario 0. 
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Figure 7.3  Effect of Various Allocation Methods and Scenarios on 
the Comparison of Virgin and Recycled Paper 

(*Mentioned in ISO 14044 or ISO 14049. **Not specifically mentioned in ISO 14044 but a similar 
example provided in ISO 14049.) 

 

Figure 7.4  Effect of Various Allocation Methods and Scenarios on the  
Environmental Performance of the Virgin Product 

(*Mentioned in ISO 14044 or ISO 14049. **Not specifically mentioned in ISO 14044 but a similar 
example provided in ISO 14049.) 
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Figure 7.5  Effect of Various Allocation Methods and Scenarios on the  
Estimated Environmental Performance of the Recycled Product 

(*Mentioned in ISO 14044 or ISO 14049. **Not specifically mentioned in ISO 14044 but a similar 
example provided in ISO 14049.) 

 

The following observations can be made from the results presented Figures 7.3 through 7.5. 

 The credit for end-of-life recycling (A), the closed-loop approximation (D), and mass allocation 
(E) attribute the same estimated environmental load to virgin and recycled products if they have 
the same end-of-life conditions. 

 The comparison of virgin and recycled products is very sensitive to the estimated environmental 
load of virgin material production versus recovered fiber processing and to the recovery rate 
when applying economic allocation for pseudo-recycling (G), the number of uses method (I) as 
described in ISO 14049, and the extraction-load method (K). 

 The individual estimated environmental performance of a given product is very sensitive to the 
choice of allocation method. 

 For the system conditions studied in this report, using both the substitution method with the 50/50 
approximation (C) and the number of uses method (I), two ISO-compliant methods, provides a 
reasonably good idea of the range of LCA results likely to be obtained under a variety of 
scenarios and allocation methods. 

The results presented for Case Study #3 show that highly variable LCA results can be obtained depending 
on the allocation method applied and that this variability is, for the case study investigated, greater than 
the variability caused by changing the characteristics of the system itself. This indicates that there is no 
unambiguous outcome possible from LCA-based comparisons of virgin and recycled products. 

The question asked in this case study was related to a comparison of the environmental attributes of virgin 
and recycled paper. One could have asked the question differently. 

What is the environmental consequence of switching from virgin paper to recycled paper? 
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As discussed previously, the literature generally agrees that such a question requires that a system 
expansion approach be used, and thus the result is not affected by the choice of an allocation procedure. 
However, there are also some challenges associated with the system expansion methods as discussed 
previously. 

7.4 Case Study #4: Comparison of the Environmental Impacts Attributable to Paper Product 
and a Non-Paper Alternative 

In the example presented above (Scenario 0), the environmental load of the virgin product varies from 
1,052 kg CO2E/ton to 2,300 kg CO2E, depending on the allocation procedure applied. In case study #4, it 
is assumed that 1 ton of virgin paper is used to produce 22,000 paper bags with a capacity of 6 gallons 
each. The functional unit (FU) is defined as “the domestic use of paper bags to contain 132,000 gallons of 
customer purchases and transport them.” The question being asked is: 

How does the environmental profile of a paper product that is used for a given function compare with the 
environmental profile of an alternative non-paper product that is used to fulfill the same function?  

In order to compare those paper bags with plastic bags, it is necessary to determine the quantity X of 
plastic bags required to fulfill the same functional unit as with paper bags and to determine the estimated 
environmental load of producing these X bags. As illustrated in Figure 7.6, to be able to make a 
conclusion on the environmental superiority of one bag versus another, it is necessary for the 
environmental load of the X plastic bags to be outside the range of results obtained for the paper bags. 
This situation is further complicated because the same should be true for all impact indicators and the 
environmental load of the plastic bags will also represented in the LCA results by a range of results rather 
than as a single value. 

The question asked above is related to a comparison of the environmental attributes of paper and plastic 
bags. One could have asked the question differently. 

What is the environmental consequence of switching from paper to plastic bags? 

The literature generally agrees that such a question requires that a system expansion approach be used, 
and thus the result is not affected by the choice of an allocation procedure. However, there are also some 
challenges associated with the system expansion methods as discussed previously. 
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Figure 7.6  Comparing Paper and Plastic Bags Using Various Allocation Procedures for Recycling 

 

8.0 CRITERIA FOR SELECTING AN ALLOCATION PROCEDURE FOR OPEN-LOOP 
RECYCLING 

The International Organization for Standardization (ISO) has issued standards and guidance addressing 
many of issues related to recycling allocation, much of which have been summarized in this report. A 
body of literature and practice related to the ISO standards and guidance has emerged over time. Because 
companies may encounter this supplemental material, some of it was also reviewed. This supplemental 
material, however, lacks the international expert consensus and global standing attached to ISO standards 
and guidance, a limitation that companies should be mindful of.  

It was shown in the previous section that the choice of an allocation method will have an effect on the 
LCA conclusions for most applications. This chapter summarizes first, the different allocation methods 
for recycling, and second, the various recommendations that can be found in the literature for selecting an 
appropriate allocation method. 

This chapter does not limit any of the options available to companies under ISO standards and guidance. 
Companies are responsible for selecting and justifying the methods used for allocation in studies they 
perform and for any claims based on those studies. 

8.1 Summary of Allocation Methods 

Table 8.1 presents a systematic comparison of the different allocation methods for open-loop recycling 
that have been discussed in this document. 
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8.2 Criteria for Selecting an Allocation Procedure for Open-Loop Recycling 

Selecting an appropriate allocation approach/method will always be somewhat subjective. However, 
guidelines are available in the ISO 14044 Standard, in the ISO 14049 Technical Report, and in the 
broader literature to limit subjectivity. For instance, it has been suggested in the literature that the 
allocation approach/method should be selected in a way that it 

 conforms with the ISO 14044 requirements (Werner 2005); 
 is consistent with the study objective (Baumann 1996; Baumann and Tillman 2004; Ekvall 

1999b; Ekvall, Tillman, and Molander; Ekvall and Weidema 2004; European Commission 2010; 
Tillman 2000; Weidema 1998; Werner 2005); 

 is consistent with the set of values that the study authors desire to convey and is transparent about 
it (Werner 2005); 

 considers the characteristics of the material and of its market (Werner 2005); 
 promotes resource efficiency (Werner 2005)14; and 
 is acceptable to the intended audience and is feasible (Ekvall and Tillman 1997; Werner 2005). 

Note that in some cases, certain of these criteria will be in conflict with each other, forcing the LCA 
practitioner to make some decisions as to which criteria are the most important. In addition, illustrating 
the variability of LCA results through the use of different allocation methods as part of a sensitivity 
analysis can improve transparency and develop perspective that is useful in the interpretation of the final 
results. A summary of the allocation methods in relation to the criteria mentioned above is presented in 
Figures 8.1 through 8.4. Each criterion is discussed further below. 

 

                                                      
14 While Werner (2005) uses the promotion of resource efficiency as a criterion for selecting an allocation method, it 
can also be argued that promoting resource efficiency is only one of the sets of values that can be conveyed. 
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Figure 8.2  Summary of Allocation Methods that Can Be Used for Accounting LCAs  
That Include the Benefits on Other Product Systems 

[Note: In this document, “Benefits” is interpreted in the broader sense of any interrelation with other 
product systems.] 

 
Figure 8.3  Summary of Allocation Methods that Can Be Used for Change-Oriented LCAs 

with No Structural Change outside the Product System Studied 
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Figure 8.4  Summary of Allocation Methods that Can Be Used for Change-Oriented LCAs 
with Structural Changes outside the Product System Studied 

 
8.2.1 Conformity with the ISO 14044 Standard 

One criterion that can be used to select the allocation method for recycling is conformity with the ISO 
14044 Standard (2006b).  First, its general requirements should be considered, i.e., similar allocation 
methods “shall” be applied to inflows and outflows of recovered/recycled material, and mass and energy 
balances “shall” be preserved (ISO 2006b, p. 14) with the exception of the closed-loop procedure. On one 
hand, it has been argued that due to the inherent flexibility of the standard, no allocation method that 
fulfills the above requirements can be described as non-compliant with the ISO standard (Frischknecht 
2010). However, the standard’s use of language such as “The allocation procedures for the shared unit 
processes […] should use, as the basis for allocation, if feasible […]” may at a minimum indicate that the 
usage of a method not mentioned in the standard should be explicitly justified.  

Note that the ISO 14044 Standard also requires that a sensitivity analysis be performed when more than 
one allocation method appears to be applicable. 

Figures 81 through 8.4 above explicitly indicate which methods are mentioned in the ISO 14044 Standard 
or the ISO 14049 Technical Report. 

8.2.2 Consistency with the Study Objective 

As discussed previously in Section 4.2.2, although the ISO 14044 Standard does not provide any direction 
as to how the selection of an allocation method should reflect the study objective, there is general 
agreement in the literature that allocation should be avoided by subdividing the system whenever possible 
and that system expansion methods should be used for change-oriented LCAs.  

Werner (2005) argues that, a priori, none of the system levels or allocation methods can be excluded, 
especially for accounting LCAs. Methods that consider the full material life cycle might be suitable for 
materials for which a relatively short material cascade can be unambiguously defined. This is true 
especially if LCA results can indirectly influence decisions related to material development. For materials 
with long life cycles (e.g., metals), allocation methods on the process or product system level may be 
more appropriate because methods at the material life cycle level would result in an indefinable quantity 
of product systems. Methods at the process or product levels are more simple and transparent.  

Clearly, the study objective alone will generally be insufficient basis for selecting an allocation method.  

Figures 8.1 through 8.4 above indicate the relationships between different study objectives and allocation 
methods. 
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8.2.3 Set of Values to Convey 

The various implicit sets of values that can be seen to be reflected in the different allocation methods, as 
presented in Table 8.1, are 

 to promote end-of-life recycling and the development of recyclable products (with or without 
conditions); 

 to promote the use of recovered material; 
 to promote both end-of-life recycling for recycling and the use of recovered material; 
 to consider that the recovered material is a waste until a treatment is applied; 
 to consider that the recovered material is a valuable material; and  
 to account for market reactions to changes in inflows and outflows of recovered material from the 

studied product system. 

These sets of values can be applied alone or in combination. Not only is transparency one of the guiding 
principles under the ISO 14044 LCA standard, it is also one of its requirements. Indeed, the standard 
requires “full transparency in terms of value choices, rationales and expert judgements” (ISO 2006b, p. 
30). Clearly, the choice of an allocation procedure for open-loop recycling cannot be made without 
applying some value choices and, as demonstrated above and in the literature [see, for instance, Werner 
(2005)], this choice can have dramatic implications for the results. For this reason, selecting an allocation 
procedure that is consistent with the LCA user’s set of values and explicitly explaining this choice in the 
LCA report is essential to maintaining transparency. Werner (2005) highlights that LCA users should be 
careful not to select an allocation method that contradicts the desired set of values.  

8.2.4 Characteristics of the Material and its Market and Resource Efficiency Considerations 

It has been argued in the literature (Atherton 2007; Dubreuil et al. 2010; Werner 2005) that the 
characteristics of the material and its market, as well as resource efficiency considerations, should be 
considered in the selection of a recycling allocation method for accounting LCAs. This was not depicted 
explicitly in Figure 8.1.  

In this context, two commonly used allocation methods for recycling, the cut-off method (referred to by 
some authors as the recycled content approach) and the credit for end-of-life recycling method (referred 
to by some authors as the end-of-life recycling approach), are compared in the literature for the recycling 
of aluminum (Atherton 2007; Dubreuil et al. 2010; Werner 2005)15.  

In considering aluminum recycling, Atherton (2007), Dubreuil et al. (2010), and Werner (2005) noted that 
use of the cut-off method assumes that the use of recycled material is a good indicator of environmental 
benefit and thus that it is most useful for application to materials that would otherwise be burned or 
landfilled as waste. Dubreuil et al. (2010) also argue that this method “aims to promote a market for 
recycled materials that is otherwise limited, uneconomic, or immature” (Dubreuil et al. 2010, p. 623), 
which is not the case for the majority of metals, where the recycled metal market is fairly mature, and the 
economic basis for recycling metals continues to increase with rising energy costs and sensitivity to the 
risks associated with mining. Another challenge in using this method is that it may create market 
distortions and environmental inefficiencies in cases where there is a limited supply of recycled material 
(Atherton 2007; Dubreuil et al. 2010; Werner 2005). Indeed, if the supply of recycled material is not 
elastic, then usage of this material by one company may take it away from another company.  

                                                      
15 Werner (2005) also provides a wood product (railway sleepers) example. However, as the railway example does 
not consist of a cascade recycling allocation problem, the arguments made by Werner are less applicable to paper 
and hence, only the aluminum example is discussed here. 
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It is possible to translate this discussion to the paper industry. While the US and Canadian paper 
industries are committed to continually increasing their recovery rate (ICFPA 2011), for several types of 
recovered fiber (e.g., old corrugated containers and old newsprint), the recovery rates are approaching 
practical limits. This means that there is essentially a relatively stable pool of these types of recovered 
fiber, and if more is used in one type of product there will probably be less used in another type of 
product. For instance, it has been shown that forcing a maximum recovered fiber content in printing and 
writing papers in US and Canada would require that recovered printing and writing papers be shifted from 
newsprint, tissue and other grades to printing and writing grades, which would result in a net loss of total 
reusable fibers (Metafore 2006). Similar conclusions have been obtained for Scandinavian countries, 
where no evidence was found that forcing an increase in the recovered content of products normally made 
with chemical pulp would result in a significant environmental improvement (Byström and Lînnstedt 
1997). 

On the other hand, the credit for end-of-life recycling method is based on the premise that materials not 
recycled need to be replaced with primary materials and that by giving an incentive to making materials 
available after use, market efficiencies and environmentally preferable solutions will prevail and hence, 
market distortions and environmental inefficiencies will be avoided (Atherton 2007).  

In addition, Werner (2005), Atherton (2007) and Dubreuil et al. (2010) underline the importance of 
considering changes in the material’s inherent properties in the context of resource efficiency. In this 
context, Werner presents a modified credit for end-of-life recycling method (see Section 6.2.3.2), the 
value-corrected substitution (VCS) method, which accounts for losses in material quality and applies this 
method to the recycling of aluminum16. This is done by assuming only a partial substitution. In other 
words, the substituted processes (virgin material production) are multiplied by a correction factor to 
account for losses in quality. The challenge in taking this approach resides in defining this correction 
factor. Werner argues that for aluminum, no physical parameter can be found that reflects the loss in 
material quality over the entire material cascade and thus, only market prices can be used as a proxy for 
material devaluation over a product system. This is based on the assumption that the relative difference in 
price between virgin and recycled material reflects the differences in the material quality. A challenge 
related to this method is the variability of market prices over time. In cases where it would not be possible 
to assume that the market price of virgin and recycled material can be used as an indicator of the 
difference in quality of the material, another proxy would have to be defined. Werner also mentions that 
when applying the VCS method, special attention should be paid to the setting of system boundaries and 
more specifically to the attribution of the recycling processes to the right product systems. The credit for 
end-of-life recycling method, on which the VCS method is based, allocates the recycling process to the 
end-of-life and then credits the system with the avoided virgin material production. In order to apply this 
approach, it is necessary to distinguish between the specific virgin material production and recycling 
processes. Werner argues that to do this, it is necessary to identify the point in the production chain at 
which it is possible to identify equivalent virgin and recycled materials. For instance, “scrap” aluminum 
would not be considered equivalent to bauxite. Werner proposes that re-melted aluminum ingot is 
equivalent to virgin material ingot or in other words, the unit process that is equivalent to the processing 
stage of virgin aluminum is the re-melting of aluminum as ingot.  

In theory, the method proposed by Werner (2005) is also applicable to the recycling of paper. It is often 
assumed in paper recycling LCAs that one ton of recycled pulp substitutes for one ton of virgin pulp 
(NCASI 2011). In practice, this may be what happens on the paper machine. However, it can be argued 
that because the number of uses of the fiber is limited, paper made from virgin fiber and paper made from 
recycled fiber do not have the same potential for future recycling and hence, assuming a one-to-one 

                                                      
16 Werner argues that although in theory aluminum can be recycled infinitely, recycled aluminum may have different 
inherent properties (for instance higher zinc content), reducing its usability for some applications when compared to 
virgin aluminum. 
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substitution is not adequate for recycling allocation purposes. When applying the VCS method, a property 
(e.g., market price) must be determined to express this difference in quality of the virgin and recycled 
material. Finally, in order to apply this method, it is necessary to distinguish the specific virgin and 
recycled materials. Following Werner’s rationale, while wood and recovered paper can hardly be 
considered to be equivalent materials, this is not the case for virgin and recycled pulps. Consequently, 
these two latter materials should be considered through applying the substitution method. 

The VCS method is applicable for accounting LCAs in which it is an objective to make explicit the 
interrelationship between the studied product system and other product systems (See “accounting LCA 
including benefits on other product systems” in Figure 8.2). For accounting LCAs in which it is not the 
objective to explicitly express this interrelationship, other allocation methods that also promote end-of-
life recycling have been proposed, for instance the number of uses method (see Section 6.3.4). Werner 
argues that the number of uses method is less suitable for metals that can be almost infinitely recycled, 
which would result in non-definable material life cycles. That said, the applicability of this method has 
been demonstrated for pulp and paper products (Environmental Resources Management 2007; Galeano et 
al. 2011; NCASI 2010). More specifically, it has been noted that recovered paper products have value 
because they retain useful properties of the original (virgin) product and effort has been expended to be 
able to produce them. Therefore, it has been suggested that some of the burden that was generated during 
the original production of these materials must be allocated away from the virgin production process and 
into the processed reclaimed material (Galeano et al. 2011). This has also been recommended for paper 
products by an international working group (American Forest & Paper Association 1996). 

8.2.5 Acceptability to the Intended Audience and Feasibility 

The relative acceptability to the intended audience and feasibility of various allocation methods are not 
highlighted in Figures 8.1 through 8.4 above. 

It has been argued that recycling allocation methods should be as simple, manageable and transparent as 
possible (Werner 2005). Simplicity and feasibility of the methods has been discussed previously and a 
summary is provided in Table 8.1. It has also been recommended that the selected method be consistent 
with the attitude towards risk of the intended audience (Ekvall and Tillman 1997; Frischknecht 2010; 
Werner 2005).  

9.0 CONCLUSIONS 

In this report, the allocation methods for open-loop recycling that appear in the ISO 14044 Standard and 
guidance or which are frequently used in pulp and paper case studies in the literature are presented, 
illustrated, discussed, and compared. In considering these methods, it is important to bear in mind that the 
methods specifically mentioned in ISO standards and guidance enjoy a level of international expert 
consensus and global recognition that is not attached to those that have appeared only in the literature. 
This report does not limit any of the options available to companies under ISO standards and guidance. 
Companies are responsible for selecting and justifying the methods used for allocation in studies they 
perform and for any claims based on those studies. 

It is shown that the choice of an allocation procedure for recycling can have a significant effect on the 
estimated environmental performance of individual products, even when the options are limited to those 
specifically discussed in the ISO standards and guidance. The choice of one allocation procedure over 
another generally has a significant effect on the results of an LCA for all types of applications. For 
internal types of applications (e.g., identification of main environmental contributors, tracking of year-to-
year evaluation of environmental performance, etc.), it may be appropriate to employ more freedom when 
selecting an allocation procedure. That said, it is important to be transparent with regard to the selection 
made and also with regard to the set of values upon which the selection was based. Sensitivity analysis 
can be used to support internal applications of LCA. For comparative assertions, the ISO standard 
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requires that sensitivity analyses be performed when several allocation methods appear to be applicable. 
In this context, experience has shown that, due in part to the sensitivity of the results to the selection of 
different allocation methods, LCA will seldom be useful for obtaining unambiguous conclusions if the 
objective is to compare virgin and recycled paper. Conclusions may be possible in some cases when the 
objective is to compare a paper product with an alternative. 

Different criteria proposed in the literature for selecting an appropriate allocation method for recycling are 
also summarized in this report. These include conformity with the ISO 14044 Standard requirements, 
consistency with the study objective, consistency and transparency with the set of values that are being 
conveyed, the characteristics of the material and of its market and resource efficiency considerations, and 
the acceptability to the intended audience and feasibility.  
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APPENDIX A 

ISO/TR 14049:2012 NUMBER OF USES (NOU) METHOD 

A.1 Introduction and Background  

The ISO 14044 standard (ISO 2006) recommends, where allocation for open-loop recycling cannot be 
avoided through system expansion or by using a closed-loop approximation, that the basis of allocation 
procedures for the shared unit processes should be, in order (as feasible) 

 physical properties (e.g., mass); 

 economic value (e.g., market value of the scrap material or recycled material in relation to market 
value of primary material); or 

 the number of subsequent uses of the recycled material (see ISO/TR 14049)17. 

Note that the ISO 14044 standard also specifies that "reuse and recycling (as well as composting, energy 
recovery and other processes that can be assimilated to reuse/recycling) may imply that the inputs and 
outputs associated with unit processes for extraction and processing of raw materials and final disposal 
of products are to be shared by more than one product system" (ISO 2012, p. 15). 

The number of uses allocation (NOU) method as illustrated in the ISO 14049 technical report (ISO 2012) 
is based on physical properties and on the total number of uses of the material including the original 
“virgin” use and subsequent uses of the recovered material.  

The ISO 14049 technical report (ISO 2012) illustrates the NOU method using a kraft bleached paperboard 
(KBPB) example. In this example, there are two systems receiving the recovered KBPB: tissue paper 
production and, for the remaining recovered KBPB, a series of other product systems practicing closed or 
open loop recycling. The NOU method is applied in order to calculate the fraction of the environmental 
load of virgin material production that will remain in the KBPB product system (virgin product) and 
which will thus be directly disposed of after use, and the fraction that will be exported to the totality of 
subsequent recycled products (note that the sum of all of these fractions should be equal to 1.0). The 
example does not attempt to estimate the fractions for the individual components, and treats the series of 
subsequent recycled product as one overall “totality” of recycled products. The reader is invited to 
directly refer to the ISO 14049 technical report for a complete description of this example.   

In this appendix, the NOU method is illustrated for another product: office paper. The objectives of this 
office paper example are twofold: 

1. to illustrate how to apply the NOU method in a case where there is a system of a series of 
different products receiving the recovered product (see Section A.2); and 

2. to illustrate a suggested way on how to apply the method when undertaking an LCA on a recycled 
product (see Section A.3).  

  

                                                      
17 In ISO 14044, the "number of subsequent uses of the recycled material" is described as a possible basis for 
allocation. In this report, this is referred to as the "number of uses" or "NOU" method as illustrated in ISO/TR 
14049. 
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A.2 Virgin Office Paper Example 

A.2.1 Recovery Rate and Distribution of Recovered Office Paper 

According to U.S. Environmental Protection Agency (USEPA 2008), the average recovery rate of office 
paper in 2006 was 71.8% (i.e., z1 = 0.718).  According to AF&PA (American Forest & Paper Association 
2007)18, 19.8% of recovered office paper is used to make tissue paper, 62.8% is used to make paperboard, 
10.4% is used to make printing and writing papers (P&W), 6.3% is used to make newsprint, and 0.7% is 
used to make packaging papers. This is illustrated in Figure A.1. In this figure, zi is the recovery rate of 
product i, u1,i is the fraction of product 1 (virgin product) recovered in recycled product i (where ∑u1,i =1, 
yi is the yield of production of product j, product 1 is virgin office paper, product 2 is recycled tissue, 
product 3 is recycled paperboard, product 4 is recycled P&W papers, product 5 is newsprint, and product 
6 is recycled packaging papers). 

                                                      
18 Assuming mixed papers can be considered representative for office paper. 
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Figure A.1  Uses of Recovered Office Paper 
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Calculating the Number of Uses 

For the recycling scenario presented in Figure A.1, the total number of uses (u) for recovered office paper 
(z1) can be calculated with the data in Table A.1. The results are presented in Table A.2. 

Table A.1  Data for Calculating the Number of Uses of Office Paper 

z1 0.718 

u12 0.198 y2 0.65 

u13 0.628 y3 0.90 z3 0.635 

u14 0.104 y4 0.65 z4 0.500c 

u15 0.063 y5 0.85a z5 0.753 

u16 0.007 y6 0.90b z6 0.145d 
a Average for newsprint. b Considered same as paperboard. c The average for P&W papers is lower than office paper 
only (0.718 compared with 0.500). d Average for packaging papers. 
 uij from (AF & PA 2007), zi from (USEPA 2008) and yi from (Clark, Hamilton, and Kleineau 1987) 

To simplify the calculation procedure, the closed-loop assumption is made for the 2nd and higher passes of 
recycling (i.e., z3 = x3, z4 = x4, z5 = x5, z6 = x6), as proposed in ISO 14049. 

Table A.2  Number of Uses Calculation for Recovered Office Paper 

u =   1 use First use of virgin product (office paper)  

 + z1u12y2  0.09 uses Tissue uses from recovered office paper 

 + z1(u13y3)(1/(1-
z3y3)

* 
 0.95 uses

The sum of recycled paperboard uses from recovered  office 
paper (i.e., first pass, second pass, third pass, ..., nth pass) 

 + z1(u14y4)(1/(1-
z4y4)

* 
 0.07 uses

The sum of recycled P&W paper uses from recovered office 
paper (i.e., first pass, second pass, third pass, ..., nth pass) 

 + z1(u15y5)(1/(1-
z5y5)

* 
 0.11 uses

The sum of recycled newsprint uses from recovered office 
paper (i.e., first pass, second pass, third pass, ..., nth pass) 

 + 
z1(u16y6)(1/(1-

z6y6)
* 

 0.01 uses
The sum of recycled packaging paper uses from recovered 
office paper (i.e., first pass, second pass, third pass, ..., nth 
pass) 

 =   2.23 uses Total number of uses 

*For more details on how these equations have been derived, please refer to the ISO/TR 14049 document. 

A.2.3 Determining the Allocation Factor and Attributing the Final Loading to the Different 
Systems 

The allocation factor for virgin production (A1) can be calculated as follows: 

A1 = (1- z1) + (z1/u) = (1- 0.718) + (0.718/2.23) = 0.60 
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This means that 60% of the environmental load from producing virgin office paper is allocated to virgin 
office paper.  

Likewise, the totality of the recycled product uses will receive an allocation factor (AR) equal to 

AR = z1(u - 1)/u = 0.718(2.23 - 1)/2.23 = 0.40 

meaning that 40% of the virgin production load is allocated to the totality of recycled products made from 
recovered virgin office paper. 

It is very important that the sum of allocation factors equal to 1.00, i.e., 

A1 + AR = 0.60 + 0.40 = 1.00. 

The fraction of virgin production load allocated to the totality of recycled products made from the virgin 
product (AR) can be further allocated between the different recycled products (tissue, paperboard, P&W, 
newsprint, and packaging papers) using recovered office paper. The ISO/TR 14049 technical report 
example considers that the tissue paper is discarded, and thus the example does not provide further 
calculations for this case.   

A.3 Applying the NOU Method to an LCA of a Recycled Product 

The discussion in this section goes beyond what is presented in ISO/TR 14049, which addresses the 
allocation of burdens for an initial virgin fiber product but does not get into the distribution for different 
components.  

A.3.1 Distribution of the Fraction of the Virgin Production Load Allocated to the Totality of 
Recycled Products across the Different Recycled Products 

The above explanation under A.2 shows how the NOU method can be applied within an LCA of a virgin 
product. In that example, the fraction of virgin production load that remains in the office paper system 
and the fraction of virgin production load that is exported to the totality of recycled products were 
identified and calculated based on the NOU method presented in ISO 14049:2012. Both the virgin office 
paper presented above and the KBPB example presented in ISO 14049:2012 are undertaken from the 
perspective of the virgin product. Hence, in these examples, it was not necessary to discuss how to 
distribute the fraction of the virgin production load allocated to the totality of recycled product uses (AR) 
across the different known recycled products. To apply the NOU method on an individual recycled 
product one would need to distribute the recycled allocation factor (AR) to each of the individual recycled 
products. This will be explored here by continuing to use the above example based on office paper. 

For this example, we consider that the fraction of office paper recovered into each of the recycled 
products (u1,i) is a suitable basis for this distribution19. This is illustrated in Table A.3. 

 

  

                                                      
19 Another basis could have been selected, for instance the number of uses of recovered office paper into the 
individual recycled products (as illustrated in Table A.2). 
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Table A.3  Estimated Allocation of AR to the Different Recycled Products Based on 
the Fraction of the Recovered Office Paper That Is Used in Each Recycled Product 

Recycled product made from 
recovered office paper 

Fraction of office paper 
recovered into recycled 

product (u1,i)* 

Final virgin production load of 
office paper allocated to recycled 

product 

2 Tissue 0.198 A2 = 0.198 x 0.40 = 0.08 

3 Paperboard 0.628 A3 = 0.628 x 0.40 = 0.25 

4 P&W papers  0.104 A4 = 0.104 x 0.40 = 0.04 

5 Newsprint 0.063 A5 = 0.063 x 0.40 = 0.03 

6 Packaging papers 0.007 A6 = 0.007 x 0.40 ≈ 0.00 

Total 1.00 0.40 = AR 
*See Table A.1 for nomenclature. 

It is very important that 

A2 + A3 + A4 + A5 +A6 = AR. 

The information derived to this point indicates the following: 

 60% of the virgin production load of office paper is allocated to office paper; and 
 40% of the virgin production load of office paper is allocated to the totality of the recycled 

products made of recovered office paper, and that it is split as follows: 8% to recycled tissue, 
25% to recycled paperboard, 4% to recycled P&W papers, 3% to recycled newsprint, and 0% to 
recycled packaging papers. 

All the information derived above was on the basis of 1 use of virgin office paper.  

A.3.2 Application of the Number of Uses Method to a Recycled Product  

If the objective of the LCA were to evaluate a product made of recovered office paper, the basis for the 
study would be more likely to be 1 use of recycled product. In this case it would be necessary to estimate 
how much virgin production load to allocate to 1 use of recycled product. 

As an example, consider an LCA that is interested in "1 use of recycled paperboard made from 
recovered office paper." (See Example B in Table A.4. Note that this is outside the scope of 
ISO14049:2012). In Table A.2 it was shown that, when considering industry average statistics, 1 use of 
virgin office paper generates 0.95 uses of recycled paperboard from recovered office paper. In Table A.3 
it was estimated that the fraction of virgin production load of office paper allocated to the recycled 
paperboard product was 0.25. Hence, if the LCA study is interested in 1 use of recycled paperboard made 
from recovered office paper, the estimated fraction of virgin production load of office paper allocated to 
that 1 use of recycled paperboard product would be calculated as follows: 

Estimated	fraction	of	virgin	production	load	of	office	paper	allocated	to	1	use	of	recycled	paperboard	=		
	 Final	virgin	production	load	of	office	paper	allocated	to	recycled	paperboard/	Uses	of	
	 recovered	office	paper	into	recycled	paperboard	=	0.25/0.95	=	0.26	

Table A.4 also shows the same approach for LCA studies that would be interested in other recycled 
products from recovered office paper (Example A, C, D, and E).  
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Table A.4  Estimated Allocation Factors per 1 Use of Each Recycled Product 

Basis for the study: 1 use of virgin office paper that is recovered 

Basis for the study: 1 use 
of the individual recycled 

products that use 
recovered office paper 

Example 
no. 

Uses of recovered office paper into 
the different recycled products 
(based on Table A.2) 

Estimated Fraction 
of virgin production 
load of office paper 
allocated to product   

(based on Table 
A.3) 

Estimated Fraction of 
virgin production load of 
office paper allocated to 1 

use of recycled product 

A 
Tissue use from 
recovered office paper 

0.09 uses A2 = 0.08 0.08/0.09 = 0.89 

B 

The sum of recycled 
paperboard uses from 
office paper (i.e., first 
pass, second pass, third 
pass, ..., nth pass) 

0.95 uses A3 = 0.25 0.25/0.95 = 0.26 

C 

The sum of recycled 
P&W paper uses from 
office paper (i.e., first 
pass, second pass, third 
pass, ..., nth pass) 

0.07 uses A4 = 0.04 0.04/0.07 = 0.57 

D 

The sum of recycled 
newsprint uses from 
office paper (i.e., first 
pass, second pass, third 
pass, ..., nth pass) 

0.11 uses A5 = 0.03 0.03/0.11 = 0.27 

E 

The sum of recycled 
packaging paper uses 
from office paper (i.e., 
first pass, second pass, 
third pass, ..., nth pass) 

0.01 uses A6 ≈ 0.00 0.00/0.01 ≈ 0.00 

*Note: A2 + A3 + A4 + A5 +A6 = AR = 0.40 
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1. Overall framework 

Francesca Verones1,2*, Stefanie Hellweg3, Mark A.J. Huijbregts1 

1 Department of Environmental Science, Radboud University Nijmegen, The Netherlands 

2 Industrial Ecology Programme and Department of Energy and Process Engineering, NTNU, Trondheim, 
Norway 

3 Institute for Environmental Engineering, ETH Zürich, Zurich, Switzerland 

*francesca.verones@ntnu.no  

1.1. Introduction 
1.1.1. General background 

Life Cycle Assessment (LCA) is a methodology for assessing the environmental impacts of a product or a 

service throughout its whole life cycle.  In general LCA consists of four phases, as shown in Figure 1.1. In 

the first phase an explicit goal is defined, including the definition of a functional unit for which the LCA is 

performed. The boundaries of the investigated system are set, the required impact categories chosen and 

assumptions and limitations identified. During the inventory analysis the materials and inputs required, 

as well as emissions and outputs created during the complete life cycle are collected. The third step is the 

Life Cycle Impact Assessment (LCIA) that aims at characterizing the potential environmental impacts and 

their significance of the results from the Life Cycle Inventory (LCI) analysis. Within the impact assessment 

characterization models, such as the ones presented here for the LC-IMPACT methodology, are applied. 

The characterization factors developed in these models indicate the environmental impact per unit of 

stressor or used resource (e.g. per kg of material used). In order to make impacts comparable, results are 

calculated in equivalence units, such as for example DALYs – disability adjusted life years for human health 

impacts or PDFs – potentially disappeared fractions of species for ecosystem quality. 

 

Figure 1.1: The four phases of performing an LCA according to ISO (ISO 2006a; ISO 2006b). 

mailto:*francesca.verones@ntnu.no
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These are the mandatory steps of performing an LCA according to the ISO standard 14044 (ISO 2006b). 

Optionally, normalization can be performed. Normalization factors are relating the characterised results 

of each environmental mechanism (impact category) to a certain reference situation (e.g. global water 

consumption in the year 2010), thus introducing an adequate context. Typically, reference situations are 

chosen at the global level since the analysed product system often stretches over the entire world. In 

doing this, normalisation provides the relative contribution of a certain product to the chosen reference 

situation, thus facilitating interpretation (Wegener Sleswijk et al. 2008). 

1.1.2. Aim  

The development and refinement of LCIA methodologies have made large progress during the last couple 

of years, incorporating new impact pathways and categories (e.g. water use) and going towards an 

inclusion of spatial differentiation.  

It is the aim of the LC-IMPACT methodology to provide a global life cycle impact assessment methodology 

for the three main areas of protection (humans, ecosystems, resources), including spatially differentiated 

information.  

Normalization factors are available along with characterization factors.  

The influence of value choices was quantified as well. Value choices are related to the level of robustness 

or certainty of impacts. This includes the separation of results between short-term (in general more 

robust) and long-term (generally less robust) impacts. Additional separation into impacts with more or 

less certainty (e.g. different diseases), allows the practitioner to assess specific impacts and add more 

uncertain effects on demand (further explanation below). 

The main work of this harmonized methodology results from the outcomes of the FP7-funded project LC-

IMPACT (http://www.lc-impact.eu/). Each environmental mechanism (impact category) will be described 

in a separate chapter, including explanations on value choices, as well as endpoint characterization. 

In the first phase (2014) only results on an endpoint level will be made available for selected impact 

categories. Harmonized and common midpoint indicators, as well as additional impact categories will be 

added in phase 2, from 2015 onwards. 

After this framework chapter, individual chapters for the environmental mechanisms follow.  Each chapter 

provides information on how the environmental mechanism affects the environment and the three areas 

of protection, and explains the value choices and modelling steps for both mid- and endpoints. 

1.2. Areas of protection and environmental mechanisms 
Human health, ecosystem quality and abiotic resources are commonly used in life cycle impact 

assessment (LCIA) methodologies (Goedkoop 2000; Goedkoop et al. 2009) as the three areas of 

protection. It was decided to keep the same three areas of protection for the implementation of the LC-

IMPACT methodology.   

http://www.lc-impact.eu/
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The overview of the link between the environmental mechanisms and the three areas of protection is 

shown in Figure 1.2. The category “ecosystem quality” covers the terrestrial, aquatic and marine 

environments.  

 

Figure 1.2: Overview of the environmental mechanisms that are covered in the LC-IMPACT methodology and their relation to 
the areas of protection. Note that “ecosystem quality” covers terrestrial, freshwater and marine ecosystems, thus multiple 
environmental compartments may be impacted. 

The endpoints of the environmental mechanisms are related to the three areas of protection (see Table 

1.1). Two basic equations for calculating endpoint characterization factors (CFs) are shown in Equation 1.1 

(for human health, with intake fraction iF, effect factor EF and damage factor DF) and Equation 1.2 (for 

ecosystems, with fate factor FF and effect factor EF). The intake fraction is a measure of population 

exposure and is composed of the fate of the stressor and the exposure of humans towards this stressor, 

the effect factor quantifies the effect of a certain substance on human health or of resource use on 

ecosystems, while the damage factor is a measure for the severity of an impact on human health.  

𝐶𝐹ℎ𝑢𝑚𝑎𝑛 = 𝑖𝐹 ∙ 𝐸𝐹 ∙ 𝐷𝐹 

Equation 1.1 

𝐶𝐹𝑒𝑐𝑜𝑠𝑦𝑠𝑡𝑒𝑚𝑠 = 𝐹𝐹 ∙ 𝐸𝐹 

Equation 1.2 

Table 1.1: Overview of the areas of protection and respective endpoint units. DALY stands for disability adjusted life years 
and PDF stands for potentially disappeared fraction of species. 

Area of protection abbreviation endpoint unit 

damage to human health HH DALY 
damage to ecosystem quality EQ PDF 

damage to abiotic resources R 

To be included 
beginning of 
2015 
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DALYs (disability adjusted life years) represent the number of years that are lost and is is composed of 

years of life lost from mortality and weighted years lived with a disability from morbidity. The numbers 

for the DALYs are usually based on health statistics for the numbers of years lost and disabled for different 

diseases.  

The final unit for ecosystem quality is a global fraction of potentially disappeared species (PDF). However, 

the underlying concept of how to arrive at these fractions is significantly different from previous 

methodologies. Instead of local losses based on locally present species only, losses of species are 

considered in relation to the globally present species, leading to a globally normalized PDF of species 

(Verones et al. in preparation). 

All mechanisms, except for land and water use, are based on potentially disappeared fractions of species. 

Impacts expressed as species-equivalents are calculated as usually done based on a fate and an effect 

factor, with the multiplication of species richness S (unit: number of species) at the point of a receiving 

location. Only the species richness of the evaluated taxa is to be taken into account (e.g. only vascular 

plants for terrestrial acidification). 

For water use and land use, characterization factors are calculated directly in species-equivalents via the 

species-area relationship (see respective impact category chapters), based on data from the International 

Union for the Conservation of Nature (IUCN). 

The total characterization factor for stressor x over different taxonomic groups t is calculated as shown in 

Equation 1.3.  

𝐶𝐹𝑒𝑐𝑜𝑠𝑦𝑠𝑡𝑒𝑚𝑠,𝑥 =
1

𝑁𝑡
∙ ∑

𝐶𝐹𝑡

𝑆𝑡𝑜𝑡,𝑡
𝑡

 

Equation 1.3 

The number od species-equivalents lost for each taxon t is divided by the total number of species present 

in that class of the taxonomic group. The unit of the CF is therefore global, potentially disappeared fraction 

(PDF). Note that for example for impacts from freshwater consumption the species St,j that is used in 

Equation 1.3 refers to freshwater-dependent species, e.g. freshwater-dependent mammals. The value of 

Stot,t that is used for weighting is however always referring to the total number of a taxa, e.g. the total 

number of  mammals (not only freshwater-dependent mammals), in order to put the magnitude of the 

impact into perspective. By dividing with the number of taxonomic classes involved, Nt, an average is 

calculated.  As shown in Table 1.5, for all except tracheophyta classes have been used. This difference for 

tracheophyta is due to limited data availability. However, since the number of classes belonging to the 

phylum tracheophyta is 12, this number will be used for Ntracheophyta. That means for example, if mammals 

and tracheophyta are used for calculating an impact, the total N used is 13.  



 

8 
 

This weighting procedure leads to a dimensionless characterization factor. However, the absolute species 

richness has been taken into account, leading to a weighted, dimensionless characterization factor of 

potential lost fraction of species. 

1.3. Linear/average vs. marginal approach 
There are different possible approaches for calculating effect factors, namely marginal, and average/linear 

(see also Figure 1.3).  

A marginal procedure is followed, if the influence of raising the background concentration/pressure by a 

minimal amount is investigated. This means that the reference state is today’s situation or the current 

background concentration and the additional impact of a marginal change is quantified. 

If the background concentration is unknown, linearity is often assumed between the concentration that 

affects 50% of the species and the zero-effect concentration. In this case the reference state is the natural 

situation or the situation without any pollution (zero-concentration). In that case, no time horizon is 

attached to this reference state. 

The third approach is using an average effect factor. In this case the modeling depends on the background 

concentration, but rather than taking the derivative of the curve at that point, the average effect decrease 

per unit of concentration decrease towards zero-effect is used. The reference state is the current 

situation, relating the change either to a zero effect or to a preferred state (e.g. environmental targets). 

The main difference between linear and average is that for an average approach the background level is 

known (highlighted with an asterisk in Table 1.2), while it is assumed to be 0.5 for the linear approach. 

 
Figure 1.3: Derivation of effect factors (EF) following a linear approach, marginal approach and an average approach, for the 
impact of total phosphorus concentrations on freshwater macro-invertebrate diversity with a logistic response curve PDF = 
1/(1+4.07∙Cp-1.11) and working point of 10 mg/l (Huijbregts et al. 2011). 

  
Figure 4: Logistic species sensitivity distribution for the impact of total phosphorus 

concentrations on freshwater macroinvertebrate diversity. Derivation of effect factors 

(EF) following the marginal and the average approach is shown for a working point of 10 

mg/L [14, 32]. 

Marginal EF = 0.02 L/mg

Average EF = 0.08 L/mg
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Different environmental mechanisms work with different approaches for calculating the required factors. 

If possible, more than one approach is used, in order to provide different factors. An overview of the 

approaches covered by environmental mechanism is given in Table 1.2 Depending on the scope of the 

study the practitioner may choose either marginal or linear/average values (if both are available). It is 

recommended to use, if possible, one consistent set of factors (e.g. either all marginal or all 

linear/average) or to choose for the majority of environmental mechanisms the same approach. 

Table 1.2: Overview of approaches covered by each environmental mechanism. An asterisk indicates if the background level 
is known (average approach). 

Environmental mechanism marginal average/linear 

climate change  *
stratospheric ozone depletion  

ionising radiation  

photochemical ozone  formation  *
particular matter formation  

terrestrial acidification  

freshwater eutrophication  

marine eutrophication  *
freshwater ecotoxicity  

human toxicity (carcinogenic)  

human toxicity (non-carcinogenic)  

marine ecotoxicity  

terrestrial ecotoxicity  

land stress  *
water stress (ecosystems)  

water stress (human health)  *
water stress (resources)  

fossil resources depletion  

metals resources depletion  

 

1.4. Uncertainties 
Available in second batch (tentative date: end of 2014/beginning of 2015) 

1.5. Value choices  
Important binary choices are the differentiation between low and high levels of robustness. Binary choices 

between the level of robustness can be related either (1) to the fact that it can be highly uncertain whether 

a specific effect is caused by the interventions that belong to an impact category (e.g. cataract for ozone 

depletion) and (2) to the timing of the impact (long-term or short-term effects), represented by the time 

horizon. In general, the further away in time the impact is, the more uncertain, i.e. the lower the level of 

robustness. 

In contrast to the cultural perspectives (individualist, hierarchist and egalitarian) that are commonly used 

in LCA (e.g. Goedkoop et al. (2009)), we follow another approach here. Instead, the characterization factor 

is built in a modular way that allows the user to add or neglect impacts that are more or less robust (e.g. 

farther away (in a time perspective) and less certainly caused by a specific environmental mechanism). 

This is schematically shown in Figure 1.4 and Equation 1.4. 

𝐶𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐶𝐹ℎ𝑖𝑔ℎ 𝑟𝑜𝑏𝑢𝑠𝑡𝑛𝑒𝑠𝑠 + 𝐶𝐹𝑙𝑜𝑤 𝑟𝑜𝑏𝑢𝑠𝑡𝑛𝑒𝑠𝑠 
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Equation 1.4 

 

Figure 1.4: Schematic representation of the modularity of the characterization factors for damage calculation with the example 
of nitrous oxide (climate change). If only high robustness level factors were used, the characterization factor (CF) would be 
1.13E-04 DALY/kg, together with the low-robustness impacts the CF is 9.9E-04 DALY/kg. 

 Table 1.3 gives an overview of the value choices with low and high level of robustness for each 

environmental mechanism. Please note that these binary choices, in order to in- or exclude certain parts 

of a characterization factor do not reflect statistical uncertainty or confidence intervals. 

Table 1.3: Overview of choices per impact category. Note that only the environmental mechanisms for the first part of the 
release of 2014 are included here. 

Environmental mechanism High level of robustness and short term Low level of robustness or long term 

climate change 
Time horizon: 100 yrs 
Included effects: diarrhoea, malaria, coastal 
flooding 

Time horizon: 100-1000 yrs 
Included effects: malnutrition, 
cardiovascular diseases, inland flooding 

stratospheric ozone depletion 
Time horizon: 100 yrs 
Included effects: skin cancer 

Time horizon: infinite 
Included effects: cataract 

ionising radiation 

Time horizon: 100 yrs 
Included effects: Cancers: Thyroid, bone 
marrow, lung and breast. 
Hereditary disease 

Time horizon: 100-100’000 yrs 
Included effects: bladder, 
colon, ovary, skin, liver, oesophagus, 
stomach, bone surface and remaining 
cancer 

terrestrial acidification 
Time horizon: not applicable 
Included effects: reduction of plant species 
richness due to N and S emissions to air 

Time horizon: - 
Included effects:- 

freshwater eutrophication 
Time horizon: not applicable  
Included effects: reduction of fish species 
richness due to P emissions to water 

Time horizon: - 
Included effects: - 

water stress (human health) 
Time horizon: not applicable 
Included effects: Malnutrition 

Time horizon: - 
Included effects:- 
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1.6. Spatial variability 
1.6.1. Level of spatial resolution 

The level of spatial detail is varying greatly between the different environmental mechanisms, as is shown 

in Table 1.4. Some mechanisms, for example climate change do not need spatial detail in the application 

of the characterization factors, since the damages are spreading on a global level. Others, for example 

water stress, have very local and specific impacts and incorporating spatial details in the methodological 

development is thus a large benefit. The approach for including spatial variability is, for some imparct 

categories, data driven (Table 1.4). We include spatial variability, as soon as information is available and 

adapt the spatial resolution on which the final characterization factors are provided to the resolution of 

the available data.  

 
Table 1.4: Spatial resolution for the different parts of the environmental mechanisms. Note that only the impact categories for 
the first part of the release of 2014 are included here. 

environmental mechanism Fate factor Exposure factor Effect factor 
Damage 
factor 

Characterization 
factor 

climate change (ecosystems) none  none  none 

climate change (human 
health) none  none  none 

stratospheric ozone 
depletion none  none  none 

ionising radiation 

global values for 
air, freshwater, 
marine  none  

global values for 
air, freshwater, 
marine 

terrestrial acidification 

615'888 three 
dimensional 
compartments  2° x 2.5°  2° x 2.5° 

freshwater eutrophication 0.5° x 0.5°  
biogeographical 
habitats  0.5° x 0.5° 

water stress (human health) 
watersheds 
(11'000 units)  country level  

watersheds 
(11'000 units) 
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1.6.2. Ecosystem impacts: Procedures for maps of and weighting between taxonomic 

classes 

Maps with number of species present and vulnerability scores (VS) are calculated for different taxonomic 

groups. An overview of the taxonomic groups covered in each impact category is given in Table 1.5. 
Table 1.5: Overview of the taxonomic groups used for calculating maps of species counts and vulnerability scores (only possible 
for taxa based on IUCN data). All groups consist of animals except tracheophyta (vascular plants) and liliopsida (sea grass).  

Environmental 
mechanism 

taxonomic group taxonomic classification 
Spatial 
resolution 

VS map available? Data origin 

Acidification Tracheophyta Phylum 0.53°x0.53° no 
Kreft et al. 
(2007a) 

Freshwater  
eutrophication 

fish classes 0.5°x0.5° no 
Oberdorff et 
al. (1995a) 
WATCH(2011) 

Marine eutrophication 

Actinopterygii 
Chondrichthyes 
Liliopsida 
Anthozoa 
Halothuroidea 
Gastropoda 

Classes (note: only species 
occurring in marine neritic 
habitats are included) 

0.05°x0.05° yes IUCN (2013) 

photochemical  
ozone formation 

Tracheophyta Phylum 0.53°x0.53° no 
Kreft et al. 
(2007a) 

Water 

Mammalia 
Aves 
Amphibia 
Reptilia 
Tracheophyta  

Classes (note: only species 
with a direct connection to  
freshwater are included, 
except for the 
tracheophyta) 

0.05°x0.05° 
yes, except 
tracheophyta 

IUCN (2013) 

Land 

Mammalia 
Aves 
Amphibia 
Reptilia 
Tracheophyta  

Classes (note: 
complimentary to the 
freshwater sets, no double 
counting) 

0.05°x0.05° 
yes, except 
tracheophyta 

IUCN (2013) 

Climate change Global average - - no  

Ecotoxicity Global average - - no  

 

The calculation of the species maps follows the requirements in each impact category. For example for 

marine eutrophication species are only included that live in marine neritic habitats, while for water 

consumption impacts on mammals, only freshwater-dependent mammals were included. Species maps 

were calculated with as much and detailed data as possible according to the following data priority setting: 

1) Maps calculated with IUCN data 

For a wide variety of species IUCN provides geographic range sizes, including explicit spatial information, 

compatible for use in geographical information systems. As taxonomic classification level we chose 

“classes” for calculating these maps (Table 1.5). Classes are the third level of the taxonomic classification 

after “Kingdom” (e.g. plants, animals) and “Phylum” (e.g. chordate, tracheophyta). In order to represent 

the number of species on a global grid, the geographical ranges of all relevant species were overlaid and 

summed in Matlab (MathWorks 2013). Species that are already extinct nowadays were excluded from the 

analysis, because the aim of the maps is to give present species counts. The procedure is also described 

in Verones et al. (2013). The resolution of these maps is 0.05°x0.05°. 
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2) Species maps from other authors 

If no species-specific information on geographic range sizes were available, a search for existing species 

maps was performed. The map for tracheophyta (vascular plants) is a map that was made available by 

Kreft et al. (2007a). Tracheophyta is a phylum and not a class, but there is no map available for all 12 

classes of vascular plants that are grouped into the phylum tracheophyta. The resolution is fixed and we 

do not have species lists available for different classes at each location. 

3) Using relationships with abiotic parameters to estimate species occurrences 

If the search for existing maps yielded no results, relationships with abiotic parameters were applied for 

estimating the number of species in a spatially differentiated way. This is the case for freshwater fish 

species. We used a species-discharge relationship (Oberdorff et al. 1995a) and the modelled yearly 

average discharge from WaterGap (WATCH 2011) to come up with a map of estimated fish species 

numbers. 

For the fish map (for freshwater eutrophication) the fate and effect factor are made compatible to the 

resolution of the species map because we have explicit relationships for modelling the fish counts at 

spatial level. However, the map of tracheophyta for terrestrial acidification cannot be resampled. Thus, 

we upsize the resolutions of the fate and effect factor for terrestrial acidification, in order to match the 

resolution of the tracheophyta map. This species map is an existing map we are using with species richness 

information. However, we do not know which species exactly are present in which cell. Thus we cannot 

resample the map, since the same species number (e.g. 3) in two pixels does not mean that the species 

composition is exactly the same (e.g. species A,B and C in pixel 1 and A, B and D in pixel 2).  

1.6.3. Spatial aggregation 

All spatially-differentiated characterization factors are also available on a country and a continental level 

to facilitate application. A single global default value will also be provided. 

Averaging at higher spatial scales will be based on actual emissions, except for land and water stress, 

which will be based on water withdrawal and land use, respectively. Population density can be used as a 

fallback proxy weighting scheme.The aggregation based on emission and resource consumption patterns 

reflects the best knowledge we currently have about activity levels. Note that with this approach we 

assume that a new activity (emission, consumption) is more likely to happen in regions where activities 

are already taking place, i.e. this is an attributional assessment (Mutel et al. submitted). Table 1.6 shows 

the data sources and method used for aggregating. 

 
Table 1.6: Overview of data sources and aggregation type for impact categories that include spatial differentiation. 

impact category aggregation based on Reference year Data source for aggregation 

freshwater eutrophication population density 2000 CIESIN et al. (2005) 
terrestrial acidification population density 2000 CIESIN et al. (2005) 
water use water withdrawal 1995 Alcamo et al. (2003) 
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2. Climate change 
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2.1.  Areas of protection and environmental mechanisms covered 

 

Figure 2.1: Cause and effect pathway of climate change (from Huijbregts et al., 2014) 

The cause and effect pathway (Figure 2.1) of climate change starts with the emission of a greenhouse gas 

(GHG) to the atmosphere. The increased concentration of the GHGs causes the radiative forcing capacity 

of the atmosphere to increase, resulting in a larger part of the solar energy being retained in the 

atmosphere. This causes the global temperature to increase, thus affecting human health as well as the 

natural ecosystems. In this section we describe only those damages that are covered by our methodology. 

The areas of protection that are relevant for this environmental mechanism are human health and 

ecosystem quality (terrestrial and aquatic). 

Human health can be affected through a shift in disease distributions. With increased temperatures 

certain parasites will be able to survive in areas where they previously were not able to live. Furthermore, 

the increased amount of energy in the atmosphere will give rise to more extreme weather in the form of 

coastal or inland floodings or droughts, all of which have an adverse effect on human health. 

mailto:z.steinmann@science.ru.nl
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Terrestrial ecosystems will experience a shift in distribution as a result of increased temperatures. Not all 

species will be able to migrate quickly enough to follow the associated change in vegetation, causing them 

to go extinct. Freshwater ecosystems can be affected through a decrease in river discharge as a result of 

the changed climate. Rivers with larger discharges can sustain more different species of fish than river 

with lower discharges. Therefore a decrease in discharge is likely to cause a number of species to go extinct 

in that river system. 

The climate models, which are used to predict the impact on human health, assume an increase in global 

temperature of 0.5 to 0.68 degrees in the year 2030 relative to the average global temperature in the 

reference year 2000. The 0.18 degree difference between the two scenarios is used to derive the final CF, 

this is a relatively small change in temperature and hence a marginal approach. A temperature change of 

1-3.5 degrees is modelled for terrestrial ecosystems, while a change of 1.9 to 4.4 degrees is used for the 

aquatic ecosystems, making these approaches more similar to a mix between a marginal and an average 

approach. Ideally, one would use the same model with the same temperature increase for both human 

health and ecosystem damage effect factors. However, because both models have been developed 

independently of each other, such synchronization was not possible. Because climate change is modelled 

as a global increase in radiative forcing there is no need to provide location-specific emission factors. 

Regardless of the emissions location the impact will be the same.   

2.2.  Calculation of the characterization factors at endpoint level 
The endpoint characterization factors for climate change that are used for damage on human health 

represent Disability-Adjusted loss of Life Years (DALY). This is a metric for the potential loss of life years 

(plus the years in which people have to live with disease, weighted with the severity of the disease) among 

the total world population (in the unit yr/kg GHG). The factors for ecosystem damage represent the 

globally potentially disappeared fraction of species over a period of time due to the emission of 1 kg of 

GHG (unit yr/kg GHG). In order to calculate these factors several steps are needed, starting with the 

prospected increase in temperature due to the release of 1 kg GHG. The following equation (equation 2.1) 

shows the calculation of the endpoint characterization factor CFend for greenhouse gas x. GWP is the 

greenhouse warming potential of greenhouse gas x, TH is the time horizon, δTEMP is the temperature 

increase due to the release of 1 kg of CO2 and EF is the effect factor for a given Area Of Protection (AOP, 

i.e. human health, freshwater or terrestrial ecosystems). 

𝐶𝐹𝑒𝑛𝑑,𝑥,𝑇𝐻,𝐴𝑂𝑃 = 𝐺𝑊𝑃𝑥,𝑇𝐻 ∙  𝜕𝑇𝑒𝑚𝑝𝐶𝑂2,𝑇𝐻  ∙ 𝐸𝐹𝐴𝑂𝑃 

Equation 2.1. 

2.2.1. From emission to temperature increase 

The International Panel on Climate Change (IPCC) provides characterization factors called Absolute Global 

Warming Potentials (AGWPs) which can be used to compare different GHGs (IPCC, 2013). The AGWP of a 

GHG represents the amount of solar radiation that is retained within the atmosphere over a period of 

time. When the AGWP is expressed relative to the AGWP of the reference gas CO2 it is called the Global 

Warming Potential (GWP). A time horizon of 100 years is taken as the default, robust scenario and a time 

horizon of 100 - 1000 years represents the less robust scenario. GWPs provided by the IPCC are expressed 



 

17 
 

in equivalents of 1 kg CO2 for a 100-year time horizon. By using the radiative forcing capacity and the 

atmospheric life time, the AGWP and GWP for other time horizons can be calculated for all GHGs except 

CO2. The approach followed here (equations 2.2 and 2.3) is equal to the midpoint calculation in the most 

recent ReCiPe update (Huijbregts et al., 2014). 

𝐴𝐺𝑊𝑃𝑥,𝑇𝐻 = 𝑅𝐹𝑥 ∙  𝑐𝑣𝑥  ∙ 𝐿𝑇𝑥  ∙ (1 − 𝑒
−

𝑇𝐻
𝐿𝑇𝑥) 

Equation 2.2 

𝐺𝑊𝑃𝑥,𝑇𝐻 =  
𝐴𝐺𝑊𝑃𝑥,𝑇𝐻,

𝐴𝐺𝑊𝑃𝐶𝑂2,𝑇𝐻
 

Equation 2.3 

“RF is the radiative efficiency (W m-2/ppb), cv is the substance-specific mass to concentration conversion 
factor (ppb/kg), LT is the lifetime (year) of the substance x and TH is the time horizon (year) of the 
assessment (in this case 1000 years). RF and LT were directly available from the fifth assessment report 
(IPCC, 2013). Since the values for cv are not reported separately in the fifth assessment report these were 
calculated from the AGWPs that were reported by IPCC (2013).”  
(Equations and corresponding descriptions from Huijbregts et al., 2014) 

For short-lived GHGs the AGWP for a 100 year time horizon will be almost equal to the AGWP for a 1000 

year horizon, because no additional effects after 100 years are to be expected. For long-lived GHGs 

(including CO2 itself) however, the AGWP1000 is much larger than the AGWP100 because a large fraction of 

the captured radiation will occur during the uncertain period between 100 and a 1000 years.  

2.2.2. From AGWP to temperature increase 

All midpoint-to-endpoint models start with the modelling of the effects of an increase in temperature. In 

this study the projected increase in temperature due to 1 kg of CO2 was taken from Joos et al. (2013). The 

amount of temperature increase caused by captured cumulative radiative forcing is assumed to be equal 

to that of CO2 for all GHGs (Equation 2.4). This may lead to some uncertainty because the time dimension 

(which is important in the climate response models) is lost after the amount of radiative forcing is 

integrated over time. 

𝜕𝑇𝑒𝑚𝑝𝑥,𝑇𝐻 = 𝐺𝑊𝑃𝑥,𝑇𝐻 𝜕𝑇𝑒𝑚𝑝𝐶𝑂2,𝑇𝐻 

Equation 2.4  

Where dTemp is the temperature change (°C/kg) and GWP is the Global Warming Potential of GHG x (in 

kg CO2 eq), over a time horizon TH (years) and dTempCO2 is the temperature change caused by 1 kg of CO2. 

2.2.3. From temperature increase to endpoint damage  

The effect of a temperature increase on terrestrial ecosystems and human health was derived from De 

Schryver et al. (2009, 2011 respectively), while the effect on freshwater ecosystems was taken from 

Hanafiah et al. (2011). Equations 2.5 through 2.7 show how these effect factors were calculated. 
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𝐸𝐹𝐻𝐻 = ∑ 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒𝑖,𝑟  ∙ 𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦𝑖,𝑟

𝑖,𝑟

 

Equation 2.5 

Where EFHH (DALY/°C) is the effect factor for human health, incidence is the additional incidence of 

disease/flooding event i (incidences/°C) and severity is the damage caused by these incidences 

(DALY/incidence) in region r (Africa, Eastern Mediterranean, Latin American and the Caribbean, South East 

Asia, Western Pacific and developed countries). Please note that this factor includes both the effect 

(incidences) and the damage (DALY). 

The effect factor for terrestrial ecosystems is shown in equation 2.6. 

𝐸𝐹𝑇𝐸 = ∑
1

∑ 𝑆
∙ 𝑆𝑟,𝑔  ∙ 𝐿𝑜𝑠𝑠𝑟,𝑔

𝑟,𝑔 

 

Equation 2.6 

Where EFTE (PDF/°C) is effect factor for terrestrial ecosystems. Species is the number of species and Loss 

is the percentual loss of species (%/°C) within species group g (mammals, birds, frogs, reptiles, butterflies 

and plants), in region r (Australia, Mexico, South Africa, Brasil and Europe). Equation 2.7 shows the effect 

factor for aquatic ecosystems. 

𝐸𝐹𝐹𝐸 = ∑
1

∑ 𝑉
∙ 𝑑𝑄𝑚𝑜𝑢𝑡ℎ,𝑖 ∙  

0.4

𝑄𝑚𝑜𝑢𝑡ℎ,𝑖
∙ 𝑉𝑖

𝑖 

 

Equation 2.7 

Where EFFE (PDF/°C) is the effect factor for freshwater ecosystems, dQmouth is the change in river discharge 

(m3 yr-1/°C) Qmouth is the total river discharge (m3/yr) and V is the volume (m3) of the river in river basin 

i. 

The damage factors for terrestrial ecosystems (De Schryver et al. 2009) represent the potentially 

disappeared fraction of species (PDF) per degree temperature increase. A value of 0.06 PDF/°C is reported 

(based on all species). For freshwater ecosystems, Hanafiah et al. (2011) reported an effect factor of 

2.04*10-9 PDF m3/°C; this factor was derived by taking the sum of the potentially disappeared fractions of 

species per river basin multiplied by the total water volume of each river basin, based on all river basins 

below 42°. River basins north of a latitude of 42° are not included because recent (in evolutionary terms) 

glaciation during ice ages has caused the number of species there to be lower than what would be 

expected from the discharge. Therefore the relationship between river discharge and number of fish 

species does not hold for these river basins. However, as some river basins were covered twice in that 

database, we removed duplicates.  To get an average, weighted effect factor of 2.80 *10-2 PDF/°C we 

divide by the total river volume (a large river contributes more than a small river).  
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2.3. Uncertainties 
Available in second batch (tentative date: end of 2014/beginning of 2015) 

2.4.  Value choices 
2.4.1.  Time horizon  

A prominent value choice in the modelling of the climate change is the time horizon. GHGs have widely 

different atmospheric lifetimes, making it important to properly state the time horizon over which impacts 

are considered. We calculated CFs for 100 years and 100 – 1000 years, thus the user can choose between 

using the more robust 100 year time horizon or the less robust, but more complete 1000 year time 

horizon. 

 

2.4.2. Level of robustness 

Other relevant value choices that are considered are: 

- whether or not there is a strong potential for adaptation, 

- whether future socio-economic developments are favourable 

The human health and ecosystem effects were classified according to their level of robustness (Table 2.1). 

For the area of protection human health the expected increase in some diseases is dependent on the 

future socio-economic development. For some diseases, a positive socio-economic development thus 

prevents an increase in case occurrences. For others diseases like diarrhea and malaria, as well as for 

coastal flooding, an increase will occur even if the future socio-economic developments are positive. All 

these effects on human health are therefore considered to be health effects with a high level of 

robustness. In contrast, other effects may or may not occur and are therefore considered to have a low 

level of robustness. All effects on freshwater ecosystems were considered to have a low level of 

robustness because the CF was based on fish species only. It is uncertain whether these fish species are 

representative of the total freshwater ecosystem. 

Table 2.1: Included effects with high level of robustness and low level of robustness per area of protection 

Area of protection High level of robustness Low level of robustness Source 

Time horizon (applies to all 
areas of protection) 

100 years 100 - 1000 years - 

Human Health Diarrhea 
Malaria 
Coastal flooding 

Cardiovascular disease 
Malnutrition 
Inland flooding 

De Schryver et al. (2011) 

Terrestrial Ecosystems All species included Same species as high level  De Schryver et al. (2009) 

Freshwater Ecosystems None Fish as representative of the 
entire freshwater 
ecosystem, 
Based on global river basins 
below 42° 

Hanafiah et al. (2011)  
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2.4.3. Characterization factors 
Table 2.2: Characterization factors for human health (HH), terrestrial ecosystems (TE) and freshwater ecosystems (FE). Adding 

the CFs of high and low level of evidence results in the total CF over the complete time horizon and taking effects with both 

high and low levels of robustness into account. Substances with characterization factors of zero are very short-lived substances 

and are only relevant if the effects are studied over time periods shorter than a few years.  Thus, over 100 years, their impacts 

disappear. 

Substance 

HH, high 
level of 
robustness 
[DALY/kg] 

HH low 
level of 
robust-
ness 
[DALY/kg] 

HH, total 
[DALY/kg] 

TE, high 
level of 
robustne
ss 
[PDF*yr/
kg] 

TE low 
level of 
robustne
ss 
[PDF*yr/
kg] 

TE, total 
[PDF*yr/
kg] 

FE, 
high 
level of 
robust
ness 
[PDF*y
r/kg] 

FE, low 
level of 
robust-
ness 
[PDF*yr/
kg] 

FE, 
total(PDF
*yr/kg) 

Carbon dioxide 4.28E-07 1.21E-05 1.25E-05 2.82E-15 2.23E-14 2.51E-14 0 1.19E-14 1.19E-14 

Methane 1.20E-05 4.76E-05 5.96E-05 7.90E-14 4.07E-14 1.20E-13 0 5.66E-14 5.66E-14 

Fossil methane 1.28E-05 4.84E-05 6.13E-05 8.47E-14 3.84E-14 1.23E-13 0 5.82E-14 5.82E-14 

Nitrous oxide 1.13E-04 8.73E-04 9.86E-04 7.48E-13 1.23E-12 1.98E-12 0 9.36E-13 9.36E-13 

Chlorofluorocarbons          

CFC-11 1.99E-03 8.96E-03 1.10E-02 1.32E-11 8.85E-12 2.20E-11 0 1.04E-11 1.04E-11 

CFC-12 4.36E-03 2.95E-02 3.39E-02 2.88E-11 3.93E-11 6.81E-11 0 3.22E-11 3.22E-11 

CFC-13 5.95E-03 1.53E-01 1.59E-01 3.92E-11 2.80E-10 3.19E-10 0 1.51E-10 1.51E-10 

CFC-113 2.49E-03 1.52E-02 1.76E-02 1.64E-11 1.90E-11 3.54E-11 0 1.67E-11 1.67E-11 

CFC-114 3.68E-03 4.00E-02 4.37E-02 2.42E-11 6.35E-11 8.78E-11 0 4.15E-11 4.15E-11 

CFC-115 3.28E-03 1.04E-01 1.07E-01 2.16E-11 1.94E-10 2.16E-10 0 1.02E-10 1.02E-10 

Hydrochlorofluorocar
bons          

HCFC-21 6.33E-05 2.45E-04 3.08E-04 4.18E-13 2.02E-13 6.19E-13 0 2.93E-13 2.93E-13 

HCFC-22 7.53E-04 2.95E-03 3.70E-03 4.97E-12 2.47E-12 7.44E-12 0 3.51E-12 3.51E-12 

HCFC-122 2.52E-05 9.88E-05 1.24E-04 1.67E-13 8.25E-14 2.49E-13 0 1.18E-13 1.18E-13 

HCFC-122a 1.10E-04 4.31E-04 5.41E-04 7.28E-13 3.58E-13 1.09E-12 0 5.13E-13 5.13E-13 

HCFC-123 3.38E-05 1.32E-04 1.66E-04 2.23E-13 1.11E-13 3.34E-13 0 1.58E-13 1.58E-13 

HCFC-123a 1.58E-04 6.16E-04 7.75E-04 1.04E-12 5.11E-13 1.56E-12 0 7.35E-13 7.35E-13 

HCFC-124 2.25E-04 8.78E-04 1.10E-03 1.49E-12 7.29E-13 2.22E-12 0 1.05E-12 1.05E-12 

HCFC-132c 1.45E-04 5.63E-04 7.08E-04 9.54E-13 4.68E-13 1.42E-12 0 6.72E-13 6.72E-13 

HCFC-141b 3.35E-04 1.30E-03 1.64E-03 2.21E-12 1.08E-12 3.29E-12 0 1.55E-12 1.55E-12 

HCFC-142b 8.47E-04 3.31E-03 4.16E-03 5.59E-12 2.77E-12 8.36E-12 0 3.95E-12 3.95E-12 

HCFC-225ca 5.43E-05 2.13E-04 2.67E-04 3.58E-13 1.78E-13 5.37E-13 0 2.54E-13 2.54E-13 

HCFC-225cb 2.25E-04 8.74E-04 1.10E-03 1.48E-12 7.25E-13 2.21E-12 0 1.04E-12 1.04E-12 

(E)-1-Chloro-3,3,3-
trifluoroprop-1-ene 4.28E-07 2.70E-06 3.13E-06 2.82E-15 3.46E-15 6.28E-15 0 2.97E-15 2.97E-15 

Hydrofluorocarbons          

HFC-23 5.31E-03 6.56E-02 7.09E-02 3.50E-11 1.07E-10 1.42E-10 0 6.73E-11 6.73E-11 

HFC-32 2.90E-04 1.13E-03 1.42E-03 1.91E-12 9.36E-13 2.85E-12 0 1.35E-12 1.35E-12 

HFC-41 4.96E-05 1.95E-04 2.44E-04 3.27E-13 1.64E-13 4.91E-13 0 2.32E-13 2.32E-13 

HFC-125 1.36E-03 5.48E-03 6.84E-03 8.95E-12 4.79E-12 1.37E-11 0 6.49E-12 6.49E-12 

HFC-134 4.79E-04 1.85E-03 2.33E-03 3.16E-12 1.52E-12 4.69E-12 0 2.21E-12 2.21E-12 

HFC-134a 5.56E-04 2.17E-03 2.72E-03 3.67E-12 1.80E-12 5.47E-12 0 2.59E-12 2.59E-12 

HFC-143 1.40E-04 5.47E-04 6.88E-04 9.26E-13 4.55E-13 1.38E-12 0 6.52E-13 6.52E-13 

HFC-143a 2.05E-03 9.38E-03 1.14E-02 1.35E-11 9.41E-12 2.30E-11 0 1.08E-11 1.08E-11 

HFC-152 6.85E-06 2.76E-05 3.45E-05 4.52E-14 2.41E-14 6.93E-14 0 3.27E-14 3.27E-14 

HFC-152a 5.90E-05 2.29E-04 2.88E-04 3.89E-13 1.88E-13 5.78E-13 0 2.73E-13 2.73E-13 

HFC-161 1.71E-06 5.89E-06 7.61E-06 1.13E-14 3.98E-15 1.53E-14 0 7.22E-15 7.22E-15 

HFC-227ca 1.13E-03 4.57E-03 5.70E-03 7.45E-12 4.00E-12 1.14E-11 0 5.41E-12 5.41E-12 

HFC-227ea 1.43E-03 6.17E-03 7.60E-03 9.45E-12 5.81E-12 1.53E-11 0 7.22E-12 7.22E-12 

HFC-236cb 5.18E-04 2.02E-03 2.53E-03 3.41E-12 1.67E-12 5.09E-12 0 2.40E-12 2.40E-12 

HFC-236ea 5.69E-04 2.23E-03 2.80E-03 3.75E-12 1.86E-12 5.62E-12 0 2.65E-12 2.65E-12 

HFC-236fa 3.45E-03 4.56E-02 4.90E-02 2.27E-11 7.57E-11 9.85E-11 0 4.65E-11 4.65E-11 

HFC-245ca 3.06E-04 1.19E-03 1.50E-03 2.02E-12 9.89E-13 3.01E-12 0 1.42E-12 1.42E-12 

HFC-245cb 1.98E-03 9.04E-03 1.10E-02 1.30E-11 9.08E-12 2.21E-11 0 1.05E-11 1.05E-11 

HFC-245ea 1.01E-04 3.92E-04 4.93E-04 6.63E-13 3.26E-13 9.89E-13 0 4.68E-13 4.68E-13 

HFC-245eb 1.24E-04 4.84E-04 6.08E-04 8.18E-13 4.03E-13 1.22E-12 0 5.77E-13 5.77E-13 
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HFC-245fa 3.67E-04 1.43E-03 1.80E-03 2.42E-12 1.19E-12 3.61E-12 0 1.71E-12 1.71E-12 

HFC-263fb 3.25E-05 1.26E-04 1.58E-04 2.14E-13 1.03E-13 3.18E-13 0 1.50E-13 1.50E-13 

HFC-272ca 6.16E-05 2.40E-04 3.02E-04 4.06E-13 1.99E-13 6.06E-13 0 2.86E-13 2.86E-13 

HFC-329p 1.01E-03 4.09E-03 5.09E-03 6.66E-12 3.57E-12 1.02E-11 0 4.83E-12 4.83E-12 

HFC-365mfc 3.44E-04 1.34E-03 1.69E-03 2.27E-12 1.12E-12 3.39E-12 0 1.60E-12 1.60E-12 

HFC-43-10mee 7.06E-04 2.76E-03 3.46E-03 4.66E-12 2.30E-12 6.95E-12 0 3.29E-12 3.29E-12 

HFC-1132a 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

HFC-1141 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

(Z)-HFC-1225ye 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

(E)-HFC-1225ye 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

(Z)-HFC-1234ze 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

HFC-1234yf 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

(E)-HFC-1234ze 4.28E-07 1.57E-06 2.00E-06 2.82E-15 1.19E-15 4.01E-15 0 1.89E-15 1.89E-15 

(Z)-HFC-1336 8.56E-07 2.66E-06 3.52E-06 5.64E-15 1.42E-15 7.06E-15 0 3.34E-15 3.34E-15 

HFC-1243zf 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

HFC-1345zfc 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

3,3,4,4,5,5,6,6,6-
Nonafluorohex-1-ene 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

3,3,4,4,5,5,6,6,7,7,8,8
,8-Tridecafluorooct-1-
ene 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

3,3,4,4,5,5,6,6,7,7,8,8
,9,9,10,10,10-
Heptadecafluorodec-
1-ene 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

Chlorocarbons and 
hydrochlorocarbons          

Methyl chloroform 6.85E-05 2.67E-04 3.35E-04 4.52E-13 2.22E-13 6.74E-13 0 3.18E-13 3.18E-13 

Carbon tetrachloride 7.40E-04 2.96E-03 3.70E-03 4.88E-12 2.56E-12 7.44E-12 0 3.52E-12 3.52E-12 

Methyl chloride 5.13E-06 2.04E-05 2.56E-05 3.39E-14 1.75E-14 5.14E-14 0 2.43E-14 2.43E-14 

Methylene chloride 3.85E-06 1.48E-05 1.87E-05 2.54E-14 1.21E-14 3.75E-14 0 1.77E-14 1.77E-14 

Chloroform 6.85E-06 2.74E-05 3.43E-05 4.52E-14 2.36E-14 6.88E-14 0 3.25E-14 3.25E-14 

1,2-Dichloroethane 4.28E-07 1.45E-06 1.88E-06 2.82E-15 9.57E-16 3.78E-15 0 1.79E-15 1.79E-15 

Bromocarbons, 
hyrdobromocarbons 
and Halons          

Methyl bromide 8.56E-07 4.08E-06 4.93E-06 5.64E-15 4.26E-15 9.91E-15 0 4.68E-15 4.68E-15 

Methylene bromide 4.28E-07 1.70E-06 2.13E-06 2.82E-15 1.45E-15 4.27E-15 0 2.02E-15 2.02E-15 

Halon-1201 1.61E-04 6.26E-04 7.87E-04 1.06E-12 5.20E-13 1.58E-12 0 7.47E-13 7.47E-13 

Halon-1202 9.88E-05 3.86E-04 4.84E-04 6.52E-13 3.21E-13 9.73E-13 0 4.60E-13 4.60E-13 

Halon-1211 7.49E-04 2.92E-03 3.67E-03 4.94E-12 2.43E-12 7.37E-12 0 3.48E-12 3.48E-12 

Halon-1301 2.69E-03 1.41E-02 1.68E-02 1.78E-11 1.60E-11 3.37E-11 0 1.59E-11 1.59E-11 

Halon-2301 7.40E-05 2.90E-04 3.64E-04 4.88E-13 2.42E-13 7.30E-13 0 3.45E-13 3.45E-13 

Halon-
2311/Halothane 1.75E-05 6.86E-05 8.61E-05 1.16E-13 5.72E-14 1.73E-13 0 8.17E-14 8.17E-14 

Halon-2401 7.87E-05 3.05E-04 3.84E-04 5.19E-13 2.52E-13 7.71E-13 0 3.64E-13 3.64E-13 

Halon-2402 6.29E-04 2.48E-03 3.10E-03 4.15E-12 2.08E-12 6.23E-12 0 2.95E-12 2.95E-12 

Fully Fluorinated 
Species          

Nitrogen trifluoride 6.89E-03 1.54E-01 1.60E-01 4.54E-11 2.77E-10 3.22E-10 0 1.52E-10 1.52E-10 

Sulphur hexafluoride 1.01E-02 4.20E-01 4.30E-01 6.63E-11 7.97E-10 8.64E-10 0 4.08E-10 4.08E-10 

(Trifluoromethyl)sulfu
r pentafluoride 7.45E-03 2.14E-01 2.22E-01 4.91E-11 3.96E-10 4.45E-10 0 2.11E-10 2.11E-10 

Sulfuryl fluoride 1.75E-03 7.41E-03 9.16E-03 1.15E-11 6.85E-12 1.84E-11 0 8.69E-12 8.69E-12 

PFC-14 2.84E-03 1.35E-01 1.38E-01 1.87E-11 2.58E-10 2.77E-10 0 1.31E-10 1.31E-10 

PFC-116 4.75E-03 2.18E-01 2.23E-01 3.13E-11 4.16E-10 4.48E-10 0 2.12E-10 2.12E-10 

PFC-c216 3.94E-03 1.63E-01 1.67E-01 2.60E-11 3.09E-10 3.35E-10 0 1.58E-10 1.58E-10 

PFC-218 3.81E-03 1.54E-01 1.58E-01 2.51E-11 2.92E-10 3.17E-10 0 1.50E-10 1.50E-10 

PFC-318 4.08E-03 1.70E-01 1.74E-01 2.69E-11 3.23E-10 3.50E-10 0 1.65E-10 1.65E-10 

PFC-31-10 3.94E-03 1.59E-01 1.63E-01 2.60E-11 3.01E-10 3.27E-10 0 1.55E-10 1.55E-10 

Perfluorocyclopenten
e 8.56E-07 3.05E-06 3.91E-06 5.64E-15 2.20E-15 7.84E-15 0 3.71E-15 3.71E-15 

PFC-41-12 3.66E-03 1.57E-01 1.61E-01 2.41E-11 2.99E-10 3.23E-10 0 1.52E-10 1.52E-10 
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PFC-51-14 3.38E-03 1.41E-01 1.44E-01 2.23E-11 2.67E-10 2.89E-10 0 1.37E-10 1.37E-10 

PFC-61-16 3.35E-03 1.38E-01 1.41E-01 2.21E-11 2.62E-10 2.84E-10 0 1.34E-10 1.34E-10 

PFC-71-18 3.26E-03 1.35E-01 1.38E-01 2.15E-11 2.56E-10 2.78E-10 0 1.31E-10 1.31E-10 

PFC-91-18 3.08E-03 1.18E-01 1.21E-01 2.03E-11 2.23E-10 2.43E-10 0 1.15E-10 1.15E-10 

Perfluorodecalin(cis) 3.10E-03 1.19E-01 1.22E-01 2.04E-11 2.25E-10 2.45E-10 0 1.16E-10 1.16E-10 

Perfluorodecalin(tran
s) 2.69E-03 1.04E-01 1.06E-01 1.78E-11 1.96E-10 2.14E-10 0 1.01E-10 1.01E-10 

PFC-1114 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

PFC-1216 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

Perfluorobuta-1,3-
diene 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

Perfluorobut-1-ene 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

Perfluorobut-2-ene 8.56E-07 2.84E-06 3.70E-06 5.64E-15 1.79E-15 7.43E-15 0 3.51E-15 3.51E-15 

Halogenated alcohols 
and ethers          

HFE-125 5.31E-03 4.05E-02 4.58E-02 3.50E-11 5.69E-11 9.19E-11 0 4.34E-11 4.34E-11 

HFE-134 (HG-00) 2.38E-03 9.46E-03 1.18E-02 1.57E-11 8.09E-12 2.38E-11 0 1.12E-11 1.12E-11 

HFE-143a 2.24E-04 8.72E-04 1.10E-03 1.48E-12 7.24E-13 2.20E-12 0 1.04E-12 1.04E-12 

HFE-227ea 2.76E-03 1.30E-02 1.58E-02 1.82E-11 1.35E-11 3.17E-11 0 1.50E-11 1.50E-11 

HCFE-
235ca2(enflurane) 2.49E-04 9.73E-04 1.22E-03 1.65E-12 8.09E-13 2.45E-12 0 1.16E-12 1.16E-12 

HCFE-
235da2(isoflurane) 2.10E-04 8.18E-04 1.03E-03 1.39E-12 6.79E-13 2.07E-12 0 9.76E-13 9.76E-13 

HFE-236ca 1.81E-03 7.14E-03 8.95E-03 1.20E-11 6.01E-12 1.80E-11 0 8.50E-12 8.50E-12 

HFE-
236ea2(desflurane) 7.66E-04 2.99E-03 3.76E-03 5.05E-12 2.49E-12 7.54E-12 0 3.56E-12 3.56E-12 

HFE-236fa 4.19E-04 1.63E-03 2.05E-03 2.76E-12 1.35E-12 4.12E-12 0 1.95E-12 1.95E-12 

HFE-245cb2 2.80E-04 1.09E-03 1.37E-03 1.85E-12 9.07E-13 2.75E-12 0 1.30E-12 1.30E-12 

HFE-245fa1 3.54E-04 1.38E-03 1.73E-03 2.34E-12 1.14E-12 3.48E-12 0 1.64E-12 1.64E-12 

HFE-245fa2 3.47E-04 1.35E-03 1.70E-03 2.29E-12 1.12E-12 3.42E-12 0 1.61E-12 1.61E-12 

2,2,3,3,3-
Pentafluoropropan-1-
ol 8.13E-06 3.12E-05 3.93E-05 5.36E-14 2.53E-14 7.89E-14 0 3.73E-14 3.73E-14 

HFE-254cb1 1.29E-04 5.02E-04 6.31E-04 8.49E-13 4.17E-13 1.27E-12 0 5.98E-13 5.98E-13 

HFE-263fb2 4.28E-07 2.36E-06 2.79E-06 2.82E-15 2.77E-15 5.60E-15 0 2.64E-15 2.64E-15 

HFE-263m1 1.24E-05 4.93E-05 6.17E-05 8.18E-14 4.20E-14 1.24E-13 0 5.85E-14 5.85E-14 

3,3,3-
Trifluoropropan-1-ol 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

HFE-329mcc2 1.31E-03 5.19E-03 6.51E-03 8.66E-12 4.40E-12 1.31E-11 0 6.17E-12 6.17E-12 

HFE-338mmz1 1.12E-03 4.41E-03 5.53E-03 7.39E-12 3.72E-12 1.11E-11 0 5.25E-12 5.25E-12 

HFE-338mcf2 3.97E-04 1.55E-03 1.95E-03 2.62E-12 1.29E-12 3.91E-12 0 1.85E-12 1.85E-12 

Sevoflurane (HFE-
347mmz1) 9.24E-05 3.60E-04 4.52E-04 6.10E-13 2.99E-13 9.08E-13 0 4.29E-13 4.29E-13 

HFE-347mcc3 (HFE-
7000) 2.27E-04 8.84E-04 1.11E-03 1.50E-12 7.35E-13 2.23E-12 0 1.05E-12 1.05E-12 

HFE-347mcf2 3.65E-04 1.42E-03 1.79E-03 2.41E-12 1.18E-12 3.59E-12 0 1.70E-12 1.70E-12 

HFE-347pcf2 3.80E-04 1.48E-03 1.86E-03 2.51E-12 1.23E-12 3.74E-12 0 1.77E-12 1.77E-12 

HFE-347mmy1 1.55E-04 6.06E-04 7.61E-04 1.02E-12 5.04E-13 1.53E-12 0 7.22E-13 7.22E-13 

HFE-356mec3 1.66E-04 6.45E-04 8.11E-04 1.09E-12 5.36E-13 1.63E-12 0 7.69E-13 7.69E-13 

HFE-356mff2 7.27E-06 2.79E-05 3.52E-05 4.80E-14 2.27E-14 7.06E-14 0 3.34E-14 3.34E-14 

HFE-356pcf2 3.08E-04 1.20E-03 1.51E-03 2.03E-12 9.95E-13 3.02E-12 0 1.43E-12 1.43E-12 

HFE-356pcf3 1.91E-04 7.44E-04 9.35E-04 1.26E-12 6.18E-13 1.88E-12 0 8.87E-13 8.87E-13 

HFE-356pcc3 1.77E-04 6.89E-04 8.66E-04 1.17E-12 5.73E-13 1.74E-12 0 8.21E-13 8.21E-13 

HFE-356mmz1 5.99E-06 2.26E-05 2.86E-05 3.95E-14 1.78E-14 5.73E-14 0 2.71E-14 2.71E-14 

HFE-365mcf3 4.28E-07 1.52E-06 1.94E-06 2.82E-15 1.08E-15 3.90E-15 0 1.84E-15 1.84E-15 

HFE-365mcf2 2.48E-05 9.74E-05 1.22E-04 1.64E-13 8.17E-14 2.45E-13 0 1.16E-13 1.16E-13 

HFE-374pc2 2.68E-04 1.05E-03 1.31E-03 1.77E-12 8.69E-13 2.64E-12 0 1.25E-12 1.25E-12 

4,4,4-Trifluorobutan-
1-ol 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

2,2,3,3,4,4,5,5-
Octafluorocyclopenta
nol 5.56E-06 2.14E-05 2.70E-05 3.67E-14 1.74E-14 5.41E-14 0 2.56E-14 2.56E-14 
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HFE-43-10pccc124(H-
Galden 1040x,HG-11) 1.21E-03 4.70E-03 5.90E-03 7.96E-12 3.90E-12 1.19E-11 0 5.60E-12 5.60E-12 

HFE-449s1 (HFE-7100) 1.80E-04 7.01E-04 8.81E-04 1.19E-12 5.81E-13 1.77E-12 0 8.36E-13 8.36E-13 

n-HFE-7100 2.08E-04 8.09E-04 1.02E-03 1.37E-12 6.70E-13 2.04E-12 0 9.65E-13 9.65E-13 

i-HFE-7100 1.74E-04 6.78E-04 8.52E-04 1.15E-12 5.63E-13 1.71E-12 0 8.09E-13 8.09E-13 

HFE-569sf2 (HFE-
7200) 2.44E-05 9.46E-05 1.19E-04 1.61E-13 7.81E-14 2.39E-13 0 1.13E-13 1.13E-13 

n-HFE-7200 2.78E-05 1.07E-04 1.35E-04 1.83E-13 8.81E-14 2.72E-13 0 1.28E-13 1.28E-13 

i-HFE-7200 1.88E-05 7.39E-05 9.27E-05 1.24E-13 6.20E-14 1.86E-13 0 8.80E-14 8.80E-14 

HFE-236ca12 (HG-10) 2.29E-03 9.13E-03 1.14E-02 1.51E-11 7.82E-12 2.29E-11 0 1.08E-11 1.08E-11 

HFE-338pcc13 (HG-
01) 1.25E-03 4.85E-03 6.09E-03 8.21E-12 4.03E-12 1.22E-11 0 5.78E-12 5.78E-12 

1,1,1,3,3,3-
Hexafluoropropan-2-
ol 7.79E-05 3.04E-04 3.81E-04 5.14E-13 2.52E-13 7.66E-13 0 3.62E-13 3.62E-13 

HG-02 1.17E-03 4.54E-03 5.71E-03 7.70E-12 3.77E-12 1.15E-11 0 5.42E-12 5.42E-12 

HG-03 1.22E-03 4.76E-03 5.98E-03 8.04E-12 3.96E-12 1.20E-11 0 5.67E-12 5.67E-12 

HG-20 2.27E-03 9.05E-03 1.13E-02 1.50E-11 7.77E-12 2.27E-11 0 1.07E-11 1.07E-11 

HG-21 1.66E-03 6.49E-03 8.16E-03 1.10E-11 5.41E-12 1.64E-11 0 7.74E-12 7.74E-12 

HG-30 3.14E-03 1.25E-02 1.56E-02 2.07E-11 1.07E-11 3.14E-11 0 1.48E-11 1.48E-11 

1-Ethoxy-
1,1,2,2,3,3,3-
heptafluoropropane 2.61E-05 1.01E-04 1.27E-04 1.72E-13 8.29E-14 2.55E-13 0 1.21E-13 1.21E-13 

Fluoroxene 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

1,1,2,2-Tetrafluoro-1-
(fluoromethoxy)ethan
e 3.73E-04 1.45E-03 1.83E-03 2.46E-12 1.21E-12 3.67E-12 0 1.73E-12 1.73E-12 

2-Ethoxy-3,3,4,4,5-
pentafluorotetrahydr
o-2,5-bis[1,2,2,2-
tetrafluoro-1-
(trifluoromethyl)ethyl
]-furan 2.40E-05 9.23E-05 1.16E-04 1.58E-13 7.54E-14 2.33E-13 0 1.10E-13 1.10E-13 

Fluoro(methoxy)meth
ane 5.56E-06 2.07E-05 2.63E-05 3.67E-14 1.61E-14 5.27E-14 0 2.49E-14 2.49E-14 

Difluoro(methoxy)me
thane 6.16E-05 2.40E-04 3.02E-04 4.06E-13 1.99E-13 6.05E-13 0 2.86E-13 2.86E-13 

Fluoro(fluoromethoxy
)methane 5.56E-05 2.18E-04 2.74E-04 3.67E-13 1.84E-13 5.50E-13 0 2.60E-13 2.60E-13 

Difluoro(fluorometho
xy)methane 2.64E-04 1.03E-03 1.29E-03 1.74E-12 8.56E-13 2.60E-12 0 1.23E-12 1.23E-12 

Trifluoro(fluorometho
xy)methane 3.21E-04 1.25E-03 1.57E-03 2.12E-12 1.04E-12 3.16E-12 0 1.49E-12 1.49E-12 

HG'-01 9.50E-05 3.69E-04 4.64E-04 6.26E-13 3.05E-13 9.31E-13 0 4.40E-13 4.40E-13 

HG'-02 1.01E-04 3.92E-04 4.93E-04 6.66E-13 3.25E-13 9.91E-13 0 4.68E-13 4.68E-13 

HG'-03 9.46E-05 3.69E-04 4.64E-04 6.24E-13 3.07E-13 9.31E-13 0 4.40E-13 4.40E-13 

HFE-329me3 1.95E-03 8.44E-03 1.04E-02 1.28E-11 8.01E-12 2.09E-11 0 9.85E-12 9.85E-12 

3,3,4,4,5,5,6,6,7,7,7-
Undecafluoroheptan-
1-ol 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

3,3,4,4,5,5,6,6,7,7,8,8
,9,9,9-
Pentadecafluoronona
n-1-ol 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

3,3,4,4,5,5,6,6,7,7,8,8
,9,9,10,10,11,11,11-
Nonadecafluoroundec
an-1-ol 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

2-Chloro-1,1,2-
trifluoro-1-
methoxyethane 5.22E-05 2.04E-04 2.56E-04 3.44E-13 1.69E-13 5.14E-13 0 2.43E-13 2.43E-13 

PFPMIE(perfluoropoly
methylisopropyl 
ether) 4.15E-03 1.19E-01 1.23E-01 2.74E-11 2.20E-10 2.48E-10 0 1.17E-10 1.17E-10 
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HFE-216 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

Trifluoromethylforma
te 2.52E-04 9.79E-04 1.23E-03 1.66E-12 8.12E-13 2.47E-12 0 1.17E-12 1.17E-12 

Perfluoroethylformat
e 2.48E-04 9.67E-04 1.21E-03 1.64E-12 8.03E-13 2.44E-12 0 1.15E-12 1.15E-12 

Perfluoropropylforma
te 1.61E-04 6.27E-04 7.88E-04 1.06E-12 5.22E-13 1.58E-12 0 7.48E-13 7.48E-13 

Perfluorobutylformat
e 1.68E-04 6.53E-04 8.21E-04 1.11E-12 5.41E-13 1.65E-12 0 7.79E-13 7.79E-13 

2,2,2-
Trifluoroethylformate 1.41E-05 5.60E-05 7.01E-05 9.31E-14 4.77E-14 1.41E-13 0 6.65E-14 6.65E-14 

3,3,3-
Trifluoropropylformat
e 7.27E-06 2.93E-05 3.65E-05 4.80E-14 2.54E-14 7.34E-14 0 3.47E-14 3.47E-14 

1,2,2,2-
Tetrafluoroethylform
ate 2.01E-04 7.83E-04 9.84E-04 1.33E-12 6.50E-13 1.98E-12 0 9.34E-13 9.34E-13 

1,1,1,3,3,3-
Hexafluoropropan-2-
ylformate 1.42E-04 5.55E-04 6.97E-04 9.40E-13 4.61E-13 1.40E-12 0 6.62E-13 6.62E-13 

Perfluorobutylacetate 8.56E-07 2.62E-06 3.47E-06 5.64E-15 1.33E-15 6.97E-15 0 3.29E-15 3.29E-15 

Perfluoropropylacetat
e 8.56E-07 2.78E-06 3.63E-06 5.64E-15 1.65E-15 7.29E-15 0 3.45E-15 3.45E-15 

Perfluoroethylacetate 8.56E-07 3.46E-06 4.32E-06 5.64E-15 3.02E-15 8.67E-15 0 4.10E-15 4.10E-15 

Trifluoromethylacetat
e 8.56E-07 3.48E-06 4.34E-06 5.64E-15 3.07E-15 8.71E-15 0 4.12E-15 4.12E-15 

Methylcarbonofluorid
ate 4.06E-05 1.59E-04 2.00E-04 2.68E-13 1.33E-13 4.01E-13 0 1.89E-13 1.89E-13 

1,1-
Difluoroethylcarbonof
luoridate 1.16E-05 4.46E-05 5.62E-05 7.62E-14 3.66E-14 1.13E-13 0 5.33E-14 5.33E-14 

1,1-
Difluoroethyl2,2,2-
trifluoroacetate 1.33E-05 5.14E-05 6.46E-05 8.75E-14 4.23E-14 1.30E-13 0 6.13E-14 6.13E-14 

Ethyl 2,2,2-
trifluoroacetate 4.28E-07 2.45E-06 2.88E-06 2.82E-15 2.96E-15 5.78E-15 0 2.73E-15 2.73E-15 

2,2,2-
Trifluoroethyl2,2,2-
trifluoroacetate 3.00E-06 1.13E-05 1.43E-05 1.98E-14 9.00E-15 2.88E-14 0 1.36E-14 1.36E-14 

Methyl 2,2,2-
trifluoroacetate 2.22E-05 8.74E-05 1.10E-04 1.47E-13 7.34E-14 2.20E-13 0 1.04E-13 1.04E-13 

Methyl 2,2-
difluoroacetate 1.28E-06 5.57E-06 6.85E-06 8.47E-15 5.29E-15 1.38E-14 0 6.50E-15 6.50E-15 

Difluoromethyl 2,2,2-
trifluoroacetate 1.16E-05 4.51E-05 5.66E-05 7.62E-14 3.76E-14 1.14E-13 0 5.38E-14 5.38E-14 

2,2,3,3,4,4,4-
Heptafluorobutan-1-
ol 1.45E-05 5.63E-05 7.08E-05 9.60E-14 4.62E-14 1.42E-13 0 6.72E-14 6.72E-14 

1,1,2-Trifluoro-2-
(trifluoromethoxy)-
ethane 5.31E-04 2.07E-03 2.60E-03 3.50E-12 1.73E-12 5.23E-12 0 2.47E-12 2.47E-12 

1-Ethoxy-1,1,2,3,3,3-
hexafluoropropane 9.84E-06 3.90E-05 4.89E-05 6.49E-14 3.32E-14 9.82E-14 0 4.64E-14 4.64E-14 

1,1,1,2,2,3,3-
Heptafluoro-3-
(1,2,2,2-
tetrafluoroethoxy)-
propane 2.78E-03 1.48E-02 1.75E-02 1.83E-11 1.69E-11 3.52E-11 0 1.66E-11 1.66E-11 

2,2,3,3-Tetrafluoro-1-
propanol 5.56E-06 2.16E-05 2.72E-05 3.67E-14 1.79E-14 5.46E-14 0 2.58E-14 2.58E-14 

2,2,3,4,4,4-
Hexafluoro-1-butanol 7.27E-06 2.84E-05 3.56E-05 4.80E-14 2.36E-14 7.16E-14 0 3.38E-14 3.38E-14 
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2,2,3,3,4,4,4-
Heptafluoro-1-
butanol 6.85E-06 2.72E-05 3.40E-05 4.52E-14 2.32E-14 6.83E-14 0 3.23E-14 3.23E-14 

1,1,2,2-Tetrafluoro-3-
methoxy-propane 4.28E-07 6.73E-07 1.10E-06 2.82E-15 0.00E+00 2.21E-15 0 1.04E-15 1.04E-15 

perfluoro-2-methyl-3-
pentanone 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

3,3,3-
Trifluoropropanal 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0.00E+00 

2-Fluoroethanol 4.28E-07 1.42E-06 1.84E-06 2.82E-15 8.79E-16 3.70E-15 0 1.75E-15 1.75E-15 

2,2-Difluoroethanol 1.28E-06 5.07E-06 6.35E-06 8.47E-15 4.28E-15 1.28E-14 0 6.03E-15 6.03E-15 

2,2,2-Trifluoroethanol 8.56E-06 3.32E-05 4.18E-05 5.64E-14 2.75E-14 8.39E-14 0 3.97E-14 3.97E-14 

1,1'-Oxybis[2-
(difluoromethoxy)-
1,1,2,2-
tetrafluoroethane 2.11E-03 8.41E-03 1.05E-02 1.39E-11 7.24E-12 2.11E-11 0 9.98E-12 9.98E-12 

1,1,3,3,4,4,6,6,7,7,9,9
,10,10,12,12-
hexadecafluoro-
2,5,8,11-
Tetraoxadodecane 1.92E-03 7.70E-03 9.62E-03 1.27E-11 6.64E-12 1.93E-11 0 9.13E-12 9.13E-12 

1,1,3,3,4,4,6,6,7,7,9,9
,10,10,12,12,13,13,15
,15-eicosafluoro-
2,5,8,11,14-
Pentaoxapentadecan
e 1.55E-03 6.23E-03 7.78E-03 1.02E-11 5.38E-12 1.56E-11 0 7.38E-12 7.38E-12 
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3.1.  Areas of protection and environmental mechanisms covered 
 

 
Figure 3.1: Cause-and-effect chain for emissions of ozone depleting substances (ODS) resulting in human health damage (from: 

Huijbregts et al. 2014) 

The ozone layer in the stratosphere absorbs a large part of the harmful UV-radiation coming from the sun. 

In the natural situation ozone is continuously being formed and destroyed. However, a number of man-

made chemicals that contain fluorine, bromine and chlorine groups, called Ozone Depleting Substances 

(ODS), can greatly increase the rate of destruction, leading to a reduction in the thickness of the ozone 

layer. With the thickness of the layer reduced, more of the UV-B radiation will reach the earth’s surface. 

Increased exposure to UV-B radiation can lead to adverse human health effects (Figure 3.1), such as skin 

cancer and cataract, and effects on ecosystems. The latter are, however, not considered here, meaning 

that the only area of protection that is covered is human health. 

3.2.  Calculation of the characterization factors at endpoint level 
The procedure we follow here is equal to the procedure from the latest ReCiPe report (Huijbregts et al., 

2014). The World Meteorological Organization (WMO) reports the Ozone Depletion Potential (ODP) for 

21 different substances (WMO, 2011) these ODPs were used for the calculation of the CFs. The ODP, as 

reported by the WMO, represents the amount of ozone destroyed by a substance during its entire lifetime 

relative to the amount of ozone destroyed by CFC-11 during its entire lifetime. Equation 3.1 shows the 

characterization factor CFend at endpoint level. It consists of the ozone depletion potential (ODP) for 

substance x with time horizon TH and the effect factor EF for the reference substance CFC-11 for time 

horizon TH. 

𝐶𝐹𝑒𝑛𝑑,𝑥,𝑇𝐻 = 𝑂𝐷𝑃𝑥,𝑇𝐻 ∙  𝐸𝐹𝐶𝐹𝐶−11,𝑇𝐻 

Equation 3.1 

The WMO (2011) uses a semi-empirical approach to calculate the ODPs. Observational data from different 

air layers is used to predict the release of the bromine and chlorine groups from an ODS. Each bromine 

group has approximately 60 times (65 in arctic regions) more potency to destroy ozone than a chlorine 

mailto:z.steinmann@science.ru.nl


 

28 
 

group. By taking into account the release of the chlorine and bromine groups and their potencies the 

change in Equivalent Effective Stratospheric Chlorine (EESC) resulting from the release of 1 kg of ODS was 

calculated. By dividing this value by the EESC effect of CFC-11 one can calculate the ODP as follows 

(equation 3.2):    

𝑂𝐷𝑃𝑖𝑛𝑓,𝑥 =  
∆𝐸𝐸𝑆𝐶𝑥

∆𝐸𝐸𝑆𝐶𝐶𝐹𝐶−11
 

Equation 3.2 

Where the ODPinf,x is the ODP for an infinite time horizon for ODS x, ∆EESCx and ∆EESCcfc-11 are the changes 

in EESC caused by the emission of 1 kg of ODS x and 1 kg of CFC-11 respectively (Equation 3.2 and 

description from Huijbregts et al. 2014).  

The ODPs from WMO are all based on an infinite time horizon, for a 100 year time horizon a correction is 

needed to calculate the fraction of the bromine and chlorine that is released during the first 100 years of 

the lifetime. Equal to the approach followed in ReCiPe we used the equation from De Schryver et al. (2011) 

(equation 3.3). 

𝐹𝑡 = 1 − 𝑒(−𝑡−3)⋅𝑘 

Equation 3.3 

Where Ft is the fraction of the total damage caused by an ODS during the first t years, k is the removal 

rate of the ODS (yr-1) which is the inverse of the atmospheric life time and the 3 is the average time (in 

years) that is needed for transport from the troposphere to the stratosphere. This fraction Ft is then 

multiplied with ODPinf,x to get to the OPDx,TH with a finite time horizon TH. 

The amount of damage caused by exposure to UV-B radiation has been quantified by Hayashi et al. (2006), 

a summarizing, qualitative formula of the effect factor is shown in Equation 3.4. For more details, see 

Hayashi et al. (2006). 

𝐸𝐹 = 𝑓(𝑂𝐿𝑇, 𝑈𝑉𝐵, 𝑠, 𝑖, 𝑗, 𝑥) 

Equation 3.4 

This equation shows that the effect factor is a function of the ozone layer thickness (OLT), the resulting 

UVB radiation (UVB) that reaches the surface as a response to this ozone layer thicknes, the season (s), 

latitudinal zone (i), population number of skin type (j) and skin cancer type (x) (note: damage by cataract 

was calculated in a similar matter, but is independent of the skin type).   

The effect of EESC on ozone layer thickness was determined by historical observational data, using year 

1980 as a reference year because prior to this year anthropogenic effects on ozone layer thickness were 

considered negligible. The effect of EESC depends on both the season as well as the latitude. Therefore 

Hayashi et al. (2006) used a model with latitudinal zones of degrees and four different seasons to calculate 

the amount of UV-B radiation that reaches the surface. The optical thickness of the ozone layer rather 
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than the actual thickness determines the amount of direct or scattered UV-B radiation that reaches the 

surface. To correct for this difference, a linear regression between actual and optical thickness was used. 

Three different types of skin cancer (malignant melanoma (MM), basal cell carcinoma (BCC) and squamous 

cell carcinoma (SCC)) were linked to UV-B radiation. The DALY concept was used to determine the severity 

of each of these cancers. The incidence rate of these cancers is inversely related to the amount of 

pigments in the skin. In order to take this into account, the percentage of people with different skin 

colours (white, yellow or black) was determined per longitudinal zone. The resulting damage in human 

health was 5.91E-04 yr/kg CFC-11 eq (for an infinite time horizon). For a 100 year time horizon this value 

is 10% lower (5.34 E-04 yr/kg CFC-11 eq).  If the effect of cataract is also taken into account (infinite time 

horizon only) this factor increases to 1.34E-03 yr/kg CFC-11 eq. The resulting endpoints CFs are listed in 

table 3.1 for 22 ozone depleting substances. 

3.3.  Uncertainties  
Available in second batch (tentative date: end of 2014/beginning of 2015) 

3.4.   Value choices 
The different ODSs have widely varying atmospheric lifetimes, ranging from 0.8 years for CH3Br to 1020 

years for CFC-115. Therefore the CF is time-horizon dependent. The effects over the first 100 years are 

considered to be certain and robust. Effects in a longer time horizon are more uncertain, because of 

unknown future emissions and population developments. 

There is strong evidence of the link between UV radiation and skin cancer incidence. The evidence for a 

link with cataract is much weaker and these effects should therefore be considered to have a low 

robustness (Table 3.1). The mechanism by which bromine and chlorine containing substances destroy 

ozone is well known and understood. Nitrous oxide (N2O) also has an ozone depleting capacity (but no 

bromine or chlorine groups)  whether or not to include this substance should be included can be seen as 

a value choice. In this analysis we chose to include N2O, as also recommended in literature (Ravishankara 

et al. 2010; WMO, 2011). This division of the value choices gives a CF with a high level of robustness that 

is equal to the Hierarchist CF in the latest ReCiPe update (Huijbregts et al., 2014), while the total CF is 

equal to the Egalitarian CF for all substances. 

Table 3.1: Value choices in the modelling of CFs with high and low level robustness 

Choice category  High level of 
robustness 

Low level of 
robustness 

Source 

Time horizon  100 yr 100 yr - Infinite De Schryver et al. (2011) 

Included effects  Skin cancer Cataract  
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Table 3.2: The characterization factors for ozone depleting substances with high level of robustness (100 year time horizon, 

skin cancers only) and low level of robustness (infinite time horizon, skin cancers and cataract), representing human health 

damage expressed as DALYs (DALY/kg ODS = y/kg ODS). 

Substance 

HH, high level of 
robustness [DALY/kg 
ODS] 

HH, low level of 
robustness [DALY/kg 
ODS] 

HH, total [DALY/kg ODS] 

Annex A-I    

CFC-11 5.31E-04 8.14E-04 1.34E-03 

CFC-12 3.12E-04 7.91E-04 1.10E-03 

CFC-113 3.53E-04 7.90E-04 1.14E-03 

CFC-114 1.43E-04 6.37E-04 7.80E-04 

CFC-115 3.24E-05 7.34E-04 7.67E-04 

Annex A-II       

Halon-1301 7.47E-03 1.39E-02 2.14E-02 

Halon-1211 4.66E-03 5.96E-03 1.06E-02 

Halon-2402 7.64E-03 9.84E-03 1.75E-02 

Annex B-II       

CCl4 4.75E-04 6.27E-04 1.10E-03 

Annex B-III       

CH3CCl3 9.46E-05 1.21E-04 2.15E-04 

Annex C-I       

HCFC-22 2.36E-05 3.02E-05 5.38E-05 

HCFC-123 5.91E-06 7.54E-06 1.34E-05 

HCFC-124 1.18E-05 1.51E-05 2.69E-05 

HCFC-141b 7.09E-05 9.05E-05 1.61E-04 

HCFC-142b 3.54E-05 4.53E-05 8.07E-05 

HCFC-225ca 1.18E-05 1.51E-05 2.69E-05 

HCFC-225cb 1.77E-05 2.26E-05 4.03E-05 

Annex E       

CH3Br 3.90E-04 4.98E-04 8.88E-04 

Others       

Halon-1202 1.00E-03 1.28E-03 2.29E-03 

CH3Cl 1.18E-05 1.51E-05 2.69E-05 

N2O 5.64E-06 1.72E-05 2.29E-05 
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4. Ionizing radiation 
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4.1.  Areas of protection and environmental mechanisms covered 

Figure 4.1: Cause-and-effect chain from an airborne or waterborne emission of a radionuclide to human health damage (from: 

Huijbregts et al., 2014) 

Radionuclides can be released during a number of human activities. These can be related to the nuclear 

fuel cycle (mining, processing, use or treatment of the nuclear fuel) or during more conventional energy 

generation such as the burning of coal. Airborne radionuclides can be inhaled by humans, while 

radionuclides that end up in freshwater can be ingested during swimming in open water, via drinking 

water produced from surface water or can enter the food cycle via crops.  

When the radionuclides decay, they release ionizing radiation. Human exposure to ionizing radiation 

causes alterations in the DNA, which in turn can lead to different types of cancer and birth defects. Similar 

effects must be expected in other living organisms, but damage to ecosystems is not quantified at the 

moment. Thus, the only area of protection covered is human health (Figure 4.1). 

The effect factors are based on disease statistics resulting from relatively high work-related or accident-

related exposure. An average approach is used to calculate the amount of additional cancer-incidences 

resulting from this exposure. In LCA however the exposure doses are generally very low. Therefore, the 

value based on relatively high exposure was corrected for the difference in cancer incidences per exposure 

dose, thereby approximating a marginal approach. 

4.2.  Calculation of the characterization factors at endpoint level 
The calculation procedure here is equal to that of the latest ReCiPe update (Huijbregts et al. 2014), which 

in turn is based mostly on the works from De Schryver et al. (2011) and Frischknecht et al. (2000). The 
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division of the value choices (see below) is different, meaning that the CFs with good robustness are not 

the same as the factors provided in ReCiPe. However, the total CFs are equal to the endpoint CFs of the 

Egalitarian perspective in ReCiPe, because in both methodologies these reflect all potential impacts. The 

endpoint CF is calculated as shown in equation 4.1, where CD stands for collective dose of radionuclide x, 

and EF for effect factor for radionuclide x, environmental compartment i  (air, freshwater or marine water) 

and time horizon TH 

𝐶𝐹𝑒𝑛𝑑,𝑥,𝑖,𝑇𝐻 = 𝐶𝐷𝑥,𝑖,𝑇𝐻 ∙  𝐸𝐹 

Equation 4.1 

Unlike most other CFs the damage is not expressed per kg of emission but rather per kBq. The unit 

Becquerel (Bq) is the number of atom nuclei that decay per second. Even though the CF for every 

radionuclide is based on the same activity level (1kBq = a decay of 1000 nuclei per second), there are 

differences due to the type of radiation, the half-live of the radionuclide and the environmental fate of 

the radionuclide. For emissions to air a Gaussian plume model is used to describe the dispersion around 

the emission location for all but four radionuclides. Tritium (H-3), carbon-14, krypton-85 and iodine-129 

are assumed to disperse globally. Models that cover the global water cycle, the carbon cycle, a two 

compartment dynamic model and a nine compartment dynamic model were used for these radionuclides 

respectively. Emissions to river water are modelled via a box-model with several different river 

compartments. By taking into account the fraction that is taken up by the human population one can 

calculate the collective dose (CD). As shown in equation 4.2, the collective dose (unit: man.Sv) is a measure 

for the total amount of exposure to a radionuclide for the entire, global population.  

𝐶𝐷𝑇𝐻 =  ∫ 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒𝑡  𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑡

𝑇𝐻

𝑡=0

 

Equation 4.2 

Exposure is the average exposure in Sievert (Sv=J/kg body weight) and Population represents the number 

of people at time t, integrated over time horizon TH. For the longest time horizon (100 000 years) the total 

human population was assumed to be stable at 10 billion people (Dreicer et al., 1995; Frischknecht et al., 

2000). 

The effect factor, shown in equation 4.3, combines the damages of the different disease types that can 

be caused by ionizing radiation. 

𝐸𝐹 =  ∑ 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒𝑖 𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦𝑖

𝑖

 

Equation 4.3 

Where Incidence is the extra incidence of disease type i (incidences/man.Sv) and Severity represents the 

human health damage caused by these diseases (DALY/incidence).  
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The incidence rates of the different cancer types and hereditary disease were taken from Frischknecht et 

al. (2000) while the corresponding human health damage (in DALY) per disease type was taken from De 

Schryver et al. (2011). This yields a robust damage factor of 0.617 DALY/man.Sv and a less robust factor 

of 1.239 DALY/man.Sv. Multiplied by the collective dose in man.Sv (taken from De Schryver et al. 2011 for 

almost all radionuclides, Frischknecht (2000) for the others) for emissions to the different compartments 

this yields the final CFs (Table 4.2). 

4.3.  Uncertainties 
Available in second batch (tentative date: end of 2014/beginning of 2015) 

4.4. Value choices 
Radioactive half-lives of radionuclides can vary from less than a second to millions of years. The harmful 

ionizing radiation is released during the radioactive decay. The decay is described by an exponential 

function, and radionuclides that decay very slowly (half-lives > 100 years) therefore release the majority 

of their radiation in the far future, while shorter-lived radionuclides (half-lives <100 years) will release the 

majority of their radiation during the first couple of years after release. It is therefore important to know 

over which time horizon the impact of the different radionuclides is considered. The impacts over a 100 

year time horizon are considered to be robust, while the impacts occurring in a 100 000 year period after 

that are considered uncertain and less robust (Table 4.1). In contrast to other long-term effects, an 

important distinction for the radionuclides is that the uncertainty of the decay intensity and the type and 

intensity of the released radiation is negligible (fate factor). The uncertainty concerns the extent to which 

humans will be exposed to the released radiation 

It should be noted that even the 100.000 year time horizon is still relatively short compared to the half-

life of Uranium-235 of 7.10 * 108 years. However, the models that were used to derive these factors only 

calculated results for a time period up to 100.000 years. 

While it is certain that ionizing radiation can cause hereditary disease and thyroid, bone marrow, lung and 

breast cancer it is less clear whether other types (bladder, colon, ovary, skin, liver, oesophagus, stomach, 

bone surface and remaining types) of cancer can also be caused by exposure to ionizing radiation. 

Therefore in the robust CF only the first four types of cancer and hereditary disease are included, while 

for the low-robustness CF all remaining cancer types are assumed to be caused by ionizing radiation. The 

incidence rate of cancer caused by ionizing radiation was determined by statistics based on accidental 

medium to high exposure (for example from workers in nuclear power plants). It is uncertain by how much 

the high to medium exposure doses should be corrected to get a CF that accurately reflects the very low 

exposure situations considered relevant in life cycle assessment. A factor called the Dose and dose rate 

effectiveness factor (DDREF) is used to correct for the fact that at higher exposures less dose is needed to 

result in the same effect. A factor of 10 is considered an optimistic estimate (based on animal studies), i.e. 

meaning that for the same cancer incidence rate caused by medium to high exposure one would need to 

get a dose that is 10 times higher as a result of (prolonged) low exposure (used for robust CFs). A more 

conservative estimate is that this factor is only about 2 (used for low level robustness). For hereditary 

diseases no correction factor is applied. 
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Table 4.1: Value choices in the modelling with high level of robustness and with a low level of robustness 

Choice category  High level of robustness Low level of robustness 

Time horizon  100 yr 100- 100,000 years 

Dose and dose rate effectiveness 
factor (DDREF) 

 
10 2 

Included effects 

 

-Thyroid, bone marrow, lung 
and breast cancer 
-Hereditary disease 

- bladder, colon, ovary, skin, 
liver, oesophagus, stomach, 
bone surface and remaining 
types of cancer 
 

 

Table 4.2: Characterization factors (CF) with high and low levels of robustness for human health damage DALY (DALY/kBq = 

y/kBq) for emissions to air, freshwater or the marine environment. Summing the CFs with high and low level of robustness 

results in the total CF, taking into account the complete time horizon and all certain and uncertain effects. HH stands for human 

health. 

Emission to air HH, High level of 
robustness [DALY/kBq] 

HH, Low level of 
robustness [DALY/kBq] 

HH,Total 
[DALY/kBq] 

Am-241 3.7E-07 3.9E-07 7.6E-07 

C-14 7.8E-09 1.7E-07 1.8E-07 

Co-58 1.7E-10 1.7E-10 3.5E-10 

Co-60 6.8E-09 6.8E-09 1.4E-08 

Cs-134 4.9E-09 4.9E-09 9.8E-09 

Cs-137 1.1E-08 1.1E-08 2.2E-08 

H-3 5.8E-12 5.9E-12 1.2E-11 

I-129 7.1E-08 2.7E-06 2.8E-06 

I-131 6.2E-11 6.2E-11 1.2E-10 

I-133 3.8E-12 3.9E-12 7.7E-12 

Kr-85 5.8E-14 5.8E-14 1.2E-13 

Pb-210 6.2E-10 6.2E-10 1.2E-09 

Po-210 6.2E-10 6.2E-10 1.2E-09 

Pu alpha  6.8E-08 6.8E-08 

Pu-238  5.5E-08 5.5E-08 

Pu-239 2.2E-07 2.2E-07 4.3E-07 

Ra-226  7.4E-10 7.4E-10 

Rn-222 9.9E-12 1.0E-11 2.0E-11 

Ru-106 6.8E-10 6.8E-10 1.4E-09 

Sr-90 1.7E-08 1.7E-08 3.3E-08 

Tc-99 8.0E-09 8.1E-09 1.6E-08 

Th-230  3.7E-08 3.7E-08 

U-234  7.9E-08 7.9E-08 

U-235  1.7E-08 1.7E-08 

U-238  6.7E-09 6.7E-09 

Xe-133 5.8E-14 5.8E-14 1.2E-13 

Emission to river and 
lakes    

Ag-110m 2.0E-10 2.1E-10 4.1E-10 
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Am-241 2.3E-11 2.6E-11 5.0E-11 

C-14 4.1E-11 1.3E-10 1.7E-10 

Co-58 1.7E-11 1.7E-11 3.3E-11 

Co-60 1.8E-08 1.8E-08 3.6E-08 

Cs-134 5.9E-08 5.9E-08 1.2E-07 

Cs-137 6.8E-08 6.8E-08 1.4E-07 

H-3 2.8E-13 2.8E-13 5.6E-13 

I-129 1.9E-09 2.1E-06 2.1E-06 

I-131 2.0E-10 2.1E-10 4.1E-10 

Mn-54 1.3E-10 1.3E-10 2.6E-10 

Pu-239 2.5E-12 3.2E-12 5.7E-12 

Ra-226  1.1E-10 1.1E-10 

Ru-106 1.6E-12 1.6E-12 3.2E-12 

Sb-124 3.3E-10 3.4E-10 6.7E-10 

Sr-90 1.7E-10 2.2E-10 3.8E-10 

Tc-99 2.1E-10 2.1E-10 4.2E-10 

U-234  2.0E-09 2.0E-09 

U-235  1.9E-09 1.9E-09 

U-238  1.9E-09 1.9E-09 

Emission to ocean    

Am-241 3.3E-10 3.3E-10 6.6E-10 

C-14 1.9E-10 1.9E-10 3.7E-10 

Cm alpha  4.7E-08 4.7E-08 

Co-60 1.6E-10 1.6E-10 3.2E-10 

Cs-134 3.2E-11 3.2E-11 6.4E-11 

Cs-137 3.9E-11 4.0E-11 7.9E-11 

H-3 2.8E-14 2.8E-14 5.5E-14 

I-129 2.0E-10 2.1E-06 2.1E-06 

Pu alpha  6.1E-08 6.1E-08 

Pu-239 3.6E-11 4.2E-11 7.8E-11 

Ru-106 7.4E-12 7.5E-12 1.5E-11 

Sb-125 6.0E-12 6.1E-12 1.2E-11 

Sr-90 3.1E-12 3.1E-12 6.2E-12 

Tc-99 5.4E-13 9.5E-13 1.5E-12 

U-234  1.9E-11 1.9E-11 

U-235  2.0E-11 2.0E-11 

U-238  1.9E-11 1.9E-11 
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5. Photochemical ozone formation 

Available in second batch (tentative date: end of 2014/beginning of 2015) 
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6. Particulate matter formation 

Available in second batch (tentative date: end of 2014/beginning of 2015) 
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Based on: Roy et al. (2012b), Roy et al. (2012a), Roy et al.(in press), and Azevedo et al. (2013c). 

 

7.1. Environmental mechanism and impact categories covered 
 

Terrestrial acidification is characterized by changes in soil chemical properties following the deposition of 
nutrients (namely, nitrogen and sulfur) in acidifying forms. Here, we assess the environmental impact of 
nitrogen oxides (NOx), ammonia (NH3), and sulfur dioxide (SO2), see Figure 7.1. In addition to soil pH 
decline (i.e. increase in hydrogen cation concentration in the soil), the increase in acidifying nutrients 
concentration in the soil leads to the decline in base saturation and the increase of aluminum dissolved in 
soil solution. This decline in soil fertility may lead to an increase in plant tissue yellowing and seed 
germination failure and a decrease in new root production, thereby reducing photosynthetic rates and 
plant biomass and, in extreme cases, plant diversity (Falkengren-Grerup 1986; Roem et al. 2000; Zvereva 
et al. 2008). 
 

 
Figure 7.1: Illustration of the impact pathway represented in equation 7.1. 

 
The impact category covered by this environmental mechanism is the ecosystem quality. The acidification 
impact is related to the atmospheric transport of the emitted pollutants and their subsequent impact on 
soil pH (described by the fate factor), and to the sensitivity of the ecosystem to soil acidity (described by 
the effect factor). Here, the effect factor is based on the decline in richness of vascular plants. Note that 
in cases where acidifying pollutants are released to human-built structures (e.g. buildings and statues) 
there can be aesthetic impacts of terrestrial acidification. However, this mechanism is not taken into 
account in this framework. 
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The coverage of the endpoint characterization factor (CF) is global. Of the three effect factor models (i.e. 
linear, marginal, and average approaches), we chose the marginal one. The spatial resolution of the CF is 
2.0° x 2.5°. 

 

7.2.  Calculation of the characterization factors at endpoint level 
An endpoint characterization factor (yr·kg-1, see Figure 7.1 for illustration of impact pathway) for emitting 
cell i for pollutant p (i.e. NOx, NH3, or SO2) is described as 
 

𝐶𝐹𝑒𝑛𝑑,𝑖,𝑝 = ∑ 𝐴𝐹𝑖→𝑗,𝑝 ∙ 𝑆𝐹𝑗,𝑝 ∙ 𝐸𝐹𝑗𝑗,𝑝        Equation 7.1 

 
where AFi→j,p is the atmospheric fate factor of pollutant p from cell i to receiving cell j, SFj,p is the soil 
sensitivity factor, and EFj is the effect factor in cell j. 
 

 
Figure 7.2: Illustration of the (a) atmospheric transport, adapted from Roy et al. (2012b), (b) soil chemistry, and (c) the logistic 
regression originating effect model, adapted from Azevedo (2014). In (a), the flows through six possible transport pathways 
into and out of a receiving cell j (one pathway represented by Oj,i) and the accumulated mass of pollutant in j (Aj) in the 
atmospheric compartment are used in a mass balance of the source-receptor matrix (SRM). In (b), the flow of positively 
charged ions (+) originating from the dissociation of sulfuric acid and nitrous acid and from the reduction of ammonia prompts 
base cations to be leached out of the soil profile (here, the middle soil layer is amplified for illustration purposes). In (c), the 
potentially not occurring fraction (PNOF) of species as a logistic function of pH is determined with the lowest tolerable pH 
condition (illustrated as the black tip of the grey bar pH range) for individual species (Oi) recorded in observational field studies. 

 
Atmospheric fate factor 
 
The atmospheric fate factor (keq·ha-1·kg-1) is described as 
 

𝐴𝐹𝑖→𝑗,𝑝 =
𝑑𝐷𝐸𝑃𝑗,𝑝

𝑑𝐸𝑀𝑖,𝑝
         Equation 7.2 

 
where dDEP (keq·yr-1·ha-1) is the relative increase in deposition of pollutant p onto the terrestrial 
compartment j following an increase in the emission of p from emitting cell i, dEM (kg-1·yr), by 10% relative 
to a reference year (2005) (Roy et al. 2012b).  
 
The unit of the AF is given as kiloequivalent of electric charge (keq) per mass of emitted pollutant per 
given area (therefore, keq·ha-1·kg-1). (The unit of electric charge can be converted from a mass of 
deposited pollutant by taking the atomic weight and the valence of the atom deposited. For example, 1 
mol of sulfur is equal to 64.13eq, because the atomic weight of S is 32.07 and its valence is 2). 
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The AF is derived based on the tropospheric chemistry model GEOS-Chem, which is described in detail by 
Roy et al. (2012b). It considers various photochemical reactions and the flow of particles that is influenced 
by temperature and atmospheric pressure differences, described in detail by Evans & Jingqiu (2009). The 
model includes transboundary transport across countries and across continents. The inventory of 
emissions in 2005 includes anthropogenic sources, e.g. fossil fuel, and biofuel, and biomass burning as 
well as non-anthropogenic sources (for example, sulfur in volcanic ash and nitrous oxides from soils and 
produced with lightning). Note that the AF describes a relative change in emissions from a given year. 
Thereby the inclusion of natural sources of acidifying pollutants should not influence the estimation of 
the environmental impact as long as the reference year is representative of other years. The year of 2005 
is chosen since it is a representative average of the period from 1961 to 1990 according to the National 
Climatic Data Center of the National Oceanic and Atmospheric Administration (NOAA 2005). 

 
The atmospheric fate model consists of a three-dimensional transport from emitting cell i to receptor cell 
j and is calculated with a source-receptor matrix (SRM) of the transport of pollutant p within the 
atmospheric compartment in six possible directions, i.e. latitude-wise (north and south), longitude-wise 
(east and west), and altitude-wise (upwards and downwards), with a total of 615,888 compartments 
included in the SRM. The SRM is the pollutant mass balance of the mass of emitting cells. The mass across 
all receiving compartments are equal for a given year (in this case, 2005), see illustration in Figure 7.2a. 
 
Soil sensitivity factor 
 
The soil sensitivity factor (mol H·L-1·ha·keq-1·yr) is described as 
 

𝑆𝐹𝑗,𝑝 =
𝑑𝐶𝑗

𝑑𝐷𝐸𝑃𝑗,𝑝
          Equation 7.3 

 
where dCj is the increase in hydrogen ion concentration (mol H·L-1) following an increase in dDEP for 
pollutant p in receiving cell j. The SF is derived based on the steady-state soil chemistry model PROFILE 
and is described in detail by Roy et al. (2012a). It includes various parameters of soil chemistry (e.g. 
dissolved organic carbon, soil bulk density and texture) and climate (i.e. precipitation and temperature). 
The model consists of a two-dimensional mass balance of positive ions originating from atmospheric 
deposition. The exchanges of cations include soil chemical reactions with hydrogen ions, aluminum, base 
cations (i.e. potassium, calcium, and magnesium), and silicon. 

 
The mass balance was performed in each receiving cell j, with resolution 2.0° x 2.5° worldwide (and, thus, 
99, 515 cells in total), across five 20cm soil layers of the first meter of soil, see illustration in Figure 7.2b. 
The total impact on the five soil layers of cell j was weighted based on the fraction of roots in each layer. 
The distribution of roots in the first meter of soil was reported by Jackson et al. (1996) for each of the 
fourteen terrestrial world biomes. We used the biome map provided by Olson et al. (2001) to define the 
biome occupying each cell j. The parameters for the SF calculation are reported by Roy et al. (2012a). 

 
Effect factor 

 
The effect factor (mol H-1·L·ha-1) is described as 

 

𝐸𝐹𝑗 =
𝑆𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑗·𝑀𝐸𝐹𝑗

𝑆𝑉𝑃
         Equation 7.4 
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where Sdensity is the relative vascular plants richness density (species·ha-1), MEF is the marginal effect factor 
(mol H-1·L) in j, and SVP is the total vascular plant species richness in the world (species). SVP equals 18,276 
and was determined by counting the total number of non-extinct and non-extinct in the wild vascular 
plant species listed by the International Union for Conservation of Nature (IUCN 2014). Note that the unit 
of the EF is in potentially disappearing fraction (PDF) of vascular plant species in j relative to the total 
number of vascular plant species worldwide. In this work, we equate potentially not occurring fraction 
with PDF. This relationship allows for an estimation of the actual potential global species loss. 
 
The vascular plant richness density Sdensity is derived from the vascular plant richness (see illustration in 
Figure 7.3), derived by Kreft & Jetz (2007b), and the area of each cell. 
 
The marginal effect factor is described as 
 

𝑀𝐸𝐹𝑗 =
𝑑𝑃𝐷𝐹𝑗

𝑑𝐶𝑗
=

𝑑𝑃𝑁𝑂𝐹𝑗

𝑑𝐶𝑗
        Equation 7.5 

 
where dPDF and dPNOF are the marginal increase in the potentially disappearing and not occurring 
fractions (both dimensionless) following a marginal increase in dCj in j. Since the EF describes a marginal 
increase to PDF, the reference state for the changes in PDF is the PNOF prior to the increase in hydrogen 
ion concentrations in the soil. 

 
The EF model is based on a probabilistic model of the PNOF as a logistic function of hydrogen ions 
(Equation 7.6) and it is described in detail by Roy et al.(in press). The logistic function describes the 
cumulative fraction of absent species with increasing hydrogen ion concentration, Figure 7.2c. The inputs 
for the derivation of the EF are the two parameters of the logistic function, i.e. the ion concentration at 
which PNOF is 0.5 (α) and the slope of the function (β), and the hydrogen ion concentration resulting from 
the acidic deposition in receiving cell j, Cj. 

 

𝑃𝑁𝑂𝐹𝑗 =
1

1+𝑒
−

𝑙𝑜𝑔10𝐶𝑗−𝛼𝑗
𝛽𝑗

         Equation 7.6 

 
The two logistic function parameters (α and β) were derived at resolution of biome and the hydrogen ion 
variable, Cj, was derived for each 2.0° x 2.5° receiving cell j with the PROFILE model. The biome-specific α 
and β parameters were derived from logistic regressions which used the maximum tolerance hydrogen 
ion concentration of each species subsisting in that biome, see illustration in Figure 2c. Species-specific 
data on minimum tolerable pH per biome (from which maximum hydrogen ion concentration in cell j, Cj, 
were derived) were reported by Azevedo et al. (2013c). The biome-specific parameters for the EF 
calculation are shown in Figure 7.5. Grid-specific CFs are shown in Figure 7.4. Country, continent, and 
world CFs were derived based on a weighted average of grid population density (CIESIN 2005) within the 
aggregation unit level (see Excel file and Tables 7.1 and 7.2). Global average values are 5.94E-11 kg-1·yr, 
1.59E-11 kg-1·yr and 1.47E-10 kg-1·yr for SO2, NOx and NH3, respectively. 
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Figure 7.3: Relative species richness of vascular plants (species·m-2) derived from Kreft & Jetz (2007b). 

 
Contribution to variance 
Soil chemical processes, estimated by Roy et al. (2012a), contribute the most to the variance in the NOx, 
NH3, and SO2 emission impacts (Roy et al. in press). The uncertainty in the parameters on which the EF is 
based contributes the most to the variability in the effect factors. 

 

7.3. Uncertainties 

The fate factors for terrestrial acidification are based on an atmospheric deposition and on a chemical soil 
property model, whereby an increase in 10% of atmospheric emission of an acidifying pollutant prompts 
an increase in atmospheric deposition and, consequently, an increase in hydrogen ions in soil solution 
(Roy et al. 2012a; Roy et al. 2012b). The atmospheric model includes transport across continents and it 
depends upon the dispersion of the pollutant, weather characteristics, and the locations of emission and 
deposition. The soil sensitivity model is influenced by the capacity of the receiving soil to buffer acidifying 
pollutants and fraction land in the receiving grid. 

 
The atmospheric fate and soil sensitivity models can also be verified by comparison with an existing 
endpoint characterization model covering Europe (van Zelm et al. 2007). This comparison is skewed since 
the transportation pathways of N and S forms are not exactly the same for both fate models. van Zelm et 
al. (2007) do not account for transboundary atmospheric transport beyond Europe as the model is limited 
to that continent. Additionally, the stressor indicating acidification is not the same (base saturation in the 
model by van Zelm et al. (2007) and pH in the model of Roy et al.(in press). 

 
There is sufficient evidence of the detrimental impact of terrestrial acidification on the performance of 
plants (Falkengren-Grerup 1986; Zvereva et al. 2008). Thus, the level of evidence of impact is fairly high. 
However, the effect model used to derive endpoint effect factors employs observational field data 
whereby the absence of species resulting from decreasing pH cannot be confirmed and, thus, proof of 
causality is problematic. Proof for causality would only be possible if the underlying data would consist of 
controlled (not observational) experiments in which the high level of a stressor (in this case, high hydrogen 
ion levels) would be the primary cause for a species becoming absent. 
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The failure to record the species at a specific pH may be human related, such as (1) an incomplete survey 
of the existing species or of the existing pH, but also due to natural causes, such as that (2) the species 
may be rare and difficult to spot, (3) extreme pH may be tolerated by the species but may not be found 
under natural conditions, or (4) the pH is tolerated by the species but the species absence is due to another 
stressor. For a detailed description of the downsides of observational field data for conducting impact 
assessments, see Azevedo (2014). Because of the possible underestimation of the minimum pH tolerated 
by the species, the level of evidence of the effect model specifically employed here is considered low. 

7.4. Value Choices 

The time horizon for this impact category is not relevant since it is assumed that the impact occurs at the 
moment of emission of NOx, NH3, or SO2 to the atmospheric compartment. No choices are thus modelled 
for fate and effect factor for terrestrial acidification. 

 

Figure 7.4: Endpoint characterization factors (kg-1·yr) based on vascular plant richness for (a) SO2, (b) NOx, and (c) NH3. 

(a)

(b)

(c)
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Table 7.1: Global endpoint characterization factors (kg-1·yr) on a country level, based on vascular plant richness for SO2, NOx, 

and NH3. The relevant compartment here is the soil. 

Country SO2 [kg-1·yr] NOx [kg-1·yr] NH3 [kg-1·yr] 

Afghanistan 1.91E-07 3.88E-08 3.88E-08 
Arab Republic of Egypt 1.39E-07 4.95E-08 4.95E-08 
Argentine Republic 6.03E-09 5.20E-10 5.20E-10 
Azerbaijani Republic 2.55E-07 1.04E-07 1.04E-07 
Bolivarian Republic of Venezuela 7.24E-09 1.77E-09 1.77E-09 
British Overseas Territory of Anguilla 3.12E-08 7.70E-09 7.70E-09 
British Overseas Territory of Bermuda 1.47E-08 3.67E-08 3.67E-08 
British Overseas Territory of St. Helena & D. 6.70E-09 <1.00E-12 <1.00E-12 
British Overseas Territory of the Cayman Islands 5.86E-08 9.27E-09 9.27E-09 
British Overseas Territory of the Falkland Islands 7.70E-09 4.55E-09 4.55E-09 
Brunei Darussalam 9.34E-09 5.03E-09 5.03E-09 
Central African Republic 9.25E-09 1.60E-09 1.60E-09 
Commonwealth of Australia 2.72E-10 1.26E-10 1.26E-10 
Commonwealth of Dominica 1.50E-08 3.87E-09 3.87E-09 
Commonwealth of Puerto Rico 1.10E-08 2.88E-09 2.88E-09 
Commonwealth of the Bahamas 1.60E-08 2.00E-09 2.00E-09 
Commonwealth of the Northern Mariana Islands 2.24E-09 3.20E-10 3.20E-10 
Cook Islands 9.89E-10 1.47E-09 1.47E-09 
Co-operative Republic of Guyana 6.53E-09 1.25E-09 1.25E-09 
Democratic and Popular Republic of Algeria 2.47E-09 1.08E-09 1.08E-09 
Democratic Arab Republic Sahara 4.61E-09 2.36E-09 2.36E-09 
Democratic People's Republic of Korea 1.98E-09 1.00E-09 1.00E-09 
Democratic Republic of Congo 3.31E-09 3.72E-10 3.72E-10 
Democratic Republic of São Tomé and Príncipe 4.79E-08 6.06E-09 6.06E-09 
Democratic Socialist Republic of Sri Lanka 6.89E-09 4.41E-09 4.41E-09 
Dominican Republic 1.28E-08 3.10E-09 3.10E-09 
Dominion of Canada 9.70E-11 2.41E-11 2.41E-11 
Ethiopia 4.14E-08 1.23E-08 1.23E-08 
Federal Republic of Germany 2.99E-09 2.38E-09 2.38E-09 
Federal Republic of Nigeria 6.03E-09 1.15E-09 1.15E-09 
Federal Republic of Yugoslavia 3.34E-08 1.25E-08 1.25E-08 
Federated States of Micronesia 2.87E-09 2.81E-10 2.81E-10 
Federation of Malaysia 8.49E-10 3.79E-10 3.79E-10 
Federative Republic of Brazil 4.28E-10 1.23E-10 1.23E-10 
French Republic 1.33E-09 5.25E-10 5.25E-10 
Gabonese Republic 5.76E-09 6.83E-10 6.83E-10 
Grand Duchy of Luxembourg 3.42E-08 2.24E-08 2.24E-08 
Hashemite Kingdom of Jordan 2.51E-07 7.13E-08 7.13E-08 
Hellenic Republic 3.43E-08 1.55E-08 1.55E-08 
Independent State of Papua New Guinea 2.40E-10 8.15E-11 8.15E-11 
Independent State of Samoa 1.68E-09 1.57E-09 1.57E-09 
Islamic Republic of Irân 3.46E-08 9.72E-09 9.72E-09 
Islamic Republic of Mauritania 1.65E-08 2.04E-09 2.04E-09 
Islamic Republic of Pakistan 3.43E-07 6.41E-08 6.41E-08 
Italian Republic 2.40E-08 8.22E-09 8.22E-09 
Jamaica 4.71E-08 8.08E-09 8.08E-09 
Japan 2.27E-10 1.09E-10 1.09E-10 
Kingdom of Bahrain 7.12E-07 2.66E-07 2.66E-07 
Kingdom of Belgium 5.12E-09 4.60E-09 4.60E-09 
Kingdom of Bhután 7.54E-08 2.15E-08 2.15E-08 
Kingdom of Denmark 4.69E-09 6.49E-09 6.49E-09 
Kingdom of Lesotho 8.46E-08 3.24E-08 3.24E-08 
Kingdom of Morocco 4.69E-09 2.14E-09 2.14E-09 
Kingdom of Nepal 3.39E-08 1.39E-08 1.39E-08 
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Country SO2 [kg-1·yr] NOx [kg-1·yr] NH3 [kg-1·yr] 
Kingdom of Norway 2.07E-10 2.46E-10 2.46E-10 
Kingdom of Saudi Arabia 6.65E-08 1.58E-08 1.58E-08 
Kingdom of Spain 4.80E-09 1.76E-09 1.76E-09 
Kingdom of Swaziland 5.51E-08 1.96E-08 1.96E-08 
Kingdom of Sweden 3.48E-10 4.22E-10 4.22E-10 
Kingdom of Thailand 1.67E-09 6.41E-10 6.41E-10 
Kingdom of the Netherlands 1.30E-08 1.58E-08 1.58E-08 
Kingdom of Tonga 5.54E-10 5.71E-10 5.71E-10 
Kyrgyz Republic 1.02E-06 2.10E-07 2.10E-07 
Lao People's Democratic Republic 2.81E-09 1.18E-09 1.18E-09 
Lebanese Republic 2.29E-07 1.10E-07 1.10E-07 
Macao Special Administrative Region 2.22E-08 1.40E-08 1.40E-08 
Midway Islands 5.63E-09 4.35E-09 4.35E-09 
Netherlands Antilles 4.16E-08 1.05E-08 1.05E-08 
New Zealand 1.66E-10 6.39E-11 6.39E-11 
Niue 1.47E-09 2.34E-09 2.34E-09 
Oriental Republic of Uruguay 1.97E-08 2.26E-09 2.26E-09 
Overseas Department of French Guiana 1.34E-08 2.52E-09 2.52E-09 
Overseas Department of Réunion 4.50E-08 1.68E-08 1.68E-08 
People's Republic of Bangladesh 1.94E-08 1.16E-08 1.16E-08 
People's Republic of China 6.16E-10 2.05E-10 2.05E-10 
Principality of Monaco 1.64E-07 4.80E-08 4.80E-08 
Republic of Albania 1.86E-07 7.89E-08 7.89E-08 
Republic of Angola 4.95E-09 1.12E-09 1.12E-09 
Republic of Armenia 3.48E-07 1.11E-07 1.11E-07 
Republic of Austria 6.40E-09 3.96E-09 3.96E-09 
Republic of Belarus 2.52E-09 2.75E-09 2.75E-09 
Republic of Benin 1.08E-07 2.00E-08 2.00E-08 
Republic of Bolivia 6.26E-08 4.49E-09 4.49E-09 
Republic of Botswana 1.90E-08 4.84E-09 4.84E-09 
Republic of Bulgaria 1.95E-08 1.11E-08 1.11E-08 
Republic of Burkina 2.16E-08 3.72E-09 3.72E-09 
Republic of Burundi 6.95E-08 1.08E-08 1.08E-08 
Republic of Cameroon 8.15E-08 1.16E-08 1.16E-08 
Republic of Cape Verde 7.50E-09 4.14E-09 4.14E-09 
Republic of Chad 7.68E-09 1.50E-09 1.50E-09 
Republic of Chile 1.41E-08 1.21E-09 1.21E-09 
Republic of China 2.76E-09 1.86E-09 1.86E-09 
Republic of Colombia 2.20E-09 3.61E-10 3.61E-10 
Republic of Costa Rica 2.32E-08 8.45E-09 8.45E-09 
Republic of Côte d'Ivoire 8.33E-09 1.12E-09 1.12E-09 
Republic of Croatia 1.00E-07 4.83E-08 4.83E-08 
Republic of Cuba 3.24E-08 3.12E-09 3.12E-09 
Republic of Cyprus 4.63E-07 2.20E-07 2.20E-07 
Republic of Djibouti 2.85E-07 9.12E-08 9.12E-08 
Republic of Ecuador 1.80E-08 3.36E-09 3.36E-09 
Republic of El Salvador 1.45E-07 2.68E-08 2.68E-08 
Republic of Equatorial Guinea 2.66E-08 4.30E-09 4.30E-09 
Republic of Fiji 4.43E-10 2.76E-10 2.76E-10 
Republic of Finland 6.58E-10 7.36E-10 7.36E-10 
Republic of Georgia 3.78E-08 1.91E-08 1.91E-08 
Republic of Ghana 1.56E-08 2.53E-09 2.53E-09 
Republic of Guatemala 3.86E-08 5.78E-09 5.78E-09 
Republic of Guinea 2.33E-08 4.29E-09 4.29E-09 
Republic of Guinea-Bissau 1.24E-08 2.93E-09 2.93E-09 
Republic of Haiti 3.49E-08 6.34E-09 6.34E-09 
Republic of Honduras 2.45E-08 4.04E-09 4.04E-09 
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Country SO2 [kg-1·yr] NOx [kg-1·yr] NH3 [kg-1·yr] 
Republic of Hungary 1.05E-08 7.23E-09 7.23E-09 
Republic of Iceland 1.04E-09 3.74E-10 3.74E-10 
Republic of India 3.44E-09 1.80E-09 1.80E-09 
Republic of Indonesia 2.11E-10 8.61E-11 8.61E-11 
Republic of Iraq 7.29E-08 2.65E-08 2.65E-08 
Republic of Ireland 1.91E-09 1.74E-09 1.74E-09 
Republic of Kazakhstan 9.40E-09 2.94E-09 2.94E-09 
Republic of Kenya 3.31E-08 7.64E-09 7.64E-09 
Republic of Kiribati 2.83E-10 6.75E-11 6.75E-11 
Republic of Korea 3.24E-09 1.90E-09 1.90E-09 
Republic of Latvia 5.23E-09 7.87E-09 7.87E-09 
Republic of Liberia 8.07E-09 1.13E-09 1.13E-09 
Republic of Lithuania 1.56E-09 2.11E-09 2.11E-09 
Republic of Macedonia 2.17E-07 7.99E-08 7.99E-08 
Republic of Madagascar 8.97E-09 2.02E-09 2.02E-09 
Republic of Malawi 2.74E-08 5.29E-09 5.29E-09 
Republic of Maldives 4.01E-09 3.67E-09 3.67E-09 
Republic of Mali 3.28E-09 5.40E-10 5.40E-10 
Republic of Malta 1.00E-07 4.30E-08 4.30E-08 
Republic of Mauritius 1.17E-08 2.61E-09 2.61E-09 
Republic of Moldova 1.07E-08 8.60E-09 8.60E-09 
Republic of Mongolia 2.76E-09 1.24E-09 1.24E-09 
Republic of Mozambique 9.64E-09 2.66E-09 2.66E-09 
Republic of Namibia 5.94E-08 1.08E-08 1.08E-08 
Republic of Nauru 4.60E-09 1.65E-09 1.65E-09 
Republic of Nicaragua 2.25E-08 4.25E-09 4.25E-09 
Republic of Niger 9.83E-09 1.74E-09 1.74E-09 
Republic of Palau 9.19E-09 2.24E-09 2.24E-09 
Republic of Panamá 2.10E-08 4.31E-09 4.31E-09 
Republic of Paraguay 3.53E-08 2.54E-09 2.54E-09 
Republic of Perú 8.67E-08 1.13E-08 1.13E-08 
Republic of Poland 3.54E-09 4.07E-09 4.07E-09 
Republic of Portugal 4.81E-08 1.22E-08 1.22E-08 
Republic of Rwanda 1.52E-07 2.34E-08 2.34E-08 
Republic of San Marino 5.66E-08 2.13E-08 2.13E-08 
Republic of Senegal 1.18E-08 2.46E-09 2.46E-09 
Republic of Seychelles 3.80E-08 9.95E-09 9.95E-09 
Republic of Singapore 3.58E-09 2.71E-09 2.71E-09 
Republic of Slovenia 7.34E-08 3.74E-08 3.74E-08 
Republic of South Africa 1.20E-08 5.80E-09 5.80E-09 
Republic of Suriname 3.88E-09 9.26E-10 9.26E-10 
Republic of Tajikistan 5.22E-07 1.17E-07 1.17E-07 
Republic of the Congo 1.26E-08 1.61E-09 1.61E-09 
Republic of the Gambia 1.82E-08 4.50E-09 4.50E-09 
Republic of the Marshall Islands 5.04E-10 4.31E-11 4.31E-11 
Republic of the Philippines 3.75E-10 1.62E-10 1.62E-10 
Republic of the Sudan 8.41E-09 3.15E-09 3.15E-09 
Republic of Trinidad & Tobago 1.64E-08 4.22E-09 4.22E-09 
Republic of Tunisia 6.31E-08 2.35E-08 2.35E-08 
Republic of Turkey 1.20E-08 6.03E-09 6.03E-09 
Republic of Uganda 2.41E-08 4.72E-09 4.72E-09 
Republic of Uzbekistan 9.02E-07 2.36E-07 2.36E-07 
Republic of Vanuatu 1.68E-09 6.17E-10 6.17E-10 
Republic of Yemen 1.86E-07 4.13E-08 4.13E-08 
Republic of Zambia 8.81E-09 1.49E-09 1.49E-09 
Republic of Zimbabwe 3.57E-08 8.80E-09 8.80E-09 
România 2.14E-08 1.78E-08 1.78E-08 
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Country SO2 [kg-1·yr] NOx [kg-1·yr] NH3 [kg-1·yr] 
Russian Federation 8.07E-11 6.43E-11 6.43E-11 
Saint Lucia 2.86E-08 7.44E-09 7.44E-09 
Self-Governing Territory of Greenland 3.50E-10 3.42E-11 3.42E-11 
Socialist People's Libyan Arab Jamahiriya 7.71E-09 3.24E-09 3.24E-09 
Socialist Republic of Viêt Nam 2.98E-09 1.03E-09 1.03E-09 
Solomon Islands 3.97E-10 1.62E-10 1.62E-10 
Somali Republic 3.20E-08 4.91E-09 4.91E-09 
State of Eritrea 8.72E-07 3.22E-07 3.22E-07 
State of Grenada 3.20E-08 8.06E-09 8.06E-09 
State of Israel 3.74E-07 1.22E-07 1.22E-07 
State of Qatar 5.22E-07 1.86E-07 1.86E-07 
State of the Vatican City 2.28E-07 6.23E-08 6.23E-08 
Sultanate of Oman 2.05E-07 5.14E-08 5.14E-08 
Swiss Confederation 2.79E-08 1.18E-08 1.18E-08 
Syrian Arab Republic 6.62E-08 3.11E-08 3.11E-08 
Territorial Collectivity of Mayotte 8.63E-08 2.43E-08 2.43E-08 
Territorial Collectivity of St. Pierre & Miquelon 1.46E-08 3.48E-09 3.48E-09 
Territory of American Samoa 6.90E-10 8.77E-10 8.77E-10 
Territory of Christmas Island 9.10E-09 5.36E-09 5.36E-09 
Territory of French Polynesia 5.99E-10 8.38E-10 8.38E-10 
Territory of Guam 9.03E-09 1.64E-09 1.64E-09 
Territory of New Caledonia and Dependencies 2.08E-09 7.55E-10 7.55E-10 
Territory of Norfolk Island 8.59E-09 2.13E-09 2.13E-09 
Territory of the Wallis & Futuna Islands 2.38E-09 1.71E-09 1.71E-09 
The Bailiwick of Jersey 2.58E-08 2.09E-08 2.09E-08 
The Czech Republic 6.61E-09 5.69E-09 5.69E-09 
The Faröe Islands 3.51E-09 4.91E-09 4.91E-09 
Togolese Republic 8.44E-08 1.42E-08 1.42E-08 
Turkmenistan 9.25E-08 2.47E-08 2.47E-08 
Tuvalu 8.60E-10 4.53E-10 4.53E-10 
Ukraine 8.97E-09 7.42E-09 7.42E-09 
Union of Myanmar 4.18E-09 2.01E-09 2.01E-09 
Union of the Comoros 5.07E-08 1.00E-08 1.00E-08 
United Kingdom of Great Britain and Northern Irela 7.78E-10 7.53E-10 7.53E-10 
United Mexican States 6.71E-09 1.31E-09 1.31E-09 
United Republic of Tanzania 1.10E-08 2.56E-09 2.56E-09 
United States of America 2.16E-10 3.43E-11 3.43E-11 

 

Table 7.2: Global endpoint characterization factors (kg-1·yr) on a continental level, based on vascular plant richness for SO2, 

NOx, and NH3. 

Continent SO2 NOx NH3 

Africa 5.19E-10 1.68E-10 1.68E-10 
Asia 1.83E-10 5.23E-11 5.23E-11 
Australia 1.77E-10 8.14E-11 8.14E-11 
Caribbean 1.22E-08 3.13E-09 3.13E-09 
Europe 2.32E-10 1.01E-10 1.01E-10 
North America 1.75E-10 3.30E-11 3.30E-11 
Oceania 6.56E-11 1.57E-11 1.57E-11 
South America 1.98E-09 2.64E-10 2.64E-10 
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7.6. Appendix 
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Figure 7.5: Coefficients α and β of the potentially not occurring fraction (PNOF) of vascular plant species as a logistic function 
of hydrogen ions (H, mol·L-1) in the (a) tundra and alpine lands, (b) boreal forest and taiga, (c) temperate coniferous forest, and 
(d) temperate broadleaf mixed forest, (e) temperate grassland, savanna, and shrubland, (f) mediterranean forest, woodland, 
and scrub, (g) desert and xeric shrubland, (h) (sub)tropical dry broadleaf forest, (i) (sub)tropical grassland, savanna, and 
shrubland, (j) (sub)tropical moist broadleaf forest, and (k) mangrove. 
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8.1.  Areas of protection and environmental mechanisms covered 
Freshwater eutrophication occurs due to the discharge of nutrients into soil or into freshwater bodies and 
the subsequent rise in nutrient levels (namely, of phosphorus and nitrogen). Environmental impacts 
related to freshwater eutrophication are numerous. They follow a sequence of ecological impacts offset 
by increasing nutrient emissions into freshwater, thereby increasing nutrient uptake by autotrophic 
organisms and, ultimately, potential losses to biodiversity. In this work, emission impacts to freshwater 
are based on the residence time of phosphorus emitted to freshwater systems and on the potentially 
disappeared fraction (PDF) following an increase in phosphorus concentrations in freshwater (Figure 8.1). 
The detailed sequence of impacts related with freshwater eutrophication is described next. 
 
  

 
 
Figure 8.1: Illustration of impact pathway represented in equations 8.1 and 8.2. 

 
Ecological impacts from freshwater eutrophication are initialized by the increase in primary productivity 
resulting from enhanced nutrient uptake by autotrophs, thereby prompting the increase in water 
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turbidity, odor, and, subsequently, the decomposition of organic matter, water temperatures, and the 
depletion of dissolved oxygen. The latter is particularly detrimental to heterotrophic species. The 
depletion of sunlight caused by increased water turbidity also enhances competition for light by 
photosynthesizing organisms, which, in some cases, may lead to the synthesis of toxic substances 
(allelochemicals) by competing phytoplankton (Carpenter et al. 1998; Leflaive et al. 2007). Ultimately, 
they may prompt losses in biodiversity, e.g. decline in genera richness (Struijs et al. 2011b). In this report, 
we only include the environmental impact of emissions of phosphorus as increases in phosphorus levels 
in freshwaters seem to instigate primary production more than that nitrogen (Schindler 2012). 
 
The area of protection covered for this environmental mechanism is the ecosystem quality. The 
freshwater eutrophication impact is determined by the fraction of P emitted to soil that reaches the 
freshwater compartment, the residence time of phosphorus (P) in freshwater (described by the fate 
factor) and by the sensitivity of the ecosystem to P levels (described by the effect factor). Here, the effect 
factor is based on a probabilistic model of a decline in richness of freshwater fish species with increasing 
emissions of P in freshwater systems. Note that, in cases where allelochemicals are released in the 
environment and these are also toxic to humans, there can be a direct impact to human health. However, 
this environmental mechanism is not taken into account in this chapter. 

 
The geographical coverage of the endpoint characterization factor is global. The effect factor is based on 
a linear approach (see description of the effect factor below). The spatial resolution of the fate factor is 
0.5° x 0.5° and the spatial resolution of the effect factor is biogeographical habitats (defined by the 
Freshwater Ecoregions of the World project, www.feow.org). Here, we use a modified version of the 
ecoregion classification (Azevedo et al. 2013b), where freshwater habitats are divided into cold, 
temperate, (sub)tropical, and xeric systems. Hence, the spatial resolution for the endpoint 
characterization factors is 0.5° x 0.5°. 

 

8.2. Calculation of the characterization factors at endpoint level 

The endpoint characterization factor (day·mg-1) for emissions of P occurring to freshwater is described as 
 

𝐶𝐹𝑒𝑛𝑑,𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟,𝑖 = ∑ 𝐹𝐹𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟,𝑖→𝑤,𝑗 ∙ 𝐸𝐹𝑤,𝑗𝑤,𝑗      Equation 8.1 

 
where FFfreshwater,i→w,j (day) is the partial fate factor of P from the emitting cell i to freshwater type w (i.e. 
lake or stream) in the receiving cell j and EFw,j (mg-1) is the effect factor for w in j. CFfreshwater represents the 
effect of P emitted directly to freshwater bodies. 
 

The endpoint characterization factor for emissions of P occurring into the soil compartment 
(ha·day·mg-1) and which can be transported into water subsequently are given as 
 

𝐶𝐹𝑠𝑜𝑖𝑙,𝑖 = ∑ 𝐹𝐹𝑖,𝑠𝑜𝑖𝑙→𝑖,𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟 ∙ 𝐹𝐹𝑖,𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟→𝑤,𝑗 ∙ 𝐸𝐹𝑤,𝑗𝑤,𝑗     Equation 8.2 

where FFsoil,i→freshwater,i (ha) is the partial fate factor of P of emitting cell i from the freshwater to the soil 
compartment. 
 
Partial fate factors 
 

http://www.feow.org/
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The partial fate factor FFfreshwater,i→w,j is described as 
 

𝐹𝐹𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟,𝑖→𝑤,𝑗 = 𝑓𝑖→𝑗 ∙ 𝜏𝑗 ∙ 𝑣𝑤,𝑗       Equation 8.3 

 
where fi→j is the fraction of P transported from cell i to j (dimensionless), τj is the retention of P (year), and 
vw,j is the fraction of water volume of w in cell j (dimensionless) (as derived by Helmes et al. 2012). The 
unit of the Fffreshwater,i is given as year since it is the product of the persistence (year) and two dimensionless 
parameters (partial fate factor and volume fraction). The persistence of P is based on the rate at which P 
is removed from the freshwater compartment by three different processes, i.e. advection, water use, and 
retention (Figure 8.2a). 
 
The partial fate factor FFsoil,i→freshwater,i is described as 
 

𝐹𝐹𝑖,𝑠𝑜𝑖𝑙→𝑖,𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟 =
𝐸𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟

𝐸𝑠𝑜𝑖𝑙
       Equation 8.4 

 
where Esoil is the emission of P to soil (kg·ha-1) and Efreshwater (kg) is the mass of P emitted to freshwater 
which results from Esoil. The partial fate factor FFsoil,i→freshwater,i  is given as 0.1 as reported by Bouwman et 
al.  (2009). 
 
We did not derive CFs if the emitting cell i and its corresponding receiving cell(s) j were entirely deprived 
of water, i.e. ∑ 𝑣𝑤,𝑗 = 0𝑤 . 

 
Effect factor 
 
 The effect factor is described as 
 

𝐸𝐹𝑤,𝑗 =
𝐹𝑅𝐷𝑗∙𝐿𝐸𝐹𝑤,𝑗

𝐹𝑅
         Equation 8.5 

 
where FRDj is the relative fish richness density (species·L-1, see Figure 8.3 for illustration) in j, LEFw,j (mg-

1·L) is the linear effect factor describing the increase in the potentially disappeared fraction (PDF) of 
heterotrophic species in freshwater type w of cell j due to an increase in the total P level, and FR is the 
total fish richness in the world (species). FR equals 6,638 and was determined by counting the total 
number of “non-extinct” and “non-extinct in the wild” fish species living in streams and freshwater lakes 
listed by the International Union for Conservation of Nature (IUCN 2014). Note that the unit of the EF is 
in potentially disappeared fraction of fish richness in j relative to the total number of fish species 
worldwide. This relationship allows for an estimation of the actual potential global species loss. 
Here, we assume that the probabilistic model for heterotrophic species (including species and 
invertebrates) from which the LEF was derived is representative for the PDF of fish species. Also, we do 
not account for seasonal variation (e.g. summer versus winter) in the response of species to increasing P 
levels. We employ a linear effect model since P concentrations are unfrequently reported on a global scale 
and, as opposed to marginal and average effect factors, linear modelling does not require the 
environmental concentration of total P as an input variable. Furthermore, effect factor type appears to 
have little influence in the variance of CFs across European river basins as these are mainly driven by the 
fate factor and by freshwater type (Azevedo et al. 2013a).  
 
The fish richness density (Figure 8.3) is described as 
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𝐹𝑅𝐷𝑗 =
𝐹𝑆𝑅𝑗

𝑉𝑗
          Equation 8.6 

 
and 
 

𝐹𝑆𝑅𝑗 = 10𝑎+𝑏∙log10 𝐷𝑗          Equation 8.7 

 
where FSRj is the fish species richness, Dj is the yearly mean discharge in rivers (km3) and Vj is the volume 
of water (km3) in j. Vj was obtained from the model derived by Helmes et al. (2012) and a and b are 
parameters resulting from the correlation between Dj and FSRj reported by Oberdorff et al. (1995b) and 
equal 0.836 and 0.330. FRD is based exclusively on the richness of fish in running waters (i.e. streams and 
rivers), not in lakes or reservoirs. We assume no difference between FRD across the two freshwater types. 
 
 
The linear effect factor is described as 
 

𝐿𝐸𝐹𝑤,𝑗 =
0.5

10
𝛼𝑤,𝑗

          Equation 8.8 

 
where αw,j is the total P level at which the PNOF of heterotrophic species equals 50%. The effect factor is 
based on a probabilistic model of the cumulative fraction of not occurring species, i.e. the PNOF, as a 
logistic function of total P concentration (Azevedo et al. 2013a) and is illustrated in Figure 8.2b. In this 
work, we equate fraction of not occurring species with PDF. 
 
 

 
Figure 8.2: (a) fate transport, adapted from Helmes et al. (2012), and (b) the logistic regression originating the linear effect 
model, adapted from Azevedo (2014). (a) shows the flow of P from the soil compartment into the freshwater compartment 
within emitting cell i and from emitting cell i into j and the flow through three pathways of P removal from the freshwater 
compartment of, i.e. advection kadv to cell j* downstream of j, retention kret to the sediment (dark grey) compartment of j and 
water use kuse to the soil (light grey) compartment of j. In (b), the potentially not occurring fraction (PNOF) of species as a 
logistic function of total P is determined with the highest tolerable total P condition (illustrated as the black tip of the grey bar 
total P range) for individual species (Oi) recorded in observational field studies. 

 

The parameter logistic function parameter α was derived for four biogeographic regions, i.e. cold, 
temperate, (sub)tropical, and xeric, as well as for lakes and streams separately. The empirical data 
employed in the derivation of the logistic regressions consisted of the maximum tolerance total P 
concentration of each heterotrophic species subsisting in freshwater w in the biogeographic region 
occupied by cell j as described by the Freshwater Ecoregions of the World project, FEOW 
(http://www.feow.org). Species-specific data on maximum tolerable total P concentration were given by 
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Azevedo et al. (2013b) and the α coefficients for the four biogeographic regions and two freshwater types 
are shown in Figure 4. For xeric lakes as well as for cold and (sub)tropical streams, the α coefficient could 
not be determined. In those cases, the α parameters of (sub)tropical lakes and streams were employed 
as the α for xeric lakes and streams, respectively, and the α for temperate streams was employed as the 
α for cold streams. Grid-specific CFs are shown in Figure 8.4. The global average CF is 0.001 day·kg-1. 
Country, continent, and world CFs were derived based on a weighted average of grid population density 
(CIESIN 2005) (see Excel file and Table 8.1 and 8.2). 

 
Contribution to variance 
 

Freshwater type (i.e. lake or stream) contributed the highest share of variance (Azevedo et al. 2013a). 

8.3. Uncertainties 

It is not possible to provide evidence of the actual phosphorus residence times unless P transport is 
measured in the field and then compared with the fate factors. Another option is the comparison with an 
independent phosphorus fate model. Helmes et al. (2012) compared their FF results with those reported 
by Struijs et al. (2011a) for Europe. This comparison may be skewed since P flows are not the same for 
both fate models. The fate model employed in this report is that of Helmes et al. (2012), who include 
water retention and use. However, Struijs et al. (2011a) do not include these two P transport pathways. 

 
The level of robustness of the effects of freshwater eutrophication on fish species is high. The effect of 
increasing P levels on net primary productivity has been verified at multiple spatial scales, see meta-
analyses by Wilson et al. (2006) and Elser et al. (2007) for laboratory and whole-field experiment 
examples, respectively. Additionally, the effect of a nutrient discharge to freshwater, particularly to lakes, 
has been demonstrated for short term response (within days) (Schindler 1977) and long term response as 
well (decades) (Marsden 1989). Our method is based on field surveys consisting of records whereby a 
freshwater species is observed and the concentration of total P is measured at the same location and at 
the same time (Azevedo et al. 2013b). Although the presence of the species at a specific P level and at a 
certain P range is confirmed, the absence of that species at levels below or above that specified range is 
less certain. (The species may indeed be present beyond the registered P levels but it may go unrecorded.) 

 
The failure to record the species at a specific P level may be human related, such as (1) an incomplete 
survey of the existing species or of the existing P levels, but also due to natural causes, such as that (2) 
the species may be rare and difficult to spot, (3) extreme P levels may be tolerated by the species but it 
may not be found under natural conditions, or (4) the level of P is tolerated by the species but the species 
absence is due to another stressor. For a detailed description of the downsides of observational field data 
for conducting impact assessments, see Azevedo (2014). Because of the possible underestimation of the 
maximum P level tolerated by the species, the uncertainty of the effect model specifically employed here 
is considered high. 

8.4. Value Choices 

The time horizon for this impact category is not relevant since it is assumed that the impact occurs at the 
moment of emission phosphorus to freshwater bodies. No choices are thus modelled for fate and effect 
factor for freshwater eutrophication. 
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Figure 8.3: Freshwater fish density (species·km-3) based on a relationship from Oberdorff et al. (1995) and freshwater volumes 

of Helmes et al. (2012). 
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Figure 8.4: Grid-specific endpoint characterization factors (day·kg-1) based on fish richness. 
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Figure 8.5: Grid-specific endpoint characterization factors for emissions of P to soil (CFsoil, ha·day·kg-1) based on fish richness. 
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Table 8.1: Global endpoint characterization factors for emissions to freshwater (CFfreshwater, day·kg-1) and for emissions to 

soil (CFsoil, ha·day·kg-1) on a country level, based on fish richness. This is the CF for total phosphorus, reported as P. The 

emissions all go to the freshwater compartment. 

Country 
CFfreshwater (total P) 
[day·kg-1] 

CFsoil (total P) 
[ha·day·kg-1] 

Afghanistan 2.6E+00 2.6E-01 
Arab Republic of Egypt 3.8E+01 3.8E+00 
Argentine Republic 8.7E-02 8.7E-03 
Azerbaijani Republic 2.8E+00 2.8E-01 
Belize 2.6E+00 2.6E-01 
Bolivarian Republic of Venezuela 3.6E-01 3.6E-02 
Bosnia & Herzegovina 2.8E+00 2.8E-01 
British Overseas Territory of the Falkland Islands 7.8E-02 7.8E-03 
Brunei Darussalam 4.9E+00 4.9E-01 
Central African Republic 4.8E-01 4.8E-02 
Commonwealth of Australia 8.8E-03 8.8E-04 
Commonwealth of Puerto Rico 8.2E+01 8.2E+00 
Commonwealth of the Bahamas 1.4E+00 1.4E-01 
Co-operative Republic of Guyana 5.3E-02 5.3E-03 
Democratic and Popular Republic of Algeria 1.2E+01 1.2E+00 
Democratic Arab Republic Sahara 1.8E+02 1.8E+01 
Democratic People's Republic of Korea 7.3E+00 7.3E-01 
Democratic Republic of Congo 5.4E-02 5.4E-03 
Democratic Socialist Republic of Sri Lanka 2.1E+01 2.1E+00 
Dominican Republic 2.8E+00 2.8E-01 
Dominion of Canada 9.0E-05 9.0E-06 
East Timor 1.6E+01 1.6E+00 
Ethiopia 6.5E-01 6.5E-02 
Federal Republic of Germany 7.9E-01 7.9E-02 
Federal Republic of Nigeria 5.1E-01 5.1E-02 
Federal Republic of Yugoslavia 3.0E+00 3.0E-01 
Federation of Malaysia 5.9E-01 5.9E-02 
Federative Republic of Brazil 1.5E-01 1.5E-02 
French Republic 2.7E-01 2.7E-02 
Gabonese Republic 3.2E-01 3.2E-02 
Grand Duchy of Luxembourg 3.8E+00 3.8E-01 
Hashemite Kingdom of Jordan 1.2E+03 1.2E+02 
Hellenic Republic 3.5E+00 3.5E-01 
Independent State of Papua New Guinea 4.3E-02 4.3E-03 
Islamic Republic of IrΓn 5.7E-01 5.7E-02 
Islamic Republic of Mauritania 4.0E+00 4.0E-01 
Islamic Republic of Pakistan 1.8E+00 1.8E-01 
Italian Republic 1.2E+00 1.2E-01 
Jamaica 1.0E+02 1.0E+01 
Japan 5.0E+00 5.0E-01 
Kingdom of Belgium 5.5E+00 5.5E-01 
Kingdom of Bhutßn 4.2E+00 4.2E-01 
Kingdom of Cambodia 1.1E+01 1.1E+00 
Kingdom of Denmark 1.5E+00 1.5E-01 
Kingdom of Lesotho 6.8E+00 6.8E-01 
Kingdom of Morocco 1.4E+01 1.4E+00 
Kingdom of Nepal 6.0E+00 6.0E-01 
Kingdom of Norway 5.5E-02 5.5E-03 
Kingdom of Spain 7.0E-01 7.0E-02 
Kingdom of Swaziland 4.1E+00 4.1E-01 
Kingdom of Sweden 5.8E-02 5.8E-03 
Kingdom of Thailand 6.6E-01 6.6E-02 
Kingdom of the Netherlands 1.1E+01 1.1E+00 
Kyrgyz Republic 4.7E-01 4.7E-02 
Lao People's Democratic Republic 8.1E-01 8.1E-02 
Lebanese Republic 5.1E+01 5.1E+00 
Macao Special Administrative Region 5.5E+02 5.5E+01 



 

62 
 

New Zealand 1.1E-01 1.1E-02 
Oriental Republic of Uruguay 2.7E-01 2.7E-02 
Overseas Department of French Guiana 3.6E-02 3.6E-03 
People's Republic of Bangladesh 1.8E+01 1.8E+00 
People's Republic of China 9.8E-02 9.8E-03 
Principality of Liechtenstein 4.5E-01 4.5E-02 
Principality of Monaco 4.4E+02 4.4E+01 
Republic of Albania 3.2E+01 3.2E+00 
Republic of Angola 8.5E-02 8.5E-03 
Republic of Armenia 5.4E+00 5.4E-01 
Republic of Austria 1.4E+00 1.4E-01 
Republic of Belarus 2.5E-01 2.5E-02 
Republic of Benin 7.2E+00 7.2E-01 
Republic of Bolivia 4.1E-02 4.1E-03 
Republic of Botswana 6.6E-02 6.6E-03 
Republic of Bulgaria 3.3E+00 3.3E-01 
Republic of Burkina 5.7E-01 5.7E-02 
Republic of Burundi 6.1E+00 6.1E-01 
Republic of C⌠te d'Ivoire 1.4E+00 1.4E-01 
Republic of Cameroon 7.6E-01 7.6E-02 
Republic of Chad 4.0E-01 4.0E-02 
Republic of Chile 8.3E-02 8.3E-03 
Republic of China 2.8E+01 2.8E+00 
Republic of Colombia 5.9E-02 5.9E-03 
Republic of Costa Rica 4.7E+00 4.7E-01 
Republic of Croatia 8.4E+00 8.4E-01 
Republic of Cuba 3.0E+00 3.0E-01 
Republic of Cyprus 1.4E+01 1.4E+00 
Republic of Djibouti 1.3E+02 1.3E+01 
Republic of Ecuador 7.0E-01 7.0E-02 
Republic of El Salvador 8.0E+00 8.0E-01 
Republic of Equatorial Guinea 3.4E+00 3.4E-01 
Republic of Estonia 3.6E+00 3.6E-01 
Republic of Fiji 1.0E+01 1.0E+00 
Republic of Finland 3.7E-02 3.7E-03 
Republic of Georgia 4.4E+00 4.4E-01 
Republic of Ghana 1.9E+00 1.9E-01 
Republic of Guatemala 1.2E+00 1.2E-01 
Republic of Guinea 1.9E+00 1.9E-01 
Republic of Guinea-Bissau 4.4E+00 4.4E-01 
Republic of Haiti 1.8E+01 1.8E+00 
Republic of Honduras 7.6E-01 7.6E-02 
Republic of Hungary 7.7E-01 7.7E-02 
Republic of Iceland 6.4E-02 6.4E-03 
Republic of India 3.0E-01 3.0E-02 
Republic of Indonesia 1.6E-01 1.6E-02 
Republic of Iraq 7.2E-01 7.2E-02 
Republic of Ireland 2.2E+00 2.2E-01 
Republic of Kazakhstan 1.8E-02 1.8E-03 
Republic of Kenya 1.1E+00 1.1E-01 
Republic of Korea 5.3E+00 5.3E-01 
Republic of Latvia 6.0E-01 6.0E-02 
Republic of Liberia 2.6E+00 2.6E-01 
Republic of Lithuania 5.7E-01 5.7E-02 
Republic of Macedonia 1.0E+02 1.0E+01 
Republic of Madagascar 2.6E-01 2.6E-02 
Republic of Malawi 1.2E+00 1.2E-01 
Republic of Mali 2.2E-01 2.2E-02 
Republic of Mauritius 6.1E+02 6.1E+01 
Republic of Moldova 1.2E+00 1.2E-01 
Republic of Mongolia 1.4E-01 1.4E-02 
Republic of Mozambique 1.8E-01 1.8E-02 
Republic of Namibia 2.3E+00 2.3E-01 
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Republic of Nicaragua 1.6E+00 1.6E-01 
Republic of Niger 8.7E-01 8.7E-02 
Republic of Panamß 6.2E+00 6.2E-01 
Republic of Paraguay 1.2E+00 1.2E-01 
Republic of Per· 7.1E-02 7.1E-03 
Republic of Poland 5.6E-01 5.6E-02 
Republic of Portugal 3.0E+00 3.0E-01 
Republic of Rwanda 9.3E+00 9.3E-01 
Republic of San Marino 7.2E+01 7.2E+00 
Republic of Senegal 1.3E+00 1.3E-01 
Republic of Sierra Leone 8.1E+00 8.1E-01 
Republic of Singapore 4.8E+01 4.8E+00 
Republic of Slovenia 1.1E+00 1.1E-01 
Republic of South Africa 5.1E-01 5.1E-02 
Republic of Suriname 3.1E-02 3.1E-03 
Republic of Tajikistan 5.3E-01 5.3E-02 
Republic of the Congo 5.6E-01 5.6E-02 
Republic of the Gambia 8.2E+00 8.2E-01 
Republic of the Philippines 1.9E+00 1.9E-01 
Republic of the Sudan 2.3E-01 2.3E-02 
Republic of Trinidad & Tobago 2.5E+00 2.5E-01 
Republic of Tunisia 5.9E+00 5.9E-01 
Republic of Turkey 2.3E-01 2.3E-02 
Republic of Uganda 9.6E-01 9.6E-02 
Republic of Uzbekistan 2.5E+00 2.5E-01 
Republic of Zambia 7.9E-02 7.9E-03 
Republic of Zimbabwe 2.7E-01 2.7E-02 
RomΓnia 2.6E-01 2.6E-02 
Russian Federation 3.7E-04 3.7E-05 
Slovak Republic 1.5E+00 1.5E-01 
Socialist People's Libyan Arab Jamahiriya 2.9E+02 2.9E+01 
Socialist Republic of ViΩt Nam 7.4E-01 7.4E-02 
Solomon Islands 6.6E+01 6.6E+00 
Somali Republic 2.0E+00 2.0E-01 
State of Eritrea 2.4E+01 2.4E+00 
State of Israel 6.0E+01 6.0E+00 
State of the Vatican City 2.2E+02 2.2E+01 
Swiss Confederation 5.6E+00 5.6E-01 
Syrian Arab Republic 2.0E+00 2.0E-01 
Territory of New Caledonia and Dependencies 9.9E+00 9.9E-01 
The Czech Republic 1.7E+00 1.7E-01 
The Faroe Islands 2.5E+01 2.5E+00 
Togolese Republic 1.2E+01 1.2E+00 
Turkmenistan 5.3E-01 5.3E-02 
Ukraine 1.1E-01 1.1E-02 
Union of Myanmar 1.3E+00 1.3E-01 
United Kingdom of Great Britain and Northern Irela 2.1E+00 2.1E-01 
United Mexican States 2.0E-01 2.0E-02 
United Republic of Tanzania 1.8E-01 1.8E-02 
United States of America 7.5E-03 7.5E-04 
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Table 8.2: Global endpoint characterization factors (CF, day·kg-1 and ha·day·kg-1) on a continental level based on fish 

richness. 

Continent CFfreshwater (total P) [day·kg-1] CFsoil (total P) [ha·day·kg-1] 

Africa 0.02 0.002 

Asia 0.003 0.0003 

Australia 0.008 0.0008 

Caribbean 2.52 0.252 

Europe 0.01 0.001 

North America 0.0006 0.00006 

Oceania 3.07 0.307 

South America 0.02 0.002 
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8.6. Appendix 

Figure 8.5: Coefficients α and β of the potentially not occurring fraction (PNOF) of heterotrophic species in lake (squares) 

and streams (triangles) as a logistic function of total P (TP, mg P·L-1) in the (a) (sub)tropical, (b) temperate, and (c) cold. The 

PNOF is a logistic function of α, β, and TP, i.e. 𝑷𝑵𝑶𝑭 =
𝟏

𝟏+𝒆
−(

𝒍𝒐𝒈𝟏𝟎𝑻𝑷−𝜶
𝜷

)
. Although β is not used in the derivation of effect 

factors in our work, it can later be employed in future LCAs in the derivation of average or marginal effect factors. 
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n = 574

αStream = -0.130 ( 0.002)

βStream = 0.426 ( 0.002)

n = 804

αLake = -1.430 ( 0.040)

βLake = 0.286 ( 0.021)

n = 22
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9. Marine eutrophication 

Available in second batch (tentative date: end of 2014/beginning of 2015)
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10. Toxicity 

Available in second batch (tentative date: end of 2014/beginning of 2015) 
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11. Land stress 

Available in second batch (tentative date: end of 2014/beginning of 2015) 
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12. Water stress 

Stephan Pfister1* 

1ETH Zurich, Switzerland 

 * pfister@ifu.baug.ethz.ch  

12.1.  Water consumption impacts on human health  

 12.1.1. Areas of protection and environmental mechanisms covered 

The impact assessment method for assessing water consumption concerning the area of protection of 
human health is described based on Pfister et al. (2009) for the impact pathway (marginal CF), Pfister 
and Hellweg (2011) for uncertainty assessment, and Pfister and Bayer (2013) for average CFs.  
 
Description of impact pathway  

Water for food is one of the main global issues and irrigation is a limiting factor in agricultural 
production. Food supply is a vital human need and insufficient nutrition accounts for ~3% of overall 
global health impacts (WHO 2014) and further contributes to impacts form other diseases. While many 
factors contribute to this issue, reduced water availability caused by water consumption leads to 
reduced availability for food production and consequent yield losses. The impact pathway for this issue 
is addressing lack of water for agricultural food production and consequent effects on human health 
caused by water consumption as described in figure 12.1 and equation 12.1. There are two main parts: 
(1) a fate factor for water consumption coupled with an exposure factor of for agricultural water 
consumption, which is summarized as water deprivation factor on watershed level (WDF 
[m3

deprived/m3
consumed]) and (2) the effect factor (EF [cases· yr/m3

deprived]), which relates 
malnutrition cases to a lack of water in agriculture. The fate and exposure is modeled by the water 
stress index (WSI), which indicates general water deprivation (affecting all users) and the share of 
water used in agriculture (WU%A) in order to account for the share that agriculture is affected by water 
deprivation, both ranging from zero to one.  
The effect model relates lack of water in food production to malnutrition cases using statistical data 
analysis and minimum water requirements for personal food provision (WRMN), resulting in a 
malnutrition potential caused by a lack of water for agriculture. The second part of the effect model 
accounts for the fact that reduced food production might be compensated by advanced means of 
technology to enhance food production (e.g. fertilization or irrigation with desalinated water) or 
imports from other regions. For this purpose the human development factor (HDF) ranging from zero 
to one, is derived based on the regression analysis of the human development index (HDI, a socio-
economic development indicator) of a region and related malnutrition occurrence.   
Finally, a damage factor (DFMN [DALY/(yr·case)]) is applied, which relates disability-adjusted life years 
lost (DALY) from malnutrition to cases of undernourished person.  
The counterintuitive fact that irrigated food production might lead to malnutrition due to a lack of 
water for other agricultural production is due to the fact that in LCA beneficial services of the system 
are covered in the functional unit (e.g. a kg of potato) and not discounted from the impact assessment. 
The overall effect of food production might therefore be beneficial for human health. However, 
whether the output is used for local food supply (directly avoiding the impact pathway), international 
food markets or biofuel production is part of the system definition and interpretation and therefore 
all potential impacts should be addressed by this impact pathway, even if water is consumed for crop 
production and not just for industrial or municipal purposes, especially when comparing two crops 
with different origins and life cycle water consumption.  

mailto:pfister@ifu.baug.ethz.ch
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Figure 12.1: Cause-effect chain for human health impacts caused by water consumption. The interim steps of the impact 
pathways are depicted and the factors leading to them are described in equation 12.1. 

 

 
     Equation 12.1 

where CFend,MN,i [DALY/m3
consumed] is the expected specific endpoint damage per unit of water consumed 

in watershed i (as specified in the LCI-phase) for malnutrition (MN).  
 
Description of all related impact categories 

This impact pathway only affects human health.  
 
Methodological choice 

Two different methods are available: (1) marginal CFs, which are typically used in LCA to address 
impacts of additional water consumption (marginal change in water consumption rate) and (2) average 
CFs , which are used to assess total impacts of water consumption within a region and to characterize 
the impact of an activity proportionally to the impact of total water consumption.  
 
Spatial detail 

The method was applied to >11'000 watersheds with varying sizes, resulting in a global coverage. 
Country-average CFs are available too. A global average is not considered meaningful but provided for 
background processes.  

 

12.1.2. Calculation of the characterization factors at endpoint level 

 Marginal effect 

 
The characterization factor is defined at the endpoint level in terms of DALY related to water 
consumption as described in figure 12.1 and equation 12.1. The specific factors are described below. 
 
The water stress index (WSI) is used to indicate the ratio of water consumed that deprives other users 
in the same watershed of water. Water stress is commonly defined by the ratio of total annual 
freshwater withdrawals to hydrological availability (WTA), with moderate and severe water stress 
occurring above a threshold of 20% and 40%, respectively (Vorosmarty et al. 2000, Alcamo et al. 2000). 
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However, such stress values on global level are expert judgments and thresholds for severe water 
stress might vary from 20% to 60% (Alcamo et al. 2000) if local conditions are accounted for. For this 
CF, the concept is extended to calculate a water stress index (WSI) for LCIA, ranging from zero to one. 
To calculate WSI, the WTA ratio of more than 10’000 individual watersheds described in WaterGAP2 

global model (Alcamo et al. 2003) was used. This data is based on annual averages, but both monthly 

and annual variability of precipitation may lead to changed water stress during specific periods.  

Especially insufficient water storage capacities or evaporation of   stored water may increase the stress. 

Such increased stress cannot be fully compensated by periods of low water stress (Alcamo et al. 2000). 

Therefore a variation factor (VF) is introduced to calculate a modified WTA (WTA*, equation 12.2, figure 

12.2), which differentiates watersheds with strongly regulated flows (SRF) from others, as defined by 

Nilsson et al. (2005). For SRF's, storage structures weaken the effect of variable precipitation 

significantly, but may cause increased evaporation and a reduced correction factor was applied 

(square-root of VF): 

 
 



*  

 -

VF WTA for SRF
WTA

VF WTA for non SRF
 

Equation 12.2
 

 

 
Figure 12.2: WTA* calculated for each watershed in %. Adopted from Pfister et al. (2009). 

 

VF was derived from the standard deviation of the monthly precipitation time series of CRU TS2.0 

(Mitchell and Jones 2005). Since log-normal distribution was found to match better than normal 

distribution, VF was defined as the aggregated measure of dispersion of the multiplicative standard 

deviation of monthly (s*
month) and annual precipitation (s*

year), assuming a log-normal distribution and 

considering precipitation data from 1961-1990 (Mitchell and Jones 2005): 




2 2)ln( * ) ln( *yearmonths s
VF e  

Equation 12.3 

Variation factors for each grid cell i (VFi) are aggregated on a watershed-level (VFws, figure 12.3), 

weighted by the mean annual precipitation Pi [m] in grid cell i: 



 
 1

1 n

WS i i

ii

VF VF P
P

  

Equation 12.4 
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Figure 12.3: VF calculated for each watershed based on data for each 0.5° grid cell. Adopted from Pfister et al. (2009). 

 

Water stress is an indicator for competition and therefore effects are not linear to WTA* as also 

indicated by the water stress definitions. The water stress index (WSI, figure 12.4) is therefore adjusted 

to a logistic function to achieve continuous values between 0.01 (marginal effect in all regions) and 1: 

  


 
*6.4 1

0.01

1

1 1WTA
WSI

e
 

Equation 12.5
 

The curve is tuned to result a WSI of 0.5 for a WTA of 0.4, which is the threshold between moderate 

and severe water stress, when applying the median variation factor of all watersheds (VFmedian = 1.8, 

WTA* = 0.72). Accordingly, WTA of 0.2 and 0.6 result in WSI of 0.09 and 0.91, respectively (Figure 

12.5a). 
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Figure 12.4: Top: Water stress index (WSI) indicating water deprivation potential (adopted from Pfister et al. 2009). 
Bottom: Average WSI (WSIAVG, equation 12.8) 

 

 
 
Figure 12.5: Inputs to the impact pathway: a) relation between WSI and WTA* (blue line, logistic function), b) 

DALYmalnutrition,rate for each country (blue stars) and HDF modeled (red line, R2 = 0.71) based on HDI, c) DALYmalnutrition,rate for 

each country (blue stars) against corresponding MN% and linear regression (red line, R2 =0.26). Adopted from Pfister et al. 

(2009). 
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Agricultural water use share (WU%,A,i) is calculated for each watershed based on 0.5° grid-data 

(Vorosmarty et al. 2000) and aggregated without further changes (figure 12.6). It accounts for the fact 

that agricultural water users might only be affected by the share of agricultural water use. In general 

agriculture is the most important user except in urban areas. 

 

 
Figure 12.6: Agricultural water use (WU%,A) for each watershed (adopted from Pfister et al. 2009) 

The human development factor (HDFMN,i) relates the human development index (HDI) to malnutrition 

vulnerability. National HDIs are reported for all countries (UNDP 2008) and regional HDIs are applied 

for the large and spatially diverse emerging economies of India, Brazil, China, and Russia (see Pfister et 

al. 2009 for details). HDFMN is derived from a polynomial fit of DALY values for malnutrition per 100’000 

people in 2002 (WHO 2008) with corresponding HDI data (Figure 12.5b): 

 




   
 

2

1  0.30

2.03  -  4.09   2.04  0.30 0.88 

        0  0.88

MN

for HDI

HDF HDI HDI for HDI

for HDI

 

Equation 12.6 

 

Regions with HDI > 0.88 are considered to have no direct local human health impacts due to adaptation 

capacity. The regional HDI values are attributed to watershed level based on the area intersections for 

cross-regional watersheds. 
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Figure 12.7: HDFMN on watershed level (adopted from Pfister et al. 2009). 

Water requirements (WRMN) are used to relate cases of malnutrition to the lack of water for food 

production. WRMN is set equal to 1,350 m3/(yr·capita), which is the minimum direct human dietary 

requirement, including blue and green water (Falkenmark and Rockstrom 2004), accounting for food 

demand and water productivity of crops. This value matches modeled water resource thresholds for 

food security (Yang and Abbaspour 2003). While malnutrition already occurs before a person is 

completely deprived of food (e.g. at a lack of 20%), other compensation effects are assumed to happen 

(e.g. land use expansion, diet changes). The regression analysis of irrigation water consumption and 

malnutrition in water scarce developing countries on a global level by Pfister and Hellweg (2011) 

supported this value, resulting 0.0007 malnourished capita·yr per m3 of water consumption, which 

corresponds to a WRMN of ~1400 m3/(yr·capita). WRmalnutrition is a global factor and independent of 

location. 

 

The damage factor (DFMN) denotes the damage caused by malnutrition and is derived from linear 

regression of the malnutrition rate (MN%, Nilsson and Svedmark 2002) and DALYmalnutrition,rate on country 

level (WHO 2008, Figure 12.5c) resulting in a per-capita malnutrition damage factor of 1.84·10-2 

DALY/(yr·capita). 

DALY without age-weighting and discounting for malnutrition are 2.0 times the standard DALYs (3% 

discounting; age-weighting) originally used in Pfister et al. (2009), based on malnutrition DALY analysis 

from WHO reports (WHO 2008; WHO 2014) 

 Average effect 

 The characterization factor described above defines the marginal effect and is therefore a marginal 
CF. For the average CF (CFend,MN, AVG), the average water stress index (WSIAVG) is applied to quantify the 
average deprivation of other users. The other elements are already regional averages and do not have 
to be changed: 
 

 
Equation 12.7 
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           Equation 12.8 

 
 

12.1.3. Uncertainties 

Available in second batch (tentative date: end of 2014/beginning of 2015) 

12.1.4.  Value choices  

There are two sets of CFs available for (1) a marginal approach and (2) an average approach. However, 
within both sets there are no value choices. 
 
Time horizon 
The time horizon is infinite, assuming steady-state conditions. The effect of water consumption is 
described through competition for a renewable resource and therefore current stress levels are 
relevant. Monthly WSI assessment compatible to this approach have been recently published (Pfister 
and Bayer 2013) but the impact on human health through food production is based on annual water 
stress since food production is often based on different crops with different growth periods over 
several months and therefore a monthly assessment is difficult with currently existing data and is not 
considered to improve the results significantly. 
 
Level of robustness 
The model for human health impacts relies on global datasets and statistical analysis. There is no 
experimental data for this impact pathway and epidemiological data cannot definitely answer the 
cause-effect relation. Therefore the level of robustness is moderate for the whole characterization 
model and in comparison to other impact categories considered to have high level of robustness.  
Excluded, due to a low level of robustness, is the effect of decreased food production on international 
markets and consequent effects in other countries through increased prices in globalized markets, as 
described in Motoshita et al. (2010b). They assume that if a loss in food production is not leading to 
local malnutrition effects it will lead to additional food import or reduced food exports and therefore 
affect countries with lower purchase power and lead to consequent effects on malnutrition in these 
countries.  It might be included in future as low level of robustness CF, once a full publication is 
available.  
The level of robustness for impacts on human health due to  a lack of water for domestic use (and 
consequent impacts on communicable diseases), as partially addressed by Motoshita et al. (2010a) 
and Boulay et al. (2011), are considered to be very low (Rijsberman 2006, Mila i Canals 2009, UNESCO 
2003) and therefore this potential cause-effect chain is excluded.  
 

12.1.5. Results 

The range of CFs is from zero in economically developed regions up to ~10-4 DALY per m3 of water 
consumed in economically less developed regions. In order to properly apply the CFs the geographic 
location needs to be known for attributing the proper watershed to the inventory. In cases where only 
national geographic information is available, country average CFs can be applied.  
Watershed characterization factors are aggregated to country level as withdrawal-weighted average 
based on the withdrawal data reported by WaterGAP2 (Alcamo et al. 2003) on watershed level. For 
cross-boundary watersheds, the withdrawal data has been allocated to countries according to the area 
share in each country. The results of the spatially explicit marginal and average CF are presented in 
Figure 12.8 on watershed level and. Country-aggregated CFs are provided as Excel table and in Table 
12.1. The global average marginal CF 1.8 E-07 DALY /m3 and the average CF is 1.3 E-07 DALY /m3. 
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Figure 12.8: CFs for human health impacts caused by water consumption (adapted from Pfister et al. 2009).  Top: Marginal 
CF (CFMN, AVG); bottom: average CF (CFMN, AVG). 

 
Table 12.1: Overeview of CFs on country basis for both marginal and average approach. All CFs are high level of robustness, 
there is no additional low-level of robustness part (see also Excel file). 

Country 
CFmarginal,HH 

[DALY/m3] 
CFaverage,HH  
[DALY/m3] 

Afghanistan 3.2E-06 3.2E-06 
Albania 1.1E-07 5.0E-08 
Algeria 1.5E-06 1.5E-06 
Angola 1.7E-07 1.3E-07 
Argentina 7.2E-08 3.2E-08 
Armenia 1.3E-06 1.3E-06 
Australia 0.0E+00 0.0E+00 
Austria 8.6E-09 3.8E-09 
Azerbaijan 1.2E-06 1.2E-06 
Bangladesh 4.3E-06 1.9E-06 
Belarus 9.8E-09 4.3E-09 
Belgium 0.0E+00 0.0E+00 
Belize 9.6E-09 9.4E-09 
Benin 1.2E-07 1.0E-07 
Bhutan 8.0E-08 6.6E-08 
Bolivia 9.4E-07 4.1E-07 
Bosnia and Herzegovina 6.8E-09 3.0E-09 
Botswana 2.3E-06 2.3E-06 
Brazil 3.9E-08 3.9E-08 
Brunei 0.0E+00 0.0E+00 
Bulgaria 1.6E-07 7.2E-08 
Burkina Faso 8.2E-08 6.7E-08 
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Burundi 9.8E-08 9.0E-08 
Cambodia 1.3E-07 5.9E-08 
Cameroon 2.7E-08 2.6E-08 
Canada 0.0E+00 0.0E+00 
Central African Republic 5.0E-09 5.0E-09 
Chad 1.7E-07 1.4E-07 
Chile 3.1E-07 3.1E-07 
China 6.3E-07 2.8E-07 
Colombia 2.9E-08 2.9E-08 
Congo (Democratic Republic of the) 2.6E-08 2.6E-08 
Congo (Republic of the) 3.5E-08 3.5E-08 
Costa Rica 1.8E-08 1.5E-08 
Cote d'Ivoire 5.4E-08 5.0E-08 
Croatia 8.8E-09 8.8E-09 
Cuba 2.0E-07 9.0E-08 
Cyprus 0.0E+00 0.0E+00 
Czech Republic 2.5E-09 1.1E-09 
Denmark 0.0E+00 0.0E+00 
Djibouti 4.6E-07 4.6E-07 
Dominican Republic 2.5E-07 1.1E-07 
Ecuador 4.0E-07 1.8E-07 
Egypt 3.5E-06 3.5E-06 
El Salvador 4.7E-08 3.9E-08 
Equatorial Guinea 5.3E-11 5.2E-11 
Eritrea 1.0E-06 4.5E-07 
Estonia 8.2E-10 6.7E-10 
Ethiopia 1.5E-06 6.7E-07 
Fiji 1.8E-08 1.8E-08 
Finland 8.8E-11 3.9E-11 
France 0.0E+00 0.0E+00 
French Guiana 1.8E-12 1.8E-12 
Gabon 1.1E-09 1.1E-09 
Gambia, The 6.5E-08 5.3E-08 
Georgia 9.1E-07 9.1E-07 
Germany 1.0E-09 4.4E-10 
Ghana 2.5E-07 2.5E-07 
Greece 5.6E-08 5.6E-08 
Guatemala 3.3E-08 3.0E-08 
Guinea 1.5E-07 1.2E-07 
Guinea-Bissau 1.4E-07 1.3E-07 
Guyana 2.0E-08 1.9E-08 
Haiti 3.8E-07 3.8E-07 
Honduras 4.7E-08 4.5E-08 
Hungary 8.8E-09 3.9E-09 
Iceland 0.0E+00 0.0E+00 
India 4.5E-06 4.5E-06 
Indonesia 3.9E-07 1.7E-07 
Iran 1.4E-06 1.4E-06 
Iraq 2.1E-06 2.1E-06 
Ireland 0.0E+00 0.0E+00 
Israel 2.2E-07 2.2E-07 
Italy 0.0E+00 0.0E+00 
Jamaica 2.0E-08 1.8E-08 
Japan 0.0E+00 0.0E+00 
Jordan 8.8E-07 8.8E-07 
Kazakhstan 4.9E-07 2.2E-07 
Kenya 1.2E-07 9.8E-08 
Korea, Democratic People's Republic 
of 1.2E-06 5.5E-07 
Korea, Republic of 0.0E+00 0.0E+00 
Kuwait 1.3E-08 1.3E-08 
Kyrgyzstan 1.6E-06 1.6E-06 
Laos 3.6E-08 2.9E-08 
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Latvia 9.2E-10 7.5E-10 
Lebanon 1.1E-06 1.1E-06 
Lesotho 3.2E-06 3.2E-06 
Liberia 1.2E-07 1.2E-07 
Libya 9.4E-07 9.4E-07 
Lithuania 1.1E-09 1.1E-09 
Luxembourg 0.0E+00 0.0E+00 
Macedonia 4.4E-07 1.9E-07 
Madagascar 2.2E-07 1.8E-07 
Malawi 1.1E-07 1.0E-07 
Malaysia 8.4E-09 8.4E-09 
Mali 3.1E-06 1.4E-06 
Mauritania 1.4E-07 6.2E-08 
Mexico 3.4E-07 3.4E-07 
Moldova 7.2E-08 3.2E-08 
Mongolia 2.9E-08 2.9E-08 
Morocco 3.9E-06 3.9E-06 
Mozambique 9.7E-07 4.3E-07 
Myanmar (Burma) 4.8E-08 3.9E-08 
Namibia 5.4E-08 4.4E-08 
Nepal 5.8E-06 5.8E-06 
Netherlands 0.0E+00 0.0E+00 
New Zealand 0.0E+00 0.0E+00 
Nicaragua 7.0E-08 5.7E-08 
Niger 1.2E-06 5.5E-07 
Nigeria 2.4E-06 1.0E-06 
Norway 0.0E+00 0.0E+00 
Oman 7.7E-07 7.7E-07 
Pakistan 4.4E-06 4.4E-06 
Palestine Territory (West Bank)  4.2E-07 4.2E-07 
Panama 1.3E-08 1.2E-08 
Papua New Guinea 0.0E+00 0.0E+00 
Paraguay 7.4E-09 7.1E-09 
Peru 1.3E-06 1.3E-06 
Philippines 3.1E-07 1.4E-07 
Poland 3.9E-09 3.9E-09 
Portugal 0.0E+00 0.0E+00 
Puerto Rico 0.0E+00 0.0E+00 
Qatar 2.4E-07 2.4E-07 
Romania 1.3E-08 5.5E-09 
Russia 1.1E-07 4.8E-08 
Rwanda 6.8E-08 5.5E-08 
Saudi Arabia 1.1E-06 1.1E-06 
Senegal 1.3E-07 5.9E-08 
Serbia and Montenegro 1.4E-08 6.2E-09 
Sierra Leone 1.9E-07 1.9E-07 
Slovakia 8.4E-09 3.7E-09 
Slovenia 8.8E-09 3.9E-09 
Solomon Islands 0.0E+00 0.0E+00 
Somalia 1.8E-06 7.8E-07 
South Africa 2.4E-06 2.4E-06 
Spain 0.0E+00 0.0E+00 
Sri Lanka 1.9E-06 8.3E-07 
Sudan 9.8E-07 4.3E-07 
Suriname 1.4E-08 1.3E-08 
Swaziland 3.1E-07 2.5E-07 
Sweden 0.0E+00 0.0E+00 
Switzerland 1.9E-10 8.3E-11 
Syria 1.9E-06 1.9E-06 
Tajikistan 2.6E-06 2.6E-06 
Tanzania, United Republic of 1.3E-07 1.3E-07 
Thailand 3.2E-07 1.4E-07 
Timor Leste 0.0E+00 0.0E+00 
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Togo 6.0E-08 5.1E-08 
Trinidad and Tobago 2.0E-07 8.7E-08 
Tunisia 1.8E-06 1.8E-06 
Turkey 1.1E-06 1.1E-06 
Turkmenistan 1.8E-06 1.8E-06 
Uganda 6.8E-08 5.5E-08 
Ukraine 2.9E-07 1.3E-07 
United Arab Emirates 4.3E-07 4.3E-07 
United Kingdom 0.0E+00 0.0E+00 
United States 4.3E-09 1.9E-09 
Uruguay 4.6E-09 4.5E-09 
Uzbekistan 2.2E-06 2.2E-06 
Vanuatu 0.0E+00 0.0E+00 
Venezuela 2.3E-07 1.0E-07 
Vietnam 7.8E-07 3.4E-07 
Western Sahara 4.2E-10 1.9E-10 
Yemen 5.2E-06 5.2E-06 
Zambia 9.6E-08 9.4E-08 
Zimbabwe 7.2E-07 3.2E-07 
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12.2. Water consumption impacts on ecosystem quality  
Available in second batch (tentative date: end of 2014/beginning of 2015) 
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13. Fossil resources depletion 

Available in second batch (tentative date: end of 2014/beginning of 2015) 
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14. Mineral resources depletion 

Available in second batch (tentative date: end of 2014/beginning of 2015) 
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15. Normalization 

Available in second batch (tentative date: end of 2014/beginning of 2015) 
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ERRATA 
 

AUGUST 2010 
Type Section Page Original text Corrected text 

Technical 2.3.5 10 Total number of described freshwater 

species: 250,000 

Total number of described marine 

water species: 250,000 

Technical 2.3.5 11 For freshwater, we only use (...) and 

lakes (250,000 km
3
). 

For freshwater, we only use (...) and 

lakes (125,000 km
3
). 

Technical 3.5.2 34 DFes (with dispersal) = 75x10
6
 DFes (with dispersal) = 75x10

3
 

Technical 3.5.2 34 DFes (with dispersal) = 177x10
6
 DFes (with dispersal) = 177x10

3
 

Technical 3.5.3 34 Table 3.9.  

75x10
6
 75x10

6
 177x10

6
 

7.98x10
-6

 7.98x10
-6

 18.8x10
-6 

 

Table 3.9. 

75x10
3
 75x10

3
 177x10

3
 

7.98x10
-9

 7.98x10
-9

 18.8x10
-9 

 

 

July 2012 
type Section Page Corrected 

Text edit 2.3.6   Price increase changed into cost increase 

 Deleted confusing examples of time frame for calculating PVC (present 

value of cost) 

 Added production and MCI in the PVC equation, making the damage 

equation obsolete 

 Added reference for choosing discount factor 

Correction 2.3.5   Corrected values for total number of terrestrial species, volume of rivers 

and streams and terrestrial and marine species densities. 

Correction 2.3.10   Corrected values for TET, FET and MET in Table 2.9 

Correction 12.10   Updated results in Table 12.2. In the calculations of the characterization 

factors of fossil fuel depletion in the previous version of ReCiPe, the 

conversion of production cost from US$/barrel to US$/kg oil eq. was in-

correct. This resulted in values of more than 100 times too high. This er-

ror factor is compensated by new normalisation, resulting in about 15% 

lower single endpoint scores of the fossil fuel depletion part. The scores 

of metal depletion, on the other hand, become much higher due to the 

new normalisation.   

Text edit 13   Added text to make the introduction more complete. 

Text edit 13.1   Deleted repetitive text 

Text edit 13.2   Added some sources 

 Corrected price into cost 

 Corrected available oil from 1000 to 2000 Gb 

 Clarified Table 13.1 about conventionality 

Text edit 13.3   Rephrased paragraph 

 Made calculations more explicit 

 Added a paragraph and Table 13.2 on converting barrels to kg oil 

 Added Table 13.3 in which the endpoint CFs are calculated 

Text edit 13.6.1   Corrected the year 2030 into 2100 (rough estimate when conventional oil 

sources are depleted) 

Correction 13.6.1   Updated CFs results 

Correction 13.9   Updated CFs results 

 

February 2013 
Updated Chapter 7 Toxicity 

 

May 2013 
Updated Table 10.15. 
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PREFACE 

The first Life Cycle Assessment (LCA) dates from the 1990s, when the first product studies were made. An LCA 

is based on a systematic examination of the environmental impacts of products/activities, with the aim of reveal-

ing the environmental dimension of sustainability. Factors such as child labour, costs (product) and safety are 

usually not considered. An LCA study provides information and support in finding possible answers to environ-

mental problems related to product life cycles.  

 

The publication in 1992 of the CML LCA-guide (Centrum Milieukunde Leiden) marked a breakthrough in the 

scientific foundation of LCA methodology. From that moment onwards, the Netherlands has played an important 

role in the field of LCA methodology. A further Dutch innovation was the development of Eco-indicator 95 and 

its later version, Eco-indicator 99, by PRé Consultants. The CML-guide and the Eco-indicator guide are cur-

rently widely accepted methodologies. However, they are based on different points of departure: 

1. The CML uses the approach that has been proposed as the baseline method for characterisation 

(Handbook on LCA) – the midpoint approach. 

2. The Eco-indicator 99 focuses on the interpretation of results and uses the endpoint approach. 

In 2000, a special session that focussed on understanding the strengths and weaknesses of the midpoint and end-

point methods was organised in Brighton, immediately following the SETAC conferences. At the end of this 

session, the 50 LCA experts who had participated jointly concluded that it would be desirable to have a common 

framework in which both midpoint and endpoint indicators can be used. This consensus became the basis of the 

ReCiPe method. Here, we acknowledge Dik van der Meent from RIVM, who seized the initiative and brought 

together experts from RIVM, Radboud University Nijmegen, CML and PRé to embark on a project aimed at 

harmonising the CML midpoint and the PRé endpoint approach into a single, consistent methodology. It soon 

became evident to all associated with the project that such a task goes much further than harmonising existing 

methods. In fact, almost all existing midpoint and endpoint characterisation models had to be entirely re-

designed. Only a few midpoints and one endpoint model (ionising radiation) survived the rebuilding of methods. 

 

This report describes the implementation of a method that is harmonised with respect to modelling principles and 

choices, but which offers results at both the midpoint and endpoint levels. From a methodological point of view, 

this is a major improvement as it enables the LCA-approach to be both flexible and more uniform. 

 

The present report ‘ReCiPe’ presents the latest state of affairs of LCIA in the Netherlands. This report can be 

used as a recipe to calculate life cycle impact category indicators, and it will also be useful to those individuals 

who want to obtain in-depth knowledge of LCIA and the underlying rationale. ReCiPe 2008 builds on the Eco-

indicator 99 and the CML Handbook on LCA (2002). The work reported herein was carried out between 2001 

and 2008. This report represents the final stage of a process that started in 1990, with a commission from the 

Ministry of Housing, Spatial Planning and the Environment (VROM). A second, related report on weighting will 

also be presented within the near future. 

 

 

 

 

Henk Strietman 

Ministry of Housing, Spatial Planning and Environment (VROM) 
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SUMMARY 

Life cycle assessment (LCA) is a methodological tool used to quantitatively analyse the life cycle of prod-

ucts/activities within the context of environmental impact. The application of this tool underwent major changes 

during the 1990s. It was initially developed to compare clearly defined end product alternatives, such as various 

forms of milk packaging or baby diapers. However, it has been rapidly incorporated into higher strategic levels, 

including decision- and policy-making at the firm/corporate levels. Life cycle assessment is currently used for 

assessing a wide range of products and activities, from ecolabeling to product design as well as energy systems, 

food production and transportation alternatives; it now clearly extends beyond only an assessment of end prod-

ucts. The current debate to which LCA is being subjected is closely linked to the involvement of stakeholders 

and the systematic use of quality assurance aspects, including peer review and uncertainty analyses. At an inter-

national level, the process of standardisation has yielded an ISO-standard (the 14040-series) and the establish-

ment of working groups within the scientific community (SETAC) and within UNEP. At the same time, devel-

opments at the national level and within individual universities research centres and consultancy firms have led 

to a further development of procedures and methods for carrying out an LCA. 

 

These developments clearly demonstrate that there is no single ‘gold standard’ method that is applicable in all 

situations. It has been stated that LCA is goal- and scope-dependent, and this most certainly also applies to LCA 

methodologies. However, at the same time, the autonomous developments in LCA have sometimes led to dis-

crepancies between methods that cannot be explained by necessity alone, and for which historical factors play an 

important role. 

 

One such example is the development of midpoint-oriented and endpoint-oriented methods for life cycle impact 

assessment (LCIA). A number of methods used for LCIA convert the emissions of hazardous substances and 

extractions of natural resources into impact category indicators at the midpoint level (such as acidification, cli-

mate change and ecotoxicity), while others employ impact category indicators at the endpoint level (such as 

damage to human health and damage to ecosystem quality). The existence of methods addressing midpoints and 

others addressing endpoints can be justified and is legitimate given that the choice of method is intricately linked 

to the product/activity under assessment. A series of interviews of users of LCA in the Netherlands confirms this, 

but there are differences between the underlying models that are – at the very least – confusing and which also 

may be unnecessary. One example is the assumption that the wind speed and temperature entered as environ-

mental properties in the fate model are different. It is therefore desirable that methods for LCIA should be har-

monised at the level of detail, while allowing a certain degree in freedom in terms of the main principles; in the 

current case, this would be their orientation towards midpoint or endpoint indicators. 

 

This report describes the implementation of an LCIA method that is harmonised in terms of modelling principles 

and choices, but which offers results at both the midpoint and endpoint level. Phase 1 of the project concentrated 

on an analysis of the differences and similarities between two main approaches to a LCIA. In particular, the 

focus was on the first part of a LCIA when impact categories and category indicators are chosen and characteri-

sation models are selected or developed to convert LCI results into category indicator results. These two main 

approaches were: 

1. the method proposed as the baseline method for characterisation in the Handbook on LCA (Guinée 

et al., 2002); we will refer to this as the midpoint approach; 

2. the method advanced in the Eco-indicator 99 (Goedkoop & Spriensma, 1999); this will be referred 

to as the endpoint approach. 

Phase 1 consisted not only of an analysis, but also resulted in a proposed synthesis of these two approaches. 

Here, we describe the synthesis in the form of concrete methods for the characterisation of life cycle inventory 

results in terms of impact category indicators at the midpoint and endpoint levels, respectively. Extensive co-

operation with the RIVM and with the University of Nijmegen ensured access to knowledge and models over a 

wide range of environmental issues, from acidification to climate change. 

 

The method for LCIA described in this report has been given the name ReCiPe 2008, as it – like many other 

reports on LCIA – provides a recipe to calculate life cycle impact category indicators. The acronym also repre-

sents the initials of the institutes that were the main contributors to this project and the major collaborators in its 

design: RIVM and Radboud University, CML, and PRé. 

 

The figure below sketches the relations between the LCI parameter (left), midpoint indicator (middle) and end-

point indicator (right). Weighting and normalisation are not analysed in this project. 
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For some of these conversion and aggregation steps, uncertainties have been incorporated in the form of different 

perspectives: 

individualist (I) 

hierarchist (H); 

egalitarian (E). 

The principles of the models and procedures are described in this report. For operational application, a spread-

sheet with the characterisation factors is available on the ReCiPe website. These factors apply, as much as possi-

ble, to the substances and compartments of elementary flows as defined by the Ecoinvent consortium. 
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1 INTRODUCTION 

Reinout Heijungs
1
, Mark Goedkoop, Mark Huijbregts, An De Schryver, Jaap Struijs 

1.1 MAIN IDEA 
Life cycle assessment (LCA) is a methodological tool used to quantitatively analyse the life cycle of prod-

ucts/activities within the context of environmental impact. The application of this tool underwent major changes 

during the 1990s. It was initially developed to compare clearly defined end product alternatives, such as various 

forms of milk packaging or baby diapers. However, it has been rapidly incorporated into higher strategic levels, 

including decision- and policy-making at the firm/corporate levels. Life cycle assessment is currently used for 

assessing a wide range of products and activities, from ecolabeling to product design as well as energy systems, 

food production and transportation alternatives; it now clearly extends beyond only an assessment of end prod-

ucts. The current debate to which LCA is being subjected is closely linked to the involvement of stakeholders 

and the systematic use of quality assurance aspects, including peer review and uncertainty analyses. At an inter-

national level, the process of standardisation has yielded an ISO-standard (the 14040-series) and the establish-

ment of working groups within the scientific community (SETAC) and within UNEP. At the same time, devel-

opments at the national level and within individual universities research centres and consultancy firms have led 

to a further development of procedures and methods for carrying out an LCA. 

 

These developments clearly demonstrate that there is no single ‘gold standard’ method that is applicable in all 

situations. It has been stated that LCA is goal- and scope-dependent, and this most certainly also applies to LCA 

methodologies. However, at the same time, the autonomous developments in LCA have sometimes led to dis-

crepancies between methods that cannot be explained by necessity alone, and for which historical factors play an 

important role. 

 

One such example is the development of midpoint-oriented and endpoint-oriented methods for life cycle impact 

assessment (LCIA). A number of methods used for LCIA convert the emissions of hazardous substances and 

extractions of natural resources into impact category indicators at the midpoint level (such as acidification, cli-

mate change and ecotoxicity), while others employ impact category indicators at the endpoint level (such as 

damage to human health and damage to ecosystem quality). The existence of methods addressing midpoints and 

others addressing endpoints can be justified and is legitimate given that the choice of method is intricately linked 

to the product/activity under assessment. A series of interviews of users of LCA in the Netherlands confirms this, 

but there are differences between the underlying models that are – at the very least – confusing and which also 

may be unnecessary. One example is the assumption that the wind speed and temperature entered as environ-

mental properties in the fate model are different. It is therefore desirable that methods for LCIA should be har-

monised at the level of detail, while allowing a certain degree in freedom in terms of the main principles; in the 

current case, this would be their orientation towards midpoint or endpoint indicators. 

 

This report describes the implementation of an LCIA method that is harmonised in terms of modelling principles 

and choices, but which offers results at both the midpoint and endpoint level. Phase 1 of the project concentrated 

on an analysis of the differences and similarities between two main approaches to a LCIA. In particular, the 

focus was on the first part of a LCIA when impact categories and category indicators are chosen and characteri-

sation models are selected or developed to convert LCI results into category indicator results. These two main 

approaches were: 

1.   the method proposed as the baseline method for characterisation in the Handbook on LCA (Guinée 

et al., 2002); we will refer to this as the midpoint approach; 

2.   the method advanced in the Eco-indicator 99 (Goedkoop & Spriensma, 1999); this will be referred 

to as the endpoint approach. 

Phase 1 consisted not only of an analysis, but also resulted in a proposed synthesis of these two approaches. 

Here, we describe the synthesis in the form of concrete methods for the characterisation of life cycle inventory 

results in terms of impact category indicators at the midpoint and endpoint levels, respectively. Extensive co-

operation with the RIVM and with the University of Nijmegen ensured access to knowledge and models over a 

wide range of environmental issues, from acidification to climate change. 

 

The method for LCIA described in this report has been given the name ReCiPe 2008, as it – like many other 

reports on LCIA – provides a recipe to calculate life cycle impact category indicators. The acronym also repre-

 

                                                           
1 Corresponding author (heijungs@cml.leidenuniv.nl). 
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sents the initials of the institutes that were the main contributors to this project and the major collaborators in its 

design: RIVM and Radboud University, CML, and PRé Consultants. 
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Figure 1.1: Example of a harmonised midpoint-endpoint model for climate change, linking to human health and 

ecosystem damage. 

 

Figure 1.1 shows a simplified representation of the midpoint and endpoint approach to climate change. The im-

pact category indicator at the midpoint level is infrared radiative forcing, expressed in CO2-equivalents, while 

the impact category indicator at the endpoint level is twofold: damage to human health and damage to ecosystem 

diversity (not shown in this figure). The aim of the project reported here is to have both indicators positioned 

along the same environmental mechanism. 

 

ReCiPe 2008 comprises two sets of impact categories with associated sets of characterisation factors. Eighteen 

impact categories are addressed at the midpoint level: 

1. climate change (CC) 

2. ozone depletion (OD) 

3. terrestrial acidification (TA) 

4. freshwater eutrophication (FE) 

5. marine eutrophication (ME) 

6. human toxicity (HT) 

7. photochemical oxidant formation (POF) 

8. particulate matter formation (PMF) 

9. terrestrial ecotoxicity (TET) 

10. freshwater ecotoxicity (FET) 

11. marine ecotoxicity (MET) 

12. ionising radiation (IR) 

13. agricultural land occupation (ALO) 

14. urban land occupation (ULO) 

15. natural land transformation (NLT) 

16. water depletion (WD) 

17. mineral resource depletion (MRD) 

18. fossil fuel depletion (FD) 

At the endpoint level, most of these midpoint impact categories are further converted and aggregated into the 

following three endpoint categories: 

1. damage to human health (HH) 

2. damage to ecosystem diversity (ED) 

3. damage to resource availability (RA) 

 



 

 3 

 
Figure 1.2: Relationship between LCI parameters (left), midpoint indicator (middle) and endpoint indicator 

(right) in ReCiPe 2008. 

 

 

Similar to the Eco-indicator 99 method we developed three versions using the cultural perspectives theory of 

Thompson 1990. According to this theory consistent sets of subjective choices on time horizon, assumed man-

ageability etc. can be grouped around three perspectives, identified by the names: individualist (I), hierarchist 

(H) and egalitarian (E). 

1.2 STRUCTURE OF THE REPORT 
The next chapter describes the outline and main principles of the new method. Then subsequent chapters are 

devoted to the following environmental issues: 

 climate change 

 ozone depletion 

 acidification 

 eutrophication 

 toxicity 

 human health damage due to PM10 and Ozone 

 ionising radiation 

 land-use 

 water depletion 

 mineral resource depletion 

 fossil fuel depletion 

These issues are not impact categories, but they have been linked to a number of midpoint and endpoint impact 

categories.  

 

The report closes with appendices. A number of these provide general information, but most provide additional 

details on the information presented in the various chapters.  For operational application, a spreadsheet with the 

characterisation factors is available on the ReCiPe website [www.lcia-recipe.info/]. These factors apply, as much 

as possible, to the substances and compartments of elementary flows as defined by the Ecoinvent consortium. 
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2 OVERALL ARCHITECTURE 

Reinout Heijungs
2
, Mark Huijbregts and Mark Goedkoop 

2.1 CHOICE OF AREAS OF PROTECTION 
A decision was made in the scoping document (Heijungs et al., 2003) to develop the method for three areas of 

protection – human health, ecosystems and resources, respectively – and to have an endpoint indicator for each 

area. The area of protection for the man-made environment was excluded. 

2.2 CHOICE OF ENVIRONMENTAL MECHANISMS TO BE IN-

CLUDED 
A clear requirement of the ISO14044 standard, and one repeatedly appearing in published reports, is that the 

characterisation factors be based on environmental mechanisms that link (man-made) interventions to a set of 

areas of protection. The end of the environmental mechanism is called the endpoint. A point positioned half way 

along the environmental mechanism can be chosen as an indicator – often referred to as the midpoint. 

 

As a seemingly endless number of environmental mechanisms can link interventions to the areas of protection 

chosen, a selection of the most relevant environmental mechanisms is essential. Determining which of the 

mechanisms is the most relevant depends on the scope of a study and the region within which the interventions 

occur. 

 

A number of environmental mechanisms have a global scope, while others have a regional one. This difference 

means that a particular environmental mechanism can have very important impacts in one region, but not in 

another. Our first choice has been to identify, develop and use environmental mechanisms that have a global 

validity wherever possible. 

 

Environmental mechanisms such as acidification, eutrophication, photochemical ozone formation, toxicity, land-

use and water-use all depend on regional conditions and regionally different parameters. Although we have often 

used European-scale models for these mechanisms, we have attempted to generalise the models as much as pos-

sible to be relevant for all developed countries in temperate regions. This means the ReCiPe method has a lim-

ited validity for all regions that cannot be defined as well-developed temperate regions. This is especially rele-

vant for the Fate (and, if applicable, the Exposure) model. Four examples of regional conditions that can affect 

the validity of ReCiPe are: 

 hygienic conditions (access to clean water) and food patterns; these can be quite different in less-

developed regions, with significant impacts on the parameters of the Exposure model. 

 differences in weather conditions in tropical area; these can influence the parameters of the Fate model. 

 background concentrations, which can differ significantly between regions on a worldwide scale. In 

large areas of the world, acidification and eutrophication are probably a non-issue. 

 population density differences, which can have very significant effects. 

As these distortions mainly apply to the Fate and Exposure models, the problem is equally valid for the mid-

points and endpoints, as the environmental mechanism between the midpoint and endpoint can be considered to 

be independent of the region, with the exception of land-use, for which the environmental mechanism at the 

endpoint level is very region-dependent. If an endpoint model for water-use would have been developed, this 

would also be very regionally dependent.  

 

The focus on well-developed temperate regions also implies that a number of potentially very important envi-

ronmental mechanisms are not included, such as land-use-related issues (erosion, salination, depletion of soil). 

2.3 CHOICE OF IMPACT CATEGORIES AND CATEGORY INDICA-

TORS ALONG ENVIRONMENTAL MECHANISMS 

2.3.1 GENERAL PRINCIPLES 

The overall principle underlying our choice of impact categories is based on a compromise between a number of 

different principles. 

 

                                                           
2 Corresponding author (heijungs@cml.leidenuniv.nl). 
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 Impact categories are supposed to reflect issues of direct environmental relevance. This implies, for exam-

ple, that waste is not an impact category but that the effects of waste processing should be part of the 

method in terms of its effects on climate change, toxicity, land-use, etc. 

 Impact categories at the midpoint are defined at the place where mechanisms common to a variety of sub-

stances come into play. For example, acidification involves a whole series of steps, starting with the release 

of acidifying substances and ending with impacts on ecosystems. Somewhere along this pathway, there is a 

point at which the acidifying substances have an effect on the soil’s base cation saturation (BCS). Other 

acidifying substances have different pathways before that point is reached, but they all have an identical 

pathway beyond that point. The modelling of impacts beyond this point will increase the policy relevance of 

the indicator (making it less abstract) – but at the expense of introducing a common uncertainty. Therefore, 

the BCS provides a suitable indicator for the acidification midpoint impact category. 

 Impact categories are names, but category indicators are measurable places in an impact pathway. The cal-

culation of the magnitudes of these category indicators – i.e. the category indicator results – requires charac-

terisation factors, which in turn require characterisation models. Thus, category indicators should be chosen 

such that a characterisation model that addresses this category indicator exists or can be developed. 

In the next section, the choice of impact categories and category indicators at the midpoint level is presented. 

 

Impact categories at the endpoint level should correspond to areas of protection that form the basis of decisions 

in policy and sustainable development. For the environmental domain, these areas of protection are human 

health, ecosystem quality, resource availability, and, occasionally, man-made environment. This latter area is 

excluded from ReCiPe due to a general lack of both consensus and approaches. The resulting choice for the 

impact categories and category indicators at the endpoint level will be presented in another section. 

 

A general criterion used to define impact categories and indicators is that impact categories at the midpoint 

should have a stand-alone value in a midpoint-oriented LCIA method, but that they should also be usable as an 

intermediate step in an endpoint-oriented method. One implication of this approach is that a PEC/PNEC
3
-based 

toxicity midpoint cannot be used in conjunction with a potentially disappearing fraction (PDF)-based
4
 ecosystem 

quality endpoint because, in this particular case, part of the information needed to calculate the endpoint would 

have been lost at the midpoint level. Consequently, either the midpoint or the endpoint should be redefined, or 

both. 

 

This criterion is needed to guarantee that the endpoint indicators can be calculated using the results of the mid-

point calculations. 

2.3.2 IMPACT CATEGORIES AND CATEGORY INDICATORS AT THE MIDPOINT LEVEL 

The choice made with respect to categories and indicators at the midpoint level is presented in Table 2.1. 

 

 

                                                           
3 PEC means Predicted Environmental Concentration, PNEC Predicted No-Effect Concentration 
4 PDF: Potentially Disappeared Fraction (of species) 
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Table 2.1: Overview of the midpoint categories and indicators. 

Impact category Indicator 

Name abbr. name unit* 

climate change CC infra-red radiative forcing Wyr/m
2
 

ozone depletion OD stratospheric ozone concentration ppt
†
yr 

terrestrial acidification TA base saturation yrm
2
 

freshwater eutrophication FE phosphorus concentration yrkg/m
3
 

marine eutrophication ME nitrogen concentration yrkg/m
3
 

human toxicity HT hazard-weighted dose – 

photochemical oxidant formation POF Photochemical ozone concentration kg 

particulate matter formation PMF PM10 intake  kg 

terrestrial ecotoxicity TET hazard-weighted concentration m
2
yr 

freshwater ecotoxicity FET hazard-weighted concentration m
2
yr 

marine ecotoxicity MET hazard-weighted concentration m
2
yr 

ionising radiation IR absorbed dose manSv 

agricultural land occupation ALO occupation m
2
yr 

urban land occupation ULO occupation m
2
yr 

natural land transformation NLT transformation m
2
 

water depletion WD amount of water m
3
 

mineral resource depletion MRD grade decrease kg
-1 

fossil resource depletion FD lower heating value MJ 

* The unit of the indicator here is the unit of the physical or chemical phenomenon modelled. In ReCiPe 2008, these results 

are expressed relative to a reference intervention in a concrete LCA study. 

† The unit ppt refers to units of equivalent chlorine. 

 

The actual modelling of interventions into midpoint indicators is performed by the use of characterisation fac-

tors; see Table 2.2 for an overview. 

 

Table 2.2: Overview of the midpoint categories and characterisation factors. 

Impact category Characterisation factor 

Abbreviation Unit* Name Abbreviation 

CC kg (CO2 to air) global warming potential GWP 

OD kg (CFC-11
5
 to air) ozone depletion potential ODP 

TA kg (SO2 to air) terrestrial acidification potential TAP 

FE kg (P to freshwater) freshwater eutrophication potential FEP 

ME kg (N to freshwater) marine eutrophication potential MEP 

HT kg (14DCB to urban air) human toxicity potential HTP 

POF kg (NMVOC
6
 to air) photochemical oxidant formation potential POFP 

PMF kg (PM10 to air) particulate matter formation potential PMFP 

TET kg (14DCB to industrial soil) terrestrial ecotoxicity potential TETP 

FET kg (14DCB to freshwater) freshwater ecotoxicity potential FETP 

MET kg (14-DCB
7
 to marine water) marine ecotoxicity potential METP 

IR kg (U
235

 to air) ionising radiation potential IRP 

ALO m
2
yr (agricultural land) agricultural land occupation potential ALOP 

ULO m
2
yr (urban land) urban land occupation potential ULOP 

NLT m
2
 (natural land) natural land transformation potential NLTP 

WD m
3
 (water) water depletion potential WDP 

MRD kg (Fe) mineral depletion potential MDP 

FD kg (oil
†
) fossil depletion potential FDP 

* The unit of the impact category here is the unit of the indicator result, thus expressed relative to a reference intervention in 

a concrete LCA study. 

† The precise reference extraction is “oil, crude, feedstock, 42 MJ per kg, in ground”. 

 

In comparing Table 2.1 and Table 2.2, the reader will observe that there is a discrepancy in the units. According 

to Table 2.1, the indicator for climate change has the unit Wyr/m
2
. For the characterisation factor, one would 

thus expect to find the unit (Wyr/m
2
)/kg – at least when the emission of greenhouse gases is expressed in kilo-

 

                                                           
5 CFC-11: Chlorofluorocarbon 
6 NMVOC:  Non Methane Volatile Organic Carbon compound 
7 14-DCB: 1,4 dichlorobenzene 
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grammes. In the definition of global warming potentials (GWPs), however, a reference substance has been intro-

duced, CO2 to air, so that the characterisation factor is a dimensionless number that expresses the strength of a 

kilogramme of a greenhouse gas relative to that of a kilogramme CO2 to air. Thus, although the indicator ad-

dressed is infra-red radiative forcing, the midpoint calculation does not calculate a score in Wyr/m
2
, but only a 

kilogramme CO2 to air-equivalent. In this process, the absolute yardstick is therefore lost, which has important 

repercussions when linking the midpoints to endpoints. 

 

The exact details of these categories, indicators and characterisation factors are elaborated upon in subsequent 

chapters. A number of these are discussed together. For example, the impact categories freshwater eutrophication 

and marine eutrophication are discussed together in one chapter on eutrophication. 

2.3.3 IMPACT CATEGORIES AND CATEGORY INDICATORS AT THE ENDPOINT LEVEL 

At the endpoint level, things are a bit easier: there are fewer impact categories, and there are fewer differences 

with existing methods for LCIA. Table 2.3 provides an overview. 

 

Table 2.3: Overview of the endpoint categories, indicators and characterisation factors. 

Impact category Indicator 

Name abbr. name unit 

damage to human health HH disability-adjusted loss of life years yr 

damage to ecosystem diversity ED Loss of species during a year yr 

damage to resource availability RA increased cost $ 

 

Note the correspondence between the three endpoint impact categories and three of the four areas of protection; 

for example, the impact category damage to human health corresponds to the area of protection human health. 

For the area of protection man-made environment, there is no impact category, because no appropriate indicators 

and characterisation factors are available. 

 

In the following sections, we describe the areas of protection (AoPs) in more detail. 

2.3.4 HUMAN HEALTH 

Life cycle assessments commonly assess damage to human health using the concept of ‘disability-adjusted life 

years’ (DALY). Hofstetter (1998) introduced the DALY-concept in LCA, which he based on the work carried 

out by Murray and Lopez (1996) for the World Health Organisation. The DALY of a disease is derived from 

human health statistics on life years both lost and disabled. Values for disability-adjusted life years have been 

reported for a wide range of diseases, including various cancer types, vector-borne diseases and non-

communicable diseases (Frischknecht et al. 2000; Goedkoop and Spriensma, 1999; Murray and Lopez, 1996). 

 

When equal weightings are applied to the importance of 1 year of life lost for all ages and any discount for future 

damages is disregarded, DALY is the sum of years of life lost (YLL) and years of life disabled (YLD): 

 YLDYLLDALY   (2.1) 

In turn, the YLD is equal to 

 DwYLD   (2.2) 

where w is a severity factor between 0 (complete health) and 1 (dead), and D is the duration of the disease. 

 

Although the concept of DALYs has proven to be a useful metric in the assessment of human health damage in 

LCA (Hofstetter 1998), the actual calculation depends on a number of subjective assumptions. First, DALYs 

refer to a specified region and time frame, such as the world in 1990 (Murray and Lopez, 1996). Thus, applying 

world average DALY estimates in the calculation of characterisation factors implies acceptance of the assump-

tion that damage to human health due to life cycle emissions can be represented by world averages. For LCA 

case studies focusing on region-specific human health impacts, however, such DALY estimates should be used 

with care: taking another region in the world as a starting point for the DALY calculation may cause a change in 

the results. For example, in established market economies in 1990, DALYs were up to twofold lower for cancer 

diseases and up to fivefold lower for non-cancer diseases – when compared with average world DALYs (Murray 

and Lopez, 1996). These differences can be explained by the more advanced medical health care available in the 

established market economies than that indicated by the world average. For the same reason, differences in 

medical health care in 1990 compared with that potentially available in the (distant) future may result in differ-

ences in DALYs. This may be particularly important for emissions occurring now but having their impact in the 

future, such as emissions of carcinogenic substances. Secondly, in most LCIA methodologies, DALYs are calcu-

lated without applying age-specific weighting and without discounting future health damages. These two starting 

points, however, are a matter of debate (Hellweg et al., 2005; Hofstetter and Hammitt, 2002). For example, using 

non-uniform age weights and a future discount rate of 0.03, as proposed by Murray and Lopez (1996), DALY 
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estimates typically decrease by a factor of 2. Third, the use of YLDs includes a subjective assessment of the 

weighting of health disabilities (Krewitt et al. 2002) – which is why some of the LCIA methodologies explicitly 

exclude YLD from the damage assessment. For cancer diseases, DALYs and years of life lost differ by up to a 

factor of 1.2, indicating that the inclusion of years of life disabled does not have a large influence on DALY 

outcomes (Crettaz et al., 2002; Huijbregts et al., 2005). The situation is different for a number of non-cancer 

diseases, such as musculoskeletal, neuropsychiatric and sense-organ diseases and vector-borne diseases. For 

these disease types, the years of life disabled make a major (dominant) contribution to the DALY estimates 

(Murray and Lopez, 1996). As health-preference measurements tend to be rather stable across groups of indi-

viduals and regions of the world (Hofstetter and Hammitt, 2002), it is expected, however, that the influence of 

subjective assessments on years of life disabled estimates on the DALY outcomes will be small.  

 

In ReCiPe, we apply the DALY concept, including years of life lost and years of life disabled, without age 

weighting and discounting, as a default setting for quantifying the damage contributing to the human health area 

of protection within LCA. 

2.3.5 ECOSYSTEMS 

Ecosystems are heterogeneous and very complex to monitor. A number of treaties, decrees and nonbinding 

agreements (UNCED, UNEP, Council of Europe) have been drawn up that list those attributes considered to be 

important to mankind on a whole, such as biodiversity, aesthetic and cultural values, ecological functions and 

services, ecological resources and information functions (in genes). 

 

One approach to describing ecosystem quality is in terms of energy, matter and information flows. When such 

flows are used to characterise ecosystem quality, it can be said that a high ecosystem quality is the condition that 

allows flows to occur without noticeable disruption by anthropogenic activities. In contrast, a low ecosystem 

quality is the condition in which these flows are disrupted by anthropogenic activities. Consequently, it is the 

level of the disruption that is the most important parameter when ecosystem quality is being measured. 

 

To complicate things yet further, these flows can exist on many different levels. While the information flow can 

be described at the level of ecosystems, species and genes, the material and energy flow can be described in 

terms of free biomass production, as proposed by Lindeijer et al. (1998). 

 

It is quite evident that all of these attributes cannot be modelled on all of these levels and dimensions. In the 

ReCiPe 2008 model, we concentrate on the information flow – at the species level. This means accepting the 

assumption that the diversity of species adequately represents the quality of ecosystems.  

 

Anthropogenic factors can affect all species groups in the practical sense. It is impossible to monitor them all. 

We therefore had to choose those species groups that can be used as an appropriate representative of the total 

ecosystem quality. It is also important to choose between: 

 the complete and irreversible extinction of species; 

 the reversible or irreversible disappearance of a species or stress on a species in a certain region during 

a certain time. 

Although the first type of damage listed above is probably the most fundamental type of damage that can occur 

to ecosystems, it is extremely difficult to model in the LCA context, since it requires information on the location 

of the most threatened representatives of a species in relation to the location of an impact. In fact, we can assume 

that complete extinction usually occurs as a result of many different factors. This assumption implies that no 

single product life cycle can cause any one extinction to occur, but that all of the product life cycles together can 

be responsible for the full extinction. 

 

Based on this reasoning, we have modelled the loss of species during a certain time in a certain area as the basis 

for the endpoint indicator. In the Eco-indicator 99 method, ecosystem quality was expressed as the potentially 

disappeared fraction of species (PDF) integrated over area and time. As long as only terrestrial ecosystem dam-

age is determined, the ‘area’ can be expressed as surface area in square metres.  

 

In ReCiPe, we also developed a characterisation factor for aquatic eutrophication (both for freshwater and ma-

rine water), and the unit of this indicator is (PDF ) m
3
yr, which involves an integration over volume instead of 

area. There seem to be two alternatives for combining terrestrial and aquatic damage: 

 Convert the volume into a surface, using the average depth of freshwater and marine water bodies as a 

basis.  

 Weight the damages on the basis of the total number of species on land and in water bodies as a basis. 

For this option, we chose to consider the loss of each species to be equally important. This means that a 

change in the PDF in a species-rich compartment is more important than that in a compartment with a 
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lower species richness, as the same PDF in a rich compartments implies the disappearance of a larger 

number of species.  

The latter choice assumes that all species are equally important. If surface were to be used as a basis, the impacts 

of freshwater biodiversity would be very much underweighted. Freshwater bodies occupy only 0.8% of the sur-

face of the earth; consequently, a complete extinction of all those species occupying freshwater bodies (esti-

mated to be at least 1.75 million) would hardly be visible as damage (Dudgeon 2005). However, conversion on 

the basis of available volume would also give a strange result, as only 0.01% of all water is freshwater. 

 

The endpoint characterisation factor for ecosystem damage can thus be calculated by taking the sum of the PDF, 

multiplied with the species density 

 

 * * *ED terr terr fw fw mw mwCF PDF SD PDF SD PDF SD    (2.3) 

with 

 CFED = the endpoint characterisation factor for ecosystem damage
 

 PDFterr = the characterisation factor in PDF.m
2
.yr, and SDterr the species density factor for terrestrial 

systems, in species/m
2 

 PDFfw = the characterisation factor in PDF.m
3
.yr, and SDfw the species density for freshwater sys-

tems in Species/m
3
. 

 PDFmw = the characterisation factor in PDF.m
3
.yr, and SDmw the species density for marine water 

systems in Species/m
3
. 

 

Determining the species density is not so trivial; we need to sole three problems: how many species are there, 

how is the distribution of species over land, fresh and marine water, and what surface and volume do we use. 

 

The first element is the determination of species totals. The number of registered species is only a fraction of the 

estimated total number of species. As the LCIA models used here only register the disappearance of registered 

species we will only refer to registered species. 

 

 Table 2.4: Total species estimate, from the GEO 2000 by UNEP (Source: WCMC/IUCN 1998).  

 known number of species estimated total number of species 

Insects 950,000 8,000,000 

Fungi 70,000 1,000,000 

Arachnids 75,000 750,000 

Nematodes 15,000 500,000 

Viruses 5,000 500,000 

Bacteria 4,000 400,000 

Plants 250,000 300,000 

Protozoans 40,000 200,000 

Algae 40,000 200,000 

Molluscs 70,000 200,000 

Crustaceans 40,000 150,000 

Vertebrates 45,000 50,000 

World total (all groups) 1,604,000 12,250,000 

 

The second element is the distribution of species over terrestrial, freshwater and marine waters. Dudgeon et al. 

(2005) reported that there are approximately 1.75 million species in freshwater bodies, although only about 

100,000 species have currently been described (6% of all species according to Dudgeon et al. 2005). The UN 

Atlas of the Oceans estimates there are some 250,000 aquatic species, of which more than half live in coastal 

zones. This is a significantly lower figure than the number of terrestrial species, which is estimated at 1,500,000. 

This difference is ascribed to the much lower variation in living conditions in the oceans. The high number of 

terrestrial species can also be ascribed to the very high number of arthropods (insects, spiders, etc.,), for which 

there is no equivalent in oceans. There is an apparent lack of consensus regarding the numbers, mainly due to the 

relatively large share of species that probably exist but which have not been described. We base our analysis, 

therefore, on the following data: 

 total number of described terrestrial species: 1,600,000 

 total number of described freshwater species: 100,000 

 total number of described marine water species: 250,000 

 

The third element is the estimate of the terrestrial area and the volume of fresh and marine waters. 
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For terrestrial areas, we excluded agricultural areas deserts and ice regions. The overview (percentage) of the 

main types of land presented in Table 2.5 was taken from the FAO Global Arable–Ecological Zones database 

(see also http://www.fao.org/ag/agl/agll/gaez/index.htm). We combined these data with the total land surface on 

Earth (148.3 E6 km
2
 according to Charles R. Coble et al. 1987), obtaining a damage area of 108.4 E6 km

2
. 

 

Table 2.5: Total species estimate, from the GEO 2000 by UNEP (Source: WCMC/IUCN 1998).  

Terrestrial areas 

Percentage of world 

total Included (yes/no) 

Calculated area in mil-

lion km
2
 

grasslands 13.6% yes 20.2 

woodlands 14.5% yes  21.5 

forests 21.2% yes  31.4 

mosaics including croplands 8.5% yes  12.6 

croplands 8.3% yes  12.3 

irrigated croplands  3.0% yes  4.4 

wetlands 0.7% yes  1.0 

desert and barren land 20.9% no   

water (coastal fringes) 3.3% yes  4.9 

ice, cold desert 5.9% no  

urban 0.2% no  

total   108.4 

 

For freshwater, we only use the volume of water in rivers and streams (1,700 km
3
) and lakes (125,000 km

3
). We 

do not include soil moisture (65,000 km
3
) and groundwater (9,500,000 km

3
) as groundwater will generally con-

tain few species. Soil moisture will contain many species, but the damage is captured in the terrestrial damage 

models. 

 

For marine water, the total volume is enormous (1,370,000,000 km
3
), but by far the most registered species will 

be in the upper 200-m layer, the so-called photic zone. This is also the zone where the productivity for the entire 

oceans is generated, except for those species dependent on the deep volcanic vents. The total volume of this 

layer is 72,300,000 km
3
 (361,431,000 km

2
, multiplied by 0.2 km). 

 

Based on these data, we find the following species densities 

 terrestrial species density: 1.48 E-8 [1/m
2
] 

 freshwater species density: 7.89 E-10 [1/m
3
] 

 marine species density: 3.46 E-12 [1/m
3
] 

 

2.3.6 RESOURCES 

The risk that mankind will run out of resources for future generations is often quoted as an important issue. 

Some groups consider resource depletion as the only issue to be monitored. 

 

To understand resource needs, we need to distinguish between a material and the function it can provide, or as 

Müller-Wenk (1998) states, the essential property of the material that is used to serve a certain purpose. Table 

2.6 provides an overview of the functions and essential properties that some types of resources can provide. 

 

http://www.fao.org/ag/agl/agll/gaez/index.htm
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Table 2.6. Function and properties of resources. 

Resource Subcategory Type Essential 

property 

lost? 

Recycling 

possible 

Function  Time 

shortages 

can occur 

Alternatives 

minerals metals stock no yes construction centuries many, also 

wood, etc. 

 uranium stock yes no8 electricity centuries no (fission?) 

fossil fuel  stock 

 

yes no all energy decades within the 

group 

wind, water, 

solar energy 

 flow yes no electricity indefinite within the 

group 

energy crops (see also 

agriculture) 

flow yes no all energy see agricul-

ture 

other energy 

water  fund/flow no yes agriculture, hu-

mans, ecosystems 

present no 

land (sur-

face) 

for urban use fund/flow sometimes sometimes living, transport, 

working 

present intensify use 

 for agri-

cultural use 

fund/flow sometimes sometimes feeding, energy 

crops 

present intensify use 

 for natural 

areas 

fund/flow sometimes sometimes recreation, “sus-

tainability”9 

present no 

 water surface fund/flow sometimes sometimes recreation, trans-

port 

present intensify use 

silvicultural 

extraction 

hunting, 

fishing, herb 

collection 

fund/flow yes no feeding, medi-

cines, energy (in 

Third World) 

present agriculture 

 wood for 

construction 

flow yes sometimes housing, furniture present metals, bulk 

resources 

bulk re-

sources 

 fund sometimes sometimes infra-structure, 

housing 

centuries or 

longer 

within group 

 

Table 2.6 shows that there are many different types of resources as well as quite a wide range of possibilities for 

substituting or recycling the resource. It also demonstrates that there is quite a range in the time frame within 

which the resource shortage can become problematic. 

 

We can also inverse the table and use the basic needs of future societies as a starting point to determine if there 

will be sufficient resources in the future. However, such an analysis is quite complex and hampered by a set of 

fundamental but interrelated problems: 

 How does technology and, in particular, the requirements for materials change over time. ‘The 

stone age did not end due to a lack of stones’ 

 Most resources can be replaced by an alternative. The reason for using a certain resource is often 

found in the market prices. Gold – and not copper – is the best material for conducting electricity. 

However, copper has been used for this purpose because of the ratio of resistance to price. More 

recently, there has been an observable shift from copper to aluminium for applications requiring the 

conduction of electricity, and if super-conducting cables become a commercial reality, the use of 

copper for conducting electricity will decline. Substitution does not only occur within a resource 

group. For example, bio-plastics can replace steel. In actual fact, there are very few resources that 

cannot be replaced by others. These are: water and space, especially natural areas. 

 The ‘size’ of the fund very much depends on the willingness to pay for the use of low-grade or 

low-quality resources and of the efficiency improvements that are still possible for the mining of 

these low-grade stocks. 

In many cases, resource depletion and shifts in material demand will have an impact on market prices. This often 

means that prices will go up, which could also negatively affect the ability to maintain and expand the man-made 

environment.  

 

The working group on impact assessment in the SETAC-UNEP Life Cycle Initiative classifies resources into 

three categories: biotic, abiotic (flow, fund and stock) and land. This group further distinguishes various ap-

proaches for assessing abiotic (stock) resources: 

 

                                                           
8 A breeder reactor can in principle generate plutonium, forming a large stock of U238 as alternative fuel, at the same or higher 

rate than the depletion of the scarce U235. 
9 Sustainability refers to a wide range of functions, such as climate regulation, metabolism, gene pool preservation, among 

others. 
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 Addition of the total mass (ores) or energy content of the resources. This approach is not recommended. 

 Aggregation based on deposit (D) and current consumption (U), with three alternative expressions (1/D, 

U/D or 1/DU/D). In this approach, the size of the deposit remains quite uncertain. Of the three alterna-

tive formulas, the third is also the approach used in the CML 2000 method.  

 Aggregation based on environmental interventions caused by future hypothetical processes, such as the 

method proposed by Müller-Wenk (1998), based on the surplus energy for future mining of low-grade 

resources. The latter method has also been applied (with some modifications) in the Eco-indicator 99 

model. These types of methods need to assume future scenarios, which makes the characterisation fac-

tors rather uncertain. 

 Exergy, as proposed by Finnveden (1997). However, it is questionable whether exergy actually ad-

dresses the environmental problem, as the chemical entropy in the ores, rather than in the metal content 

of the ore, dominates the equations. Dewulf (2007) improved this concept significantly, but the problem 

of scarcity is still not addressed by the concept of exergy. The exergy value is a physical property of a 

resource that reflects the effort to produce the resource irrespective of its scarcity. Therefore, even if a 

resource becomes depleted rapidly, the exergy value will not change. As such, the indicator does not 

truly express the scarcity. 

The experts directly working on ReCiPe do not recommend any of these above-mentioned approaches. 

 

We have chosen to base the ReCiPe model on the geological distribution of mineral and fossil resources and 

assess how the use of these resources causes marginal changes in the efforts to extract future resources. Unlike 

the model of Müller Wenk used in Eco-indicator 99, we do not assess the increased energy requirement in a 

distant future; rather, we base our model on the marginal increase in costs due to the extraction of a resource. To 

this end, we develop a function that reflects the marginal increase of the extraction cost due to the effects that 

result from continuing extraction. In terms of minerals, the effect of extraction is that the average grade of the 

ore declines, while for fossil resources, the effect is that not only conventional fossil fuels but also less conven-

tional fuels need to be exploited, as the conventional fossil fuels cannot cope with the increasing demand. 

 

The marginal cost increase (MCI) is the factor that represents the increase of the cost of a commodity r 

(US$/kg), due to an extraction or yield (kg) of the resource r. The unit of MCI is US dollars in the year 2000 per 

kilogram squared (US$/kg
2
).

 

     
      

       
      (2.4) 

 

The cost increase itself has relatively little meaning, as a one dollar cent cost increase for a kilogram of oil has a 

much higher impact on societies than the same cost increase for mercury. Therefore, the cost increase, expressed 

in dollars per kilogram ($/kg), must be multiplied by a factor that expresses the amount consumed. This step 

converts the extraction of a resource into increased costs to society in general. In principle, each extraction will 

cause a cost increase that will last indefinitely and, consequently, the damage to humanity can be interpreted as 

indefinite damage. This is not valid in economic terms as the opportunity cost will reduce the present value of 

future costs to society to a measurable number. For example, if we assume a discount rate of 3% per year, the 

present value of spending a dollar per year during an indefinite period is $33.33.  

 

The present value of cost (PVC) of the MCI due to the extraction of one kilogram of resource r over a time T (in 

$/kg), taking into account a discount rate d, can thus be written as: 

 

      
         

                (2.5) 

  

In other words, the total present value of cost to society due to an extraction can be calculated by summing the 

marginal cost increase for each year t in the future, multiplied by the annual consumed amount in that year (Pr,t 

in kg per year) divided by the increased cost due to the discount rate. When using a discount rate of 3%, the 

contribution to the present value of cost becomes negligible after about 200 years. 

 

 

There is little agreement on the appropriate discount rate to determine the value of public costs: international 

practice recommends discount rates varying from 1 to 15 percent, but low discount rates are often used in envi-

ronmental applications (Harrison, 2010). We chose an arbitrary discount rate of 3% (T is assumed to be indefi-

nite/1000 years). Other discount rates (and/or integration times) can be used when it is believed these will help in 

explaining the result to stakeholders or when the results are used in a monetarisation approach (e.g. for sensitiv-
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ity analysis). Note that such changes would only affect the absolute value of the damage – not the differences 

between resources
10

.  

The fund and flow resources are not included in the impact category, except for the use of water, as the latter is 

potentially a very important problem. However, we have been unable to link the use of water to a marginal in-

crease in the cost of making water available, and this there is only a midpoint, not an endpoint. 

2.3.7 MAN-MADE ENVIRONMENT 

The last AoP is also the most disputed and the least clear one: man-made environment. Corrosive pollutants 

affect buildings, roads, cars and other structures. Climate change may flood cities or agricultural areas, and may 

also cause hurricanes to destroy our built environment. Plagues of insects may eat our crops. And increased UV-

levels may deteriorate many man-made facilities. This AoP has not been incorporated into ReCiPe 2008. 

2.3.8 AREAS OF PROTECTION AND ENDPOINT CATEGORIES 

In this section two related concepts were discussed: areas of protection and endpoint categories. Though related 

and superficially identical, they are not the same. 

 An AoP is a class of endpoints which have some recognizable value for society. Prime examples 

are human health, natural environment, natural resources, and man-made environment. 

 An endpoint itself is a variable of direct societal concern. As such, they can act as a quantifiable 

representation of a (part of a) AoP. 

In ReCiPe, the AoP human health has been represented by the endpoint category damage to human health, which 

combines mortality and morbidity. The AoP natural environment has been represented by loss of spiecies, and 

the AoP natural resources by the increased sot for future extractions. Table 2.7 summarizes this relationship. 

 

Table 2.7: The connection between the areas of protection (AoPs) and the endpoint indicators in ReCiPe 2008. 

Area or protection Endpoint category Unit of endpoint indi-

cator 

human health damage to human health (HH) yr 

ecosystems damage to ecosystem diversity (ED) yr 

resources damage to resource availability (RA) $ 

man-made environment NA NA 

2.3.9 CONNECTIONS BETWEEN THE MIDPOINT AND ENDPOINT LEVEL 

The principal aim of ReCiPe 2008 was the alignment of two families of methods for LCIA: the midpoint-

oriented CML 2002 method and the endpoint-oriented Eco-indicator 99 method. Of special interest in this intro-

ductory chapter is therefore the actual alignment achieved. Table 2.8 displays the connection between midpoints 

and endpoints in terms of the midpoint categories that are modelled until the endpoints. 

 

 

                                                           
10 Such a change in rate will also impact the normalisation values significantly, and before another discount rate can be used, 

such corrected normalisation values must be available, if this step is to be used. 
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Table 2.8: Overview of the connection between midpoint and endpoint categories. 

Midpoint impact category Endpoint impact category* 

Name abbr. HH ED RA 

climate change CC + +  

ozone depletion OD + –  

terrestrial acidification TA  +  

freshwater eutrophication FE  +  

marine eutrophication ME  –  

human toxicity HT +   

photochemical oxidant formation POF + –  

particulate matter formation PMF +   

terrestrial ecotoxicity TET  +  

freshwater ecotoxicity FET  +  

marine ecotoxicity MET  +  

ionising radiation IR +   

agricultural land occupation ALO  + – 

urban land occupation ULO  + – 

natural land transformation NLT  + – 

water depletion WD   – 

mineral resource depletion MRD   + 

fossil fuel depletion FD   + 
* Legend: + means that a quantitative connection has been established for this link in ReCiPe 2008; – means that although this is an impor-

tant link, no quantitative connection could be established. 

 

 

The primary goal of this project is to link the inventory data to one or a number of midpoints. In a second step, 

each midpoint is linked to one endpoint. This goal has been achieved for almost all impact categories; see Table 

2.8 (and Figure 1.2). We have also attempted to establish a connection for land-use. However, due to use of 

observational data in which we were unable to the intermediate steps, we have not achieved this goal. For eutro-

phication (freshwater and marine) and water depletion, no endpoint modelling was possible within the frame-

work of our project. 

 

In terms of the characterisation factors for endpoint categories, we must emphasize that two sets of characterisa-

tion factors are actually needed: one to convert a midpoint indicator result into an endpoint indicator result, and 

one to convert an intervention (emission, extraction, landuse) directly into an endpoint indicator result. The two 

data sets are clearly related. Symbolically: when intervention i and midpoint indicator m are coupled with char-

acterisation factor Qmi, and midpoint indicator m is coupled with endpoint indicator e with characterisation factor 

Qem, their combined characterisation factor Qei is determined as 

 ei em mi

m

Q Q Q  (2.6) 

In principle, ReCiPe 2008 reports all three sets of characterisation factors (see following section). It is standard 

practice in LCA to assign names and abbreviations to sets of characterisation factors. Well-known examples are 

the global warming potential (GWP) for climate change and the human toxicity potential (HTP) for human toxic 

effects. These are examples of typical midpoint categories, as is characterisation factor Qmi, with i = climate 

change, or i = human toxicity. Characterisation factors also exist for endpoint methods such as Eco-indicator 99 

or EPS, characterisation factors, but they usually do not have a name or abbreviation. One could envisage that 

names also be given to the two sets of endpoint-oriented characterisation factors, Qei and Qem. Indeed, we will 

refer to the three lists of Qei as the human health factor (HHF; for i = damage to human health), the ecosystem 

quality factor (EQF; for i = damage to ecosystem quality) and the resource availability factor (RAF; for i = dam-

age to resource availability). Table 2.8 shows the connections between the midpoint indicators and the endpoint 

indicators. Each plus sign in the three rightmost columns corresponds to the presence of a characterisation factor. 

The numbers Qem are thus a limited set of approximately 20 fixed numbers; see Table 2.9. These will not be used 

in most LCA studies; instead, such studies will use the midpoint characterisation factors Qmi, the endpoint char-

acterisation factors Qei, or perhaps both. Figure 1.2 provides a global graphical representation of the connections 

between the midpoint and endpoint indicators. 

2.3.10 THE CHARACTERISATION FACTORS 

ReCiPe 2008 yields a large amount of numbers, arranged in a number of long tables. These tables have not been 

placed in this report, as they would take hundreds of pages, and most users would prefer a digital readable form. 

Therefore, the characterisation factors have been tabulated in an MS-Excel spreadsheet which is placed on the 

website of ReCiPe 2008, hosted at the Dutch RIVM [www.lcia-recipe.info]. 
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One central result of the project are the quantitative links between the midpoint and the endpoint categories; see 

also Table 2.8. In several linkages a distinction has been made into different perspectives. These perspectives are 

marked as I (individualist) H (hierarchist) and E (egalitarian. The backgrounds of this differentiation are ex-

plained in Section 0 

 

Table 2.9: The quantitative connection between midpoint and endpoint categories (the factors Qem) for three 

perspectives: individualist (I), hierarchist (H), and egalitarian (E). 

Midpoint impact category Endpoint impact category* 

abbr. Unit HH (DALY) ED (species.yr) RC ($) 

CC kg (CO2 to air)
11

 1.1910
–06†

 (I) 

1.4010
–06

 (H) 

3.5110
–06

 (E) 

8.73x10
-6

 (I+H) 

18.8x10
-6

 (E) 

0 

OD kg (CFC-11 to air) See below 0 0 

TA kg (SO2 to air) 0 1.52x10
-9

 (I) 

5.8 x10
-9

 (H) 

14.2x10
-9

 (E) 

0 

FE kg (P to freshwater) 0 4.44x10
-8

 0 

ME kg (N to freshwater) 0 0 0 

HT kg (14DCB to urban air) 7.010
–7

 (I, H, E) 0 0 

POF kg (NMVOC to urban air) 3.910
–8

 0 0 

PMF kg (PM10 to air) 2.610
–4

  0 0 

TET kg (1,4-DCB to ind, soil) 0 1.51x10
-7

 (I, H, E) 0 

FET kg (1,4-DCB to freshwater) 0 8.6110
–10

 (I, H, E) 0 

MET kg (1,4-DCB to marine water) 0 1.7610
–10

 (I, H, E) 0 

IR kg (U235 to air) 1.64E-08 0 0 

ALO m
2
yr (agricultural land) 0 – 0 

ULO m
2
yr (urban land) 0 – 0 

NLT m
2
 (natural land) 0 – 0 

WD m
3
 (water) 0 0 NA 

MD kg (Fe) 0 0 0.0715 

FD kg (oil) 0 0 0.052 (I) 

0.165 (H+E) 
* Empty cells correspond to missing links (see also 0), and are effectively implemented as zeros in practical calculations. 

† One should read this as follows: to convert a midpoint indicator for CC (in kg) into a (contribution to an) endpoint indica-

tor for HH (in yr), multiply by 1.1910–06 yr/kg. 

 

For Ozone layer depletion, we have not calculated a single mid to endpoint characterisation factor, but instead 

we have a different factor for different subgroups of ozone depleting substances. 

ODS group egalitarian/ hierarchist individualist 

CFCs 1.76·10
-3

 4.13·10
-4

 

CCL4 3.30·10
-3

 8.25·10
-4

 

CH3CCl3 4.41·10
-3

 1.09·10
-3

 

Halons 2.64·10
-3

 6.26·10
-4

 

HCFCs 3.65·10
-3

 8.82·10
-4

 

CH3Br 4.72·10
-3

 1.12·10
-3

 

 

2.3.11 MISSING MIDPOINT AND ENDPOINT CATEGORIES 

ReCiPe 2008 has been designed primarily as an attempt to align the CML 2002 midpoint and the Eco-indicator 

99 systems. As such, no attempts have been made to accommodate or elaborate impact categories that are miss-

ing in either of these methodologies. At the midpoint level, important missing aspects are: 

 erosion 

 salination 

 noise 

 

                                                           
11 An intermediate step was inserted that link the release of one kg CO2 to a (temporary) temperature increase. This factor is 

1.064E-13 (°C.year.kg-1) and is used for both the human HH and ED. There is no differentiation in perspectives 
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 light 

At the endpoint level, we have already mentioned: 

 damage to the man-made environment. 

The authors acknowledge the importance of including (an aligning) these and other impact categories in future 

studies. 

2.3.12 MISSING AND INCOMPLETE LINKS BETWEEN MIDPOINT AND ENDPOINT CATEGO-

RIES 

As indicated in Table 2.8, not all links between midpoint and endpoint categories have been established in ReC-

iPe 2008. A main drawback to our methodology is the absence of an endpoint model for marine eutrophication. 

Other identified issues are the links between the impacts of ozone depletion, photochemical oxidant formation, 

ionising radiation on ecosystem diversity and water depletion. 

 

However, a number of links have been established in an incomplete manner. For example, when modelling the 

human health effects of climate change, choices have to be made on the mechanisms that are to be included. The 

chapters in this report on the impact categories discuss these weak points in more detail. 

 

2.4 DEALING WITH UNCERTAINTIES AND ASSUMPTIONS: SCE-

NARIOS 
It is obvious that the characterisation models are a source of uncertainty: the relationships modelled reflect our 

incomplete and uncertain knowledge of the environmental mechanisms that are involved in climate change, 

acidification, etc. In ReCiPe 2008, like in Eco-indicator 99, it has been decided to group different sources of 

uncertainty and different choices into a limited number of perspectives or scenarios, according to the “Cultural 

Theory” by Thompson 1990.  

 

Three perspectives are discerned: 

individualist (I) 

hierarchist (H); 

egalitarian (E). 

These perspectives do not claim to represent archetypes of human behaviour, but they are merely used to group 

similar types of assumptions and choices. For instance: 

 Perspective I is based on the short-term interest, impact types that are undisputed, technological op-

timism as regards human adaptation. 

 Perspective H is based on the most common policy principles with regards to time-frame and other 

issues. 

 Perspective E is the most precautionary perspective, taking into account the longest time-frame, 

impact types that are not yet fully established but for which some indication is available, etc. 

Table 2.10 and Table 2.11 shows the details of the environmental mechanism specific choices and assumptions 

that differ across the three perspectives, for environmental mechanism one and two of the models. 
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Table 2.10: Overview of choices for the three perspectives for environmental mechanism 1(see  Figure 1.1), 

leading to each midpoint impact category. 

To midpoint impact  Perspectives 

category: I H E 

climate change 20-yr time horizon 100 yr 500 yr 

ozone depletion – – – 

terrestrial acidification 20-yr time horizon 100 yr 500 yr 

freshwater eutrophication – – – 

marine eutrophication – – – 

human toxicity 100-yr time horizon 

organics: all exposure 

routes 

metals: drinking water 

and air only 

only carcinogenic 

chemicals with TD50 

classified as 1, 2A, 2B 

by IARC 

infinite 

all exposure routes 

for all chemicals 

all carcinogenic 

chemicals with re-

ported TD50 

infinite 

all exposure routes 

for all chemicals 

all carcinogenic 

chemicals with re-

ported TD50 

photochemical oxidant formation – – – 

particulate matter formation – – – 

terrestrial ecotoxicity 100-yr time horizon infinite  infinite 

freshwater ecotoxicity 100-yr time horizon infinite  infinite 

marine ecotoxicity 100-yr time horizon 

sea + ocean for organics 

and non-essential metals. 

for essential metals the 

sea compartment is in-

cluded only, excluding 

the oceanic compart-

ments 

infinite  

sea + ocean for all 

chemicals 

infinite 

sea + ocean for all 

chemicals 

ionising radiation 100-yr time horizon 100,000 yr 100,000 yr 

agricultural land occupation – – – 

urban land occupation – – – 

natural land transformation – – – 

water depletion – – – 

mineral resource depletion – – – 

fossil fuel depletion – – – 
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Table 2.11: Overview of choices for the three perspectives for environmental mechanism 2(see  Figure 1.1), 

between midpoint and endpoint level. 

. 

From midpoint  Perspective 

impact category: I H E 

climate change full adaptation: 

no cardiovascular risks 

no malnutrition 

low-range RR for natural 

disasters  

mean adaptation: 

mean relative risk for 

all mechanisms 

no Diarrhoea: if GDP 

>6000 $/yr 

no adaptation:  

high cardiovascular 

risks 

high risk for disas-

ters 

high risk for malnu-

trition 

climate change dispersal of species as-

sumed 

dispersal no dispersal  

ozone depletion – – – 

terrestrial acidification 20-yr time horizon 100 yr 500 yr 

freshwater eutrophication NA NA NA 

human toxicity    

photochemical oxidant formation – – – 

particulate matter formation – – – 

terrestrial ecotoxicity    

freshwater ecotoxicity    

marine ecotoxicity    

ionising radiation – – – 

land occupation Positive effects of land 

expansion are considered 

Fragmentation prob-

lem considered 

No positive effects 

of land expansion 

considered 

land transformation Maximum restoration 

time is 100 yr 

Mean restoration 

times 

Maximum restora-

tion times 

water depletion NA NA NA 

mineral resource depletion – – – 

fossil fuel depletion time horizon – 2030 For coal: time hori-

zon – 2030 For all 

other fossils: 2030-

2080 

For coal: time hori-

zon – 2030 For all 

other fossils: 2030-

2080 

2.5 IMPACT CATEGORIES AND ENVIRONMENTAL ISSUES 
Throughout this report, we use a term like impact category in a technical way, either to midpoint categories that 

are modelled with midpoint indicators, or to endpoint categories that are modelled with endpoint indicators. 

This, however, is not always the most appropriate way of discussing the models, assumptions and results of 

ReCiPe 2008. For instance, there is a model for toxic impacts which describes the pathways (the fate) of chemi-

cals, their intake by humans, and the effects on humans and ecosystems. Midpoint categories involved are human 

toxicity, terrestrial ecotoxicity, freshwater ecotoxicity and marine ecotoxicity, while endpoint categories are 

damage to human health and damage to ecosystem diversity. It would not be convenient to devote separate chap-

ters to the midpoint and/or endpoint categories in this case, but to have a chapter on toxicity instead, which ad-

dress the various midpoints and endpoints involved. 

 

The next chapters are written from that perspective. They address environmental issues, such as toxicity and 

eutrophication, without paying regard to the exact midpoint and endpoint categories in their structure. As such, 

the structure of the following chapters is shown in Table 2.12. 
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Table 2.12: Overview of the relation between environmental issues (chapters), midpoints and endpoints. 

Chapter Environmental issue Midpoints covered Endpoints covered 

3 climate change CC HH, ED 

4 ozone depletion OD HH 

5 acidification TA ED 

6 eutrophication FE, ME – 

7 toxicity HT, TET, FET, MET HH, ED 

8 human health damage due to PM10 

and ozone 

POF, PMF HH 

9 ionising radiation IR HH 

10 land use ALO, ULO, NLT ED 

11 water depletion WD – 

12 mineral resource depletion MRD RA 

13 fossil fuel depletion FD RA 

    

2.6 CHARACTERISATION IN PRACTICE: A RECIPE 
This report presents a structure for LCIA and information on models to address specific environmental issues. 

For some of these issues, characterisation factors are included in this report, but for other issues, such factors 

would amount to thousands of numbers. These have been made available in digital form; see [www.lcia-

recipe.info]. The use of these characterisation factors in an LCA study proceeds according to the procedures 

described below. 

2.6.1 CHARACTERIZATION AT THE MIDPOINT LEVEL 

For characterization at the midpoint level, the formula is 

 m mi i

i

I Q m  (2.7) 

where mi is the magnitude of intervention i (e.g., the mass of CO2 released to air), Qmi the characterisation factor 

that connects intervention i with midpoint impact category m, and Im the indicator result for midpoint impact 

category m. A template of a table for reporting the results of the calculation is given in Table 2.13. 

 

Table 2.13: Template for reporting characterization at the midpoint level. 

Midpoint category Value Unit 

CC to be inserted by LCA practitioner kg (CO2 to air) 

OD to be inserted by LCA practitioner kg (CFC-11 to air) 

TA to be inserted by LCA practitioner kg (SO2 to air) 

FE to be inserted by LCA practitioner kg (P to freshwater) 

ME to be inserted by LCA practitioner kg (N to freshwater) 

HT to be inserted by LCA practitioner kg (14DCB to urban air) 

POF to be inserted by LCA practitioner kg (NMVOC to urban air) 

PMF to be inserted by LCA practitioner kg (PM10 to air) 

TET to be inserted by LCA practitioner kg (14DCB to soil) 

FET to be inserted by LCA practitioner kg (14DCB to freshwater) 

MET to be inserted by LCA practitioner kg (14DCB to marine water) 

IR to be inserted by LCA practitioner kg (U235 to air) 

ALO to be inserted by LCA practitioner m
2
yr (agricultural land) 

ULO to be inserted by LCA practitioner m
2
yr (urban land) 

NLT to be inserted by LCA practitioner m
2
 (natural land) 

WD to be inserted by LCA practitioner m
3
 (water) 

MD to be inserted by LCA practitioner kg (Fe) 

FD to be inserted by LCA practitioner kg (oil) 

2.6.2 CHARACTERIZATION AT THE ENDPOINT LEVEL 

There are two ways to proceed for characterisation at the endpoint level. The first approach starts from the inter-

vention, without any calculation of the intermediate midpoints. The formula is 

 e ei i

i

I Q m  (2.8) 

where mi is the magnitude of intervention i (e.g., the mass of CO2 released to air), Qei is the characterisation 

factor that connects intervention i with endpoint impact category e and Ie is the indicator result for endpoint im-

pact category e.  
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The second approach starts from the intermediate midpoints. The formula is 

 e em m

m

I Q I  (2.9) 

where Im is the indicator result for midpoint impact category m, Qem is the characterisation factor that connects 

midpoint impact category m with endpoint impact category e and Ie is the indicator result for endpoint impact 

category e.  

 

A template of a table for reporting the results of the calculation is given in Table 2.14. 

 

Table 2.14: Template for reporting characterisation at the endpoint level. 

Endpoint category Value Unit 

HH to be inserted by LCA practitioner yr 

ED to be inserted by LCA practitioner yr 

RA to be inserted by LCA practitioner $ 
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3 CLIMATE CHANGE 

An De Schryver en Mark Goedkoop
12

 

3.1 INTRODUCTION 
Climate change causes a number of environmental mechanisms that affect both the endpoint human health and 

ecosystem health. Climate change models are in general developed to assess the future environmental impact of 

different policy scenarios. For ReCiPe 2008, we are interested in the marginal effect of adding a relatively small 

amount of CO2 or other greenhouse gasses, and not the impact of all emissions. Only very few researchers have 

made models for the marginal effect. The best known is the Fund model (Tol, 2002), which is also used in the 

Eco-indicator 99 (Goedkoop and Spriensma, 1999). For ReCiPe 2008, we tried to use a later version of the Fund 

model, but although the model is public available, the documentation is too limited to understand what the as-

sumptions are and how to change assumptions and interpret the results. 

With no models readily available, we use a simplified approach based on already available literature. The benefit 

of this approach is that we can rely on well-established and widely accepted studies. The disadvantage was that 

we had to accept many assumptions made in these studies.  

 

The environmental mechanisms used for this impact category have a somewhat different structure, from the fate, 

effect and damage steps applied elsewhere. We apply the following steps: 

Step 1: radiative forcing. A significant difference with other damage models is the development of the dam-

age model for the endpoints for CO2 only. The other substances in the category are taken into account 

using the IPCC equivalence factors. These equivalence factors take into account the radiative forcing of 

the substances and the residence time. In other words, the equivalence factors express a combined fate 

and (partial: up to the midpoint) effect step. We use the IPCC equivalence factors for direct effects from 

the 2007 report. These equivalency factors are used as the midpoint characterisation factors. 

Step 2: temperature effect. The residence time and the radiative forcing of CO2, as well as several other fac-

tors, link the emission of CO2 to a temperature increase. Almost all studies we found correlate an emis-

sion scenario (emissions per year) with a temperature change. For our project we need the link between 

an emission, expressed as mass load and a (temporary) temperature increase. We found this relation in 

the work of Meinshausen (2005), who analysed the effect of mitigation measures in a wide range of 

climate models.  

Step 3a: damage to human health. This is modelled using the work ‘Climate change and Human health – 

risks and responses’ Published by WHO, WMO and UNEP (McMichael et al., 2003) and ‘Comparative 

Quantification of Health Risks: Global and regional Burden of Diseases Attributable to Selected Major 

Risk Factors’ published by WHO (Ezzati, 2004). These reports describe how the health risk increases as 

a function of temperature increase for five different health effects in different world regions. This in-

crease is combined with the current global burden of disease published by WHO in 1996 (Murray) to 

calculate the DALY’s. 

Step 3b: damage to ecosystem diversity. This is modelled using the work of Thomas, C.D ‘Extinction risk 

from climate change’ published in 2004. This study predicts the extinction of species on a global scale 

from three scenarios. It uses the area species relationship we also use in land-use, and it is a compilation 

of several regional studies. 
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Figure 3.1: Overview of the steps in modelling effects of greenhouse gases with respect to climate change. 

 

                                                           
12 Corresponding author (goedkoop@pre-sustainability.com). 
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3.2 STEP 1: RADIATIVE FORCING 

3.2.1 GLOBAL WARMING POTENTIALS 

For the midpoint methodology, we use the commonly accepted CO2 equivalency factors published in the IPCC 

report 2007. These CO2 equivalency factors are calculated using next formula: 

 0
,

0

[ ( )]

[ ( )]

T

x

x T T

r

a x t dt

GWP

a r t dt











 (3.1) 

Where GWPx,T stands for the global warming potential of substance x, T is the time horizon over which the cal-

culation is considered, ax is the radiative efficiency due to a unit increase in atmospheric abundance of the sub-

stance in question (i.e., Wm-2 kg-1), [x(t)] is the time-dependent abundance of substance x, and the correspond-

ing quantities for the reference gas are in the denominator. The GWP of any substance therefore expresses the 

integrated forcing of a pulse (of given small mass) of that substance relative to the integrated forcing of a pulse 

(of the same mass) of the reference gas over some time horizon. The numerator of the equation is the absolute 

(rather than relative) GWP of a given substance, in this case CO2. The GWPs of various greenhouse gases can 

then be easily compared to determine which will cause the greatest integrated radiative forcing over the time 

horizon of interest. The direct relative radiative forcing per ppbv (part per billion, volume basis) are derived from 

infrared radiative transfer models based on laboratory measurements of the molecular properties of each sub-

stance and considering the molecular weights. 

 

The equivalency factor is dependent on the timeframe considered. If a substance has a lifetime comparable to 

CO2, the equivalence factor is relatively insensitive to the timeframe, but for substances with a significant higher 

or lower lifetime, the equivalency factors vary significantly. For all substances, except CO2, the lifetime is de-

termined by the atmospheric chemistry. The lifetime for CO2 is mainly determined by the effectiveness of carbon 

sinks.  

3.2.2 CULTURAL PERSPECTIVES 

The selection of the timeframe is a subjective choice that depends on the perspective. We will use the following 

choices: 

 The Hierarchist perspective seeks consensus, and the 100 year timeframe is the most frequently 

used. For instance it is referenced to in the ISO standards on LCA (14044) 

 The Egalitarian world view takes a long term perspective, so we assume the 500 year timeframe. A 

longer timeframe would even be more desirable in this perspective, but as the atmospheric lifetime 

of the substances does not exceed 500 years, a longer time perspective would give the same results 

 The Individualist perspective assumes a short time frame, and thus we use the 20 year time frame. 

This choice does not affect the characterisation factor of CO2, but does have significant influence on the impor-

tance of methane (more important for individualist perspective) and for instance NF3 (more important for egali-

tarian perspective). 

3.3 STEP 2, TEMPERATURE FACTOR 
The relation between the release of a certain emission flow of CO2 and the effect on the temperature can be de-

scribed as: 

 
CO2

CO2

t

t

TEMP
TF LT

E


 


 (3.2) 

With TF the temperature factor for 1kg of CO2 (in °C.year.kg-1), LTCO2 the lifetime of CO2 (year), TEMPt the 

change in average temperature between the current situation (year 2000) and the situation in year t (°C) and E the 

annual mass of CO2 (kg/yr) 

 

The first part of the temperature factor is the lifetime of CO2. The lifetime of CO2 is not determined by chemical 

processes in the atmosphere, but by the effectiveness of sinks. These are dependent on many factors such as the 

emission levels and the damages already inflicted on the sinks. The IPCC 2001 report specifies an estimated 

lifetime of CO2 of 150 years. This figure will be used in our calculations.  

 

The second part of the temperature factor is the change in temperature caused by a certain emission during a 

certain time period. Meinshausen (2005) investigated this by looking at the impact of mitigation (defined as an 
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avoided emission of carbon over a time period t) on temperature. He found the change in temperature between 

current situation and the situation in year t, factor TEMPt, can be calculated as follows: 

 2t t COTEMP c E    (3.3) 

In which the term c (°C/kg) represents the mitigation sensitivity, and E the annual mass of carbon mitigated, 

summed over the period during which the mitigation takes place; the summation of E over t can be interpreted as 

the cumulative amount mitigated up to year t and thus the term c is the factor that represents the change in tem-

perature due to a mitigated mass.  

 

Meinshausen (2005) made a correlation study and analysed the predicted effectiveness of mitigating the emis-

sions of CO2 (published in Hare and Meinshausen 2006). He compared numerous climate models. Figure 3.2 

gives an overview of these studies. The dotted line (labelled “current”) shows the mitigation effect at year t. The 

“equilibrium” line represents the mitigating effect that would hypothetically occur if the climate system would 

come to equilibrium with the radiative forcing levels in year t. Because the latter includes the total temperature 

effect of a mitigated amount of carbon, we use the equilibrium line.  

 

In the equilibrium situation c(carbon) =2.6 E-15 [°C/kg]. This results in c(CO2) = 7.09E-16[°C/kg]. 

 

 
Figure 3.2: Benefits of mitigation by different climate models. The dotted line represents the effect in the current 

situation in year t, only taking into account the avoidable warming taking place at year t. The full line represents 

the equilibrium situation, including the growing avoided warming beyond year t of emission, due to the inertia of 

the system. (figure directly taken from Hare and Meinshausen, 2005). 

 

As a result, the relation between CO2 emission and temperature change depends on the mitigation sensitivity of 

CO2. The second part of the temperature factor can be written as: 

 CO2

CO2

t t

t t

TEMP c E
c

E E

 
 

 
 (3.4) 

The temperature factor for CO2 can be calculated combining formula (3.2) and (3.4): 
11316 ..10064.11501009.7   kgyrCTF    (3.5) 

 

De Schryver et al. (2008) derived the temperature factor for CO2 and 62 other greenhouse gases with a flux-

based approach:  
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where dEx is the emission change of greenhouse gas x to the air (kg/year), dCx the change in concentration of 

greenhouse gas x in the air (ppb), dRF is the change in radiative forcing (W/m2) of the atmosphere, and LTx the 

residence time of greenhouse gas x in the air. The first two factors are based on GHG-specific information given 

in IPCC (2007), while the change in temperature due to a change in radiative forcing has been calculated with 

the IMAGE model.    

 

If we assume a lifetime for 150 years for CO2, the factor , which is the increase in temperature per increase in 

mass in the air, is 0.47E-13ºC.yr /kgCO2 , according to De Schryver et al. (2008). Based on the results by Mein-

shausen, we find a factor of 1.064E-13 ºC.yr/kgCO2, which is a factor 2.5 higher.  

 

The advantage of the method developed by De Schryver et al (2008) is that the calculation procedure links up 

with the flux-based calculation procedures employed for other impact categories, including toxicity and acidifi-

cation. Another advantage is that the temperature factors are consistently derived for all greenhouse gases, i.e. 

using the full atmospheric life time, while the pulse-based approach derived temperature factors with the full life 

time of CO2, but using the GWP100 for all other GHGs. Particularly for GHGs with long atmospheric residence 

times, including N2O, the temperature factors are underestimated by the pulse-based approach. An important 

advantage, however, of the pulse-based approach is that the the figure from Meinshausen are based on the grand 

average of a large number of climate models, while De Schryver et al (2008) based part of there calculations on 

one climate model only, i.e. IMAGE. Although the conversion factor used in the flux-based calculations of 0.34-

0.67 
0
C/(Wm−2) falls in the range reported by Fuglestvedt et al. (2003), we prefer the model robustness of the 

pulse-based approach and recommend this model for further use in LCA practice 
13

. 

 

3.4 STEP 3A, DAMAGE TO HUMAN HEALTH 
Climate change has different effects on human health. Some direct effects are heat waves, air pollution and aero-

allergens. Whereas, infectious diseases (vector-borne or water-borne), malnutrition, social and economic disrup-

tion are examples of indirect effects. The frequency and intensity of each effect is region and time dependent. 

Differentiation in the way regions are protected by natural (buffer capacity) or social economic (available in-

come) factors, makes it necessary to calculate the damage of climate change for each region separately. Further-

more, effects taking place on a large timescale can give humans the possibility to adapt, and so create less dam-

age than effects taking place on a small timescale. But overall, it is clear that human health is sensitive to climate 

variations and that long-term climate change will have some effect, positive or negative, on the global population 

health. 

 

This chapter outlines the assessment of human health impact caused by climate change at global level, based on 

five different health effects (see Table 3.2). The main source data and model information is the WHO report 

‘climate change and human health’ (McMichael et al., 2003). We selected this basis, as we can assume a broad 

consensus regarding the assumptions and models. The disadvantage of using such a report is that it does not 

cover the latest findings, and in some cases more explanation about the assumptions made would be grateful. 

Another disadvantage is the incorporation of only five health effects, while it is clear that more effects take 

place. Table 3.1 gives an overview of some important effects and specifies which effects are taken into account. 

Until now, it is unclear how important the other health effects are. 

 

 

                                                           
13 We thank Olivier Jolliet for helping us to understand the similarities and differences between the pulse-based and flux-

based approach better. 
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Table 3.2: Listed health effects, linked to climate change. Note that this list is incomplete. 

Health effects Analyzed in this report Not considered 

Malnutrition 1.  

Diarrhoea 2.  

Cardiovascular diseases 3.  

Respiratory problems  x 

Natural disasters   x 

Cyclones  x 

Coastal and inland flooding 4.  

Droughts  x 

Vector borne diseases   

Malaria 5.  

Dengue  x 

Yellow fever  x 

Rodent borne diseases   

Leptospirosis  X 

Encephalitis  X 

Lime  X 

3.4.1 DAMAGE FACTOR FOR HUMAN HEALTH 

The endpoint damage factor for human damage due to climate change links the marginal changes in temperature 

to marginal changes in DALY. This factor can be defined as: 

     
       

     
 

         

  
     (3.6) 

With DFHH the damage factor for human health [DALY/yr.°C], ΔT the marginal difference in temperature rise 

between the baseline scenario (1990) and the emission scenario chosen for 2030, and ΔAtt.Btot the marginal 

change in attributable burden of a population of getting a disease, depending on the scenario chosen for 2030.  

 

The attributable burden can be defined as: 

 hrhrhr BoDRRBAtt ,,, *)1(.   (3.7) 

With Att.Br,h the attributable burden in region r and for health effect h, during one year, RR the relative risk for 

the chosen emission scenario and BoD the burden of disease, each for region r and health effect h, during one 

year. The BoD can be described as the number of DALYs lost to disease for the risk factor of interest, during 

reference period 1990. 

                    (3.8) 

Where Att.Btot represents the global attributable burden, for all health effects, due to a certain temperature rise. 

 

The relative risk factors (RR) depend on the chosen emission scenario. As a result, also temp depends on the 

emission scenarios chosen. The RR factors are calculated for three different emission scenarios (Hadley Centre, 

2002): 

 The IS92a or unmitigated scenario, which assumes the current trend is followed. This results in ef-

fective CO2 concentration increasing at 1% per year after 1990.  

 The S750 scenario, which assumes that the CO2 concentration will stabilize on a level of 750 ppm 

by about 2210. This scenario results in a stabilized temperature increase of about 4 degrees. 

 The S550 scenario, which assumes that the CO2 concentration will stabilize on a level of 550 ppm 

by about 2170. This scenario results in a stabilized temperature increase of about 3 degrees. 

The damage factor represents the slope of the DALY curve as a function of the temperature, which depends of 

the emission scenarios chosen (see Figure 3.2). Which emission scenarios to chose will be discussed in the per-

spectives (Section 3.4.2). 

 

The RR factors come from the WHO report ‘climate change and human health’ (McMichael et al., 2003). This 

report presents RR for six different world regions and five health effects. Because climate change is a global 

issue, we consider the risk in each region separately. The DALYs of the reference period 1990 are derived from 

the report ‘The Global Burden of Disease’ (Murray, and Lopez, 1996). 

3.4.2 CULTURAL PERSPECTIVES 

For some effects of climate change, for example cardiovascular diseases and natural disasters, data is presented 

that gives us the possibility whether or not to consider the human ability to adapt (see Table 3.3). Two kinds of 

adaptations are presented by the WHO report: Biological adaptation and socioeconomic adaptation. Socioeco-

nomic adaptation, described as a protection against an effect, evolves over time in proportion with the projected 
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increases in Gross Domestic Product (GDP). For cardiovascular diseases we have data with and without the 

consideration of human biological adaptation. Although the possibility of this form of adaptation is supported by 

studies on various United States’ cities, it is not yet quantified as a global representation for a range of popula-

tions. 

 

Table 3.3: Assumptions on adaptation and vulnerability (McMichael et al., 2003). 

 Biological adaptation affecting RRs Socioeconomic adaptation affecting RRs 

Direct physiological 

effects of heat and cold 

Yes. Temperature associated with 

lowest mortality was assumed to 

change directly with temperature 

increases driven by climate change 

None 

 

Diarrhoea None Assumed RR=1 if GDP per capita rises 

above US$6000/year 

Malnutrition None Food-trade model assumed future in-

creases in crop yields from technological 

advances, increased liberalization of trade, 

and increased GDPb 

Disasters: coastal floods None Model assumed the RR of deaths in floods 

decreases with GDP, following Yohe and 

Tol (2002) 

Disasters: inland floods 

and landslides 

None Model assumed the RR of deaths in floods 

decreases with GDP, following Yohe and 

Tol (2002) 

Vector-borne diseases: 

malaria 

None None (for RR) 

 

 

During the analysis of malnutrition another, unmentioned assumption was discovered. We found that the damage 

arising for the unmitigated scenario (1,2°C) is lower than for the S750 scenario (0,7°C) (see supporting informa-

tion). Unfortunately, no clear explanation can be found in the reports, except for a remark that hints at a higher 

economic growth at an unmitigated emission scenario. This would indicate that the economic development is 

actually more important than climate change.  

 

When we look at the three perspectives, presented in Table 3.4, three total different assumptions are made. 

 

Table 3.4: Assumptions made for the three perspectives. 

Individualist Hierarchist Egalitarian 

Full adaptation: 

no cardiovascular risks 

no malnutrition 

Low-range RR for natural disasters 

Mean adaptation: 

Everything included 

Mean relative risk 

Diarrhoea: RR=1 if GDP > 

6000 $/yr 

No adaptation:  

High cardiovascular risks 

High risk for disasters 

High risk for malnutrition 

 

The individualist perspective coincides with the view that mankind has a high adaptive capacity through techno-

logical and economic development, that nature is benign and that a short time perspective is justified. For the 

individualist perspective, we assume a damage factor based on full adaptation. Full adaptation includes a total 

adaptation to rising temperatures which results in no higher number in heat strokes, a low risk for natural disas-

ters, due to the higher ability of protection and no malnutrition due to high economic growth. 

 

The egalitarian perspective coincides with the view that nature is strictly accountable, that a long time perspec-

tive is justified, and that the worst case scenario and preventive thinking are needed (the precautionary princi-

ple). For these reasons, ecosystem adaptation is not taken into account, while the management style is preven-

tive. This results in a damage factor based on a maximum risk for cardiovascular diseases, a high risk for natural 

disasters and a high risk for malnutrition, both without any assumed adaptation. All other effects are set at mid 

level risk.  

The Hierarchist perspective coincides with the view that impacts can be avoided with proper management, and 

that the choice on what to include in the model is based on the level of (scientific) consensus.. Because a certain 

level of adaptation is scientifically accepted but the ability of total adaptation is not being proved yet, we assume 

mean adaptation for the hierarchist perspective. 
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3.4.3 RESULTS 

According to the method, presented above, for each health effect the attributable burden could be calculated. 

Following our assumptions of the three perspectives the total attributable burden is calculated and presented in 

Table 3.5. 

 

Table 3.5: The Attributable burden (kDALY/yr = 1000DALY/yr), Temp and damage factor for the three per-

spectives. The temperature rise, in accordance with the different emission scenarios, derives from Ezzati, M. 

(2004). Because the data provides only temperature information for the years 1990, 2020 and 2050, a linear 

relationship is assumed to calculate the temperature rise in 2030. 

Item Individualist Hierarchist Egalitair 

Region S550 S750 Unmit. S550 S750 Unmit. S550 S750 Unmit. 

Gton C 326 370 436 326 370 436 326 370 436 

Temp rise 0.50 0.68 1.20 0.50 0.68 1.20 0.50 0.68 1.20 

Scenario 1 2 3 1 2 3 1 2 3 

Cardiovasc. 0.0E+00 0.0E+00 0.0E+00 5.4E+02 5.6E+02 8.0E+02 1.1E+03 1.1E+03 1.6E+03 

Diarrhoea 1.1E+04 1.2E+04 1.6E+04 1.1E+04 1.2E+04 1.6E+04 1.1E+04 1.2E+04 1.6E+04 

Malnutrition 0.0E+00 0.0E+00 0.0E+00 4.3E+03 8.1E+03 5.4E+03 4.3E+03 8.1E+03 1.9E+04* 

Malaria 2.8E+03 3.5E+03 5.4E+03 2.8E+03 3.5E+03 5.4E+03 2.8E+03 3.5E+03 5.4E+03 

Nat Disasters 1.4E+00 1.4E+00 1.9E+00 5.2E+02 5.1E+02 4.9E+02 8.7E+02 8.6E+02 8.2E+02 

Totaal 1.4E+04 1.5E+04 2.1E+04 1.9E+04 2.5E+04 2.8E+04 2.0E+04 2.5E+04 4.3E+04 

Scenario Sc3-1     Sc 3-1     Sc3-1    

Temp 0.7    0.7   0.7    

Att.b 

(kDALY) 

7800.8    9181.1   23092.3    

DF (kDALY/ 

°C temp rise) 

1.11E+04 1.31E+04 3.30E+04 

* Malnutrition without socioeconomic adaptation, using a linear extrapolation from S550 and S750. 

 

 
Figure 3.3: Graphical presentation of the damage factor for the individualist and hierarchist perspective. 

 

When we look at Figure 3.3 we can generally conclude that the total attributable burden is caused mainly by the 

effects of diarrhoea, malaria and malnutrition. Moreover, the effects of diarrhoea play a dominant role with more 

than 50% of the total burden. The assessment for diarrhoea, used in the WHO report, only addresses the effects 

of increasing temperatures on the incidence of all-cause diarrhoea. Effects of rainfall patterns are not taken into 

consideration due to the difficulties in extrapolating the non-linear relationship. This means that the possibility 

exists that the effect of diarrhoea is even higher than represented, which underlines his dominant role. However, 

very few studies characterized the exposure-response curve, what results in uncertainties around these figures. 

 

For malnutrition, the WHO used the research of Parry (1999) to predict the number of people at risk of hunger. 

This work estimates the effects of changes in temperature, rainfall and CO2 on the yield of grain cereals and 

soybean. Uncertainties around the estimates are difficult to quantify, but derives from regional variation in rain-

fall and socioeconomic conditions.  

 

The significant contribution of malaria, makes it worth to discus the uncertainty of this effect. Craig et al. (1999) 

presented the MARA model, which uses a combination of biological and statistical approaches to discover the 

properties of climate demanded by Falciparum malaria. The WHO used this model to calculate the mid-range 

risk. Like each model it has several advantages and disadvantages, and the uncertainty is quite high. Some possi-
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ble sources of uncertainty are the degree to which the African model applies to other regions and, the relation-

ship between the population at risk and the incidence of disease. Due to socioeconomic conditions or climatically 

unsuitability, most temperate regions are considered to remain insensitive for Malaria. In the absence of uncer-

tainty assessments, the work of Ezzati et al. (2004), defined the lower range as no change in risk in any sub re-

gion. This is due to the ability of adaptation. The upper range is a doubling of the mid-range estimate.  

 

Climate change is expected to affect human health by effects of natural disasters and cardiovascular diseases. 

However, the overall global effect seems to be rather low in comparison with the other three effects described 

above. For cardiovascular diseases the limited number of studies forced the WHO to use only the changes in 

mortality attributable to extreme temperature for one or several days. The low burden can be a result of the com-

pensation of cold stroke deaths by less heath stroke deaths. For natural disasters, only the effects of inland flood-

ing, caused by intensive precipitation, and coastal flooding, driven by sea level rise, are taken into account. The 

estimated Relative Risks incorporate an equal impact for all age and sex groups. Effects of increasing wealth 

and/or individual adaptation for natural disasters were assumed and are for each perspective presented below. 

 

Table 3.6: Ranges of estimated RR of natural disasters linked to assumptions. 

Assumptions RR for coastal flooding RR for inland flooding 

Low-range 

(individualist) 

90% lower risk than the mid-range by highly 

efficient coastal defences or individual adapta-

tion. 

No increase in risk is assumed 

Mid-range 

(hierarchist) 

Incorporated increasing wealth which allows 

better adaptive capacity 

Incorporated increasing wealth which 

allows better adaptive capacity 

High-range 

(egalitarian)  

No adaptation is assumed A 50% greater risk than the mid-range 

and no adaptation with GDP 

Comments Uncertainties in the model relate to the degree 

and manner to which individuals respond. 

Greater uncertainty over adaptive re-

sponses than coastal flooding, due to 

magnitude and temporal variation in pre-

cipitation. 

 

 
Figure 3.4: Graphic presentation of the damage factor for the egalitarian perspective. A) Presenting the WHO-

report figures, B) representing the linear extrapolation for malnutrition and the effect on the total DF. 

 

For the egalitarian perspective, the slope of the damage curve (see Figure 3.4) is steeper than that of the other 

two perspectives. Here, no adaptation is assumed. The results, based on the WHO-report (Figure 3.4a), makes 

the socioeconomic adaptation for malnutrition clearly visible. This assumption has a strong effect on the total 

damage factor. For the egalitarian perspective, no kind of adaptation is assumed. For this reason, an adjustment 

for malnutrition is made, using a linear extrapolation of the 550 and 750 scenario. This is presented in Figure 

3.4b. 

 

To calculate the endpoint characterization factor for climate change health damage [DALY/kgCO2] the tempera-

ture factor from step 2 and the damage factor from step 3a is combined: 

                    
      

      
 

       

     
 (3.9) 

The endpoint characterisation factors for climate change health damage are presented in Table 3.7. 
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Table 3.7: Endpoint characterisation factors of human damage, due to climate change, for three perspectives in 

DALY/kg CO2. 

 Individualist Hierarchist Egalitarian 

 Temperature factor (°C. yr/kg CO2) 1.064E-13 1.064E-13 1.064E-13 

 Damage factor ((kDALY/ °C temp rise) 1.11E+04 1.31E+04 3.30E+04 

Characterisation factor 1.19E-06 1.40E-06 3.51E-06 

 

3.5 STEP 3B DAMAGE TO ECOSYSTEM DIVERSITY  
There are several pathways that link climate change to loss of species. In this chapter we will only develop the 

mechanism for the relation between temperature increase and loss of species on land, especially plants and but-

terflies. Other pathways are for instance changes in oceans and seas, the impact of coastal flooding, impacts of 

extreme weather etc. 

 

We use as single literature reference the paper of Thomas et al. published in Nature in 2004. This paper summa-

rises several studies that link extinction risk of species of several areas in relation to temperature increase in that 

area. The aim of the paper was to estimate the extinction rate of species in 2050, as a percentage of the total 

species population. 

3.5.1 DAMAGE FACTOR FOR ECOSYSTEMS 

The endpoint damage factor for ecosystem damage due to climate change links the marginal changes in tempera-

ture to marginal changes in disappeared fraction of species. This factor can be defined as: 

      
       

  
        

          

  
        

                

  
 (3.10) 

With DFES the damage factor for ecosystems [1/°C] and ΔPDF the marginal change in potentially disappeared 

fraction of species, area the total terrestrial area in the world, excluding areas with no species, and SDterr is the 

species density, see also paragraph 0. 

 

The extinction is reported for different temperatures and regions. We used these differences to calculate the slope 

of the extinction curve as function of the temperature. This slope expresses the PDF per C temperature in-

crease. Two examples are presented in Figure 3.5 (numbers from Thomas et al.). The examples illustrate that the 

slopes do not go through the origin of the graph if we take the slope between two points. As we shall see, some 

studies present only a single data point. In that case we calculated the slope by connecting the point with the 

origin. In the background information we discuss the case where all points are connected with the origin.  

 

  
Figure 3.5: Two examples of studies that specify two or three PDF values for different temperatures and the 

assumed trend line. In both example the case with and without dispersal assumption is represented (graph based 

on data from Thomas et al., 2004). 

 

We extrapolate the regional PDF’s over the total surface of (semi) natural areas of the world, namely 10.8*10
13

 

m
2
. This number is based on the FAO Global Arable-ecological Zones database (see additional information to 

this chapter). 

 

Methodology used in Thomas et al. 

In Thomas et al. the total extinction of species is determined using the species area relationship, also used in 

Land-use modelling. The key concept is that, with a relatively rapid climate change, many habitats will be 

changed, and this means that for many species their habitats are reduced in size. The article describes several 

alternative choices and settings for the model: 

 Four assumptions for the species accumulation factor (see the chapter on land use). They assume 

z=0.15, z=0.25, z=0.35 and z=1. This assumption has significant effects on the outcome. The authors 

use z=0.25 in their main calculations and we follow this assumption, which is in line with the assump-

tions in the land-use chapter.  
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 Three different interpretations for the species area relationship, plus a species area relationship in which 

only the red list species are included the three interpretations are necessary as climate change can influ-

ence the distribution area of each species individually, whereas in the traditional interpretation there is 

only one distribution area. The three interpretations are: 

1. Method 1 analyses the overall changes in distribution areas, summed across species (n). This is 

in line with the classical approach, but tends to overweigh specie with a large distribution.  

  zoriginalnew AAriskExtinction  /1  (3.11) 

 

2. Method 2 is based on the proportional average distribution loss of the distribution area of each 

species. This is faithful to the species area relationship, because halving the area will mean 

halving the distribution area for each species 

   zoriginalnew AAnriskExtinction  //11  (3.12) 

 

3. Method 3 estimates the extinction rate of each species in turn, averaging across species 

      
z

originalnew AAnriskExtinction /1/1  (3.13) 

 

4. Method 4 is a mixture of expert judgement and modelling. Only the endangered or “red list” 

species are accounted for. 

 

We apply method 2 in this project, as it seems most consistent with the use of the species area relation-

ship we apply for land-use. In the additional information section, we do however also calculate the re-

sults for the other assumptions. 

 Two alternative assumptions on the ability of species to disperse and migrate to other areas. When dis-

persal is assumed, species are thought to have the ability to disperse, from their original area to a new 

area that has a favourable habitat. When no dispersal is assumed, species are thought to remain where 

they are, and only survive in areas that show overlap between the situation before and after the climate 

change takes place. The difference in extinction risk under these different assumptions is significant and 

will be handled by the cultural perspectives. 

 

The extinction rate is presented as a percentage of the total number of species. The article is not explicit if ex-

tinction is assumed to relate to final extinction of the species from the earth. As the studies do not cover the en-

tire earth, we assume that extinction cannot necessarily mean total extinction, but only disappearance from the 

region investigated. A similar problem also occurs in other impact categories that relate to species diversity, 

there is always a certain change that an increase of acidification or toxicity contributes to the final extinction of a 

species. In the case of climate, this chance seems to be larger; especially when we would assess species in the 

Polar Regions, as there is no alternative habitat. As it is impossible to say to what extend the reported extinction 

rate is indeed a final extinction, we shall assume that the extinction simply means disappearance, and with that, 

we can assume that the extinction rate is similar to the Potential Disappeared Fraction (PDF).  

3.5.2 CULTURAL PERSPECTIVES AND RESULTS 

The paper of Thomas et al. is used to calculate the damage factor for ecosystems. Because the presented PDF 

values with or without the ability of dispersal are significant different, this assumption needs to be considered. 

We handle this uncertainty using the cultural perspectives. For the Individualist and Hierarchist perspective, we 

assume dispersal will take place. For the egalitarian perspective, we do not assume this. 

 

Table 3.8 summarises the slopes for the assumptions with and without dispersal and the chosen interpretation for 

the species area relations (method 2). In the additional information for this chapter, also the other methods are 

specified. 
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Table 3.8: Potential disappeared fraction per 1degree temperature increase. The column with title “note” indi-

cates how the slope is determined.  

Region Sample 

(# spe-

cies) 

Assumed tempera-

ture 

(C) 

PDF[%]/C note Used 

in final 

result 

  low mid high With  

dispersal  

Without  

dispersal  

  

Queensland: Mammals 11 1  3.5 16.4  1  

Queensland: Birds 13 1  3.5 18.0  1  

Queensland: Frogs 23 1  3.5 14.0  1  

Queensland: Reptiles 18 1  3.5 15.2  1  

Australia: butterflies 24 0.9 1.8 2,6 8.8 12.4 2 x 

Mexico: mammals 96 1.35 2  1.5 1.5 4  

Mexico, birds 186 1.35 2  1.5 0.0 4  

Mexico: butterflies 41 1.35 2  1.5 4.6 4 x 

South Africa: Mammals 5   3 10.7 12.0 3  

South Africa: Birds 5   3 9.7 11.7 3  

South Africa: Reptiles 26   3 7.3 12.0 3  

South Africa: Butterflies 4   3 2.3 15.0 3 x 

Basil: Cerrado plants 163 1.35 2   13.8 4 x 

Europe: birds 34   3 1.6 6.8 1  

South Africa: Proteaceae 243  2  10.5 15.0 3 x 

Europe: plants 192 1.7 1.9 2.3 1.7 10.0 2 x 

         

Average for all studies 1084    8.1 10.4   

Average for sample>100 784    4.6 12.9   

Average for plants only 598    4.6 10.9   

Average for plants and butter-

flies 

667    5.0 11.8   

1. Difference between high and low assumption for local temperature. 

2 Difference between high and low temperature for global temperature increase. 

3 Only one temperature available, therefore the slope is determined by comparing zero temperature and damage with high 

(global) temperature. 

4 Difference between mid and low assumption for global temperature. 

 

Looking at Table 3.8, we see that in a few cases only a single temperature increase was analysed. In these cases 

it was impossible to create a damage curve through two points. We solved this by assuming the reference situa-

tion (no temperature increase, no damage) as the second point. The second last column indicates what we have 

done to determine the slope. 

 

We averaged to the extinction rates to get a final extinction rate per C, but there are a number of issues that are 

not satisfactory in this procedure. 

 In other impact categories the PDF was calculated for plants and lower organisms only, and not 

mammals, reptiles and birds. One of the reasons why this choice was thought to be acceptable was 

that plants are generally at the start of the food chain, and disappearance of plants would have im-

pacts on higher organisms. In the data we have, it is unclear if higher species disappear because 

plants disappear, or because of direct reasons.  

 Several studies use a very low sample size, which means these few species get a very high weight 

in the average result. Especially the studies in South Africa and Queensland have very low species 

numbers. These studies do refer to higher organisms, and one reason for having low species num-

bers could be that there are fewer higher organism species than plants. As a percentage, the ob-

served population of species may be quite reasonable. 

 The data from Queensland seem to give extinction rates that are significantly higher that for other 

regions. In the text some references are made to destructions of habitats that are caused by other 

reasons, but it is not too clear if the high extinction rate is affected by these other mechanisms. In 

the Mexican bird study we find the surprising effect that the extinction rate is zero if no dispersal is 

assumed, while there is damage if dispersal is assumed.  

 

To investigate this further we also calculated the same results while excluding all studies that use a sample size 

of less than 100, and that thus only includes Birds in Mexico, Cerrado plants, Proteaceae and European plants. 

This range does include the somewhat surprising Mexican bird study. Another calculation excluded all species 
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except plants, in order to be more consistent with other impact categories. The disadvantage of this approach is 

that for the dispersal assumption we have only two studies (Europe and South Africa) while for the no dispersal 

assumption three studies are available (Brazilian Cerrado plants are added). To avoid having to rely on only two 

or three studies we added the three studies on butterflies. This does have the disadvantages that the extinction of 

butterflies may be related to the disappearance of plants, and that the sample sizes are small. It however, broad-

ens the base, as now we also see the damages in Australia end Mexico. These subsets seem to give reasonable 

stable results, and cover more than 55% of the investigated species. We selected the results for plants and butter-

flies as the final choice. The result is that the PDF per C is 5% when dispersal is assumed and 11.8% when no 

dispersal is assumed. 

 

The damage factor for ecosystems is calculated using formula 3.10. Here we combine the results of PDF per one 

degree temperature increase and the amount of natural area the effect takes place. This gives the following re-

sults: 

DFes (with dispersal) = 0,05 (PDF/C) * 108x10
12

 (area, m
2
) * 1.38X10

-8
 (species/m

2
)= 75x10

3 

DFes (with dispersal) = 0,118 (PDF/C) * 108x10
12

(area, m
2
) * 1.38X10

-8
 (species/m

2
) = 176x10

3
 

3.5.3 ENDPOINT CHARACTERIZATION FACTOR FOR ECOSYSTEMS 

To calculate the endpoint characterization factor for climate change ecosystem damage [yr/ kg CO2] the tempera-

ture factor from step 2 and the damage factor from step 3b is combined: 

 ESES DFTFCF   (3.14) 

 In which TF is the temperature factor (C.yr/kg CO2) and DF the damage factor (1/C)   

 

The endpoint characterisation factors for ecosystem damage are presented in Table 3.9. For the Individualist and 

Hierarchist perspective, we assume dispersal will take place. For the egalitarian perspective, we do not assume 

this. 

 

Table 3.9: Endpoint characterisation factors of ecosystem damage, due to climate change, for three perspec-

tives. 

Aspect Individualist Hierarchist Egalitarian 

Dispersal of species yes yes no 

Temperature factor (C.yr/kg CO2) 1.06410
–13

 1.06410
–13

 1.06410
–13

 

Damage factor (1/C) 74.5x10
3
 74.5x10

3
 176x10

3
 

Characterisation factor (yr/kg CO2) 7.93x10
-9

 7.93x10
-9

 18.7x10
-9 

3.5.4 DISCUSSION ABOUT THE DATA USED 

To analyze the robustness of the data used, a comparison of the results of Thomas et al. with other recent pub-

lished papers is made. Looking at the paper of Thuiller et al. (2005), we see that his figures are within the same 

range as the figures produces by Thomas et al.(2004). Although, Thuiller et al. projects distributions to 2080, 

while Thomas et al. projects the same temperature increase at 2050. This may indicate an overestimation of the 

results of Thomas et al. (2004). 

 

The same conclusion can be drawn from the work of Malcolm et al. (2006) and van Vuuren et al. (2006). Here 

also, a comparison indicates high range results of Thomas et al. However, the figures of Malcom, which range 

from 2 to 26% extinction percentage under perfect migration and 3 to 43% under zero migration, have a very 

large range. This can also suggest an underestimation of the results of Malcom et al. (2006). Furthermore, Mal-

com et al. (2006) observed the same importance of migration at Thomas did. He observed a 1.7 fold increase in 

extinction rate when no migration is compared with perfect migration capabilities, which is very comparable to 

the 2.0 fold increase Thomas et al. observed.  

 

Van Vuuren et al. (2006) indicates a 2-4% of species losses for 2050, which is clearly lower than the results of 

Thomas et al. (2004). Both studies used a species area approach. One reason for the difference is that Thomas et 

al. (2004) looked at case studies of individual animal and plant species, while Van Vuuren et al. (2006) looked at 

a global scale and the response of whole biomes to estimate the damage.  

 

Looking at the results of other studies, we can conclude that in our figures above an overestimation of the reality 

is possible.  



 

 33 

3.6 REFERENCES 
McMichael, A.J., Campbell-Lendrum, D.H., Corvalan, C.F., Ebi, K.L., Githeko, A., Scheraga, J.D., Woodward, 

A., 2003. Climate change and human health. Risk and responses. Word Health Organization, Geneva. 

322p. 

Murray CJL, Lopez AD. 1996a. The global burden of disease: a comprehensive assessment of mortality and 

disability from diseases, injuries, and risk factors in 1990 and projected to 2020. Global Burden of Dis-

ease and Injury Series Volume I. Harvard School of Public Health, World Bank, World Health Organi-

sation, USA. 990 p. 

Parry, M. et al., 1999. Climate change and world food security: a new assessment. Global Environmental 

Change-Human an Policy Dimensions, 9: S51-S67. 

Checkley W et al., 2000. Effects of El Nino and ambient temperature on hospital admissions for diarrhoeal dis-

eases in Peruvian children. 

Singh, RBK et al., 2001. The influence of climate variation and change on diarrhoeal disease in the pacific is-

lands. 

Ezzati, M., Lopez, A.D., Rodgers, A., Murray, C.J.L., 2004. Comparative Quantification of Health Risks. Global 

and regional Burden of Diseases Attributable to Selected Major Risk Factors. World Health Organisa-

tion. 2248p. 

Meinshausen, M., 2005. Emission & Concentration Implications of long-term Climate Targets, Dissertation 

15946 for the Swiss federal Institute of Technology, Zurich. 

http://www.up.ethz.ch/publications/dissertations/MalteMeinshausen_2005_dissertation.pdf . 

Forster, P., V. Ramaswamy, P. Artaxo, T. Berntsen, R. Betts, D.W. Fahey, J. Haywood, J. Lean, D.C. Lowe, G. 

Myhre, J. Nganga, R. Prinn, G. Raga, M. Schulz and R. Van Dorland, 2007: Changes in Atmospheric 

Constituents and in Radiative Forcing. In: Climate Change 2007: The Physical Science Basis. Contribu-

tion of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate 

Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M.Tignor and H.L. 

Miller (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA. 

De Schryver, A.; Brakkee, K.; Goedkoop, M.; Huijbregts, M.;"Characterization Factors for Global Warming in 

Life Cycle Assessment based on Damages to Humans and Ecosystems"; Environmental Science & 

Technology;  Manuscript Submitted 

Fuglestvedt, J.S.; Berntsen, T.K.; Godal, O.; Sausen, R; Shine, K.P.; Skodvin, T.; Metrics of climate Change: 

Assessing Radiative Forcing and Emission Indices. Climate Change, 58: 267-233; 2003. 

Thomas, C.D.; Cameron, A.; Green, R.E.; Bakkenes, M.; Beaumont, L.J.; Collingham, Y.C.; Erasmus, B.F.N.; 

Ferreira de Siqueira, M.; Grainger, A. 2004. Extinction risk from climate change. Nature; vol. 427 

(2004), afl. 6970, pag. 145-147. 

Hare, B. and Meinshausen M., 2006. How much warming are we committed to and how much can be avoided? 

Climate change Volume 75, Numbers 1-2, pp. 111-149(39). 

Coble, Charles R; Murray, Elaine G; Rice, Dole R. Earth Science. Englewood Cliffs, NJ: Prentice-Hall, 1987: 

102. 

IMAGE team (2001): The IMAGE 2.2 implementation of the SRES scenarios. A comprehensive analysis of 

emissions, climate change and impacts in the 21st century, RIVM CD-ROM publication 481508018, 

RIVM, Bilthoven 

Hadley centre, 2002. Stabilisation and commitment to future climate change. 

www.metoffice.com/research/hadleycentre/pubs/brochures/B2002/global.pdf 

Thuiller, W., Lavorel, S., Arau´ jo, M.B., Sykes, M.T. and Prentice C.I., 2005. Climate change threats to plant 

diversity in Europe. PNAS Volume 102, No 23, 8245–8250. 

Malcolm, J.R., Lui, C., Neilson, R.P., Hansen, L. and Hannah, L., 2006. Global Warming and Extinctions of 

Endemic Species from Biodiversity Hotspots. Conservation Biology Volume 20, No. 2, 538–548. 

Van Vuuren, D.P., Sala, O.E. and Pereira H. M., 2006. The Future of Vascular Plant Diversity Under Four 

Global Scenarios. Ecology and Society Volume 11, No.2, 25. 

Goedkoop MJ, Spriensma R. 1999. "The eco-indicator ’99: A damage-oriented method for life-cycle impact 

assessment," Ministry of VROM, The Hague (The Netherlands). 

Tol, R.S.J. (2002), ‘New Estimates of the Damage Costs of Climate Change, Part I: Benchmark Estimates’, 

Environmental and Resource Economics, 21 (1), 47-73. This paper describes the impact module of 

FUND2.0. 

Tol, R.S.J. (2002), ‘New Estimates of the Damage Costs of Climate Change, Part II: Dynamic Estimates’, Envi-

ronmental and Resource Economics, 21 (2), 135-160. This paper describes the impact module of 

FUND2.0. 

 

http://www.uni-hamburg.de/Wiss/FB/15/Sustainability/eredamage1.pdf
http://www.uni-hamburg.de/Wiss/FB/15/Sustainability/eredamage2.pdf


 

 34 

3.7 SUPPORTING INFORMATION 
Additional information on step 1: Midpoint characterisation factors 

Additional information on step 3a: Human Health 

Additional information on step 3b: Ecosystems 

3.8 SUMMARY TABLE 
Entity Content 

impact category climate change 

LCI results greenhouse gases (GHG): CFCs, HCFCs, 

HALONs, etc. 

midpoint indicator(s) (with abbreviation) climate change (CC) 

unit of midpoint indicator(s) kg (CO2 to air) 

midpoint characterisation factor (with abbreviation) GWP 

unit of midpoint characterisation factor – (or kg/kg) 

endpoint indicator(s) (with abbreviation) damage to human health (HH) 

damage to ecosystem diversity (ED) 

unit of endpoint indicator(s) HH: yr 

ED: yr 

endpoint characterisation factor HH: 1.1910
–06†

 (I) 

HH: 1.4010
–06

 (H) 

HH: 3.5110
–06

 (E) 

 

ED: 7.93x10
-9

 (I+H) 

ED: 18.7x10
-9

 (E) 

unit of endpoint characterisation factor HH: yr/kg 

ED: yr/kg 
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4 OZONE DEPLETION 

Jaap Struijs
14

, Harm J. van Wijnen, Arjan van Dijk and Mark A.J. Huijbregts 

4.1 INTRODUCTION 
The so-called “ozone hole” was detected over Antarctica in 1985 (Farman et al., 1985). Ozone is continuously 

formed and destroyed by the action of sunlight and chemical reactions in the stratosphere. Ozone depletion oc-

curs if the rate of ozone destruction is increased due to fugitive losses of anthropogenic substances which persist 

in the atmosphere. Stratospheric ozone, which is 90% of the total ozone in the atmosphere, is vital for life be-

cause it hinders harmful solar ultraviolet UV-B radiation. If not absorbed, UV-B radiation below 300 nanometers 

will reach the troposphere and the surface of the earth where it can increase human health risk of skin cancer and 

cataract if the body and eyes are not adequately protected by clothes or other precautions. It may also cause pre-

mature aging and suppression of the immune system and it may damage terrestrial plant life and aquatic ecosys-

tems (Fahey, 2002) as well.  

 

The characterization factor for ozone layer depletion accounts for the destruction of the stratospheric ozone layer 

by anthropogenic emissions of ozone depleting substances (ODS). These are recalcitrant chemicals that contain 

chlorine or bromine atoms. Because of their long atmospheric lifetime they are the source of Cl and Br reaching 

the stratosphere. Chlorine atoms in chlorofluorocarbons (CFC) and bromine atoms in halons are effective in 

degrading ozone due to heterogeneous catalysis, which leads to a slow depletion of stratospheric ozone around 

the globe. The chlorine and the bromine atoms that are released from these reactions have the ability to destroy a 

large quantity of ozone molecules in the stratosphere because they act as free radical catalysts (WMO, 2003): 

ClO + O  Cl + O2 

Cl + O3  ClO + O2 

ClO + BrO  Cl + Br + O2 

Cl + O3  ClO + O2 

Br + O3  BrO + O2 

Although the ozone concentration in the stratosphere is very low, the layer thickness to be passed by the photons 

is about 25 km and the absorption of short wavelength radiation is therefore complete. The absorption capacity 

of this layer is at stake if ozone is depleted. 

 

The Ozone Depletion Potential (ODP) has been defined as a relative measure of the ozone depletion capacity of 

an ODS and uses CFC-11 (trichlorofluoromethane) as a reference. In LCIA the ODP is used as equivalency 

factors, characterizing ODSs at the midpoint level. Goedkoop and Spriensma (1999) have evaluated the damage 

to human health caused by stratospheric ozone depletion. Hayashi et al. (2006) recently used a damage function 

for LCIA, taking into account impacts on human health (skin cancer and cataract), ecosystems (primary produc-

tivity) and social assets (crop and timber production). 

 

In ReCiPe 2008, only damage to human health is addressed because uncertainty regarding other areas of protec-

tion was considered too large. In a new approach we have evaluated the fate of a marginal increase of emission 

of ODSs and the resulting worldwide increase of UVB exposure, taking into account population density, latitude 

and altitude (Van Dijk, 2007a). For characterization of damage, protective factors are accounted for like skin 

colour (Van Dijk, 2007b) and culturally determined habits such as clothing. 

4.2 RELEVANT SUBSTANCES AND PROSPECTIVE EMISSION 

REDUCTION 

4.2.1 GROUPS OF ODSS THAT DEPLETE STRATOSPHERIC OZONE 

Seven groups of ODSs can be distinguished. Of these, methylchloride (CH3Cl) is the most abundant halocarbon 

in the atmosphere, however as it is largely derived from natural sources it is not considered a controlled gas. 

Anthropogenic ODSs are controlled substances and subdivided into six groups according to both chemical rela-

tionship and emission reduction policies: 

chlorofluorocarbons (CFCs); 

hydrochlorofluorocarbons (HCFCs) and hydrobromofluorocarbons (HBFCs); 

halons (brominated chlorofluorocarbons); 

 

                                                           
14 Corresponding author (jaap.struijs@rivm.nl). 
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carbontetrachloride (CCl4); 

methylchloroform (CH3CCl3); 

methylbromide (CH3Br). 

CFCs, once highly popular as propellants and for other applications, were to first regulated ODSs. HCFCs and 

HBFCs have been widely applied as commercial solvents and also in refrigeration and air conditioning and as 

such allowed for some time to replace CFCs. Halons have been widely used in fire extinguishing equipment. The 

principle use of carbontetrachloride is identified as precursor for the production of CFC-11 and CFC-12. Indus-

trial production of methylchloroform declined dramatically in the 1990s. Emissions of methylbromide and me-

thylchloride are almost entirely of natural origin, however part of the methylbromide emissions is of anthropo-

genic origin (see Figure 4.1). 

4.2.2 PROTECTIVE EMISSION REDUCTION  

Global cooperation began with the negotiation of the Vienna Convention for the Protection of the Ozone Layer 

in 1985. The Montreal Protocol on Substances that Deplete the Ozone Layer has set the details of the interna-

tional agreement. In 1990 it was agreed in London to phase out “controlled substances”, i.e. the anthropogenic 

share of all ODSs, including all chemicals of the list above, except methylchloride which is almost entirely of 

natural origin (see Figure 4.1). In 1992 a meeting was held in Copenhagen to accelerate the phase out schedules 

of controlled substances: total halons phase out in developed countries was mandated for the beginning of 1994 

and CFCs and carbon tetrachloride and methyl chloroform by 1 January 1996. For developing countries a special 

agreement was reached because otherwise unbridled production of these substances by developing countries was 

envisaged. 

 

 
Figure 4.1: Most probable emission scenario (A1: the best guess scenario) of controlled ozone depleting sub-

stances (WMO 2003). 

 

In 1995 in Vienna a phase out schedule for HCFCs in developed countries was agreed upon as follows: 35% 

reduction in 2004, through 65% in 2010, 90% in 2015, 99.5% in 2020 and finally 100% in 2030 (see also Box 1 

developing countries). The Copenhagen Amendments had called for a freeze of HCFC production in 1996 in 

developed countries. 
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4.3 METHOD 

4.3.1 CAUSALITY CHAIN 

The causality chain is the modelling procedure is given by Figure 4.2. Calculation of the damage to human 

health is complicated due to the fact that measures of phasing out some ODS groups, the ultimate fate of halogen 

and effects of changed UVR exposure are attributed by lag phases. This requires considering the expected 

changes due to phasing out policies with respect to different ODS groups and dynamic fate modelling of ODSs 

up to the level of cumulative halogen loading or EESC, which is the Equivalent Effective Stratospheric Chlorine 

(Daniel et al., 1995). The resulting changes in UV radiation and demographic developments have to evaluated 

and combined with dose response information for the various human health effects. 

 

 
Figure 4.2: Causality chain of the model to assess impacts of ODSs. 

4.3.2 PRODUCTION STOP OF ODS GROUPS IN 2003 

Different time tables for emission reduction are set for the different groups of these chemicals. HFCFs, for ex-

ample, are necessary to allow the rapid phasing out of the CFCs. The agreements on control measures define the 

emission per ODS class integrated over time. We consider the emissions of the six groups, according to the “best 

guess scenario”, abbreviated as A1 (WMO, 2003), shown in Figure 4.1 as the reference. This reference scenario 

shows that at the beginning of the 21
st
 century the total emission, aggregated as CFC-11 equivalents, had de-

clined to less than half of the peak emission in 1990. The year 2003 was taken as the starting point of the modu-

lation with respect to scenario A1. In this context modulation means that at 2003 the production of group j ceases 

prematurely compared to A1. So quantities preceded by the symbol Δ, we will use hereafter to indicate a change 

in ODS emission or in stratospheric halogen or in human health damage (DALY), will have a negative sign. For 

several groups a production stop does not immediately lead to an emission stop. Old equipments and installations 

will – perhaps for decades – release ODSs after a complete phasing out of that particular ODS group. Methyl-

chloride (with group number j=7) is excluded as a group because the anthropogenic contribution is considered 

nil. 

 

Figure 4.1 shows that in 2003 emission in equivalence units (ktn CFC-11) is already in a sharp decline. There-

fore, an extra reduction due to an entire production stop of group j from 2003 onward will lead to a marginal 

difference compared to scenario A1 (see Figure 4.2). In that scenario the WMO (2003) forecasts decreasing 

emissions of CFCs. At the same time emission of will be continued as a result of abandoning equipment and 

devices after 2003. Although it will be lower than foreseen in the scenario A1 in which production is scheduled 

to be phased out in a less drastic manner, allowing other chemicals like HCFC to replace the CFCs for an agreed 

period of time. Only for tetracarbonchloride and methylbromide production stop has the same effect as emission 

stop. The difference in CFC-11 equivalents is summed until 2040 to compute the emission reduction of group j. 

This is referred to as the modulation of the total emission in A1 by group j. Figure 4.3 shows that the result of 

this summation will not change significantly if a moment later date than 2040 was chosen, with the exception of 

methylbromide which will be explained in the discussion. 
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Figure 4.3: Reduction of total CFC-11 equivalents relative to A1 scenario (WMO) 2003 if the produc-

tion/emission of group j from 2003 onward ceases. 

4.3.3 DECREASE IN EESC FROM 2007 ONWARD 

The concentration of EESC is expressed in units of equivalent chlorine (ppt). This concentration is numerically 

simulated on the basis of all natural and anthropogenic ODS emissions (WMO, 2003). Both EESC and the 

modulation due to an emission stop of a certain ODS group in 2003 are evaluated on a global scale. Figure 4.4 

displays the temporal trend in total EESC concentration as response of the stratosphere. The EESC aggregates all 

these emissions. It is forecasted that according to scenario A1 the EESC concentration will drop below a thresh-

old value of 1780 ppt (EESC0) in 2044. This threshold was exceeded in 1980 and it is assumed that below the 

EESC0 level UV damage to human health equals the natural background. 
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Figure 4.4: The temporal trend in EESC concentration caused by natural and anthropogenic emissions of ODSs 

according to reference scenario A1 (WMO 2003). The horizontal line at EESC0=1780 ppt is the threshold value 

of the year 1980. 

 

The modulations of ODS group j will cause only marginal changes in EESC. The justification to consider the 

applied emission modulations marginal is given by Table 4.1 which displays the maximum modulation values of 

ΔEESC in the year when it occurs. The third column demonstrates that ΔEESC is always less than 2% of the 

total EESC concentration at that time. 

 

Three different time frames are defined to evaluate the characterization factor and the fate and damage factors it 

is based upon: the accumulation of ΔODSj, of ΔEESCj and of damage. The latter will be evaluated in terms of 

ΔDALYs. The change in EESCj lags 4 years behind the change in ODSj and therefore the first possible effect in 

DALYs is also lagging 4 years behind but can in principle be expressed as damage in the year 2100. The cumu-

lative value of ΔODSj due to an emission stop of group j within scenario A1, has to be counted from 2003 until 

2040. 

 

Any ODS emitted after 2040 will lead to an increase of EESC after 2044 but that will not contribute to an addi-

tional damage to be accounted for in LCIA because damage due to increased UV radiation attributed to anthro-

pogenic emission after 2044 is ignored because of the threshold of 1780 ppt. The avoided amount of cumulated 

ΔEESCj that reduces damage to human health, due to an emission cessation of group j in 2003, is counted from 

2007 to 2044 (see Figure 4.5). This has consequences for the calculation of effects and therefore also for the 

computation of the fate factor, which we evaluate only over the time period until 2044. This choice affects the 

outcome of the calculation of the fate factor of ODS group j. 

 

Table 4.1: Maximum reduction EESC due to ceasing the production/emission from 2003 onward. 

Year ΔEESC (ppt) EESC A1 (ppt) Modulation of scenario A1 

2023 –29 2351 No production of CFCs from 2003 onward 

2013 –28 2694 No emission of CCl4 from 2003 onward 

2020 –4 2453 No production of CH3CCl3 from 2003 onward 

2023 –9 2351 No production of halons from 2003 onward 

2023 –52 2351 No production of HCFCs from 2003 onward 

2008 –45 2841 No emission of CH3Br from 2003 onward 
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Figure 4.5: Reduction of EESC relative to A1 scenario (WMO 2003) if the production/emission of group j from 

2003 onward ceases. 

4.3.4 DECREASE IN HUMAN EXPOSURE FROM UV-B 

Exposure from UV radiation is calculated for each grid cell taking into account the altitude exposed people are 

living. Also demographic characteristics and the trends therein are included: the population density, the average 

age and the life expectancy. Also skin colour is taken into account because it is a protection factor against expo-

sure from UV radiation. 

 

The incidence rate is grid-specific, dependent on the type of disease and on demographic characteristics. In the 

model we have assumed that there is one universal protection factor for all types of skin cancer. In AMOUR 2.0 

(Van Dijk et al., 2007a) the resulting protection factors are related to the local skin-reflectance (skin colour). 

This leads to the following relation for the protection factor as function of skin-reflectance: 

 
0.0321( 66)

prot 10 SkinReflf    (4.1) 

here SkinRefl is the skin reflectance in percent. 66 refers to 66% skin reflectance in calibration point Amsterdam, 

where we have chosen fprot=1. For details behind this model we refer to Van Dijk et al. (2007a). For cataract it is 

assumed that such a protection factor is absent. 

 

In two steps the exposure factor is developed. First, the global decrease of halogens in the stratosphere is con-

verted to a increase of ozone, which is dependent on the latitude (φ). From the marginal increase of ozone, the 

decrease of UV-B radiation per latitude band is calculated. As emission reduction measures are taken the strato-

spheric halogen content develops according to Best Guess scenario A1 and as a result the ozone layer and UV 

radiation. Second, human exposure to decreased UV-B radiation is evaluated, taking into account the latitude 

dependency of the UV radiation and grid wise, the population density and the altitude. According to the foreseen 

demographic development, also the population density and composition change in time. 

UV-radiation mapping 

Exposure modelling requires specific action spectra for skin cancer which differs from cataract. The radiative 

transfer model TUVRIVM.f was applied for the production of UV-maps. The so-called “table-ozone-angle” 

provides the weighted UV-dosis in W.m
–2

 for a collection of thicknesses of the ozone layer (in Dobson units) 

and for a collection of solar zenith angles (SZA, in degrees). The table with “reflection-ozone-angle” gives the 

fraction of upwelling light that is reflected back to the earth by the atmosphere (see for more details the manual 

of AMOUR 2.0, Van Dijk et al, 2006). Long-term time-dependency of UV-B radiation is accounted for, regard-

ing the different scenarios of the Montreal Protocol and the Copenhagen Amendments. 

Population-mapping. 

Population estimates from 1950-2050 (2030 for the USA) for each country in the world were adopted from U.S. 

Census Bureau (2004). For the years 1900 – 1950, estimates of the total world population were taken from 

United Nations (1999). To derive the population for each country in these years, population numbers were calcu-

lated by taking the relative contribution of each country to the total population in 1950, multiplied with the total 

population between 1900 and 1950 from United Nations (1999). Linear interpolation was used for years where 

no population estimates were available. Population estimates between 2050 (2030 for the USA) and 2100 were 
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adopted from CIESIN (2002), where the medium-fertility population scenario was used (United Nations, 1998). 

Years in which population estimates were missing, were added using linear interpolation (Figure 4.6). 

 

 
Figure 4.6: Scenario for the world population, aggregated over 4 world regions. 

 

The population density will change over the time delay between emission of ODS and accumulated UV-B expo-

sure. This delay between cause and effect (f.i. people contract skin disease) may be in the range or even beyond 

the time horizon normally chosen in LCIA. 

 

The population composition (age-distribution) for each country and each year was adopted from the U.S. Census 

Bureau (2004). The period for which data were available varied between countries and can be roughly subdi-

vided between 1980 and 2050. In total, 17 age classes are defined: 0-4, 5-9, 10-14, 15-19, 20-24, 25-29, 30-34, 

35-39, 40-44, 45-49, 50-54, 55-59, 60-64, 65-69, 70-74, 75-79, 80+. If no data was available, the population 

composition was estimated through interpolation or extrapolation.  

Skin colour mapping 

The present-day skin colour of the world population was derived from the predicted skin reflectance of the in-

digenous population that was modelled by Chaplin (2004) and Jablonski and Chaplin (2000) (Figure 4.7, left 

panel). Reflectance was modelled at the 685 nm wavelength. A clear latitudinal and elevational gradient in skin 

colour can be observed. These predictions were combined with data on ethnic composition in each country (CIA, 

2005) to obtain the skin colour of the present-day human population (Figure 4.7, right panel):  

 PRED IND A B( ) ( ) ( )IND A BSkinRefl f SkinRefl f SkinRefl f SkinRefl       (4.2) 

where SkinReflPRED is the predicted present-day skin reflectance, fIND is the fraction of the population that is in-

digenous, SkinReflIND is the skin reflectance of the indigenous population, fA is the fraction of the population that 

is from ethnic group A, SkinReflA is the average skin reflectance of ethnic group A, fB is the fraction of the popu-

lation that is from ethnic group B, SkinReflB is the average skin reflectance of ethnic group B. All skin reflec-

tances are at 685 nm; fIND + fA + fB = 1. When more ethnic groups were present, they were added to the formula. 

The geographical distribution of modelled skin reflectance worldwide is indicated in Figure 4.7. Especially in 

areas with a large former immigration rate, such as Latin America, Indonesia and Australia, the skin reflectance 

differs from what would be expected given the distance to the equator and the elevation. 

 

 
Figure 4.7: Predicted shading of skin reflectance at 685 nm for the indigenous human population (left panel) 

and for the present-day population (right panel), ranging from 23 (dark shade and dark skin colour) to 76 (light 

shade and light coloured skin). Left panel reproduced with permission from Chaplin (2004). 
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Figure 4.8: The development of average age. 

 

 
Figure 4.9: Forecasted life expectancy. 

4.3.5 DECREASE IN HUMAN HEALTH EFFECTS 

Skin cancer 

Three types of skin cancer encompass almost all incidences: 70% basal cell carcinoma (BCC), 20% squamous 

cell carcinoma (SCC) and 10% melanoma (CM). An increase of UV-exposure does not have an immediate effect 

due to long latency periods (Slaper, 1996; Kelfkens, 2002). The cumulative UV-dose for the induction of SCC 

spans a period of 30-50 years before diagnosis. Mortality of BCC is negligible in EME countries. 

 

AMOUR 2.0 uses the dose-effect relations for BCC, SCC and CM according to Kelfkens et al. (2002). A protec-

tion factor fprot is applied as a measure for the dose-reduction by variation in skin-type and culture. A correction 

for underrating is described by Van Dijk et al. (2007b). 

UV induced cataract 

Cataract is world-wide a major cause of blindness. From Murray and Lopez (2001) it can be derived that on a 

global scale the damage in terms of DALYs is approximately ten times higher than for skin cancer. In developed 
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countries cataract is adequately treated with a surgery. However in developing countries it may have grave so-

cial/economic consequences and may even lead to premature death. 

 

Unfortunately, the etiology of cataract is complicated and involves many risk factors such as alcohol abuse, 

heavy smoking, severe diarrhoea, diabetics and chronic steroid use. There is an analogy to age-dependency of 

cancers and it is believed that cataract is a senile change (ageing) caused by oxidative processes. Therefore, UV 

radiation may be a factor because it generates reactive oxygen species. In a literature survey De Gruijl and Van 

der Leun (in: Kelfkens et al., 2002) found a substantial association of the cataract in people older than 50 years 

with the time spent outdoors (mostly professionally by males) which is a surrogate for UV exposure. Neverthe-

less, most studies suggest that “age” appears to be the main independent risk factor. Evidence for the relation 

between the incidence of cataract and annual erythema UVB has been provided by Sasaki et al. (1999) who 

compared in an epidemiological study cataract prevalence with age for four areas from low to high latitudes 

(from Iceland to Singapore). 

 

Three types of cataract are distinguished but can occur in mixed forms: cortical cataract (CC), nuclear cataract 

(NC) and posterior subcaspular cataract (PSCC). In pure form one out of three cataracts is CC (range 18-49%) 

and approximately 40% is mixed. With the assumption that of the mixed forms 33% includes CC, we may esti-

mate that ~ 40% contains CC. This type of cataract seems more abundant in populations living in temperate 

climates while NC is more abundant in tropical regions. From retrospective surveys and epidemiological studies 

it was found that lifetime exposure of individuals with CC was significantly higher than for cataract-free controls 

and no association of UV exposure and NC was found. De Gruijl en Van der Leun (2002) concluded that about 

⅓ of the total cataracts are UV-sensitive CC. They also decided that “the balance of evidence would presently 

favour that the main cataractogenic action in sunlight resides in the UV-B, and the erythemal or carcinogenic 

dose would therefore be a good first approximation”. It could reasonably be assumed that UV radiation affects 

CC development continuously throughout life, similar to SCC. Tentatively, for ReCiPe 2008, cataract has been 

integrated in AMOUR 2.0 (Van Dijk, 2006) according to a dose-response model proposed by De Gruijl en Van 

der Leun (2002). In the supporting information more details are given.  

4.3.6 DECREASE IN DAMAGE 

The damage is calculated on a world region scale. Scenarios for 8 world-regions can be differentiated according 

to Murray and Lopez (1996). With respect to skin colour, these world-regions seem more homogeneous than a 

subdivision according to (sub)continents. The results of the marginal reduction of DALYs due to a marginal 

modulation of scenario A1 as calculated with the model AMOUR are given in the supporting information. 

 

4.3.7 PERSPECTIVES 

The use of cultural perspectives accounts for perceived uncertainties in results produced by these models (Hof-

stetter, 1998). According to the Eco-indicator 99 (Goedkoop and Spriensma, 1999) we aggregate the hierarchi-

cal version with the egalitarian version for a precautionary approach. The individualist version accepts only 

modeling results on the basis of proven effects. There is wide agreement on the causal relationship between UV 

radiation and several forms of skin cancer. Three types were considered basal cell carcinoma (BCC), squamous 

cell carcinoma (SCC) and cutaneous melanoma (CM). These skin cancers were included in all cultural perspec-

tives. The relationship between cataracts and UV exposure is much less univocal than for skin cancer. A proper 

impact assessment requires a dose-response relationship which is not available for UV-induced cataract in hu-

mans. Therefore damage due to cataract is not included in the Individualistic perspective. 

 

4.3.8 MODEL OUTPUT 

The characterization factor for different ODS groups 

It is not necessary to evaluate the cumulative EESCj if only the endpoint characterization factor (CFj) is to be 

derived. Only the change in the number of DALYs, attributed to the avoided amount of ODS j from 2003 onward 

is necessary. These (negative) increments relative to scenario A1 should be integrated over time and summed 

over 8 world regions (see box 2): 

 

2100

,8
2007

2040
1

2003

j S

j

S

j

DALY dt

CF

OD dt













 (4.3) 

in which 

CFj = endpoint characterization factor (yr/kg CFC-11 equivalents) for ODS group j 



 

 44 

ΔDALYj,S = the avoided number of DALYs (yr) in world region S, attributed to a global emission stop of all 

ODSs of group j 

S = world region  

ΔODj  = the avoided emission of ODSs of group j (kg CFC-11 equivalents) 

 

For a better understanding and to check the plausibility, CFj may be resolved into the fate factor and the damage 

factor, according to: 

 
j j jCF FF DF   (4.4) 

where 

FFj = the fate factor for group j (ppt chlorine/kg CFC-11 equivalents) 

DFj = the damage factor which ΔDALYs per ΔEESC (yr/ppt chlorine) 

The Fate Factor FFj for different groups 

The fate factor is conducted from manipulations of data retrieved from WMO (2003). The longevity of many 

ODSs in the troposphere (supporting information) is sufficient to survive the period of approximately 4 years 

before they enter the stratosphere. Therefore, only the fact that they are emitted is relevant, not the region or 

environmental compartment. The ultimate fate of ODSs encompasses all events between emission and the mo-

ment that chlorine or bromine has terminated its catalytic role in the stratosphere. In the causality chain different 

ODSs can be compared by the amount of chlorine (or bromine) that ultimately is delivered to the stratosphere. 

The fate factor relates the total produced or emitted amount, according to a chosen scenario (for example the 

London Amendment of the Montreal Protocol), to the time integrated EESC 

 

Figure 4.1 shows that emission of controlled ODSs will almost completely come to an end already in the year 

2030. The difference (in units of ktn CFC-11 equivalents) between best guess scenario A1 and the same scenario 

without emission of ODS group j from 2003 onward is chosen as a marginal change (ΔODj). Figure 4.1 clearly 

shows that even for CFCs this cumulative amount can be chosen as a marginal modulation and that they will 

barely differ for other time horizons beyond 2030. In the former section it was already stated that the modulation 

of ODSs is expressed in units of kg CFC-11 equivalents, denoted as ΔOD. This implies that if group j contains 

more than one chemical (CFCs, HCFCs and halons), the marginal change in ΔODj is the weighted sum of the 

avoided emissions of ODSs belonging to group j: 

 ( )j i i

i j

OD m ODP


      (4.5) 

with 

Δmi = the avoided amount (kg) of ODS i of group j from 2003 onward 

ODPi() = the equivalence factor of ODS i (kg CFC-11 eq per kg of ODS i) 

 

The equivalence factor in Eqn 4.5 is the Ozone Depletion Potential (ODP) which is a relative measure for the 

potency of a substance to destroy the ozone layer. Here the steady state ODP is used (see the supporting informa-

tion) which reflects the constant ratio between EESC and the resulting depletion of stratospheric ozone ([O3]). 

It encompasses the atmospheric residence time (both in the troposphere and stratosphere), the formation of 

EESC and the resulting stratospheric ozone depletion. The steady state ODPi is identical to the midpoint charac-

terization factor. For reasons of consistency, ODP values were used identical to the ones reported as “Updated 

Model-Derived” and “Updated Semi-empirical” in Chapter 1 of WMO (2003). 

 

The halogen loading in terms of EESC, caused by emission of all ODSs in the past and predicted by the best 

guess scenario A1 was used to evaluate ΔEESCj. ΔEESCj is integrated over time from 2007 until 2044 and is 

related to the ceased release of all ODSs of group j from 2003 until 2040. Because of the delay of 4 yr, emissions 

after 2040 will obviously not cause changes in EESC before 2044 which is the year EESC drops below the 

threshold value. If it alters EESC after 2044 it has no effect because after 2044 the EESC concentration will be 

below the threshold EESC0 (1780 ppt) as it was before 1980. Hence the fate factor is defined as: 
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 (4.6) 

with 

FFj = the fate factor for group j (ppt·yr/ktn CFC-11 eq yr, or ppt/ktn) 
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The Damage Factor DFj for group j 

We have chosen the following causality chain: decrease in EESC (as long it is above EESC0)  increase of 

stratospheric ozone (but still not restored to the 1980 level)  decrease of UV radiation (but still above the natu-

ral background)  decrease of human health effects. If the EESC threshold is taken into account, a consistent 

damage factor is obtained, i.e. constant over all ODS groups. We prefer this approach over adhering to a true fate 

factor. Most importantly, the characterization factor is defined as the summed incremental DALYs divided by 

the summed incremental amounts of ODS. In this approach, the de-numerator in the equation of the characteriza-

tion factor (see Eqn 4.3) is not affected by tailing. 

 

In order to be compatible with the derived fate factor, having ΔEESCj accumulated until 2044 in the numerator, 

the damage factor DFj,E for health effect type E should have the same in the denominator. Note that DFj,E of 

group j integrates all temporal and spatial elements of the damage due to a (marginal) change in EESCj attributed 

to a change in emission of group j as a result of a complete production (or emission) stop of ODSj in 2003: 
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 (4.7) 

with: 

DFj,E = damage factor for disease E (yr/ppt) 

S = 8 world regions (see Box 2) 

E = 4 illness types (BCC, SCC, CM or cataract) 

ΔDALYS,j,E = number of extra DALYs (yr) due to illness E in region S as a result of a complete emission stop of 

group j from 2003 onward 

 

The change in burden of disease due to a deviation of UV exposure from the Best Guess scenario A1 is calcu-

lated for skin cancer. The relationship between cataracts and UV exposure is much less univocal than for skin 

cancer. A proper impact assessment requires a dose-response relationship which is not available for UV-induced 

cataract in humans as it is for occurrence of skin cancer in the Caucasian population. Suppression of the immune 

system is not taken into account due to insufficient data. Both for skin cancer and cataract, a rise in prevalence is 

apparent in the age groups of 40-49 years and older. The share of these age groups differs across the world re-

gions as also the average age of the population differs. Within one century these differences tend to converge as 

shown in Figure 4.8, as does the life expectancy, shown in Figure 4.9. 

 

The damage factor for each ODS group j and human health effect E is calculated according to eqn 4.7. Results 

are given in Table 4.5. The damage factor DFj for ODS group j is the summation over all diseases E. The final 

results (Table 4.6) depend on the chosen perspective which implies in our approach the choice whether or not 

cataract is included in the summation: 
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j j E
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DF DF


  (4.8) 

The characterization factor for a compound of a group 

As such a characterization factor for a group of ODSs, CFj, according to eqns 4.3 and 4.4, has only limited rele-

vance in LCA practice, as most inventories report substance-specific emissions. The evaluation of the “group 

CF” is indispensable to formulate the characterization factor at the endpoint level. In fact, CFj is the factor by 

which a characterization factor at the midpoint level, ODPi, has to be multiplied to yield the characterization 

factor at the endpoint level. For a chosen perspective, the characterization factor CFi for an individual substance 

i belonging to group j, is obtained as the product of the CFj and the equivalency factor ODPi of compound i of 

group j: 

 ( )i i jCF ODP CF    (4.9) 

Equation 4.9 could also be formulated as Endpoint CFi = Midpoint·CFj, illustrating that the endpoint indicator 

score is inline with the midpoint indicator score.  
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4.4 RESULTS AND DISCUSSION 

4.4.1 THE FATE FACTOR OF J 

It was expected that all fate factors (Table 4.2) would be in a narrow range because the de-numerator in Eqn 6 

has the (steady state) equivalency factor already incorporated, i.e. the ozone depletion potential of each member 

of group j. This is closely related to the “EESC formation potential”. As all ODPs are relative to CFC-11, the 

variation in the fate factor is higher than expected. Especially for the CFCs and the halons the fate factors appear 

rather low. 

 

Table 4.2: Fate factors f -11 eq•yr. 

ODS group     Fate factor (ppt/ktn) 

CFCs -955.62 -531.4 1.80 

CCL4 -666.26 -176.8 3.77 

CH3CCl3 -84.08 -17.1 4.92 

Halons -272.45 -98.3 2.77 

HCFCs -1367.4 -337.4 4.05 

CH3Br -990.8 -206.9 4.79 

 

The variation in the fate factor may be caused by uncertainty in ODP values (due to uncertainty in atmospheric 

lifetimes) and non-linearity (due to non-marginal changes, both in the numerator and the de-numerator). The 

main reason, however, is the early cut-off of the large tail in ΔEESCj already in the year 2044. This especially 

affects the fate factor of CFCs (see Figure 4.5).  EESC was calculated for the whole period for which data 

WMO (2003) were available, that is up to the year 2100. It appeared that for the period 2050 to 2100,  EESC 

displays a perfect exponential decay. These data were used to conduct a linear regression of the log transformed 

data (R
2
 > 0.998), from which accumulated figures could be derived (third column in Table 4.2). 

 
Figure 4.10: Reduction of EESC relative to A1 scenario (WMO 2003) until 2300 if the production/emission of 

group j from 2003 onward ceases. 

 

If the integral of ΔEESCj elapsed from 2007 to 2300, the accumulated difference for CFCs would be -2516.6 

ppt·yr in stead of -955.6 ppt·yr, while Δ ODPj would not change at all as it has reached the zero emission level 

already in 2035. This would result in a higher fate factor for the CFCs (4.7 ppt/ktn), for the halons (4.8 ppt/ktn) 

and for CCl4 (5.0 ppt/ktn). The coefficient of variation in Table 4.2 is 33% but would decrease drastically to 5%. 

The average value would be 4.85 ppt/ktn if the integration over time is conducted over the whole period until the 

year 2300 (see Table 4.3). 
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Table 4.3: Influence of the time scale on the fate factor of ODS group j. 

ODS group   Fate factor (ppt/ktn) 

 until 2044 until 2300 until 2044 until 2300 

CFCs -955.62 -2516.6 1.80 4.72 

CCL4 -666.26 -887.3 3.77 5.02 

CH3CCl3 -84.08 -96.7 4.92 5.17 

Halons -272.45 -517.6 2.77 4.83 

HCFCs -1367.4 -1749.7 4.05 4.90 

CH3Br -1480.5 -6620.2 4.54 4.54 

 

This provides confidence to consider the values in last column of Table 4.8 as true fate factors. Obviously, this 

was expected because all emitted substances were normalized by their (steady state) ODP equivalency factors 

before they were aggregated to ΔODP in units of ktn CFC-11 eq·yr. Integration over a period as long as to 2300 

would yield a genuine fate factor because the long tail of anthropogenic EESC is included. Nevertheless, we do 

not make use of the true fate factor because the long tail after 2044 does not have any effect on human health 

above the background. The accumulated increments in EESC after 2044 are not included in the calculation of the 

damage factor in Table 4.4 because there is no causal relationship between the ΔEESC curve after 2044 and a 

change in human damage. Moreover, time scale for ΔEESC is not important because the characterization factor 

equals the product of the fate factor and the damage factor and provided that the same time scale is used, 

ΔEESC cancels. 

4.4.2 MODEL OUTPUT OF DAMAGE: DISABILITY ADJUSTED LIFE YEARS  

For basal cell carcinoma (BCC), squamous cell carcinoma (SCC), cutaneous melanoma (CM) and cataract the 

model AMOUR provided results in terms of avoided DALYs per ODS group j (Table 4.4). This output is applied 

to calculate the damage factors for each group j (Table 4.5). Note that the damage factor for a certain disease is 

constant over all ODS groups, provided that ΔEESC is summed until 2044 and not beyond. This is in agreement 

with the particular causal role EESC plays in ozone depletion if the threshold of 1780 ppt is exceeded. 

 

If the damage factors are aggregated, the results depend on the chosen perspective (Table 4.6), i.e. for the egali-

tarian and the hierarchist all 4 diseases are summed, for the individualist only the 3 types of skin cancer.  

 

Table 4.4: AMOUR output: globally avoided DALYs (yr) due to ceased ODSj emission from 2003 onward. 

ODS group ΔDALYs BCC ΔDALYs SCC ΔDALYs CM ΔDALYs Cata-

ract 

CFCs -5963 -78285 -135458 -713505 

CCL4 -4249 -48370 -93299 -437865 

CH3CCl3 -539 -6174 -11922 -56688 

Halons -1686 -21488 -38321 -197726 

HCFCs -8336 -100726 -188645 -934148 

CH3Br -6352 -83278 -142091 -745897 

 

Table 4.5: Damage factors DFj,E (yr/ppt) for each illnesses E. 

ODS group DF BCC DF SCC DF CM DF Cataract 

CFCs 6.24 81.92 141.75 746.64 

CCL4 6.38 72.60 140.03 657.20 

CH3CCl3 6.41 73.43 141.79 674.22 

Halons 6.19 78.87 140.65 725.73 

HCFCs 6.10 73.66 137.96 683.16 

CH3Br 6.41 84.05 143.41 752.84 

Average 6.29 77.42 140.93 706.63 

Coeff of Var 1.9% 6% 1.2% 5.2% 
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Table 4.6: Aggregated damage factors DFj (yr/ppt) for ODS group j for the different perspectives. 

ODS group DF egalitarian /hierarchist DF individualist 

CFCs 976.6 229.9 

CCL4 876.2 219.0 

CH3CCl3 895.8 221.6 

Halons 951.4 225.7 

HCFCs 900.9 217.7 

CH3Br 986.7 233.9 

Average 931.3 224.6 

Coeff of Var 5% 3% 

 

The method to derive the endpoint characterization factor, i.e. at the damage level, is based upon the evaluation 

of the factor that comprises all ODSs of group j. This “group CF”, CFj, depends only on the diseases that are 

included. CFj is determined by the chosen perspective and is the connecting factor between midpoint and end-

point characterization factors. The final results for these group CFs are given in Table 4.7. These characterization 

factors pertain to ΣODSj which is a functional aggregation in modelling the cause-effect chain because fore-

casted emission scenarios affect a group of ODSs rather than an individual substance. 

 

Table 4.7: Characterization factors CFj (yr/kg CFC-11 eq.) at the endpoint level. 

ODS group j CFj egalitarian / hierarchist CFj individualist 

CFCs 1.76·10
-3

 4.13·10
-4

 

CCL4 3.30·10
-3

 8.25·10
-4

 

CH3CCl3 4.41·10
-3

 1.09·10
-3

 

Halons 2.64·10
-3

 6.26·10
-4

 

HCFCs 3.65·10
-3

 8.82·10
-4

 

CH3Br 4.72·10
-3

 1.12·10
-3

 

 

The final results for individual ODSs are given in Table 4.8 which lists the midpoint and endpoint characteriza-

tion factors for individual compounds. 
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Table 4.8: Midpoints and endpoints (egalitarian/hierarchist + individualist). 

ODS CF midpoint 

kg CFC-11 eq./kg ODSi 

CF endpoint 

yr/kg ODSi 

ODPij () egalitarian / hierarchist individualist 

CFC-11 1 1.76·10
-3

 4.13·10
-4

 

CFC-12 1
 a
 1.76·10

-3
 4.13·10

-4
 

CFC-113 1
 a
 1.76·10

-3
 4.13·10

-4
 

CFC-114 0.94
 b
 1.65·10

-3
 3.89·10

-4
 

CFC-115 0.44
 b
 7.73·10

-4
 1.82·10

-4
 

HCFC-123 0.02
 a 

 7.30·10
-5

 1.76·10
-5

 

HCFC-124 0.02
 a
 7.30·10

-5
 1.76·10

-5
 

HCFC-141b 0.12
a
 4.38·10

-4
 1.06·10

-4
 

HCFC-142b 0.07
a
 2.56·10

-4
 6.18·10

-5
 

HCFC-22 0.05
 a
 1.83·10

-4
 4.41·10

-5
 

HCFC-225ca 0.02
a
 7.30·10

-5
 1.76·10

-5
 

HCFC-225cb 0.03
a
 1.10·10

-4
 2.65·10

-5
 

Halon-1201 (HBFC 1201) 1.4
 c
 3.69·10

-3
 8.76·10

-4
 

Halon-1202 1.3
 a
 3.43·10

-3
 8.14·10

-4
 

Halon-1211 6
 a
 1.58·10

-2
 3.76·10

-3
 

Halon-1301 12
 a
 3.17·10

-2
 7.51·10

-3
 

Halon-2311 (HBFC 2311) 0.14
 c
 3.69·10

-4
 8.76·10

-5
 

Halon-2401 (HBFC 2401) 0.25
 c
 6.60·10

-4
 1.56·10

-4
 

Halon-2402 6
 a
 1.58·10

-2
 3.76·10

-3
 

Carbontetrachloride 0.73
a
 2.41·10

-3
 6.02·10

-4
 

Methylchloroform 0.12
a
 5.29·10

-4
 1.26·10

-4
 

Methylbromide 0.38
a
 1.80·10

-3
 4.26·10

-4
 

a Updated semiemperical from Table 1-5 Ch 1 (WMO, 2003) 
b Updated model derived from Table 1-5 Ch 1 (WMO, 2003) 
c (WMO, 1999) 

4.5 COMPARISON WITH OTHER METHODS 
The endpoint characterization factors derived by ReCiPe 2008 are in the same order of magnitude but also sys-

tematically higher compared to LIME (Hayashi et al., 2006) and the Eco-indicator 99 (Goedkoop & Spriensma, 

1999).  
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Table 4.9: Endpoint characterization factors (only egalitarian/hierarchist) of ReCiPe 2008 compared to LIME 

and Eco-indicator 99 in the hierarchist perspective. 

ODS CF endpoint (yr/kg ODSi) 

ReCiPe 2008 LIME Eco-indicator 99 

CFC-11 1.76·10
-3

 1.34·10
-3

 1.05·10
-3

 

CFC-12 1.76·10
-3

 1.41·10
-3

 8.63·10
-4

 

CFC-113 1.76·10
-3

 1.44·10
-3

 9.48·10
-4

 

CFC-114 1.65·10
-3

 1.34·10
-3

 8.95·10
-4

 

CFC-115 7.73·10
-4

 8.07·10
-4

 4.21·10
-4

 

HCFC-123 7.30·10
-5

 3.49·10
-6

 1.47·10
-5

 

HCFC-124 7.30·10
-5

 2.08·10
-5

 3.16·10
-5

 

HCFC-141b 4.38·10
-4

 1.20·10
-4

 1.05·10
-4

 

HCFC-142b 2.56·10
-4

 8.24·10
-5

 5.26·10
-5

 

HCFC-22 1.83·10
-4

 5.41·10
-5

 4.21·10
-5

 

HCFC-225ca 7.30·10
-5

 2.46·10
-5

 2.11·10
-5

 

HCFC-225cb 1.10·10
-4

 3.25·10
-5

 2.11·10
-5

 

Halon-1201 (HBFC 1201) 3.69·10
-3

  1.47·10
-3

 

Halon-1202 3.43·10
-3

  1.32·10
-3

 

Halon-1211 1.58·10
-2

 3.38·10
-3

 5.37·10
-3

 

Halon-1301 3.17·10
-2

 1.97·10
-2

 1.26·10
-2

 

Halon-2311 (HBFC 2311) 3.69·10
-4

  1.47·10
-4

 

Halon-2401 (HBFC 2401) 6.60·10
-4

  2.63·10
-4

 

Halon-2402 1.58·10
-2

 6.76·10
-3

 7.37·10
-3

 

Carbontetrachloride 2.41·10
-3

 1.30·10
-3

 1.26·10
-3

 

Methylchloroform 5.29·10
-4

 9.15·10
-5

 1.26·10
-4

 

Methylbromide 1.80·10
-3

 6.53·10
-6

 6.74·10
-4

 

 

Table 4.10 helps to recognize that ReCiPe 2008 produces higher characterization factors than Eco-indicator 99 if 

the egalitarian and hierarchic perspective is chosen. For the individualist perspective ReCiPe 2008 provides 

lower factors for the majority of the substances. The reason is that in Eco-indicator 99 the cultural perspectives 

are based on the time horizon, whereas in ReCiPe 2008 it relies on the choice to include cataract (egalitar-

ian/hierarchist) or not (individualist). For most of the HCFCs and for methylchloroform, ReCiPe 2008 gives 

higher characterization factors for all perspectives. 

 

With respect to LIME there is more divergence: for HCFC-123 the difference is twenty-fold, however, also with 

respect to Eco-indicator 99 the characterization factor of LIME was 4 times lower. Most striking is the discrep-

ancy for methylbromide between ReCiPe 2008 and Eco-indicator on one side and LIME on the other. The ex-

planation given by Hayashi et al. (2006) is not satisfactory. Our calculations are based on the data of WMO 

(2003) in which also an atmospheric lifetime of 0.7 year was applied. It should be emphasized that the major part 

of methylbromide is of natural origin. Also the difference between Eco-indicator and LIME is a factor of 100. A 

probable explanation for this large difference might be that in LIME the number of DALYs is divided by the 

total methylbromide emission, including the natural background. Today approximately 12 % is anthropogenic 

but in the future it will be below 5 %. 

 

For cataract we applied in the model AMOUR 2.0 (Van Dijk
a
 et al., 2007), however, with the action spectrum 

for skin cancer. This is an approximation according to De Gruijl & Van der Leun (2002) to estimate the effects 

due to exposure of the eye from UV radiation. In the near future we will improve the damage factor for cataract 

by repeating the calculations with AMOUR with a more appropriate action spectrum. 

 

The main reason why ReCiPe 2008 produces much higher endpoint characterization factors is probable the 

demographic development that was taken into account. In the Eco-indicator and in LIME this was, to our knowl-

edge, ignored. If a higher fraction of the population falls in the categories of 50 years and older and if also the 

increase of the whole world population is taken into account, it is plausible that higher damage factors are calcu-

lated because a higher number of incidences of skin cancer and cataract are predicted. 
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Table 4.10: Ratios of endpoint characterization factors for a comparison between ReCiPe 2008 and Eco-

indicator 99 and between ReCiPe 2008 and LIME. 

ODS ReCiPe 2008/EI99 ReCiPe 2008/LIME 

H & E I H & E I 

CFC-11 1.67 0.49 1.31 0.31 

CFC-12 2.03 0.59 1.25 0.29 

CFC-113 1.85 0.54 1.22 0.29 

CFC-114 1.84 0.54 1.23 0.29 

CFC-115 1.84 0.54 0.96 0.23 

HCFC-123 4.97 1.48 20.93 5.06 

HCFC-124 2.31 0.69 3.51 0.85 

HCFC-141b 4.17 1.25 3.65 0.88 

HCFC-142b 4.86 1.45 3.10 0.75 

HCFC-22 4.34 1.30 3.37 0.82 

HCFC-225ca 3.46 1.04 2.97 0.72 

HCFC-225cb 5.19 1.56 3.37 0.81 

Halon-1201 (HBFC 1201) 2.51 0.74   

Halon-1202 2.60 0.77   

Halon-1211 2.95 0.87 4.68 1.11 

Halon-1301 2.51 0.74 1.61 0.38 

Halon-2311 (HBFC 2311) 2.51 0.74   

Halon-2401 (HBFC 2401) 2.51 0.73   

Halon-2402 2.15 0.63 2.34 0.56 

Carbontetrachloride 1.91 0.59 1.85 0.46 

Methylchloroform 4.20 1.28 5.78 1.43 

Methylbromide 2.66 0.78 274.95 65.17 

4.6 REFERENCES 
Center for International Earth Science Information Network (CIESIN), 2002. Country-level Population and 

Downscaled Projections based on the B2 Scenario, 1990-2100, [digital version]. Palisades, NY: CIE-

SIN, Columbia University. Available at www.ciesin.columbia.edu/datasets/downscaled.  

Central Intelligence Agency (2005) The world factbook. Web: http://www.cia.gov/cia/publications/factbook/ 

Chaplin, G. (2004). Geographic distribution of environmental factors influencing human skin coloration. Ameri-

can Journal of Physical Anthropology 125:292-302. 

Daniel JS, Solomon S, Albritton DL (1995). On the Evaluation of Halocarbon Radiative Forcing and Global 

Warming Potentials. J Geophys Res 100, 1271-1285. 

De Gruijl en Van der Leun (2002), A.2 Lens Opacities and cataract. In: Kelfkens et al. (2002) Ozone layer - 

climate change interactions; Influence on UV levels and UV related effects. RIVM Report no. 410 200 

112, RIVM, Bilthoven, The Netherlands. 

Fabian P (1992). Atmosphäre und Umwelt. Springer Verlag Berlin, Heidelberg.  

Fahey DW (2002).Twenty Questions and Answers About the Ozone Layer. World Meteorological Organization 

Global Ozone Research and Monitoring Project - Report No. 47,  

Farman, J.C., Gardiner, B.G. and J.D. Shanklin (1985). Large Losses of Total Ozone in Antarctica Reveal Sea-

sonal ClOx/NOx Interaction. Nature 315, 207. 

Goedkoop MJ, Spriensma R. 1999. "The eco-indicator ’99: A damage-oriented method for life-cycle impact 

assessment," Ministry of VROM, The Hague (The Netherlands). 

Hayashi K, Nakagawa A, Itsubo N, Inaba A (2006). Expanded Damage Function of Stratospheric Ozone Deple-

tion to Cover Major Endpoints Regarding Life Cycle Impact Assessment. International Journal of Life 

Cycle Assessment. Int J LCA 11, 150-161. 

Jablonski, N.G. and Chaplin, G. (2000). The evolution of human skin coloration. Journal of human evolution 

39:57-106. 

Kelfkens G, Bregman A, De Gruijl FR, Van der Leun JC, Piquet A, Van Oijen T, Gieskes WWC, Van Loveren 

H, Velders GJM, Martens P, Slaper H (2002). Ozone layer - climate change interactions; Influence on 

UV levels and UV related effects. RIVM Report no. 410 200 112, RIVM, Bilthoven, The Netherlands. 

Murray, CJL and Lopez, AD eds, (1996) Global health statistics: a compendium of incidence, prevalence, and 

mortality estimates for over 200 conditions. Cambridge: Harvard School of Public Health, p 906 

Sasaki K, Sasaki, H., Kojima, M, Shui, YB, Hockwin, O, Jonasson, F, Cheng, HM, Ono, M, Katoh, N. (1999). 

Epidemiological Studies on UV-Related Cataract in Climatically Different Countries. J. Epidemiology 

9, S-33-S-38 

http://www.cia.gov/cia/publications/factbook/


 

 52 

Solomon, S. and Albritton, D.L. (1992). Time –dependent ozone depletion potentials for short- and long-term 

forcast. Nature 357, 33-37. 

United Nations (1966). World Population Prospects as Assessed in 1963, United Nations, New York 

United Nations (1998). World Population Projections to 2150, United Nations Department of Economic and 

Social Affairs Population Division, New York 

United Nations (1999). The world at six billion. United Nations Department of Economic and Social Affairs, 

Population Division, New York. Available at: 

http://www.un.org/esa/population/publications/sixbillion/sixbillion.htm 

U.S. Census Bureau (2004) Global Population Profile: 2002, International Population Reports WP/02, U.S. Gov-

ernment Printing Office, Washington, DC 

Van Dijk, A , Den Outer, P, Van Wijnen, H, Slaper, H. (2007
a
). Manual of AMOUR 2.0: Assessment MOdel for 

Ultraviolet Radiation and Risks. Report no.: 410 200 xxy  

Van Dijk, A., Van Wijnen, H., Chaplin, G. and Slaper, H. (2007
b
). “Skin-colour: the natural sunscreen against 

skin cancer”, In preparation. 

Van Wijnen (2007). Personal communication.  

World Meteorological Organization (1999). Scientific Assessment of Ozone Depletion: 1998. Global Ozone 

Research and Monitoring Project - Report No. 44, ISBN 92-807-1722-7, Geneva. 

WMO (2003), World Meteorological Organization 2003. Scientific Assessment of Ozone Depletion: Global 

Ozone Research and Monitoring Project – Report No. 47. 

4.7 SUPPORTING INFORMATION 
Substance properties and ODPs 

Background information as to human health effects and demographic data 

4.8 SUMMARY TABLE 
Entity Content 

impact category ozone depletion 

LCI results ozone depleting substances (ODS): CFCs, 

HCFCs, HALONs, etc. 

midpoint indicator(s) (with abbreviation) ozone depletion (OD) 

unit of midpoint indicator(s) kg (CFC-11 to air) 

midpoint characterisation factor (with abbreviation) ODP 

unit of midpoint characterisation factor – (or kg/kg) 

endpoint indicator(s) (with abbreviation) damage to human health (HH) 

unit of endpoint indicator(s) yr 

endpoint characterisation factor (with abbreviation) See table 4.7 

unit of endpoint characterisation factor yr/kg 

 

 



 

 53 

5 ACIDIFICATION
15

 

Rosalie van Zelm, Mark A.J. Huijbregts
16

, Hans A. van Jaarsveld, Gert Jan Reinds, Dick de Zwart, Jaap Struijs 

and Dik van de Meent. 

5.1 INTRODUCTION 
Atmospheric deposition of inorganic substances, such as sulfates, nitrates, and phosphates, cause a change in 

acidity in the soil. For almost all plant species there is a clearly defined optimum of acidity. A serious deviation 

from this optimum is harmful for that specific kind of species and is referred to as acidification. As a result, 

changes in levels of acidity will cause shifts in species occurrence (Goedkoop and Spriensma, 1999, Hayashi et 

al. 2004). Major acidifying emissions are NOx, NH3, and SO2 (Udo de Haes et al., 2002; Hayashi et al., 2004). 

 

This chapter describes the calculation of characterization factors for acidification for plant species in forest eco-

systems on a European scale. Fate factors, accounting for the environmental persistence of an acidifying sub-

stance, can be calculated with an atmospheric deposition model, combined with a dynamic soil acidification 

model. Effect factors, accounting for ecosystem damage caused by an acidifying substance, can be calculated 

with a dose-response curve of the potential occurrence of plant species, derived from multiple regression equa-

tions per plant species. 

 

Base Saturation (BS) was used as an indicator to express acidity. BS is the degree to which the adsorption com-

plex of a soil in is saturated with basic cations, cations other than hydrogen and aluminum. It is defined as the 

sum of basic cations (BC in equivalents/kg soil) divided by the total Cation Exchange Capacity (CEC equiva-

lents/kg soil) of the soil and multiplied by 100 (De Vries et al., 2002): 

 
[K] [Ca] [Mg] [Na]

[H] [K] [Ca] [Mg] [Na]

BC
BS

CEC

  
 

   
 (5.1) 

For higher BS, more basic cations are present, which enhances the buffer capacity of the soil for acidic equiva-

lents. Changes in BS in mineral soil can influence the occurrence of plant species in forests (De Vries et al., 

2002). 

5.2 FATE FACTOR  
The fate factor was calculated in two steps. First, changes in acid deposition in Europe, derived from continental 

changes in air emission, were calculated with the model EUTREND (Van Jaarsveld, 1995). Second, changes in 

BS, derived from changes in acid deposition, were calculated with the model SMART2 (Kros, 2002).  

 

The marginal change in deposition in forest area j (dDEPj in eq·ha
-1

·yr
-1

) due to a marginal change in the emis-

sion of acidifying substance x (dMx in kg·yr
-1

) was defined as the atmospheric part of the Fate Factor, FFatm,j in 

eq·ha
-1

·kg
-1

 (Van Zelm et al., 2007): 

 , ,

j

atm j x Europe j

x

dDEP
FF T

dM
   (5.2) 

where Tx,Europe→j is the transfer of acidifying substance x from source area Europe to forest area j (eq·ha
-1

·kg
-1

). 

Europe was divided in 8064 receptor areas of about 5050 km, each area characterized by its unique deposition 

data, coordinates, land use class, roughness length, and forest area. The atmospheric fate model EUTREND (Van 

Jaarsveld, 1995) was used to calculate depositions for each receptor area caused by European emissions of acidi-

fying substances. Europe is modeled as an open system. Emissions can be exported out of Europe. Emissions 

occurring outside the system and being transported into Europe are not taken into account. Tx,Europe→j for NOx, 

NH3, and SO2 was obtained as a source-receptor vector, containing dDEPj/dMx for each receptor area. 

 

The marginal change in BS in forest area j due to a marginal change in the deposition in forest area j was defined 

as the soil part of the fate factor, FFsoil (in ha·yr·eq
-1

) (Van Zelm et al., 2007): 

 

                                                           
15 This chapter is based on a paper by Rosalie van Zelm, Mark A.J. Huijbregts, Hans A. van Jaarsveld, Gert Jan Reinds, Jaap 

Struijs & Dik van de Meent. Time horizon dependent characterization factors for acidification in life-cycle assessment based 

on forest plant species occurrence in Europe. Environmental Science & Technology 41 (2007), 922-927. 
16 Corresponding author (m.huijbregts@science.ru.nl). 
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 (5.3) 

As put in equation (5.3), the soil fate factor depends on multiple parameters, e.g. deposition of the acidifying 

substance, climate, hydrology, and biogeochemistry, in a potentially non-linear way. Therefore the dynamic 

Simulation Model for Acidification’s Regional Trends, version 2 (SMART2; Kros, 2002) was used to numeri-

cally estimate ΔBSj/ΔDEPj. Total emission increases of 1, 5 and 10% from the reference year 2000 were as-

sumed to check for linearity in this range. Variation between emission increases was found to be negligible and 

therefore only the obtained factors for 1% emission increase are taken into account in this chapter. As acidifica-

tion is a process that can occur over a long time scale (>100 years), fate factors were calculated for a number of 

time horizons (20, 50, 100, and 500 years); see Section 5.4.  

5.3 EFFECT FACTOR  
The marginal change in the Potentially Disappeared Fraction of plant species in European forest area j (PDFj) 

due to a marginal change in the BSj in forest area j was defined as the dimensionless effect factor, EF (Van Zelm 

et al., 2007): 

 
j

j

j

dPDF
EF

dBS
  (5.4) 

A dose-response relationship is created that relates the PDF to BS. This relationship is found to be location-

independent. Figure 5.1 shows the dose-response relationship of the added fraction of species disappeared in 

European forests as a function of BS of the soil. The obtained best fit follows the equation: 

 added 0.27 0.26PDF BS    (5.5) 

with an explained variance (R
2
) of 1.00. It can be seen that the linear function holds for BS larger than approxi-

mately 0.15.  

 

 
Figure 5.1: A dose response function of the Potentially Disappeared Fraction of plant species due to acidifying 

emissions (PDFadded) as a function of Base Saturation (BS) in mineral soil. The fitted linear function follows 

PDFadded = 0.27-0.26·BS with an explained variance R
2
 = 1.00, and holds for BS larger than 0.15 
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5.4 ENDPOINT CHARACTERIZATION FACTOR 
Calculation of endpoint Characterization Factors for acidification of acidifying substance x (CFendpoint,x in yr·kg

-1
) 

for the total forest area consists of a fate and an effect factor The size of forest area j (Aj in m
2
) and the average 

terrestrial species density (species/m2) is applied as a weighing factor: 

 

j

added

j

j

j x

j

jterr

x

xendpo
dBS

dPDF

dDEP

dBS

dM

dDEP
ASD

dM

dSpecies
CF  int,   (5.6) 

where Aj is the size of forest area j (m
2
) and SDterr. the species density. 

 

Characterization factors were calculated for BS>0.15, since the effect factor can only be applied for this range. 

Factors were calculated for the total BS range as well to check whether significant differences are observed from 

the calculations for the range BS > 0.15. Characterization factor outcomes are 1 % higher for NOx and NH3 

emissions, and 2 to 3 % higher for SO2 emissions, inclining no significant distinction. The forest area in Europe 

where BS is below 0.15 appears to have a low influence on the fate factors and characterization factors compared 

to the area where BS is larger than 0.15 

 

To analyze the endpoint characterization factors, three time perspectives were separated according to the three 

archetypes used in Cultural Theory. This idea is outlined by Goedkoop and Spriensma (1999). From the indi-

vidualist perspective only the near future is important and therefore the chosen time-perspective is short-term, 20 

year time horizon. From the hierarchic perspective there is no scientific reason to choose a specific time horizon 

and the chosen time perspective is long term, 100 years. From the egalitarian perspective all the future genera-

tions over the next few hundreds to thousands years are considered equally important as the present population. 

Therefore the time perspective should be very long term and a time horizon of 500 years is chosen. Table 5.1 

shows the endpoint characterization factors for acidification for the different time horizons. 

 

Table 5.1: Potentially dissapeared fraction of species for acidification due to SO2 in European forests (in 

m
2yrkg

–1
). 

 Time horizon (years) 

 20 50 100 500 

NOx to air 0.03 0.06 0.12 0.37 

NH3 to air 0.11 0.27 0.52 1.49 

SO2 to air 0.06 0.12 0.21 0.51 

 

To scale the characterization factors, calculated for European forest area, to the total European ecosystem area, 

CFendpoint is multiplied by the ration between the total European ecosystem area and the European forest area. 

This ratio was calculated from Posch et al. (2001, 2003 and 2005) and equals 2.0. The average species density 

for terrestrial ecosystems was included as well. Table 5.2 shows the endpoint characterization factors for acidifi-

cation of the total European ecosystem area in terms of number of disappeared species. 

 

Table 5.2: Endpoint characterization factors for acidification in European ecosystems 

Perspective Individualist  Hierarchist Egalitarian 

Time horizon  20 yr 50 yr 100 yr 500 yr 

NOx to air 0.69x10
-9

 1.79x10
-9

 3.31x10
-9

 10.1x10
-9

 

NH3 to air 3.04x10
-9

 7.45x10
-9

 14.2x10
-9

 41.1x10
-9

 

SO2 to air 1.52x10
-9

 3.31x10
-9

 5.80x10
-9

 14.2x10
-9

 

 

The table also identifies the three different cultural perspectives that are using different time horizons 

  

5.5 MIDPOINT CHARACTERIZATION FACTOR 
On midpoint level only the fate factor, dBSj/dMx, is of importance. As the acidification effect factor for BS ap-

pears to be location-independent for BS>0.15, a location-independent fate factor for acidification (m
2
·yr·kg

-1
) 

was calculated: 
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 (5.7) 

Terrestrial acidification potentials (TAP) are expressed in SO2-equivalents, and therefore area independent.  
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2

x

SO

FF
TAP

FF
  (5.8) 

See Table 5.3 for the resulting TAPs. 

 

Table 5.3: Terrestrial acidification potentials for Europe (in kg SO2-equivalents/kg). 

Pollutant Time horizon (years) 

 20 50 100 500 

NOx to air 0.49 0.52 0.56 0.71 

NH3 to air 1.99 2.23 2.45 2.89 

SO2 to air 1.00 1.00 1.00 1.00 
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5.7 SUPPORTING INFORMATION 
Fate model characteristics 

Effect factor calculations 

5.8 SUMMARY TABLE 
Entity Content 

impact category acidification 

LCI results acidifying substances: NOx, NH3, SO2 

midpoint indicator(s) (with abbreviation) terrestrial acidification (TA) 

unit of midpoint indicator(s) kg (SO2 to air) 

midpoint characterisation factor (with abbreviation) TAP 

unit of midpoint characterisation factor – (or kg/kg) 

endpoint indicator(s) (with abbreviation) damage to ecosystem diversity (ED) 

unit of endpoint indicator(s) yr 

endpoint characterisation factor (with abbreviation) 1.52x10
-9

 (I) 

5.8 x10
-9

 (H) 

14.2x10
-9

 (E) 

unit of endpoint characterisation factor yr/kg 
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6 EUTROPHICATION 

Jaap Struijs
17

, Arthur Beusen, Hans van Jaarsveld and Mark A.J. Huijbregts,  

6.1 INTRODUCTION 
Aquatic eutrophication can be defined as nutrient enrichment of the aquatic environment. Eutrophication in 

inland waters as a result of human activities is one of the major factors that determine its ecological quality. On 

the European continent it generally ranks higher in severity of water pollution than the emission of toxic sub-

stances. The long-range character of nutrient enrichment, either through air or rivers, implies that both inland and 

marine waters are subject to this form of water pollution, although due to different sources and substances and 

with varying impacts. 

 

Characterization of aquatic eutrophication in Life Cycle Impact Assessment (LCIA) typically only takes into 

account those nutrients that are limiting the yield of aquatic biomass, which is merely phytoplankton (algae) but 

also duckweed. “Limiting” implies that only one nutrient is controlling the growth of these primary producers 

and that there is an excess of the other nutrients. Growth of algae is governed by many factors, however if sub-

stances are concerned, the availability of the so-called macro-nutrients phosphorus and nitrogen is dominating. 

Algal bloom has seasonal dimensions that vary according to geographic region. In northern Europe algal growth 

is greatly reduced or negligible during the winter period of low light and temperature. Other requirements for 

growth such as carbon dioxide, (bi)carbonates and sulphates are seldom limiting. Hydrogen, oxygen and nutri-

ents like calcium, potassium, sodium, magnesium and chloride are usually abundant. The natural nitrogen and 

phosphorus cycle is the predominant source of P and N. Hence, growth of phytoplankton depends on the avail-

ability of P and N (and on the season in colder regions). In large regions industrial and agricultural sources ex-

ceed natural inputs by far (Kristensen and Hansen. 1994). As a result, an additional amount may lead to in-

creased growth of phytoplankton causing a chain of adverse ecological effects. Whether aquatic eutrophication 

with nutrients leads to an environmental problem depends on local factors like topography and the physical and 

chemical nature of the receiving water bodies.  

 

Emissions of N or P can be converted into biomass on the basis of the molecular composition of algae (Redfield 

et al, 1963). This enables aggregation and provides universal characterization factors that are independent of 

local environmental conditions. Characterization factors for aquatic eutrophication have been proposed by Hei-

jungs et al. (1992) without a further differentiation between the initial emission compartments and regions in-

volved. Therefore, this approach can be regarded worst case. First attempts to account for region-specific fate 

factors were made by Huijbregts and Seppälä (2000). They used long-range transport transfer matrices to model 

the fate of NOx and NH3 emissions from air to the marine environment. For inland waters this approach is of 

minor importance because phosphorus is most often the limiting nutrient. In an extended fate approach, Hui-

jbregts and Seppälä (2001) employed “partial fate factors” to estimate simple transport factors from air to soil, 

from soil to air and from soil to water due to leaching and run-off to assess the fraction reaching the marine envi-

ronment. For the northern hemisphere their estimations are 32 % for NO2 and 17 % for NH3. Potting and 

Hauschild (2005) applied a more sophisticated model to approach the fate factor of nutrient emitted from each 

region or country in Europe separately. Using the integrated assessment model CARMEN (acronym for CAuse 

effect Relation Model to support Environmental Negotiations), Potting and Hauschild (2005) calculated fractions 

of the N/P emission flux that actually reach freshwater or coastal seas. Their EDIP 2003 approach can be re-

garded a realistic worst case as the fraction of nutrients that is not available for surface waters is indeed excluded 

from the characterization. Worst case characterization by Heijungs et al. (1992) ignores that only a fraction of 

the eutrophying emissions will be transported to the aquatic environment. The EDIP 2003 report showed that for 

agricultural nitrogen differences among the countries are not greater than a factor 3. For phosphorus the range is 

a factor of 7. 

 

In ReCiPe 2008 also CARMEN is used but it differs from EDIP 2003 in two respects: 

 As it appeared from the EDIP methodology that country-specificity does not enhance accuracy 

considerably compared to uncertainty in emission regions, which is usually encountered in the 

inventory, we developed site generic fate factors for Europe. The dimensions of the fate factor 

are different with respect to the EDIP 2003 methodology. Our approach allows characteriza-

tion at the endpoint level by multiplication with the effect or damage factor. 

 

                                                           
17 Corresponding author (jaap.struijs@rivm.nl). 
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 Instead of net emissions, we have applied CARMEN to compute fate factors related to gross 

emissions due to direct supply of manure or fertilizer. Most often only gross supply of N or P 

in agricultural production is known. 

6.2 EMISSION OF RELEVANT SUBSTANCES 
As in the EDIP 2003 methodology, Europe is considered the emitting region where aquatic eutrophication can be 

caused by emissions to air, water and soil. In practice the relevant substances include phosphorus and nitrogen 

compounds emitted to water and soil as well as ammonia (NH3) and nitrogen oxide (NOx) emitted to air. Air-

borne phosphorus accounts less than 3 percent of the waterborne emission (Berdowski and Jonker, 1994). 

 

The supporting information chapter presents eutrophying substances containing P or N, including equivalent 

amounts of N and NO3 – for several nitrogen containing substances that are relevant for freshwater systems. For 

some P containing substances this table gives equivalent amounts of P as well as the corresponding equivalents 

of nitrate. The latter is calculated according to the so-called Redfield ratio (Redfield et al., 1993) which refers to 

the typical composition of aquatic phytoplankton (C106H263O110N16P) indicating that for each molecule of P there 

are 16 molecules of N required. 

 

There are various routes along which P and N containing compounds can enter the water compartment. Diffuse 

emission through nutrient supply on agricultural land is distinguished from point emission by wastewater treat-

ment plants (N and P). In agricultural nutrient supply, a distinction is made between manure and fertilizer as they 

differ in fractions of N that is released to the air during application. Default fractions of 21 % for manure and 7 

% for fertilizer, have been proposed by Bouwman et al. (2002). Due to diffuse emission nutrients enter water 

bodies by surface run-off/erosion (N and P), leaching from soils after agricultural supply (N) or atmospheric 

deposition (relevant mainly for airborn NHy and NOx) and subsequent transport to surface water through 

groundwater drainage. Communal and - of minor importance - industrial wastewater treatment plants are the 

main point sources of both P and N. Both emission routes dominate the input of nutrients to freshwater systems. 

Direct deposition of airborne nitrogen on inland surface waters is of minor importance. 

 

Usually, in life cycle assessment both the agricultural topsoil and wastewater treatment plants are considered part 

of the technosphere (Potting and Hauschild, 2005). As a consequence, inventory data for N or P are deemed 

proper if they include emission rates from the technosphere into the receiving environment. For point sources 

such as communal wastewater treatment plants such net emission data are readily available and suitable in envi-

ronmental fate analysis. For N and P supply to agricultural soil, however, this can be troublesome as most often 

only gross supply in terms of kg nitrogen/ha/year is known, i.e. emission to the topsoil or to the technosphere. 

Conversion from gross supply to agricultural soil into emission from the topsoil accounting for uptake by plants, 

binding to topsoil and erosion, then seems inevitable. Annex B contains factors for nitrogen and phosphorus in 

manure and fertilizer applied to agricultural fields. These processes, however, vary highly with the texture of the 

soil, slope, landuse etc. and the conversion factors in Annex B are a preliminary representation of the environ-

mental mechanism. Therefore, a more accurate fate factor can be derived by means of the GIS based CARMEN 

model when dealing with gross supply of manure and fertilizer while accounting for widely varying agricultural 

fields in Europe.  

6.3 FATE 
CARMEN calculates the change in nutrient loads in ground water, inland waters and coastal seas from changes 

in net nutrient emissions or gross supplies. It models the transport of nutrients from agricultural supply and at-

mospheric deposition through groundwater drainage and surface runoff spatially resolved over 124320 grid ele-

ments of 1/6 X 1/6 degree (555 columns and 224 rows). It also models in a straightforward way the transport of 

nutrients that are emitted by wastewater treatment plants. CARMEN can be applied to establish fate or exposure 

factors for aquatic eutrophication. The European continent (32 countries where emission takes place) is subdi-

vided into•101 river catchments and 41 coastal seas. CARMEN models three sources categories (Figure 6.1): 

agricultural supply of manure and fertilizer (diffuse sources), N and P from effluent (point sources) of communal 

and industrial waste water treatment plants and airborn nitrogen depositions. As CARMEN does not contain the 

relationships between emission of N to air and depositions elsewhere, the model EUTREND is applied to calcu-

late depositions on land and coastal seas. From the combined computations with CARMEN and EUTREND in 

which the gross N deposition either due to manure or fertilizer supply is marginally increased with respect to the 

reference scenario, the attribution of the nitrogen emission from the topsoil of agricultural land could be derived: 

31 % is due to atmospheric NHy and NOx deposition, 28 % is due to manure and 41 % to fertilizer supply. 
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Figure 6.1: Main sources for N and P emission to soil, groundwater, surface waters and transport routes to the 

aquatic environment in the CARMEN model supplemented with EUTREND (Beusen, 2005). 

 

Elimination due to denitrification in anaerobic zones in freshwaters is treated in CARMEN as a constant with a 

generic removal of 30 %. Hence 70 % of the nitrogen input transports to sea. 

 

With CARMEN it is possible to evaluate the fate factor (FFx in yr/km3) for aquatic eutrophication of nutrient x 

emitted in Europe. It can be written as the marginal concentration increment dCx,j in tn/km
3
 in exposed aquatic 

system j due to a marginal increase of emission rate dMx (tn/yr): 

 

x

jx
x

dM

dC
FF

,
  (6.1) 

The aquatic system j may be one of the 101 river catchments or one of the 41 coastal seas as defined by CAR-

MEN (Beusen, 2005), see supporting information. 

 

Fate factors were derived on the bases of the summed increments in steady state concentration in every water 

system (dC), calculated with CARMEN, if the considered intervention dM, i.e. the marginal increase of emis-

sion rate (manure supply to soil or emissions from sewage treatment plants (STPs) or other emissions of P and 

N), is evenly increased by 1 % in all 32 countries of Europe (). 

 

The fate of N and P in manure and fertilizer that enters the soil compartment is calculated with the CARMEN 

model. Air emissions of NH3 and NO2, mainly due to agricultural activities but also from industry and transport, 

are input for EUTREND to compute deposition both on the European continent and on coastal seas. In turn, 

deposition on soil is again input for CARMEN. Equation (6.1) is applied to evaluate the fate factor of seawater 

and freshwater separately. If nutrient x is emitted directly to the water compartment, dMx is evaluated in a 

straightforward manner: tn x/yr with x = N or P. If the nutrient is applied as manure or fertilizer, fate and trans-

port in the soil and freshwater compartment are evaluated with respect to gross supply of either manure or fertil-

izer to the soil (source category i). The concentrations are normalized with respect to the area occupied by the 

water systems. The summation of the concentration of nutrient x over j seas is area weighted in order to be con-

sistent with the impact of aquatic toxicity in marine systems. This results in the following calculation of the fate 

factor for nutrients: 
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 (6.2) 

with Aj
k
 is the surface (km2) of water system j. The superscript k is used to discriminate inland water from 

coastal sea. The denumerator of Eqn (6.2) equals 1 % of the total annual emission of nutrient x. We distinguish 

the following interventions, referred to the year 1995: 
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 Gross supply of manure or fertilizer to agricultural soil. Fate factors for N for this intervention can 

be evaluated in two fashions: 

o dCj is computed with CARMEN for all processes occurring in soil and water that affect the 

fate of N. Due to volatilization, only a fraction of the gross application of N to soil will reach 

the topsoil. According to Bouwman et al. (2002), 79 % of total N in manure and 93 % of total 

N in fertilizer will enter the topsoil; 

o The complementary fractions of nitrogen in manure and fertilizer are emitted to the air as NH3. 

Deposition of NH3 on sea and soil is modeled with EUTREND. Deposited on soil N is sub-

jected to fate processes, modeled in CARMEN, that contribute to concentrations in coastal 

seas. dCj is the resultant of outputs from both models; 

 Both routes produce a concentration increment of N in coastal seas due to 1 % increase of gross 

manure or fertilizer supply, taking all fate processes in soil, air and water into account. Taking this 

into account a composite fate factor is evaluated. 

 Derivation of the fate factor for P is less complex as emission to air during manure or fertilizer 

supply is neglected. Only CARMEN is used to calculate dCj
k
. 

 Emission of N and P from the outlet of STPs. The average of N and P emission per capita is 4.6 

and 1.06 kg/yr in Europe, respectively. The environmental intervention regarding this point source 

is the emission of nutrients from the technosphere, i.e. emission after treatment in STPs. 

 EUTREND is applied to convert emissions of NH3 and NOx to air into deposition on sea and soil. 

In 1995 this was 6.81·106 tn NH3 and 1.99·107 tn NO2 in Europe. These values were taken for 1 % 

emission increments for whole Europe. Deposition on European soils was converted into concen-

tration in coastal seas with CARMEN. 

For freshwater also the summation of concentrations in rivers is also area weighted. 

 

The fate factors for the year 1995 are summarized in Table 6.1. Note that for N supply, either manure or fertil-

izer, a composite fate factor is given, i.e. both routes (through air and soil) to the receiving water compartments 

are included. The values of these composite fate factors are specific for the default percentages of N volatiliza-

tion. In the supporting information, a differentiation is made between air and soil for nitrogen emission due to 

supply of manure and fertilizer. Fate factors regarding aquatic eutrophication due to supply of manure or fertil-

izer are related to gross supply of P or N. Net supply of N and P takes only the share into account that is avail-

able to eutrophy surface water after uptake by plants and crops in the topsoil. 

 

Table 6.1: Fate factors for aquatic eutrophication. Interventions are agricultural P or N emissions to soil due to 

gross supply of manure or fertilizer. Midpoints are printed in bold. 

Intervention  Fate factor 

emission type  compartment dimension seawater Freshwater 

manure P Soil yr/km
3
 3.27·10

-6
 1.72·10

-5
 

fertilizer P Soil yr/km
3
 2.55·10

-6
 1.83·10

-5
 

manure N soil + air yr/km
3
 5.69·10

-6
 2.21·10

-5
 

fertilizer N soil + air yr/km
3
 5.21·10

-6
 3.16·10

-5
 

N from STP Freshwater yr/km
3
 7.17·10

-5
 3.42·10

-4
 

P from STP Freshwater yr/km
3
 7.28·10

-5
 3.44·10

-4
 

emission NH3 Air (yr·tn N)/(km
3
·tn NH3) 6.60·10

-6
 1.51·10

-5
 

emission NO2 Air (yr·tn N)/(km
3
·tn NO2) 2.79·10

-6
 4.95·10

-6
 

 

If only net agricultural N or P emissions to the receiving water systems are available (i.e. after uptake by plants 

in the top soil), the fate factors of the upper half of Table 6.1 are not appropriate. In that case the fate factors 

should be multiplied with the factors given in Table 6.2. The fate factors for the upper half of Table 6.1 pertain 

to supply of N/P to agricultural soil, however, when multiplied with the relevant factors of Table 6.2, fate factors 

are obtained that are appropriate for net N/P emissions from agricultural activities, i.e. if the net release from top 

soil to water bodies is given. 

 

Table 6.2: Net/gross correction factors for fate factors of agricultural emissions in Table 6.1. 

Emission compartment net/gross ratio 

manure P soil 19.33 

fertilizer P soil 19.33 

manure N soil + air 14.46 

fertilizer N soil + air 8.57 
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If volatilization percentages of NH3 during the application of manure and fertilizer differ from the defaults, i.e. 

21 % and 7 %, respectively, the data in Table 6.1 and Table 6.2 are not valid. In case other volatilization per-

centages are more realistic, a method for this conversion is provided in the supporting information. It is common 

practice in LCA impact assessment to combine characterization with normalization. Composite characterization 

factors (for soil and air emissions) are inconvenient as normalization requires a characterization factor that is 

based upon a single emission compartment. Therefore, also emission compartment resolved fate factors are pro-

vided. These fate factors require the amount N emitted to air and soil in a straightforward fashion. Composite 

fate factors that cover both transport routes are given in case only net emissions are available and volatilization 

percentages deviate from the defaults. 

6.4 MIDPOINT CHARACTERIZATION 

6.4.1 FATE FACTORS WITH RESPECT TO RELEVANT WATER SYSTEMS 

Biomass growth in different aquatic ecosystems may be limited by different nutrients. Most of the time, aquatic 

ecosystems are saturated by either nitrogen or phosphorus, and only the non-saturated element (the limiting fac-

tor) will cause eutrophication (e.g. Kristensen and Hansen. 1994, Crouzet et al. 1999). In temperate and sub-

tropical regions of Europe, freshwaters are typical limited by phosphorus, whereas nitrogen usually limits pro-

duction of algal biomass in marine waters (e.g., Crouzet et al. 1999). Here we assume that the limiting nutrient is 

N in all coastal waters and P in all freshwaters and therefore marine and inland waters are treated as two sub-

categories under aquatic eutrophication. Therefore, only the fate factors printed in bold (Table 6.2) are consid-

ered midpoints. 

6.4.2 AQUATIC EUTROPHICATION POTENTIALS 

In European regions, where moderate climate conditions prevail, sea and freshwater have distinct limiting nutri-

ents, being nitrogen and phosphorus, respectively. This divides eutrophication into two different impact catego-

ries: one for nitrogen enrichment of seawater and one for phosphor enrichment of freshwater. For both impact 

categories it is convenient, f.i. for normalization purposes, to relate different fate factors to direct emissions to 

water. For seawater eutrophication, reference can be made to emission of N from STPs to freshwater (which will 

reach coastal waters) and P emission from STP to freshwater for freshwater eutrophication. This requires that all 

fate factors have the same units. For emission of NH3 and NO2 to air in Table 6.1 the fate factor should also 

expressed in yr/km3 by multiplying with the factors 17/14 and 46/14, respectively. For gross N supply to agricul-

tural land, the eutrophication potentials in Table 6.3 are only valid for default volatilization fractions of N sup-

ply. In the supporting information a calculation routine is provided for deviating volatilization rates. 

 

The fate factors in Table 6.3 and Table 6.4 are the characterization factors (CF) at the midpoint level. 

 

Table 6.3: Fate factors (midpoint CF) and eutrophication potentials (EP seawater) 

Intervention fate factor 

yr/km
3
 

EP seawater 

(-) emission type  compartment 

manure N soil + air 5.6910
-6

 0.079 

fertilizer N soil + air 5.2110
-6

 0.073 

N from STP freshwater 7.1710
-5

 1 

emission NH3 Air 8.0110
-6

 0.112 

emission NO2 Air 9.1810
-6

 0.128 

 

For P in freshwater, the eutrophication potentials are given in Table 6.4. 

 

Table 6.4: Fate factors (midpoint CF) and eutrophication potentials (EP freshwater) 

Intervention fate factor 

yr/km
3
 

EP freshwater 

(-) emission type  compartment 

manure P Soil 1.7210
-5

 0.050 

fertilizer P Soil 1.8310
-5

 0.053 

P from STP freshwater 3.4410
-4

 1 
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6.5 ENDPOINT CHARACTERIZATION 
Until now, it has not been feasible to formulate a damage function in dimensions of “potentially vanished frac-

tion” or “potentially disappeared fraction” (PDF) per concentration increase, or the total speciesloss. Such a 

damage function can be attached to the midpoint through multiplication yielding an endpoint characterization 

factor. Here we make an attempt to evaluate a damage factor for eutrophication of freshwater due to the emission 

of phosphor. 

 

Whether aquatic nutrient enrichment leads to an environmental problem or not depends on local factors like 

topography, physical and chemical nature of water bodies. Here we make an attempt to assess ecological damage 

due to eutrophication of freshwater caused by too high concentrations of phosphorus. Aquatic species as well as 

chemical and physical parameters are monitored in various Dutch surface waters on a regular basis. We selected 

the combination of phosphorus concentration and the number of macrofauna species to analyze aquatic eutrophi-

cation in freshwaters. In Figure 6.2 the number of species per location is plotted against the phosphorus concen-

tration. The dome shaped cloud of points indicates that many stressors may affect the species diversity at varying 

levels. In the left part (< 30 µg/L) the number of species decreases with lower P concentrations due to phospho-

rus deficiency. In the range of P concentrations between 30 and 300 µg/L freshwater may have any number of 

macrofauna species between zero and the optimal number of 129. This number reflects the absence of environ-

mental stressors, whereas zero indicates a great influence of all other possible stressors. The cloud of points 

enables interpretation by drawing a contour line (for example the 95th percentile of the number of species per P 

concentration) which indicates impairment of most invertebrates due to disturbing conditions in freshwater. A 

concentration as high as 10,000 µg/L (point B), inhibits the occurrence of any macrofauna species, even if all 

other conditions are optimal. In the range between 300 and 10,000 µg/L a declining number of species due to an 

increasing dominancy of eutrophication becomes visible as a contour line, indicating P enrichment that decreases 

essential requirements for aquatic life of invertebrates. Point B indicates that nutrient enrichment has pushed the 

ecosystem over the edge. The unbalanced growth of phytoplankton and macrophytes causes the water to become 

obfuscated and depleted from oxygen and macrofauna life has become virtually impossible. 

 

 
Figure 6.2: Number of macrofauna species in Dutch freshwater systems monitored during the summer period. 

(source: STOWA, 2005). 

 

Figure 6.2 is, however, not suitable to derive a quantitative relationship between the P concentration and the 

occurrence of macrofauna. We discarded all biosurvey data with a P concentration below 100 µg/L and aggre-

gated species into genera (total 251). For each genus the relative abundance (Aburel) was evaluated for 20 inter-

vals of log CP. Aburel < 0.05 is considered absence (= 0) otherwise the species is present (= 1). The variation 

among 251 genera in response to log CP is regarded a Species Sensitivity Distribution (SSD). For each concen-
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tration interval the Potentially Disappeared Fraction (PDF) is computed according to: PDF = 1 – (number pre-

sent/251) and plotted versus CP as in Figure 6.3. 

 

 
Figure 6.3: Potentially Disappeared Fraction (of macrofauna genera) vs the concentration P in freshwater. 

 

Phosphor concentrations in almost all European freshwaters are in the range between 0 and 2000 µg/L (or 

tn/km
3
)which is in the more or less linear part of the PDF curve. The damage factor (DF) is obtained from the 

slope and because PDF is dimensionless DF has units of km
3
/tn. The characterization factor at the endpoint level  

is the product of the fate factor in Table 6.4 and this damage factor in Figure 6.3. This gives results in units of 

PDF.yr per ton in the one but last column of Table 6.5. This damage occurs in a volume that is as large as the 

entire freshwater volume in CARMEN. This volume is estimated by multiplying the entire freshwater surface in 

the model (2.95x10
11

 m
2
) with an average water depth of 3 meter. This results in a volume of 8.85x10

11
 m

3
. 

 

 

Table 6.5: Endpoint characterization for freshwater eutrophication. 

  Dissapeared fraction (PDF) 
Characterisation 

factor 

emission type emission compartment PDF.yr/tn PDF.yr∙m
3
/kg Species.yr/kg 

manure P Soil 3.210
–9

 2.81 2.22x10
-9

 

fertilizer P Soil 3.410
–9

 2.99 2.36x10
-9

 

P from STP Freshwater 6.410
–8

 56.3 4.44x10
-8

 

6.6 DISCUSSION AND CONCLUSIONS 
In the designation of fate factors for aquatic eutrophication, the concept of limiting nutrient can be denied, in 

principal. Fate factors for N and P were evaluated for inland and coastal waters (Table 6.1) ignoring the fact one 

or the other nutrient is always limiting algae or duckweed growth. Application of the Redfield ratio (Redfield et 

al., 1993) referring to the typical composition of aquatic phytoplankton (C106H263O110N16P), allows conversion of 

all fate factors into exposure factors by multiplication with the Redfield ratio. Table 6.6 converts the mass of a 

nutrient into plant biomass. Multiplication would convert fate factors (in yr/km
3
) into in exposure factors in 

terms of (ton algae/ton nutrient)·(yr/km
3
). 

 

Table 6.6: Conversion factors for phosphorus and nitrogen, based on the Redfield ratio 

Nutrient tn algae/tn nutrient 

P 114.5 

N 15.8 

 

For the midpoints, however, we adopt the concept of limiting nutrients and only the fate factors printed in bold in 

Table 6.1 are considered appropriate characterization factors for the relevant water systems. As a consequence, 

this would result in exposure factors as given in supporting information. If the concept of the limiting nutrient is 

abandoned, both N- and P-nutrients in one receiving compartment can be aggregated by multiplying the fate 

factors for both P and N with the Redfield ratios of Table 6.6. 
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Further aggregation is feasible because in principle, the produced phytoplankton also requires a certain amount 

of oxygen due to bacterial degradation of the biomass (see e.g. Samuelsson 1993). Accordingly, emissions of 

phosphorus and nitrogen compounds may be expressed in units of biological oxygen demand (BOD) or COD to 

indicate the loading of surface water with organic material. Phosphorus, nitrogen and organic waste can thus be 

aggregated into a single score by characterization factors related to the impact indicator of oxygen depletion in 

water systems that are naturally aerobic. 

 

At the midpoint, we have chosen to consider the fate factor to be equal to the characterization factor only for the 

limiting nutrient. A comparison with the EDIP 2003 midpoint for aquatic eutrophication is not well feasible. 

Potting and Hauschild (2005) applied the CARMEN model in a different fashion. Even in their “site generic” 

approach their results express the emitted fraction of nutrient that is available to eutrophy surface water and as 

such cannot be used to compare to a fate factor in units of year/km
3
. 

 

The impact score in the EDIP 2003 method is fraction multiplied by nutirient emission (intervention) and has 

dimensions of ton nutrients per year that eutrophy surface water, whereas in our approach the impact score has 

the dimensions of concentration (tn/km
3
) in the surface water of protection: fate factor (yr/km

3
) multiplied by 

nutrient emission (tn/yr). 

 

In the formulation of fate factors for nitrogen that enters seawater exclusively via air, exclusively through soil or 

via both routes, for practical reasons we prefer additivity with respect to the impacts score over additivity with 

respect to fate factors. Thus the sum of fate factors for N to air and soil is not equal to the composite fate factor. 

However, the impact scores are additive, provided that the emission of N can be split up into fractions emitted to 

air and to soil. For example, if the intervention is 100 tn manure N per year supplied to agricultural land, the sum 

of the impact scores calculated with fate factors is equal to 79  4.3110
–6

 + 211.0910
–5

 = 5.6910
–4

 tn/km
3
 

for the default scenario. This is similar to 100 multiplied by the composite fate factor (5.6910
–6

 yr/km
3
). 

 

The assumed volatilization percentages are average values for all regions. This is also true for the assumption 

that 30 % of N in lakes and rivers is converted into N due to denitrification. Other sources of uncertainty and 

variability are the neglect of any emission of phosphorus to air and the assumption that there is no import from 

outside of Europe. 
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6.8 SUPPORTING INFORMATION 
Redfield ratio based conversion factors (last column) 

Conversion factors for inventory data that refer to loading the technosphere (agricultural topsoil and waste-

water treatment), according to EDIP 2003 (Potting and Hauschild, 2005) 

Alternative scenarios of N supply to agricultural fields 

Exposure factors 

Characteristics of European freshwater systems in CARMEN 

Characteristics of European coastal seas in CARMEN 

Countries in Europe as emission regions considered in CARMEN 

6.9 SUMMARY TABLE 
Entity Content 

impact category Eutrophication 

LCI results eutrophying substances: N and P compounds 

midpoint indicator(s) (with abbreviation) freshwater eutrophication (FE) 

marine eutrophication (ME) 

unit of midpoint indicator(s) kg (P to freshwater) 

kg (N to freshwater) 

midpoint characterisation factor (with abbreviation) FEP 

MEP 

unit of midpoint characterisation factor – (or kg/kg) 

– (or kg/kg) 

endpoint indicator(s) (with abbreviation)  

unit of endpoint indicator(s) Yr 

endpoint characterisation factor (with abbreviation) 4.44x10
-8

 
unit of endpoint characterisation factor yr/kg 
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7 TOXICITY
18

 

Mark A.J. Huijbregts
19

, Rosalie van Zelm, Linda Rombouts, Ad Ragas, Jaap Struijs, Mark Goedkoop, Reinout 

Heijungs, Jasper Harbers, Arjen Wintersen, Leo Posthuma, Jan Hendriks, Dik van de Meent 

7.1 INTRODUCTION 
The characterisation factor of human toxicity and ecotoxicity accounts for the environmental persistence (fate) 

and accumulation in the human food chain (exposure), and toxicity (effect) of a chemical. Fate and exposure 

factors can be calculated by means of ‘evaluative’ multimedia fate and exposure models, while effect factors can 

be derived from toxicity data on human beings and laboratory animals (Hertwich et al., 1998; Huijbregts et al., 

2000). A commonly applied multimedia fate, exposure and effects model is USES-LCA, the Uniform System for 

the Evaluation of Substances adapted for LCA purposes (Huijbregts et al., 2000). The present chapter outlines an 

update of the fate, exposure, effect and damage part of USES-LCA, based on Huijbregts et al. (2005a, b), Van de 

Meent and Huijbregts (2005) and Van Zelm et al. (2007,2009). The update is referred to as USES-LCA 2.0. 

7.2 FATE AND EXPOSURE FACTOR  
The marginal change in the steady state concentration in an environmental compartment due to a marginal emis-

sion change is defined as the compartment-specific fate factor (Huijbregts et al., 2005a): 

  (7.1) 

in which Fj,i,x represents the compartment-specific fate factor that accounts for the transport efficiency of sub-

stance x from compartment i to and persistence in compartment j (year.m
–3

), Cj,x is the marginal change in the 

steady state dissolved concentration of substance x in compartment j (kg.m
–3

), and Mi,x is the marginal change in 

the emission of substance x to compartment i (kg.year
–1

). USES-LCA 2.0 calculates compartment-specific fate 

factors for 1 freshwater, 1 sea, 3 oceanic and 7 soil compartments. Emission compartments identified were urban 

air, rural air, freshwater, seawater, agricultural soil and industrial soil on the Western European scale. 

 

The marginal change in steady state intake of substance x in the total human population at scale g via intake 

route r due to a marginal emission change in compartment i is defined as the route-specific intake fraction of the 

human population (Huijbregts et al., 2005a): 

  (7.2) 

in which iFr,i,x,g represents the human population intake fraction at geographical scale g that accounts for trans-

port of substance x via intake route r from emission compartment i (dimensionless), and ∂Ir,x,g is the marginal 

change in the intake of substance x by the human population via intake route r (kg.day
–1

) at scale g.  

Table 7.1 shows the emission compartments, the environmental receptors and human intake routes identified in 

the fate factor calculations are also shown in 

Table 7.1. 

 

Table 7.1: Emission compartments, environments and human exposure routes included 

Emission compartments Environmental receptors Human exposure routes
 

Urban air Terrestrial environment Inhalation 

Rural air Freshwater environment
 

Ingestion via root crops 

 

                                                           
18 The text of this chapter was based on the following papers:  

 Huijbregts MAJ, Struijs J, Goedkoop M, Heijungs R, Hendriks AJ, Van de Meent D. 2005. Human population intake 

fractions and environmental fate factors of toxic pollutants in Life Cycle Impact Assessment. Chemosphere 61 (10): 

1495-1504. 

 Huijbregts MAJ, Rombouts LJA, Ragas AMJ, Van de Meent D. 2005. Human-toxicological effect and damage fac-

tors of carcinogenic and non-carcinogenic chemicals for life cycle impact assessment. Integrated Environmental As-

sessment and Management 1 (3): 181-244. 

 Van Zelm R, Huijbregts MAJ, Harbers JV, Wintersen A, Struijs J, Posthuma L, Van de Meent D. 2007. Uncertainty 

in msPAF-based ecotoxicological freshwater effect factors for chemicals with a non-specific mode of action in life 

cycle impact assessment. Integrated Environmental Assessment and Management 3 (2): 203-210. 

 Van Zelm R, Huijbregts MAJ, Wintersen A, Posthuma L, Van de Meent D. 2009. Pesticide ecotoxicological effect 

factors and their uncertainties for freshwater ecosystems. Int. J. LCA 14: 43-51. 
19 Corresponding author (m.huijbregts@science.ru.nl). 
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Freshwater Marine environment
 

Ingestion via leaf crops 

Sea water  Ingestion via meat products 

Agricultural soil  Ingestion via dairy products 

Industrial soil  Ingestion via eggs 

Natural soil  Ingestion via freshwater fish 

  Ingestion via marine fish 

  Ingestion via drinking water 

 

The nested multimedia fate model Simplebox 3.0, developed by Den Hollander et al. (2004) and included in the 

newest version of EUSES (EC, 2004), forms the basis of the update of USES-LCA. The SimpleBox fate model 

has four spatial scales (local, regional, continental and hemispheric) and three climate zones, reflecting arctic, 

moderate and tropic climatic zones of the Northern hemisphere. The model structure of Simplebox has been 

adapted to meet LCA-specific demands. These changes are discussed below.  

Discarding the local and regional scale 

In almost all current life cycle inventories, emissions are summed up per pollutant regardless of their geographi-

cal place of occurrence. This results in an inventory outcome that lacks any retrievable relation with a particular 

region. Consequently, the local and regional scales are not used in the calculation of fate factors. 

Urban and rural area at the continental scale 

To model the consequences of multimedia fate and exposure in high and low density populated areas, the conti-

nental scale is subdivided into a (sub)urban and rural scale. The (sub)urban scale is nested in the rural scale and 

has two compartments, air and urban soil. The number of people on the (sub)urban scale is approximately 100 

million persons in Western Europe. Assuming a population density of 2000 persons.km
–2

, the urban area equals 

5,000 km
2
. The rural scale includes the compartments air, freshwater, freshwater sediment, sea water, sea water 

sediment, natural soil, agricultural soil and industrial soil. In the fate and exposure calculations, emissions to air 

are specified for the urban and rural air, respectively. Emissions to industrial soil are modelled as emissions to 

‘industrial soil’ in the rural area. 

Soil depth-dependent intermedia transport 

In standard multimedia mass balance models, the soil compartment is modeled as a box with uniform concentra-

tions, which often does not correspond with actual field situations. Therefore, the theoretically expected decrease 

of soil concentrations with depth was implemented in USES-LCA 2.0. Soil-related intermedia processes, such as 

volatilisation, leaching, run off, drainage and transpiration by vegetation were modelled with depth-specific soil 

concentrations (Hollander et al., 2004). 

Rain – no rain conditions 

Hertwich (2001) found that under continuous rain conditions, particularly air concentrations are not appropri-

ately estimated for substances with a low gas/water partition coefficient (<10
-5

 at 25 C). Rain-no rain conditions 

are implemented in USES LCA 2.0 according to the intermittent rain model as outlined by Jolliet and Hauschild 

(2005). 

Vegetation at the hemispeheric scale 

For the assessment of human population intake fractions, marginal concentration changes in above and below 

ground crops are needed. Therefore, vegetation compartments were included at the three zones at the hemi-

spheric scale. 

Ecological soil depth 

The average concentration of the top 20 cm of the soil is included in the calculation of terrestrial fate factors, 

assuming that terrestrial species are exposed to contaminants in the top 20 cm of the soil only.  

Drinking water concentrations 

The calculation of the marginal concentration change in drinking water on the continental scale is added to Sim-

plebox 3.0, using both the marginal surface water concentration change after purification and the marginal 

groundwater concentration change. It is assumed that drinking water from ground water comes from agricultural 

soil, natural soil and industrial soil, aggregated by the soil surface area fractions of the three soil types. For the 

human exposure assessment, concentrations in ground water were calculated at 1 m. 
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Egg, dairy and meat product concentration 

Simplebox 3.0 does not calculate concentrations in eggs, dairy and meat products. The equations applied to cal-

culate concentrations in these media are, however, needed in the human population intake fraction calculations. 

For these animal-derived food items concentrations are calculated following Hertwich et al. (2001). 

Human transfer factors 

Region-specific food item production rates for the year 2000 have been derived from food production statistical 

databases provided by the Food and Agriculture Organisation of the United Nations (FAO, 2004). These produc-

tion statistics were corrected to reflect the amount produced for human consumption. Additionally, for fruits, 

treenuts, pulses, leafy vegetables and root crops a second correction factor is introduced to reflect the edible part 

of the human food produced. Table 7.2 shows the effective human production rates of the food items included. 

Population numbers, average human intake rates of air and drinking water are also listed. 

pH-dependency 

pH-dependency of (a) the Henry coefficient of dissociating substances (Shiu et al., 1994), (b) soil-water parti-

tioning coefficients for a number of metals (Sauvé et al., 2000) and (c) rates of hydrolysis in water, soil and 

sediments of dissociating substances were taken into account in the model calculations. 

 

Table 7.2 Human consumption rates for drinking water and inhalation, and effective food production rates ap-

plied in the human population intake fraction calculations 

Parameter Unit C M A T Source 

Number of humans  2.710
8
 (R) 

1.0.10
8
 (U) 

2.210
9
 9.810

7
 2.710

9
 a 

Drinking water intake m
3
.capita

-1
.y

-1
 5.1.10

-1 
5.1.10

-1 
5.1.10

-1 
5.1.10

-1 
b 

Inhalation m
3
.capita

-1
.y

-1
 4.9.10

3 
4.9.10

3 
4.9.10

3 
4.9.10

3 
b 

Freshwater fishery produc-

tion 

kgwwt.y
-1 

8.3.10
8
 na na Na c 

Marine fishery production kgwwt.y
-1 

1.5.10
9
 41.10

10
 ng 1.4.10

10
 c 

Cereal production kgwwt.y
-1 

1.2.10
11 

5.3.10
11

 3.0.10
10

 3.3.10
11

 c 

Fruit production kgwwt.y
-1 

4.4.10
10

 1.1.10
11

 1.6.10
9 

1.2.10
11

 c 

Vegetable production kgwwt.y
-1 

4.0.10
10

 3.0.10
11

 6.0.10
9 

1.5.10
11

 c 

Treenuts production kgwwt.y
-1 

6.1.10
8
 2.8.10

9
 2.1.10

4
 1.4.10

09
 c 

Pulses production kgwwt.y
-1 

2.2.10
9 

7.9.10
9
 1.1.10

9 
1.3.10

10
 c 

Roots and tubers produc-

tion 

kgwwt.y
-1 

2.3.10
10

 1.3.10
11

 9.9.10
9 

1.0.10
11

 c 

Meat production kgwwt.y
-1 

3.6.10
10

 1.1.10
11

 3.9.10
9 

4.3.10
10

 c 

Milk production kgwwt.y
-1 

1.1.10
11

 1.7.10
11

 1.8.10
10

 1.1.10
11

 c 

Egg production kgwwt.y
-1 

4.8.10
9 

2.8.10
10

 1.1.10
9 

1.1.10
10

 c 

C= Continental scale; M = Moderate zone; A = Arctic zone; T = Tropic zone; R = rural area; U = urban area 

na = not applicable; ng = negligible 
a Haub (2003); b USEPA (1999); c FAO (2004) 

Degradation half lifes 

Degradation rates in water were specified as hydrolysis, photo-degradation and biodegradation separately. Bio-

degradation half lifes in sea water were set 3 times higher compared to freshwater (EC, 2004). In case no quanti-

tative information on biodegradation rates was available, primary degradation classes, estimated by the EPIWIN 

software (US-EPA, 2005), were used to derive biodegradation half lifes.. For degradation half lifes in vegetation 

no estimation routine was found in the literature. Based on empirical information for 34 substances on degrada-

tion half lifes in soil (Howard et al., 1991) and degradation half lifes derived from standardised plant cell culture 

tests (Komoßa et al., 1995), degradation half lifes in vegetation were set 15 times lower compared to soil. 

7.3 ECOTOXICOLOGICAL EFFECT FACTOR  
For ‘ecotoxicity’, calculation of the combined ecotoxicological effects of mixtures of toxic chemicals on sets of 

species, as described by Traas et al. (2002), assumes independence of the different toxic modes of action: 

  (7.3) 

where the mode of action-specific disappearance of species, PDFk, can be approximated by an L(E)C50-based 

species sensitivity distribution per mode of action k (Posthuma and De Zwart, 2006): 

  (7.4) 

 1 1tox k

k

PDF PDF  

( ) 50L E C

k kPDF PAF
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As the focus is on marginal changes in ecological and human damage due to marginal changes in the production 

of goods and services, the ecotoxicological effect factor for substance x is obtained by partial differentiation of 

the msPDF-equation (Huijbregts et al., 2002). The partial derivative msPDF/Cx for ecotoxic pollutants is split 

into three factors: 

  (7.5) 

where TUk represents the effective toxicity (in toxic units) of a group of pollutants with the same mode of action 

and Cx is the environmental concentration of substance x with mode of action k. 

 

Starting from concentration addition for chemicals with the same toxic mode of action k (De Zwart and Post-

huma 2005, Könemann and Pieters 1996) and a lognormal Toxic Unit (TU)-response function, PDFtox/TUk is 

summarized by (Van Zelm et al., 2007): 

  (7.6) 

This derivation shows that PDFtox/Cx consists of a TMoA-specific part (∂PDFtox/∂TUk) and a chemical-

specific part (∂TUk/∂Cx). Based on Van Zelm et al. (2007) and Van Zelm et al (2009), we derived an average 

∂msPAF/∂TU from 22 modes of action in freshwater ecosystems of 0.55 effect unit per toxic unit. The 

∂PDFtox/∂TUk is set at a typical value of 0.55 effect unit per toxic unit added, without a further specification per 

mode of action or ecosystem type due to lack of data. 

7.4 HUMAN-TOXICOLOGICAL EFFECT AND DAMAGE FACTOR  
As shown by Hofstetter (1998), the concept of DALY is a powerful concept to address human health damages in 

LCA. The overall human population damage, expressed as DALY caused by a number of diseases (DALYov), can 

be estimated by: 

  (7.7) 

where Npop is the total population number, DALYe is the DALY for disease type e and Re is the probability of 

occurrence of disease type e in the human population. 

 

Taking DALYov as a measure of overall human population damage, the derivative Damage/Intake can be de-

scribed by: 

  (7.8) 

The damage factor D/R can be calculated by (Huijbregts et al., 2005b) 

  (7.9) 

where DALYe is the sum of Years of Life Lost (YLLe) and Years of Life Disabled (YLDe) caused by disease type 

e: 

  (7.10) 

Damage factors were derived from the extensive burden of disease and health statistics provided by Murray and 

Lopez (1996a, b) on a world level for 1990. Applying equal weightings for the importance of 1 year of life lost 

for all ages and no discounting for future damages. For carcinogenic substances, the typical cancer damage fac-

tor is 11.5 years of life lost per incidence case, ranging from 4 years lost for prostate cancer to 28 years lost due 

to leukemia. The typical non-carcinogenic damage factor is 2.7 years of life lost per incidence case, ranging from 

0.1 years lost for panic disorder to 80 year lost due to a number of congenital anomalies, such as renal agenesis 

(Huijbregts et al., 2005b).  

 

Starting from dose addition (joint action or simple similar action) for chemicals with the same mode of action 

(Plackett and Hewlett 1952; Könemann and Pieters 1996; Wilkinson et al. 2000; Chen et al. 2001) and a log-

normal human relative dose-response function (Hattis 1996, 1997; Renwick and Lazarus 1998), The derivative 

Re/Ix, representing the mode of action specific-part of the human-toxicological effect factor, can be calculated 

by (Huijbregts et al., 2005b): 
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  (7.11) 

where Re/Ix indicates the marginal change in the probability of occurrence of human health effect e by a mar-

ginal change in the Intake of chemical x (kg
–1

).  

 

To derive Re/TUe for the 49 disease types identified, we assumed for all carcinogenic effect types a log of 0.59 

and for all non-carcinogenic effect types a log of 0.26. Disease probability of occurrence statistics were provided 

by Murray and Lopez (1996b) on a world level for 1990. The average Re/TUe, weighted by life-time incidence 

cases, of carcinogenic effects is 0.22. The average non-cancer Re/TUe is 0.66. These numbers are higher than 

reported in Huijbregts et al (2005b) due to the fact that disease prevalence data were previously used instead of 

life time incidence rates. The latter are preferable. 

 

The carcinogenic chronic dose affecting 50% of a laboratory species of the substance added (ED50) was ob-

tained from the Carcinogenic Potency Database (CPDB), developed by Gold and Zeiger (1997). ED50s were 

reported as an average of all exposure routes considered (Gold and Zeiger 1997; Gold 2004). If the CPDB re-

ports for a substance a carcinogenic ED50 for more than 1 species, the order of preference is monkey, than dog, 

rat, hamster and mouse. For substances lacking a carcinogenic ED50 in the CPDB, the carcinogenic low dose 

slope factor qx
*
 was used to estimate the carcinogenic ED50 (Huijbregts et al., 2005b). 

 

In case of non-carcinogenic effects, chronic ED50s were not readily available. Based on dose-response data 

reported in the Integrated Risk Information System (IRIS) of the USEPA (2004), we calculated ingestion ED50s 

for 12 substances and inhalation ED50s for 9 substances. The ED50 of the binary dose-response data was deter-

mined by fitting a probit model to the data. The ED50 of the continuous dose-response data was determined by 

fitting a linear dose-response model to the data using USEPA’s benchmark dose software (BMDS), version 1.3.2 

(USEPA 2000). For most of the substances, however, insufficient data were available to derive a non-

carcinogenic ED50 with dose-response models. In these cases, the ED50 has been estimated from the No Ob-

served Effect Level (NOEL) or the Lowest Observed Effect Level (LOEL). 

 

After deriving the ED50 for laboratory species, the life-time ED50 for humans can be calculated by extrapolation 

from test species to humans and extrapolation from sub-acute or semi-chronic exposure to chronic exposure: 

  (7.12) 

where ED50x,r is the life-time dose of substance x via exposure route r affecting 50% of the human population 

(kg), ED50,a,t,x,r is the effect dose of substance x via exposure route r affecting 50% of the population test species 

a for exposure duration t (kg.kg
–1

.day
–1

 or kg.m
–3

), CFa the conversion factor for interspecies differences (–), CFt 

is the conversion factor for differences in time of exposure (–), Xr is the average body weight of humans (70 kg) 

or the average breath intake of humans (13 m
3
.day

–1
), LT is the average lifetime of humans (75 years), N the 

number of days per year (365 days.year
–1

). 

 

Table 7.3: Interspecies conversion factors 

Species CF interspecies (-) Average bodyweight (kg) Source 

human 1.0 70 - 

pig 1.1 48 Baird, 1996 

dog 1.5 15 Vermeire et al., 2001 

monkey 1.9 5 Vermeire et al., 2001 

cat 1.9 5 Expert judgement 

rabbit 2.4 2 Vermeire et al., 2001 

hen 2.6 1.6 Baird, 1996 

mink 2.9 1 Expert judgement 

guinea pig 3.1 0.750 Vermeire et al., 2001 

rat 4.1 0.250 Vermeire et al., 2001 

hamster 4.9 0.125 Baird, 1996 

gerbil 5.5 0.075 Expert judgement 

mouse 7.3 0.025 Vermeire et al., 2001 

 

The combined human effect and damage factor can be approximated by 
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  (7.13) 

where Er,x,c/nc represents the human effect and damage factor of substance x via intake route r in terms of loss 

of disability adjusted life years per kg of intake for carcinogenic or non-carcinogenic efect (yrlost.kg
–1

). Combin-

ing disease-specific ∂DALY/∂R and ∂R/∂TU outcomes, the average ∂DALY/∂TU for carcinogens is 2.5 yrlost and 

for non-carcinogens 1.3 yrlost. Because of the relatively high uncertainty in these numbers (see Huijbregts et al., 

2005b for further details) we prefer to work with one default ∂DALY/∂TU for all chemicals and effects which is 

set equal to the average of the carcinogens and non-carcinogens (1.9 yrlost). 

7.5 ENDPOINT CHARACTERISATION FACTOR 
The compartment-specific ecotoxicological characterisation factor consists of a fate factor, an effect factor and a 

species density factor: 

  

 xjxijxij EFCF ,,,,,   (7.14) 

where CFj,i,x is the compartment-specific environmental characterisation factor of chemical x emitted to com-

partment i and transported to compartment j (year.kg
–1

). 

 

In a next step, the compartment-specific characterisation factors were aggregated on the basis of the compart-

ment’s volume and area to an environment-specific characterisation factor for the marine and terrestrial envi-

ronment, respectively: 

 qj

j

xijqxij WCFSDCF   ,,,,  (7.15) 

where CFq,i,x represents the environment-specific characterisation factor for substance x emitted to compartment i 

causing effects in environment q (m2.year.kg
–1

), Wj is the area or volume of compartment j (m2 or m3) in envi-

ronment q and SDq the species density of enviromment q (1/m2 or 1/m3). 

 

The scale-specific human characterisation factor consists of a fate factor and combined effect and damage factor: 

  (7.16) 

where CFr,i,x,g,c/nc represents the human characterisation factor for carcinogenic or non-carcinogenic effects at 

scale g that accounts for transport of substance x via intake route r (ingestion, inhalation) from emission com-

partment i (year.kg
–1

). For substances that lack relevant effect data on the exposure route of interest, route-to-

route extrapolation with help of allometric scaling factors, and oral and inhalatory absorption factors was per-

formed (EC, 2004). In case chemical-specific information on absorption factors was lacking, complete oral and 

inhalatory absorption was assumed.  

 

The route-specific (oral, inhalation), scale-specific (continental, moderate, tropic, arctic) and effect-specific 

(carcinogenic, non-carcinogenic) human characterisation factors were aggregated to an overall human population 

characterisation factor of substance x emitted to compartment i:  

  (7.17) 

7.6 MIDPOINT CHARACTERISATION FACTOR 
The midpoint characterisation factor for ecotoxicity includes the fate factor, C/M, and the chemical-specific 

part of the effect factor, TU/C. The step towards the marginal change in the disappeared fraction of species, 

msPDF/TU, has been excluded. This has been modelled as a constant (0.55) due to lack of data, implying that 

there are no chemical-specific and ecosystem-specific differences introduced by this factor. 

 

The midpoint characterisation factor for human includes the fate and exposure factor, I/M, and the chemical-

specific part of the human-toxicological effect and damage factor, TU/I. The step towards the marginal change 

in the disability adjusted life years, DALY/TU, has been excluded. This has also been modelled as a constant 

(1.9 yrlost) due to lack of chemical-specific data. 

 

The chemical 1,4-dichlorobenzene was used as a reference substance in the midpoint calculations (to urban air 

for human toxicity, to freshwater for freshwater ecotoxicity, to seawater for marine ecotoxicity and to industrial 

soil for terrestrial ecotoxicity). 
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7.7 UNCERTAINTIES AND CHOICES: PERSPECTIVES 
 

Table 7.4: Choices made in the three perspectives 

Item E H I 

Time horizon Infinite 100 years 100 years 

Exposure routes 

for human tox-

icity 

All exposure routes for all 

chemicals 

All exposure routes for all 

chemicals 

Organics: all exposure routes 

Metals: drinking water and 

air only 

Environmental 

compartments 

for marine 

ecotoxicity 

Sea + ocean for all chemicals Sea + ocean for all chemicals Sea + ocean for organics and 

non-essential metals. For 

essential metals the sea com-

partment is included only, 

excluding the oceanic com-

partments 

Carcinogenity All chemicals with reported 

TD50 

All chemicals with reported 

TD50 

Only chemicals with TD50 

classified as 1, 2A, 2B by 

IARC 

Human health 

effect point 

DALY DALY DALY 

Minimum num-

ber of tested 

species for 

ecotoxicity 

1 1 4 

Time horizon 

As shown by Huijbregts et al (2001), the impact of metals largely depend on the time horizon of interest. We 

choose to define the egalitarian scenario with an infinite time horizon, while the hierarchistic and individualistic 

scenario takes a time horizon of 100 years as a starting point..  

Exposure routes 

USES-LCA assumes in the calculation of human population intake fractions for metals that the concept of bio-

concentration, generally applicable for organic pollutants, also holds for inorganics. However, this assumption 

may be doubtful. For instance, McGeer et al. (2003) found an inverse relationship between the bioconcentration 

factor and exposure concentration of metals in the environment. Hendriks and Heikens (2001) also showed that 

internal body concentrations of metals increase less than proportional with increasing environmental concentra-

tions. To include the sensitivity of the human population intake fractions for metals in the calculations, we as-

sumed in the egalitarian and hierarchic scenario that human exposure via all intake routes (air, drinking water, 

food) occurs. In contrast, the more conservative individualistic scenario assumes human exposure via air and 

drinking water only. 

Marine ecotoxicity 

USES-LCA includes potential fate and effects of metals in the oceans. However, in a recent LCA workshop on 

non-ferro metals the potential effect of essential metals in oceans has been critised (Ligthart, 2004). The poten-

tial impact in the marine environment may strongly depend on the statement that additional inputs of (essential) 

metals to oceans also lead to toxic effects (Ligthart, 2004). To test the sensitivity of this model assumption, the 

egalitarian and hierarchic scenario include the sea and oceanic compartments in the calculation of the marine 

ecotoxicological impacts, while the individualistic scenario excludes the oceanic environment in the calculations 

for essential metals. Essential metals are Cobalt, Copper, Manganese, Molybdenum and Zinc. 

Carcinogenity 

Concerning the carcinogenity of a substance, it should be noted that not all substances with a carcinogenic ED50 

are necessarily known carcinogenics to humans. The International Agency for Research on Cancer (IARC), part 

of the WHO, evaluated the carcinogenic risk of 844 substances (mixtures) to humans by assigning a carcinogen-

ity class to each substance (IARC 2004). The classes reflects the strength of the evidence for carcinogenity de-

rived from studies in humans and in experimental animals and from other relevant data. This information can be 

readily used to define the two scenarios. The egalitarian and hierarchic scenario include the substances with 

insufficient evidence of carcinogenity (IARC-category 1, 2A, 2B, 3 or no classification). The individualistic 

scenario includes the substances with strong evidence of carcinogenity (IARC-category 1, 2A and 2B) only. 
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Human health effect point 

Disability Adjusted Life Years (DALY) was used in the egalitarian and hierarchistic scenario, while Years of life 

Lost (YLL), excluding the subjective weighting factor for the Years of Life Disabled (YLD), was taken as a 

starting point for the individualistic perspective. 

 

Minimum number of tested species for ecotoxicity 

Uncertainty is relatively high for ecotoxicity effect factors in case of low number of tested species, particularly 

lower than 4 species (Van Zelm et al., 2007, 2009). We set the minimum number of tested species at 4 for the 

individualistic scenario, while no minimum requirements were set for the hierarchic and the egalitarian scenario. 
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7.10 SUMMARY TABLE 
Entity Content 

impact category toxicity 

LCI results human toxic and ecotoxic substances (very 

many) 

midpoint indicator(s) (with abbreviation) human toxicity (HT) 

terrestrial ecotoxicity (TET) 

freshwater ecotoxicity (FET) 

marine ecotoxicity (MET) 

unit of midpoint indicator(s) kg (14DCB to urban air) 

kg (14DCB to soil) 

kg (14DCB to freshwater) 

kg (14DCB to freshwater) 

midpoint characterisation factor (with abbreviation) HTP 

TETP 

FETP 

METP 

unit of midpoint characterisation factor – (or kg/kg) 

– (or kg/kg) 

– (or kg/kg) 

– (or kg/kg) 

endpoint indicator(s) (with abbreviation) damage to human health (HH) 

damage to ecosystem diversity (ED) 

unit of endpoint indicator(s) yr 

m
2
yr 

endpoint characterisation factor (with abbreviation) HTP 7.010
–7

 (I, H, E)  

TETP 1.3x10-7 (I, H, E) 

FETP 2.6 10–10 (I, H, E) 

METP 4.2 10–14 (I, H, E) 

unit of endpoint characterisation factor yr/kg 

m
2
yr/kg 
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8 HUMAN HEALTH DAMAGE DUE TO PM10 AND OZONE
20

 

Rosalie van Zelm, Mark A.J. Huijbregts
21

, Henri A. den Hollander, Hans A. van Jaarsveld, Ferd J. Sauter, Jaap 

Struijs, Harm J. van Wijnen and Dik van de Meent 

8.1 INTRODUCTION 
Fine Particulate Matter with a diameter of less than 10 μm (PM10) represents a complex mixture of organic and 

inorganic substances. PM10 causes health problems as it reaches the upper part of the airways and lungs when 

inhaled. Secondary PM10 aerosols are formed in air from emissions of sulfur dioxide (SO2), ammonia (NH3), and 

nitrogen oxides (NOx) among others (World Health Organization, 2003). Inhalation of different particulate sizes 

can cause different health problems. From recent WHO studies, the effects of chronic PM exposure on mortality 

(life expectancy) seem to be attributable to PM2.5 rather than to coarser particles. Particles with a diameter of 

2.5–10 μm (PM2.5–10), may have more visible impacts on respiratory morbidity (World Health Organization, 

2006). PM has both anthropogenic and natural sources. Although both may contribute significantly to PM levels 

in the atmosphere, this chapter focuses on attributive effects of PM from anthropogenic sources, since only this 

fraction may be influenced by human activity. 

 

Ozone is not directly emitted into the atmosphere, but it is formed as a result of photochemical reactions of NOx 

and Non Methane Volatile Organic Compounds (NMVOCs). This formation process is more intense in summer. 

Ozone is a health hazard to humans because it can inflame airways and damage lungs. Ozone concentrations lead 

to an increased frequency and severity of humans with respiratory distress, such as asthma and Chronic Obstruc-

tive Pulmonary Diseases (COPD). Ozone formation is a non-linear process which depends on meteorological 

conditions and background concentrations of NOx and NMVOCs (European Environment Agency, 2005). 

 

To express the life years affected by respiratory health damage due to exposure to PM10 and ozone, Disability 

Adjusted Life Years (DALYs) is used as a measure. 

8.2 FATE FACTOR  
The fate factor for human health damage due to PM10 and ozone was defined as the marginal change in Intake 

rate of pollutant x (dIx in kg·yr
–1

) due to a marginal change in emission of pollutant x (dMx in kg·yr
–1

), which 

equals the Intake Factor of pollutant x for the European population (IFpop,x). Fate factors for PM10 and ozone 

were calculated with a steady-state and a dynamic model respectively. Fate factors for ozone were calculated for 

1, 5, and 10% emission changes to check for linearity in this range. Europe is modeled as an open system. Emis-

sions can be exported out of Europe. Emissions occurring outside the system that are transported into Europe are 

not taken into account 

IFpop,x per gridcel is defined as the marginal increase in population Intake rate of pollutant k, per grid cell i (dI-

pop,k,i) induced by a marginal increase in emission of x (dMx),e.g. increase in intake of PM10, caused by emission 

of SO2 (Van Zelm et al., 2008): 

 
, , ,

, , ( )
pop k i k i

pop x i i

x x

dI dC
IF IH N

dM dM
    (8.1) 

where Ni is the Number of inhabitants of grid cell i (derived from Oak Ridge National Laboratory (2004)), Ck,i is 

the yearly average Concentration of pollutant k in grid cell i (kg·m
–3

), and IH is the average human breath intake 

rate (4745 m
3
·yr

–1
; (U. S. EPA, 1997). 

 

The atmospheric fate model EUTREND (Van Jaarsveld, 1995; Van Jaarsveld et al., 1997) was used to calculate 

intake fractions of PM10 from SO4
2–

, NH4
+
, NO3

–
, and PM10 aerosols, which result from SO2, NH3, NOx, and 

PM10 emissions respectively. 

 

The chemistry and (non-)linearity of ozone formation is relatively complex as it depends on the presence of 

precursors and meteorological factors and due to the short lifetime of ozone under specific conditions. Therefore 

the dynamic model LOTOS-EUROS was applied to calculate intake fractions for ozone due to emissions of NOx 

 

                                                           
20

 This chapter is based on a paper by Rosalie van Zelm, Mark A.J. Huijbregts, Henri A. den Hollander, Hans A. 

van Jaarsveld, Ferd J. Sauter, Jaap Struijs, Harm J. van Wijnen and Dik van de Meent. European characterization 

factors for human health damage of PM10 and ozone in life cycle impact assessment. Atmospheric Environment 

42 (2008): 441-453. 
21 Corresponding author (m.huijbregts@science.ru.nl). 
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and NMVOCs (Schaap et al., 2008). Population intake factors in year 2000 of ozone were calculated from mod-

eled maximum daily 8-hour average ozone concentrations. Since the ozone concentration is calculated over 8 

hours the breath intake refers to 1/3
rd

 of a year.  

 

Table 8.1 shows intake fractions for health damage due to PM10 and ozone exposure. Intake fractions for ozone 

for 1% emission increase are reported here. Since Intake factors for NMVOC and NOx-induced ozone are com-

parable for 1, 5, and 10% emission increases, no distinction is made for the different emission increases. 

 

Table 8.1: European population intake factors (–) due to emissions of PM10 and ozone. 

Pollutant  Intake fractions 

PM10 NH3
 

1.5·10
-6

 

 NOx
 

1.0·10
-6

 

 SO2
 

9.3·10
-7

 

 PM10 4.9·10
-6

 

Ozone NOx 1.2·10
-7

 

 NMVOC 1.2·10
-7

 

8.3 EFFECT AND DAMAGE FACTOR  
No thresholds for PM10 and ozone effects were assumed in the effect calculations. After thorough examination of 

all available evidence, a review by a WHO working group (World Health Organization, 2004) concluded that 

most epidemiological studies on large populations have been unable to identify a threshold concentration below 

which ambient PM and ozone have no effect on mortality and morbidity. 

 

The Effect Factor (EFe,k,i in kg
-1

), links marginal changes in intake to marginal changes in the Attributable Bur-

den of a population of getting disease e due to exposure to pollutant k per year of exposure (ABe,k in yr
-1

). The 

Damage Factor (DFe,k in yr), links marginal changes in the attributable burden to marginal changes in DALY. 

The combined human effect and damage factor for pollutant k in grid cell i was defined as (Van Zelm et al., 

2008): 

 
, , , ,

, , , ,

, , , ,

e k i e k i

e k i e k i

e pop k i e k i

AB DALY
EF DF

I AB
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with the Effect Factor for pollutant k and disease e in grid cell i defined as:  
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and the Damage Factor for pollutant k and disease e defined as: 
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     (8.4) 

RRe,k is the Relative Risk to obtain disease e from pollutant k (per μg·m
–3

), Finc,e is the incidence rate of the popu-

lation to get disease e per year of exposure (yr
–1

), Ck is the Concentration of pollutant k (kg·m
–3

), YLL is the 

Years of Life Lost due to disease e per incidence case (YLLe in yr), De is the Duration of disease e (yr) and Se is 

the Severity of disease e (–). Both De and Se are related to hospital admissions. More information on calculation 

and data input for the effect factor and the damage factor can be found in the supporting information. Effect and 

damage factors attributable to PM10 and ozone exposure are in Table 8.2. Mortality due to chronic PM10 expo-

sure has a dominant contribution to the calculated characterization factors compared to short term mortality 
and morbidity. More than 99.5% of the DALYs due to a kg intake of PM10 is attributed to chronic mortality. 

 

Table 8.2: Average European effect and damage factors attributable to PM10 and ozone concentrations in air. 

Pollutant Disease Effect and damage factors (yr·kg
–1

) 

PM10 Chronic mortality 57.59 

 Acute mortality 0.21 

 Acute respiratory morbidity 0.02 

 Acute cardiovascular morbidity 0.02 

Ozone Acute mortality 0.31 
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8.4 ENDPOINT CHARACTERIZATION FACTOR 
Calculation of endpoint Characterization Factors for human health damage of emitted substance x (CFendpoint,x in 

yr/kg) for Europe consists of the intake factor and the combined effect and damage factor: 

   , , , , ,

int, , , , , ,

, , ,

pop k i e k i e k

endpo x pop x i e k i e k

i e i ex pop k i e k

dI dAB dDALY
CF IF EF DF

dM dI dAB

   
               
     (8.5) 

Endpoint characterization factors for PM10 and ozone emissions, related to human health effects, are in Table 

8.3. 

 

Table 8.3: Characterization factors (yr·kg
–1

) for mortality and morbidity due to emissions of PM10 and ozone. 

Pollutant Emitted 

substance 

Endpoint characterization factors (yr·kg
-1

) 

Mortality  Morbidity (acute) Total 

chronic acute respiratory cardiovascular  

PM10 NH3
 

8.2·10
-5

 3.2·10
-7

 2.7·10
-8

 2.3·10
-8

 8.3·10
-5

 

 NOx
 

5.7·10
-5

 2.2·10
-7

 1.8·10
-8

 1.6·10
-8

 5.7·10
-5

 

 SO2
 

5.1·10
-5

 2.0·10
-7

 1.6·10
-8

 1.4·10
-8

 5.1·10
-5

 

 PM10 2.6·10
-4

 1.0·10
-6

 8.6·10
-8

 7.4·10
-8

 2.6·10
-4

 

Ozone  NOx  3.9·10
-8

   3.9·10
-8

 

NMVOC  3.9·10
-8

   3.9·10
-8

 

8.5 MIDPOINT CHARACTERIZATION FACTOR 
On the midpoint level the intake fraction of PM10 is of importance, as the effect and damage factors are sub-

stance independent. Particulate matter formating potentials (PMFP) are expressed in PM10-equivalents: 

 

10

x

PM

iF
PMFP

iF
  (8.6) 

The midpoint characterization factor for ozone formation of substance x should be representative for both poten-

tial ecosystem and human health effects and is therefore defined as the marginal change in the 24h-average 

European concentration of ozone (dCO3 in kg·m
–3

) due to a marginal change in emission of substance x (dMx in 

kg·year
–1

) expressed as NMVOC-equivalents: 

 3

3

O x

O NMVOC

dC dM
OFP

dC dM
  (8.7) 

where OFP is the Ozone Formation Potential. 

 

The average European ozone concentration change in ozone is calculated by averaging the grid-specific concen-

trations over land (sea grids are excluded). Midpoint characterization factors for pollutants causing particulate 

formation and/or ozone formation are in Table 8.4. 

 

Table 8.4: Midpoint Characterization Factors for particulate matter formation and tropospheric ozone forma-

tion of substance x 

Emitted substance Particulate Matter Formation Poten-

tial (PM10-eq/kg) 

Ozone Formation Potential 

NMVOC-eq/kg 

PM10 to air 1  

NH3 to air
 

0.31  

NOx to air
 

0.21 1.0 

SO2 to air
 

0.19  

NMVOC to air  1 

8.6 CHARACTERIZATION FACTORS FOR INDIVIDUAL NMVOCS 
The midpoint and endpoint characterisation factors of NMVOCs do not differentiate between ozone formation 

by single hydrocarbons. Reactivity among single hydrocarbons however, varies widely. To evaluate the contri-

bution of individual substances to ozone formation, the concept of Photochemical Ozone Creation Potentials 

(POCPs) was introduced (Derwent and Jenkin, 1991). POCPs are relative reactivities, calculated for ozone for-

mation in a volume of air, with ethylene as a reference substance. The POCP of a VOC is the ratio between the 

change in ozone concentration due to a change in emission (M) of that VOC x and the change in ozone concen-

tration due to an equal relative change in emission of ethylene (Derwent et al., 1998). To couple total NMVOC 

characterization factors to individual classes of NMVOCs, POCPs from Derwent et al. (1998) can be used. The 

following equation can be used to calculate the characterization factor for a specific hydrocarbon: 
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 x
x NMVOC

NMVOC

POCP
CF CF

POCP
   (8.8) 
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8.8 SUPPORTING INFORMATION  
Fate model characteristics 

Effect and damage factor calculations 

8.9 SUMMARY TABLE 
Entity Content 

impact category health damage due to PM10 and ozone 

LCI results particulate matter and ozone creating sub-

stances: PM10, NH3, SO2, NOx and NMVOC 

midpoint indicator(s) (with abbreviation) photochemical oxidant formation (POF) 

particulate matter formation (PMF) 

unit of midpoint indicator(s) kg (NMVOC to urban air) 

kg (PM10 to air) 

midpoint characterisation factor (with abbreviation) Ozone Formation Potential (OFP) 

Particulate Matter Formation Potential 

(PMFP) 

unit of midpoint characterisation factor – (or kg/kg) 

– (or kg/kg) 

endpoint indicator(s) (with abbreviation) damage to human health (HH) 

unit of endpoint indicator(s) yr 

endpoint characterisation factor (with abbreviation) OFP3.9E10–8 

PMFP 2.6E10–4  

unit of endpoint characterisation factor yr/kg 
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9 IONISING RADIATION 

Mark Goedkoop
22

 

9.1 INTRODUCTION 
This chapter describes the damage to Human Health related to the routine releases of radioactive material to the 

environment. It is a summary of a paper that has been written for our project by Frischknecht, Suter, Hofstetter 

and Braunschweig (Frischknecht et al, 1999). Some parts of this paragraph have been quoted directly. The end-

point factors are identical to those used in the Eco-indicator 99; the midpoint is chosen at the level of exposure; 

the unit is Sievert per Becquerel. At this level the relative contribution of each substance can be determined; the 

effect and damage analysis is the based on the Sievert exposure level. This means that the characterisation is 

different from the one used in the CML guide, where effect and damage were included. 

Figure 9.1 gives an overview of the entire assessment method of health effects of ionising radiation introduced in 

this paragraph. The model starts with the release at the point of emission, expressed as Becquerel (Bq). One 

Becquerel is equivalent with one decay per second. 

 

Phase of the Model   Stage of Pathway  Units 

     

Inventory Analysis  Radioactive releases  Becquerel, Bq; 

Bq/FU 
1
) 

     

Fate Analysis  Transport, dispersion and deposition   

  Contamination in environment  Bq/kg, Bq/l, Bq/m
2
, 

Bq/m
3
 

     

  Standard characteristics of people   

  Inhalation, consumption of food and water  m
3
, kg, l 

Exposure Analysis  Absorbed Dose  gray, 1Gy=1J/kg 

  Effective and Average Individual Dose  Sievert, Sv 

  Collective Dose  man.Sievert, man.Sv 

    Midpoint level 

  Dose response relationship   

Effect Analysis  Fatal, non-fatal cancer, severe hereditary 

effects 

 Number of 

cases/man.Sv 

     

Damage Analysis  Disability weighting scale   

  Disability adjusted life years (DALYs)  YLD, YLL, DA-

LYs/fatal cancer 

     

Damage Assessment  Value-laden assumptions   

and Cultural Theory  value weighted DALYs  DALYs/kBq 

    Endpoint level 

Figure 9.1: Overview of impact pathway stages of radioactive releases in the assessment described in this paper, 

based on [Dreicer et al 1995:19] and [Hofstetter 1998]. 
1
) FU: Functional unit 

 

 

 

 

                                                           
22 Corresponding author (goedkoop@pre-sustainability.com). 
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9.2 MIDPOINTS 
The fate and exposure model has been based on [Dreicer et al 1995], who described the routine

23
 atmospheric 

and liquid discharges in the French nuclear fuel cycle. Data of discharges from the sites (mining and milling, 

conversion, enrichment, fuel fabrication, electricity production, and reprocessing) and of the surrounding condi-

tions (population density, lifestyles of that population, meteorology, etc.) refer to the French situation. The mod-

els use a time horizon of 100,000 years in order to consider significant impacts of the different pathways
24

. For 

the assessment of long-term global impacts the world population is assumed to remain at a constant 10
10

 people 

for 100,000 years. 

 

Two models are used; a Gaussian dispersal model for substances with a short lifetime and thus a limited disper-

sal area, and a Global dispersal model for substances with long life times. 

For dispersion of atmospheric discharges a Gaussian plume model is used. For liquid releases into rivers a 

simple box model is used assuming instantaneous mixing in each section and representing the radionu-

clide concentration in a compartment with a differential equation. The uncertainty in the fate analysis is 

approximately a factor 2 to 4. 

For globally dispersed radionuclides, i.e., Tritium, Carbon-14, Krypton-85, and Iodine-129, simplified mod-

els over a time horizon of 100'000 years are applied. For H-3 the global hydrological cycle is modelled 

dynamically based on seven compartments. For C-14 four environmental compartments are used in a 

dynamic model. For Kr-85 a dynamic model with two compartments (for the two hemispheres) is used. 

For I-129 a dynamic model with nine compartments is applied. The confidence in the results of the 

global assessments for Carbon-14, Tritium, Iodine-129, and Krypton-85 is low "due to the extremely 

general models that are used and the propagation of very small doses over a large population for very 

long periods of time" [Dreicer et al 1995:310]. For the global assessment the uncertainty is probably 

greater than an order of magnitude, except for Carbon-14. As we will see the latter uncertainty is dis-

turbingly high, as the global effects turn out to be very significant. 

 

In the exposure analysis we calculate what dose human actually absorb, given the radiation levels that are calcu-

lated in the fate analysis. The measure for the effective dose is the Sievert (Sv), based on human body equiva-

lence factors for the different ionising radiation types (-, -, -radiation, neutrons). 1 Sv = 1 J/kg body weight. 

 

Atmospheric 

discharges

Dispersion

Deposition

Soil VegetationAir

Animal

Ingestion
External  

irradiation
Inhalation

Human 

health

Liquid 

discharges

Dispersion

Water

Fish and 

seafood

Irrigation of 

crops

Ingestion

Human 

health

 
Figure 9.2: The exposure pathways that are taken into account. Also here a difference is made between exposure 

from atmospheric and liquid releases through the local/regional fate modelling and global exposure 

 

Data expressed in Sievert contain physical data on energy doses and biological data on the sensitivities of differ-

ent body tissues. An intermediate stage in the calculations of doses is often expressed as Gray (Gy). This is the 

 

                                                           
23 Routine emissions: Emissions due to normal operation excluding the low probability of severe accidents. 

24 With half-lifes of 1.6107 years for Iodine-129 or 7.1108 for Uranium-235 additional impacts are to be ex-

pected beyond 100,000 years. According to [Dreicer 1995:52] only about 15% of the collective effective dose of 

Iodine-129 occur during the first 100,000 years compared to an assessment until infinity. 
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measure of absorbed dose without considering the different reaction types of body tissues. In order to link the 

emissions (Bq) to immissions (Sv), we need to draw up the exposure routes. 

 

The global exposure of Tritium, Carbon-14, Krypton-85, and Iodine-129 have been calculated for a time horizon 

of 100.000 and 100 years. The uncertainties for the global exposure is considerable. A g
2
 of 10 to 50 has to be 

assumed. 

 

The midpoint characterisation factors are below. The first table is derived from the Gaussian plume model, the 

second from the global exposure model. 

 

Table 9.1: Combined fate and Exposure factors (collective dose per activity released) of radionuclides. The 

squared geometric standard deviation g
2
 for each exposure factor is 10 (Assumption based on qualitative in-

formation). Dividing and multiplying the best estimate by g
2
 spans the 95% confidence interval 

Exposure factor [man.Sv/kBq] Atmospheric 

releases 

Liquid releases 

into rivers 

Liquid releases 

into the ocean 

Reference
3)

 

Silver-110 (Ag-110m) - 3.30E-10 - D 

Americium-241 (Am-241) - - 2.10E-08 D 

Carbon-14 (C-14) - - 7.80E-10 D 

Curium alpha (Cm alpha) - - 3.80E-08 D 

Cobalt-58 (Co-58) 2.80E-10 2.70E-11 - D 

Cobalt-60 (Co-60) 1.10E-08 2.90E-08 2.60E-10 D 

Cesium-134 (Cs-134) 7.90E-09 9.50E-08 5.20E-11 D 

Cesium-137 (Cs-137) 8.90E-09 1.10E-07 5.20E-11 D 

Iodine-131 (I-131) 1.00E-10 3.30E-10 - D 

Iodine-133 (I-133) 6.20E-12 - - D 

Manganese-54 (Mn-54) - 2.10E-10 - D 

Lead-210 (Pb-210) 1.00E-09 - - U 

Polonium-210 (Po-210) 1.00E-09 - - U 

Plutonium alpha (Pu alpha) 5.50E-08 - 4.90E-09 D 

Plutonium-238 (Pu-238) 4.40E-08 - - D 

Radium-226 (Ra-226) 6.0E-10 
1)

 8.5E-11 
2)

 -  

Radon-222 (Rn-222) 1.60E-11 - - D 

Ruthenium-106 (Ru-106) - - 9.50E-11 D 

Antimony-124 (Sb-124) - 5.40E-10 - D 

Antimony-125 (Sb-125) - - 9.80E-12 D 

Strontium-90 (Sr-90) - - 2.70E-12 D 

Thorium-230 (Th-230) 3.00E-08 - - U 

Uranium-234 (U-234) 6.40E-08 1.60E-09 1.50E-11 D 

Uranium-235 (U-235) 1.40E-08 1.50E-09 1.60E-11 D 

Uranium-238 (U-238) 5.40E-09 1.50E-09 1.50E-11 D 

Xenon-133 (Xe-133) 9.40E-14 - - D 
1): [UNSCEAR 1993] 
2): based on the assumption that the 226Ra-emission of 2 kBq/kg natural uranium released during mining and milling [ESU 

1996:VII:56] leads to the 226Ra concentration in rivers of 40 Bq/m3 used in [DREICER 1995:109] 
3): D = Dreicer, 1995; U = UNSCEAR, 1993 
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Table 9.2: Combined fate and exposure factors (collective dose per activity released) of radionuclides based on 

Dreicer et al. (1995) considering local and regional effects, excluding and including global collective doses with 

different time horizons. Dividing and multiplying the best estimate by g
2
 spans the 95% confidence interval 

 

 Hierarchist and Egalitarian Individualist 

 Local and regional exposure and expo-

sure from global dispersion during 

100'000 years 

Local and regional exposure and expo-

sure from global dispersion during 100 

years 

 Exposure factor 

[man.Sv/kBq] 

assumed stan-

dard deviation 

g
2
 

Exposure factor 

[man.Sv/kBq] 

assumed stan-

dard deviation 

 g
 2

 

Atmospheric releases:     

Carbon-14 (C-14) 1.40E-07 10 1.30E-08 10 

Tritium (H-3) 9.50E-12 20 9.50E-12 20 

Iodine-129 (I-129) 6.20E-07 50 1.90E-07 20 

Krypton-85 (Kr-85) 9.30E-14 20 9.30E-14 20 

Liquid releases:     

Tritium (H-3) into river 3.00E-13 20 3.00E-13 20 

Tritium (H-3) into the sea 4.60E-14 20 4.60E-14 20 

Iodine-129 (I-129) 6.60E-08 50 1.50E-08 20 

 

9.3 EFFECT AND DAMAGE ANALYSIS 
In the damage analysis we concentrate on carcinogenic and hereditary effects, as these appear to be the most 

significant [Dobris 1996]. 

 

Two issues are important: 

Establishing the number of cases that occur as a result of the calculated exposure. 

Establishing the number of DALYs per case. 

An important discussion is whether and how epidemiological findings at medium and high exposure may be 

extrapolated to low doses
25

. Linear, supralinear, sublinear, threshold models and even beneficial effects of low 

radiation levels thanks to a hormetic
26

 effect have been suggested.  

Most international advisory boards assume a linear no threshold (LNT) behaviour for low doses of ionising ra-

diation. The slope including high dose-rates can be best described as S-shaped and the section where no acute 

effects are observed is supposed to follow a linear-quadratic function. Most of the epidemiological information is 

available from the quadratic intersection.
27

  

 

[Frischknecht et al 1999] list the DALYs for the same types of cancers we have used in previous calculations. In 

total they found 0.5 fatal and 0.12 non-fatal cases per Man.Sv. The g
2
 is a value of 3. [Frischknecht et al 1999] 

also assume that the radiation induced cancer cases occur at the same age pattern as for other cancer causes. 

Frischknecht et al also present the cases with and without age weighting. The method of calculation of the num-

ber of DALY per cancer case is identical to the one used for carcinogenic effects. 

 

The number of severe hereditary effects is assumed to be 0.01 case per Man.Sv [ICRP 1999] This number is very 

uncertain (g
2
=5), as it was derived from animal tests. For hereditary effects it is much less clear how one case 

should be expressed in DALYs. Frischknecht et al quote [Dreicer 1995], who assumes severe hereditary effects 

either result in immediate death or severely impaired life. [Murray et al 1996] suggest disability weights of about 

0.2 to 0.6 for serious disabilities, including genetic defects. Frischknecht et al assume that 50% of the cases re-

sult in immediate death, while the rest lives with a disability weighted as an average of 0.4. This results in 57 

 

                                                           
25 Low doses are equivalent doses resulting from absorbed doses below 0.2 Gray (ICRP 1999:19). 

26 Hormetic effects are effects stimulating the immune system. 
27

 In order to correct for the slope for low doses a so-called 'dose and dose-rate effectiveness factor' (DDREF) is used which 

was found to be between less than 2 and 10 [ICRP 1999]. for example, A DDREF of 5 means that the risk increase per 

man.Sv observed at high doses is divided by 5 to assess risks at low doses. All higher DDREF stem from animal tests. Epi-

demiological data on the association between exposure doses and cancer cases are available from a still ongoing study with 

the survivors of the atomic bomb attacks in Hiroshima and Nagasaki. This study includes survivors with a large range of 

exposure up to low doses as well. A dose and dose-rate effectiveness factor of 2 is the best estimate for the extrapolation to 

low doses although the ICRP "recognises that the choice of this value is somewhat arbitrary and may be conservative" [ICRP 

1999:19]. This factor corrects for the epidemiological and toxicological findings that effects are lower at lower dose-rates. 
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DALY per case with age weighting and 61 DALYs per case without age weighting. This factor contributes about 

50% of the effect and damage step. The carcinogenic effects contribute the other 50%. 

 

The following Table 9.3 summarises the number of fatal and non-fatal cases for both carcinogenic and hereditary 

effects per man Sievert  

 

Table 9.3: Lethality fractions and probabilities of occurrence for the different cancers considered [ICRP 1990], 

and level of association based on epidemiological studies (atomic bomb survivors and medical radiation) re-

ported in [Ron & Muirhead 1998:170]. The squared geometric standard deviation (lognormal distribution) is 

estimated to be a factor of 3 for all tumour types and 5 for hereditary effects. Per man Sv we calculated 1,17 
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Tissue or organ  [-] [10–2 

cases 
per 

man.Sv] 

[10–2 

cases per 
man.Sv] 

[-] [a]   [a] [a]         

Bladder Cancer 0.5 0.003 0.003 0.087 67.2 7.3 4.7 0.29 2.19E-02 7.57E-05 2.20E-02 2% 

Bone marrow Cancer 0.99 0.005 0.00005 0.06 58.5 11.9 3.8 0.2 5.95E-02 1.00E-05 5.95E-02 5% 

Bone surface Cancer 0.7 0.0005 0.00021 0.136 62.6 12.1 3.4 0.38 6.05E-03 7.98E-05 6.13E-03 1% 

Breast Cancer 0.5 0.002 0.002 0.084 60.3 14.6 4.3 0.31 2.92E-02 6.20E-04 2.98E-02 3% 

Colon Cancer 0.55 0.0085 0.00695 0.217 67.5 9.7 3.9 0.61 8.25E-02 4.24E-03 8.67E-02 7% 

Liver Cancer 0.95 0.0015 0.00008 0.239 64.3 10.9 1.77 0.34 1.64E-02 2.72E-05 1.64E-02 1% 

Lung Cancer 0.95 0.0085 0.00045 0.146 66.7 10.6 2 0.22 9.01E-02 9.90E-05 9.02E-02 8% 

Oesophagus Canc. 0.95 0.003 0.00016 0.217 66.2 10.6 1.8 0.3 3.18E-02 4.80E-05 3.18E-02 3% 

Ovary Cancer 0.7 0.001 0.00043 0.095 59 12.5 3.3 0.28 1.25E-02 1.20E-04 1.26E-02 1% 

Skin Cancer 0.002 0.0002 0.0998 0.045 55.4 15.4 4.4 0.19 3.08E-03 1.90E-02 2.20E-02 2% 

Stomach Cancer 0.9 0.011 0.00122 0.217 66.6 13.2 3 0.48 1.45E-01 5.86E-04 1.46E-01 12% 

Thyroid Cancer 0.1 0.0008 0.0072 0.136 62.6 12.1 3.4 0.38 9.68E-03 2.74E-03 1.24E-02 1% 

Other Cancers 0.71 0.005 0.00204 0.136 62.6 12.1 3.4 0.38 6.05E-02 7.75E-04 6.13E-02 5% 

Hereditary effects 0.5 0.005 0.005 0.4 birth 82.5 82.5 33 4.13E-01 1.65E-01 5.78E-01 49% 

 Total                 9.81E-01 1.93E-01 1.17E+00   

 

The damage factor is 1.17 DALY per Man Sv. 

9.4 THE ROLE OF CULTURAL PERSPECTIVES 
For the calculation of the whole cause and effect chain, we run into a number of value-laden choices, which are 

dealt with using the cultural perspectives. Frischknecht et al mention the following aspects: 

 The time horizon for the integration of exposure to people. 

 The area to be considered in the fate and exposure analysis. 

 The necessary evidence for an association between low-level radiation and cancer cases. 

 The extrapolation model to be used for estimating health effects at very low doses. 

 The dose and dose-rate effectiveness factor that should be applied if linear no-threshold extrapola-

tion methods are used. 

Frischknecht at al argue that the decades long debate has resulted in sufficient agreement on fate and exposure 

analysis, the necessary evidence, and the dose-rate effectiveness. 

 

The remaining disagreement may therefore be seen as technical uncertainties. The choices on the time horizon 

and the choices within the DALY system, especially the age weighting are dealt with through cultural perspec-

tives: 

 The egalitarian and the hierarchist perspectives use the longest time horizon (100,000 years) 

 The individualist perspective integrates the exposure over 100 years 

With these choices Frischknecht et al 
28

 calculate the DALYs per emission (Bq) for 31 nuclides, which are sup-

posed to be the most important in nuclear power plant operations. 

 

                                                           
28

 Contrary to the implementation in the Eco-indicator 99 method, we do not differentiate between age weighting or no age 

weighting, as this difference is also not made in other impact categories. 
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9.5 RESULTS 
Table 9.4 summarises the midpoint characterisation factors, taken at the fate and exposure level [manSv/kBq] or 

alternatively [U235 equivalent], and the endpoint characterisation factors [DALY/kBq] or alternatively [U235 

equivalent]. These are obtained by multiplying the midpoint factors with 1.17, as calculated in the table above 

[DALY/man.Sv] or 1.64E-08 [DALY/U235 equivalent]. The columns for the individualist perspective only 

differ for the factors printed in bold. These are calculated in Table 9.4. 

 

Table 9.4: Damage factors and characterisation factors for three scenarios following three world views 
 Midpoints Endpoints 

 Hierarchist/ 

egalitarian 
[man.Sv/kBq] 

Hierarchist/ 

egalitarian 
[U235 

equivalents] 

Individualist 

[man.Sv/kBq] 

 Individualist 

[U235 
equivalents] 

Hierarchist/ 

egalitarian 
[DALY/kBq] 

Individualist 

[DALY/kBq] 

Atmospheric releases       
Carbon-14 (C-14) 1.40E-07 1.00E+01 1.30E-08 9.29E-01 1.64E-07 1.53E-08 

Cobalt-58 (Co-58) 2.80E-10 2.00E-02 2.80E-10 2.00E-02 3.29E-10 3.29E-10 

Cobalt-60 (Co-60) 1.10E-08 7.86E-01 1.10E-08 7.86E-01 1.29E-08 1.29E-08 
Cesium-134 (Cs-134) 7.90E-09 5.64E-01 7.90E-09 5.64E-01 9.28E-09 9.28E-09 

Cesium-137 (Cs-137) 8.90E-09 6.36E-01 8.90E-09 6.36E-01 1.05E-08 1.05E-08 

Iodine-129 (I-129) 6.20E-07 4.43E+01 1.90E-07 1.36E+01 7.28E-07 2.23E-07 
Iodine-131 (I-131) 1.00E-10 7.14E-03 1.00E-10 7.14E-03 1.17E-10 1.17E-10 

Iodine-133 (I-133) 6.20E-12 4.43E-04 6.20E-12 4.43E-04 7.28E-12 7.28E-12 

Krypton-85 (Kr-85) 9.30E-14 6.64E-06 9.30E-14 6.64E-06 1.09E-13 1.09E-13 
Lead-210 (Pb-210) 1.00E-09 7.14E-02 1.00E-09 7.14E-02 1.17E-09 1.17E-09 

Polonium-210 (Po-210) 1.00E-09 7.14E-02 1.00E-09 7.14E-02 1.17E-09 1.17E-09 
Plutonium alpha (Pu alpha) 5.50E-08 3.93E+00 5.50E-08 3.93E+00 6.46E-08 6.46E-08 

Plutonium-238 (Pu-238) 4.40E-08 3.14E+00 4.40E-08 3.14E+00 5.17E-08 5.17E-08 

Radium-226 (Ra-226) 6.00E-10 4.29E-02 6.00E-10 4.29E-02 7.05E-10 7.05E-10 
Radon-222 (Rn-222) 1.60E-11 1.14E-03 1.60E-11 1.14E-03 1.88E-11 1.88E-11 

Thorium-230 (Th-230) 3.00E-08 2.14E+00 3.00E-08 2.14E+00 3.52E-08 3.52E-08 

Tritium (H-3) 9.50E-12 6.79E-04 9.50E-12 6.79E-04 1.12E-11 1.12E-11 

Uranium-234 (U-234) 6.40E-08 4.57E+00 6.40E-08 4.57E+00 7.51E-08 7.51E-08 

Uranium-235 (U-235) 1.40E-08 1.00E+00 1.40E-08 1.00E+00 1.64E-08 1.64E-08 

Uranium-238 (U-238) 5.40E-09 3.86E-01 5.40E-09 3.86E-01 6.34E-09 6.34E-09 
Xenon-133 (Xe-133) 9.40E-14 6.71E-06 9.40E-14 6.71E-06 1.10E-13 1.10E-13 

       

Liquid releases into rivers       
Antimony-124 (Sb-124) 5.40E-10 3.86E-02 5.40E-10 3.86E-02 6.34E-10 6.34E-10 

Cesium-134 (Cs-134) 9.50E-08 6.79E+00 9.50E-08 6.79E+00 1.12E-07 1.12E-07 

Cesium-137 (Cs-137) 1.10E-07 7.86E+00 1.10E-07 7.86E+00 1.29E-07 1.29E-07 
Cobalt-58 (Co-58) 2.70E-11 1.93E-03 2.70E-11 1.93E-03 3.17E-11 3.17E-11 

Cobalt-60 (Co-60) 2.90E-08 2.07E+00 2.90E-08 2.07E+00 3.41E-08 3.41E-08 

Iodine-129 (I-129) 6.60E-08 4.71E+00 1.50E-08 1.07E+00 7.75E-08 1.76E-08 
Iodine-131 (I-131) 3.30E-10 2.36E-02 3.30E-10 2.36E-02 3.87E-10 3.87E-10 

Manganese-54 (Mn-54) 2.10E-10 1.50E-02 2.10E-10 1.50E-02 2.47E-10 2.47E-10 

Radium-226 (Ra-226) 8.50E-11 6.07E-03 8.50E-11 6.07E-03 9.98E-11 9.98E-11 
Silver-110 (Ag-110m) 3.30E-10 2.36E-02 3.30E-10 2.36E-02 3.87E-10 3.87E-10 

Tritium (H-3) 3.00E-13 2.14E-05 3.00E-13 2.14E-05 3.52E-13 3.52E-13 

Uranium-234 (U-234) 1.60E-09 1.14E-01 1.60E-09 1.14E-01 1.88E-09 1.88E-09 
Uranium-235 (U-235) 1.50E-09 1.07E-01 1.50E-09 1.07E-01 1.76E-09 1.76E-09 

Uranium-238 (U-238) 1.50E-09 1.07E-01 1.50E-09 1.07E-01 1.76E-09 1.76E-09 

       
Liquid releases into the ocean       

Americium-241 (Am-241) 2.10E-08 1.50E+00 2.10E-08 1.50E+00 2.47E-08 2.47E-08 

Antimony-125 (Sb-125) 9.80E-12 7.00E-04 9.80E-12 7.00E-04 1.15E-11 1.15E-11 
Carbon-14 (C-14) 7.80E-10 5.57E-02 7.80E-10 5.57E-02 9.16E-10 9.16E-10 

Cesium-134 (Cs-134) 5.20E-11 3.71E-03 5.20E-11 3.71E-03 6.11E-11 6.11E-11 

Cesium-137 (Cs-137) 5.20E-11 3.71E-03 5.20E-11 3.71E-03 6.11E-11 6.11E-11 
Cobalt-60 (Co-60) 2.60E-10 1.86E-02 2.60E-10 1.86E-02 3.05E-10 3.05E-10 

Curium alpha (Cm alpha) 3.80E-08 2.71E+00 3.80E-08 2.71E+00 4.46E-08 4.46E-08 

Plutonium alpha (Pu alpha) 4.90E-09 3.50E-01 4.90E-09 3.50E-01 5.75E-09 5.75E-09 
Ruthenium-106 (Ru-106) 9.50E-11 6.79E-03 9.50E-11 6.79E-03 1.12E-10 1.12E-10 

Strontium-90 (Sr-90) 2.70E-12 1.93E-04 2.70E-12 1.93E-04 3.17E-12 3.17E-12 

Tritium (H-3) into the sea 4.60E-14 3.29E-06 4.60E-14 3.29E-06 5.40E-14 5.40E-14 
Uranium-234 (U-234) 1.50E-11 1.07E-03 1.50E-11 1.07E-03 1.76E-11 1.76E-11 

Uranium-235 (U-235) 1.60E-11 1.14E-03 1.60E-11 1.14E-03 1.88E-11 1.88E-11 

Uranium-238 (U-238) 1.50E-11 1.07E-03 1.50E-11 1.07E-03 1.76E-11 1.76E-11 
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9.6 SUPPORTING INFORMATION 
No supporting information 

9.7 SUMMARY TABLE 
Entity Content 

impact category ionising radiation 

LCI results radionuclides 

midpoint indicator(s) (with abbreviation) absorbed dose  

unit of midpoint indicator(s) Man.Sievert 

midpoint characterisation factor (with abbreviation) ionising radiation potential (IRP) 

unit of midpoint characterisation factor kg (U235 to air) 

endpoint indicator(s) (with abbreviation) damage to Human health (HH) 

unit of endpoint indicator(s) yr 

endpoint characterisation factor (with abbreviation) 1.64E-08 

unit of endpoint characterisation factor Yr/Sv 
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10 IMPACTS OF LAND USE 

An De Schryver and Mark Goedkoop
29

 

The land use impact category reflects the damage to ecosystems due to the effects of occupation and transforma-

tion of land. Although there are many links between the way land is used and the loss of biodiversity, we con-

centrate on the following mechanisms: 

1. occupation of a certain area of land during a certain time; 

2. transformation of a certain area of land. 

Both mechanisms can be combined, often occupation follows a transformation, but often occupation occurs in an 

area that has already been converted (transformed). In such cases we do not allocate any of the transformation 

impact to the production system that occupies an area. 

10.1 INVENTORY ASPECTS OF LAND USE 
Land use is often referred to as an impact. In this chapter, we will consistently refer to land use impacts when we 

are speaking of the impacts, and to land use in the forms of occupation and transformation as analogous to an 

emission or a resource extraction, i.e. as the items that show up in the inventory analysis. 

10.1.1 LCI PARAMETER FOR OCCUPATION 

Many production processes need a certain area of land. For instance, for the production of a certain amount of 

corn a certain area of land is occupied during one year (if there is only one crop per year). Also for other produc-

tion processes space is needed. A car factory will need a certain area, and if we know that area and we know how 

many cars are made in one year, we can determine how many hectaresyear are needed per car. Please note that 

we only know the combination of area and time. We can choose to assume if a single car occupies the entire area 

during a millionth of a year or so, or that we assume a millionth of the area is occupied during a year. Area and 

time are interchangeable, only their combination is given. This means the unit of the occupation LCI parameter 

is m
2
yr. 

 

Not all types of occupation have the same effect on the biodiversity, this means the LCI data should also contain 

an indication of the type of land-use. In crop fields the farmer takes every measure to reduce the number of spe-

cies to just one, the crop; in production forests there will be significant more species than in a cropland. We shall 

define a number of archetypical land use types in this chapter. 

10.1.2 LCI PARAMETER FOR TRANSFORMATION 

Transformation of land is not always easy to allocate to production systems. For instance, an area of agricultural 

land that was transformed into a factory can produce from then on a steady amount of products every year, 

which cumulates into an infinte number of products. Per unit of product, the area transformed is zero. But there 

are a few clear cases in which it makes sense to allocate the transformation to a product, for instance in mining 

we can determine a link between the production of a kilogram ore and the area size of the mine. With each ton a 

number of square metres of area are converted from the existing land-use type to a mining area. Similar situa-

tions occur in land filling, each ton land filled will occupy an additional area. 

 

Transformed areas will have a different species diversity. The damage to ecosystems can be calculated by taking 

into account the time needed for the transformed area to restore to a land-use type with a similar diversity. The 

restoration times for natural areas can be very long; some estimates are that natural areas can take thousands of 

years to recover, if they recover at all. We have chosen not to require the LCI practitioner to include estimates 

for the restoration time. Instead we use a set of restoration times that differ depending on the land use types be-

fore and after transformation. This means the unit of the LCI parameter for transformation is only m
2
. However, 

we shall also give factors that can be used if a better restoration time estimate is available. In that case LCI prac-

titioners can correct the assumed restoration times we have provided. 

 

Like in the case of occupation, the LCI parameter should also contain information about the type of land use 

before and after transformation. We have developed a set of archetypical land-use conversion cases that we con-

sider to be practicable in LCI. We have deliberately limited ourselves to the most relevant cases for production 

processes. LCAs are not intended to be used for very detailed conversion descriptions. 

 

                                                           
29 Corresponding author (goedkoop@pre-sustainability.com). 
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10.1.3 COMBINATION OF OCCUPATION AND TRANSFORMATION 

After transformation, an area is often occupied for some time, before the restoration can start. As there are no 

general rules about the length of the occupation, the LCI practitioner has to specify the transformation and the 

occupation parameters separately, so they can be both multiplied with the appropriate characterisation factors 

and added to get the total damage to ecosystem. Another reason that they must be specified separately, of course, 

is that they have a different unit (m
2
yr and m

2
), and that occupation requires a specification of the land use type 

during the activity, whereas transformation requires a specification of the land use type before and during the 

activity. 

10.2 MIDPOINT CHARACTERISATION 
For the midpoint characterisation we have chosen to use the competition approach, as is currently used in the 

CML methodology (Guinée et al., 2002). This approach adds all different types of land uses and includes LCI 

parameters defined as m
2
yr. To improve this method we introduce three midpoints categories instead of one, 

see Table 10.1 

 

Table 10.2: Midpoint characterisation factors for three midpoint IC on land use 

Midpoint impact category CF LCI With:  

Agricultural land occupation (ALO) 

 
CFagr= 1 

Ao(agr) · t 

 

Ao(agr) the amount of agricultural area occupied 

(in m2) and t the time of occupation in years. 

Urban land occupation (ULO) 

 
CFurban= 1 

Ao(urban)·t 

 

With Ao(urban) the amount of urban area occu-

pied (in m2) and t the time of occupation in 

years. 

Natural land transformation (NLT) 

 

CFtrans= 1  

 

Ao(trans)·t 

 

With Ao(trans) the amount of transformed area 

(in m2) and t the time of occupation in years. 

 

To calculate this midpoint methodology, only the amount of area occupied or transformed [m2.yr] is needed. At 

midpoint level, no differentiation to land use types is made, due to the uncertainties. While at endpoint level, 

uncertainties are accepted and so a differentiation to several land use types is made. This means that  the mid-

point indicators can not directly be used in the endpoint methodology. 

Section 10.6 shows the resulting characterisation factors for the three impact categories and how the Ecoinvent 

land use types have been assigned for these purposes. 

10.3 ENDPOINT CHARACTERISATION 
This section describes the calculation of endpoint characterisation factors for loss of species diversity, caused by 

land use. 

 The endpoint indicator for land occupation is the Potential Disappeared Fraction (PDF) of species. 

The damage is calculated by multiplying this factor with the LCI parameter expressed in m
2
yr and 

the species density SD. 

 The endpoint indicator for land transformation is PDF multiplied by restoration time (PDFyr) and 

the species density SD. The time is determined by the restoration time. The damage is calculated by 

multiplying this factor with the LCI parameter, expressed as in m
2
. 

In both cases the damage is expressed as PDFyr, or, as PDF is dimensionless, yr. This is compatible with the 

other endpoints linking to ecosystem damage. Observe that the integration of midpoint and endpoint indicators 

has not been attained for impacts of land use. At the midpoint level, different land use types are aggregated; for 

the endpoint characterisation this information is needed again. 

10.3.1 SPECIES AREA RELATIONSHIP 

The potential disappeared fraction of species is influenced by the area-species relationship, also called the island 

bio-geographical theory of McArthur and Wilson (1967). This relationship describes the rising number of spe-

cies present due to a rising area size: 

 
zS cA  (10.1) 

in which S represents the number of plant species, A is the size of the area (m
2
), c stands for the species richness 

factor and z is the species accumulation factor. 

 

The factors c and z are specific for each land use type, while the factor z is also dependent of the area size. This 

species area relationship complicates the model, because we cannot link a certain land-use type to a number of 

species, as that number depends on the size of the area. The work of Crawley and Harral (2001) investigated this 

effect in Great Britain and produced for different land use types some interesting numbers. These numbers will 

be used to determine the species accumulation factor z. The species richness factors c will be calculated using the 
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work of Köllner (2001) and the Countryside Survey 2000 of the UK. More information about these papers can be 

found in the Supporting information B.3. 

Application of the species area relationship and some assumptions 

When a certain area is occupied we assume it causes damage to the ecosystem, as it cannot return to a reference 

state. If the number of species in the occupied area is lower than the number of species in the reference situation 

we consider occupation to be a damage. If the occupied area has a higher number of species, we consider it to 

cause a negative damage. The magnitude of the damage depends on the species area relationship, described in 

formula 10.1 . This formula tells us that the number of species directly depends on the size of the area. This is 

both true for natural areas and for non natural areas. Enlarging non natural areas will be at the expense of a de-

creasing natural area. 

 

This may seem simple, but there are a number of complications: 

 If we have data on a certain land-use type that tells us there are 200 species, on 100 km
2
 we do not 

know if this is due to the effect of C or the effect of z, so how do we determine z and C? The obvi-

ous answer is that we need to have data from different area sizes, but as we shall see this does not 

always provides us with clear answers. One complication is that z itself seems to be dependent on 

the area size. This problem is described in Section 10.4.1. 

 Are used areas isolated form other areas or are they connected? In the latter case they become part 

of a greater entity, and this influences the results, as we shall see in Section 10.3.3. 

 It is not clear how to define the reference land-use type. In some studies the reference is considered 

to be the natural area, whereby the question arise “what is the natural area”. In some studies it is as-

sumed to be the mixtures of all land-use types, including nature. 

10.3.2 THE REFERENCE LAND-USE TYPE 

Before producing any formula or analyzing any results, a decision about the reference area must be made. The 

reference area represents the potential vegetation, or the type of land that will arise without human distortion. 

This kind of land type can be named “Nature”. Unfortunately, it is not easy to describe and indicate the term 

“Nature”, which still causes many discussions. To analyze the question “which land use type should be used as 

reference?” and to make a proper decision, we looked at the potential land use types of Europe, which would 

appear when no human influence takes place (see Figure 10.1). 
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Figure 10.1: Illustration of how Europe would look without human intervention or environmental changes (D. 

Stanners and P. Bourdeau, 1995). 

 

Figure 10.1 illustrates that within Europe, without any human intervention, 80-90% of the land would be cov-

ered by forest. In Northern Europe boreal forest would be most present, while Great Britain, Central and South-

ern Europe would be dominated by deciduous trees, like oaks and beech. Based on this information, the refer-

ence area for this impact category is chosen to be the land use type “woodland”. 

10.3.3 IMPACTS OF OCCUPATION 

In this section we shall develop the mathematical relationships that determine the impact of occupation on the 

species number. With occupation we refer to the continuous use of land, for instance the occupation of land by a 

cornfield that is needed to produce a certain amount of corn. We leave aside the question how that cornfield was 

made and what it was before, as in such cases there is no data available. In Section 10.3.4 we discuss cases, 

where we do know which conversion and restoration processes take place. 

 

When we assess the effect of occupation, we assess the differences between the situation when an area is occu-

pied and the situation in which the occupied area is in the reference state. During the period an area is occupied, 

there are two effects: 

1. The regional effect, this is the effect due to the difference in area size if there is or there is no 

occupation. To be more precise, there are two regional effects: 

a. The occupation restricts the size of the reference land-use type (nature), but does not 

increase the size of the land-use type i. This means that the size of the reference area 

is lower compared to the situation where no occupation takes place. According to the 
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species area relationship, the number of species in the reference area decreases 

somewhat. 

b. The number of species in other areas with the same land-use type i is influenced by 

the occupation due to the connection of the occupied area to the other regions with the 

same land-use type. 

2. The local effect, this is the effect of the occupation on the occupied area itself. The number of 

species in the occupied area is solely dependent on the occupied area and the values of C and z 

for that land-use type i. If the area would not be occupied, we would expect this area to have a 

species diversity determined by the values of z and C for the reference area, and the size of the 

occupied area. 

 

 

 A) Occupied area is isolated from other land-

use type  

B) Occupied area is connected to other areas 

with the same land-use type  

Situation 

without 

occupation 

 

 

  

Situation 

with 

Occupation 

 

 

  

Figure 10.2:Illustration of the unconnected and the connected form of changing a reference land-use type into 

land-use type i. 

 

The issue mentioned under point 1 deserves some further analysis. In Figure 10.2 we have illustrated two as-

sumptions: 

 The occupied area does not have any linkage to similar land-use types. For instance, when a 

meadow is made in the middle of a forest. Under this assumption there is no second regional effect 

as mentioned under the first point. 

 The occupied area can be assumed to be connected to other similar land-use types, and will be a 

part of a greater habitat; in this case there is a second regional effect. 

 

For the calculations below, it is important to carefully define the parameters: 

 area size of the reference area Ar without occupation; 

 area size of land-use type i: Ai without occupation (is zero under assumption A); 

 area size of the occupied area: Ao
;
 

 species number in the reference area without occupation: Sr; 

 species number in land-use type i without occupation: Si; 

 species number decrease in the reference area when occupation takes place: ΔSr; 

 species number increase in land-use type i when occupation takes place: ΔSi (is zero under assump-

tion A). 

 time during which the occupation takes place: t. 

 

Due to occupation there is a small marginal decrease of the area size Ar to Ar–Ao, and according to the species 

area relationship, this will mean a marginal decrease of the species richness in this area. Under assumption B, it 

also means an increase of the area Ai to Ai+Ao, and thus a marginal species increase in this area. 

 

In area A0, the species richness is equal to Sr as long as the area is not occupied. In case of occupation, the spe-

cies richness is Si+ΔSi (with ΔSi = 0 under assumption A). For calculating the ecosystem damage, we cannot use 

ΔS, as this represents an absolute species number. We must use the relative decrease of species; relative to what 

the species richness is without occupation. 

 

Regional damage factor for occupation 

The regional damage describes the marginal species loss in the surrounded area, due to the fact that occupation 

reduces the size of the surrounding area and thus the number of species found in that area. This effect is named 

the “species loss” due to occupation. 

 

Land  

type i 

Reference 

type 

Land  

type i 

Reference 

type 

Land  

type i 

Reference 

type 

Land  

type i 

Reference 

type 

occu-

pation 

occu-

pation 
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Under assumption A, the occupied area is not linked with the area of the same land use type. The marginal spe-

cies loss is multiplied by area and time to get the damage caused by the occupation: 

 
r

occ r

r

S
ED t A

S


   (10.2) 

With EDocc representing the environmental damage due to occupation, Ar the area size of the reference area, Sr 

the species number in the region and Sr the difference between natural and current number of species. Figure 

10.3 below illustrates this. 
 

Ar-A0 

Ar 

ΔSr 

Sr 
  Regional damage due to A0 

Area loss 
of A0  
 

 
Figure 10.3: The regional damage for region Ar. can be represented as the shaded area in the top of the figure. 

 

To get the marginal species decrease Sr, the first derivative of formula (10.1) is calculated: 

 
1

0
rz

rr rS A c zA 
   (10.3) 

Using formula (10.2) and (10.3), we get: 
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0 0( )
rz
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occ A assumptionA r rz
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c A



        (10.4) 

Apparently, under assumption A the regional damage is independent of the size of the region, only the size of the 

occupation plays a role. One can interpret zr as the characterisation factor that is used to get the regional damage: 

 ( ) *occ A assumptionA rCF regional Z ED   (10.5) 

 

Under assumption B, the occupied area is linked with the area of the same land use type and thus enlargement of 

that land use type is assumed. The regional damage, under this assumption, describes not only the marginal spe-

cies loss in the reference area, but also the marginal gain in the enlarged land use type i. 

 

Under assumption B, the marginal loss in the surrounded area is the same as formula (10.4) . To calculate the 

marginal gain, the reasoning is exactly the same as above. The result in ecosystem damage is: 

 

1

0 0( )
iz

i i i

occ gain assumptionB i iz

i i

c z A
ED regional t A A t A z

c A



          (10.6) 

Under assumption B, the environmental damage factor is the sum of the marginal gain of the occupied area 

(formula 10.4 and the marginal loss of the surrounded area (formula 10.4)  

 ( ) ( )occ B assumptionB r i oED regional z z t A      (10.7) 

The characterization factor is thus: 

 ( ) ( )occ B assumptionB r iCF regional z z SD     (10.8) 

 

The results of these calculations are remarkable simple. They only important factor is the z value, often referred 

to as the species accumulation factor. Note that under assumption B the characterisation factor can become nega-

tive if zi is larger than zr. 
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Local damage for occupation 

If the area was not occupied, we would find the number of species on that area using the species area relationship 

(see Figure 10.4). The species number found on the area Ao before occupation is: 

 
0( ) rz

occ rS local c A  (10.9) 

After occupation, we can expect a number of species (in the occupied area Ao) that is characterised by: 

 
_ 0

iz

i local iS c A  (10.10) 

 
 

A0 

Si 

SR Species area relationship 

with ci en zi  

loss of 

species 

Species area relationship 

with cR en zR  

 
Figure 10.4: Local effect of area Ao, can be illustrated as the shaded area in this graph; note that there can also 

be an increase of species, so the local damage can become negative. 

 

Using formula (10.9) and (10.10) we can now determine the species loss on the area Ao: 

 0 0
iR zz

local R iS c A c A    (10.11) 

 

The local environmental damage in area A0 can be summarized as: 
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       (10.12) 

The characterization factor is thus: 

 0( )
i rz z

r i
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r

c c A
CF local SD
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   (10.13) 

This means, the local characterisation factor depends on the area size of occupation. Because in the LCI data 

practitioners do not know the occupied area size, a practical solution is needed. Some authors (Köllner) have 

simplified this relationship by standardising the area size to one square meter. In this case the values of z, have 

no impact anymore, and the characterisation factor becomes only dependent on the values of c. In Goedkoop and 

Spriensma (1999) the assumption was made that the differences between the z values are small, and can be as-

sumed to be equal in most cases. In Section 10.4.1 we will further discuss this, as there are a number of compli-

cations with this approach. 

 

Combined damage factor for occupation 

The combined damage factor of occupation consists of the sum of regional effects and local effects. Under as-

sumption A, the damage factor is calculated combining formula (10.4) and (10.13): 
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     (10.14) 

Under assumption B, the damage factor is calculated combining formula (10.7) and (10.13)  
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      (10.15) 

In Section 10.4.1, we shall describe how z and c can be determined for the reference and for the specific land-use 

type. First we shall discuss the case of transformation. 
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10.3.4 IMPACTS OF TRANSFORMATION 

As discussed in Section 10.1.2, the LCI parameter for transformation is given in square meters. The characterisa-

tion factor is the combination of the species loss integrated over the time the species loss occurs. This indicates 

that the characterisation factor in fact describes a combination of two processes: conversion and restoration. 

 

The term ‘conversion’ describes the active conversion from one state to the other, for instance when a mine or 

landfill is expanded, or when a forest is clear cut for wood production. The conversion process will also take 

some time, but in practice this time is short compared with the time needed for restoration of the land to an 

original or close to original state. Restoration can be a completely natural process, or it can be helped, by taking 

appropriate measures that speeds up the natural restoration processes. 

 

Between the conversion and the restoration, there will usually be an occupation time. As discussed in Section 

10.1.3 the LCI practitioner is supposed to specify the transformation and occupation parameters separately. In 

this chapter we shall therefore ignore the occupation. In case the assumption that the conversion process takes 

little time, one can add a factor for occupation of the area. 

 

The damage from converting an area is determined by the difference in species richness of the area before and 

after transformation, and by the assumed restoration time (trest). Also for transformation there is a local and re-

gional effect, and also here we have an assumption A and an assumption B. 

 

The characterisation factor for transformation can be computed in a very similar way as in the case of occupa-

tion. Below we have rewritten formula (10.14) and (10.15) to calculate the ecosystem damage. In this formula 

we have made the following replacements: 

 the index r (reference) has been replaced by the index o (original); 

 the area Ao representing the occupied area, has been replaced by Atrans, representing the transformed 

area size; this is the LCI parameter; 

 the time t (which is given as a part of the LCI parameter in the case of occupation), has been re-

placed by trest (which is not part of the LCI parameter in the case of transformation. 

 

Under assumption A, the environmental damage for transformation is: 
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     (10.16) 

Under assumption B, the environmental damage for transformation is based on formula (10.15): 
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      (10.17) 

If we take out the LCI parameter Atrans, we can write the characterisation factor as 
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     (10.18) 

The characterisation factor due to transformation, under assumption B, can be summarized as: 
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      (10.19) 

 

Section 10.4.3 gives an overview of the restoration times we can apply. 

 

10.4 DATA FOR DETERMINING THE CHARACTERISATION FAC-

TORS 
As the characterisation factors are determined by the values of the species accumulation factor z and the species 

richness factor c, we now need to determine these values for different land-use types. Furthermore, for transfor-

mation, we need to determine the restoration times. 

 

Three important sources have been used to collect the data on the species richness factor c and for the species 

accumulation z factor: 

 Crawley (2001) provides an in depth analysis of the variability of the species accumulation factors 

at different land area sizes in the UK. It provides data both for the z values and the c values, but the 

number of land use types is rather limited. 
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 CS2000 which gives species counts for land-use types in the UK, for different area sizes, witch a 

good separation of main land use types and verges and boundaries. This source does not provide 

values for z and c, but we shall describe how we could derive these. 

 Köllner 2001, which gives c values for a wide range of land use types in Switzerland, but assumes 

a uniform value for z of 0.21, irrespective of the land use type. 

10.4.1 DETERMINATION OF THE SPECIES ACCUMULATION FACTOR Z 

According to several sources, the value of the species accumulation factor z in formula (10.1) can vary between 

0.1 and 0.4, depending of the size of the area and the type of land. Hereby, 0.25 is often quoted as a good as-

sumption for z. This range is quite large, and therefore difficult to use. Köllner (2001) solves this by taking an 

average value for z of 0.21. 

Interrelation between z and the area size 

In the research of M.J Crawley (2001), British species diversity data, for different land use types and at different 

scales, were collected and used to determine the variability of factor z. Comparing six different land use types, 

six different z factors were found. Moreover, the research also found different z factors for different area scales. 

At small scales (0.01 m
2
 – 10 m

2
) and extreme high scales (>100 km

2
) z is lower than at mid-range scale (0.01 

km
2
 – 10 km

2
) areas. In a linear model as an LCA, we cannot know the actual size of the area being occupied, as 

the LCI parameter only specifies the product of area and time. For some land-use types the characterisation fac-

tors are heavily affected by the instability of z over different area sizes, while for others the instability of the z 

value is not so significant. In the additional information the land-use types which have a relatively stable charac-

terisation value are determined. Furthermore, as default area for our characterisation factors an area size of an 

hectare (10,000 m
2
) is chosen. This choice is based on several considerations further discussed in the supporting 

information B.3. 

10.4.2 DETERMINATION OF THE SPECIES RICHNESS FACTOR C 

Interpretation of the Köllner data 

In Köllner (2001) the species richness factor is given. Köllner calculates these from species observation data 

using a fixed value of z = 0.21. 

Interpretation of the CS2000 data:  

The Countryside Survey CS2000 gives species counts in arable land use types for three kinds of plots in Great 

Brittan: 

 The X plots are located in the middle of each field, and measure 200200 m. 

 The A plots are located just at the border, but inside the field, and measure 1100 m. 

 The B plots are located just outside the border, and measure 110m. 

It also specifies species diversity for other features such as road verges, water verges, etc. We will not apply 

these, as they do not have much meaning for LCA applications. 

 

 
Figure 10.5: Three plot types used in the Countryside Survey 2000. 

 

The CS2000 data does not specify a value for z or c, it merely provides species counts. These average species 

counts have been combined with the z values ( 

Table 10.3) provided by Crawley (2001), to calculate the values for c. We did take into account the difference in 

plot sizes. 

 

 

Table 10.3: Species accumulation factor (z values) given by Crawley (2001) for the main land use types. 

 Area size (m
2
) 

 

X-plot 

A-plot (margin) 

B-plot 

Arable land 

Boundary, just 

outside the land 

Inside  

edge 
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Land use type 1 10* 100
†
 1000 10000 

Grasland 0.238 0.15 0.207 0.184 0.349 

Woodland 0.173 0.242 0.193 0.437 0.439 

Built 0.054 0.174 0.385 0.406 0.214 

Bracken 0.058 0.094 0.274 0.423  

Heath 0.192 0.233 0.349 0.64 0.123 

Fallow 0.141 0.119 0.256 0.225 0.32 

* Applied to plot type B. 
† Applied to plot type X and A. 

 

Boundary effects in agricultural areas  

The CS2000 data confirms that the main richness of the plots is relatively independent of what grows on the 

field, but it is determined by the edges. The diversity in an area with many edges and borders will thus be sig-

nificantly higher than the diversity in large monocultures, with very few edges. 

 

For LCA practitioners, agricultural landscapes are an important and rather specific land use type, as they are 

often part of the production systems of products. In agricultural land use significant differences occur between 

the diversity of the edges, and the harvested part of the land. In modern agricultural practices the harvested land 

just contains the target species, with hardly any weed. This means that it is hardly worthwhile to distinguish 

between different crops, as the number of species will be kept artificially low with weed control techniques ap-

plied by the farmer. In fact the purpose of farming is to reduce the number of species to one, or a few desirable 

species. 

 

We propose to use three archetypes of land use intensiveness:  

 Monocultures, with no edges (corn fields in Nebraska). We find it safe to assume that the species 

diversity in the entire area is represented by the diversity found in the X plots. 

 Intensive arable areas with plots of more than a few hectares that are separated by just narrow 

edges. We find it safe to assume that the species diversity in the entire area is represented by the 

diversity found in the margins, the A plots. 

 Extensive arable areas with small fields and plenty of edges, and small natural plots in between. 

We find it safe to assume that the species diversity in the entire area is represented by the diversity 

found in the boundary areas just outside the land, the B plots. 

10.4.3 RESTORATION TIMES 

The restoration times are derived from the work of Bastian and Schreiber (1999). They indicated restoration 

times for six different land-use types. These times refer to the time needed for an area to be restored back into 

the original state. See Table 10.4. 

 

Table 10.4: Restoration times for six different ecosystems (Bastian and Schreiber, 1999). 

Ecosystem being transformed Restoration time (yr) 

vegetation of arable land, pioneer vegetation < 5 

species poor meadows and tall-herb communities, mature pioneer vegetation 5 – 25 

species poor immature hedgerows and shrubs, oligotroph vegetation of areas 

silting up, relatively species rich marshland with sedges, meadows, dry meadows 

and heath land 

25 – 50 

forests quite rich in species, shrubs and hedgerows 50 – 200 

low and medium (immature) peatbogs, old dry meadows and heathland 200 – 1000 

high (mature) peatbogs, old grow forests 1000 – 10000 

 

For application in LCA the most relevant restoration time is the time for natural areas that are transformed for 

operations such as mining. In general LCAs will not be suitable to monitor subtle transformations between the 

other land-use types. 

 

In the following section we shall further describe how we will interpret these ranges. 
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10.5 CALCULATED CHARACTERISATION FACTORS UNDER DIF-

FERENT PERSPECTIVES 
The cultural perspectives (Van Assalt M. and Rotmans J.,1995; Hofstetter P., 1998) are used to deal with as-

sumptions on the regional effects and restoration times. In this impact category we are confronted with the fol-

lowing choices. 

 Should we apply assumption A or assumption B regarding the connection between an occupied 

area and an area with a similar land use type? 

 Which assumptions can we make for restoration times? Is it realistic to take the full restoration time 

into account? 

 

The choice for assumption A or B is related to the question if we can assume that the positive effect of expand-

ing the land area for land-use type i may indeed be taken into account. In the egalitarian perspective we do not 

assume such positive effects and choose assumption A. In the individualist perspective we can make this as-

sumption B. In the hierarchist perspective we also select assumption A. The hierarchist perspective has a high 

confidence in policy measures that are aimed to connect ecosystems of different types; clearly it sees fragmenta-

tion of areas as a problem. 

 

Table 10.5: Overview of the choices under the three perspectives. 

Aspect Egalitarian Individualist Hierarchism 

Restoration times Maximum restora-

tion times 

Mean restoration time, 

with a maximum of 100 

year 

Mean restoration times 

Regional effect Assumption 

A (Isolated) or B (not iso-

lated) 

Assumption A Assumption B Assumption A (We assume that 

fragmentation is an overall 

problem that has to be consid-

ered) 

 

The restoration time interpretation can be translated in Table 10.6. 

 

Table 10.6: Translation of the restoration time ranges into single values for the three perspectives. 

Ecosystem being transformed Restoration times (year) 

 Value given Egalitar-

ian 

Individu-

alist 

Hierar-

chist 

Vegetation of arable land, pioneer vegetation < 5 5 2.2 2.2 

Species poor meadows and tall-herb communities, 

mature pioneer vegetation 

5 – 25 25 11 11 

Species poor immature hedgerows and shrubs, 

oligotroph vegetation of areas silting up, relatively 

species rich marshland with sedges, meadows, dry 

meadows and heath land. 

25 – 50 50 35 35 

Forests quite rich in species, shrubs and hedgerows 50 – 200 200 100 100 

Low and medium (immature) peat bogs, old dry 

meadows and heath land 

200 – 1000 1000 100 450 

High (mature) peat bogs, old grow forests 1000 – 10000 10000 100 3300 

10.5.1 CHARACTERIZATION FACTORS FOR IMPACTS OF OCCUPATION 

The characterization factors for occupation can be calculated using formulas for the local and regional effects, as 

they are combined in formulas 10.14 and 10.15. The local effect is calculated using formula 10.13. As we dis-

cussed above, the regional effect can be calculated under different assumptions. Formula 10.5 refers to assump-

tion A, the occupied area is not connected to similar areas. This assumption is used in the Hierarchist and the 

Egalitarian perspective. Formula 10.8 is used for assumption B, the individualist perspective. 

 

These formulas require values for the z and c factor, for each land use type. The z factors are in principle taken 

from Crawley, considering an area size of 10.000 m
2
. In a few cases we do not have data from Crawley, and we 

use Köllner instead; he assumes a fixed value of 0.21 for all land-use types. The factors for c are taken from both 

Köllner and CS2000. A problem with these two sources is that they give different values for c for the same land-

use types. We have solved this, by normalizing the Köllner data for the reference land-use type. This is chosen to 

be extensive broadleaf forest, as discussed in Section 10.3.2. In the CS2000 data this reference is called: “Exten-

sive Broadleaf, mixed and yew LOW woodland” and in Köllner it is called “broadleaved forest”. 
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Table 10.7: Characterization factors for occupation for the egalitarian and hierarchistic perspectives, for 18 

different land use types. The damage caused by occupation of a certain area of land can be found by multiplying 

the proper CF-value with the area and time of occupation. 

Land use type Z c Local 

effect 
PDF.m2.yr 

Regional 

effect 
PDF.m2.yr 

Total 

effect 
PDF.m2.yr 

CFocc * 

10
-9 

Monoculture Crops/Weeds¹ 0.210
3
 2.0¹ 0.95 0.44 1.39        19.2  

Intensive Crops/Weeds¹ 0.210
3
 4.6¹ 0.89 0.44 1.33        18.4  

Extensive Crops/Weeds¹ 0.210
3
 6.2¹ 0.85 0.44 1.29        17.8  

Monoculture Fertile Grassland¹ 0.349 3.7¹ 0.69 0.44 1.13        15.6  
Intensive Fertile Grassland¹ 0.349 6.2¹ 0.48 0.44 0.92        12.7  
Extensive Fertile Grassland¹ 0.349 7.9¹ 0.25 0.44 0.69          9.5  
Monoculture Infertile Grassland¹ 0.349 7.1¹ 0.41 0.44 0.85        11.7  
Extensive Infertile Grassland¹ 0.349 10.5¹ 0.00 0.44 0.44          6.1  
Monoculture Tall Grassland/Herb¹ 0.349 0.9¹ 0.92 0.44 1.36        18.8  
Intensive Tall Grassland/Herb¹ 0.349 4.7¹ 0.61 0.44 1.05        14.5  
Extensive Tall Grassland/Herb¹ 0.349 7.2¹ 0.31 0.44 0.75        10.4  
Monoculture Broadleaf, mixed forest 

and woodland¹ 

0.439 3.1¹ 0.19 0.44 0.63 

         8.7  
Extensive Broadleaf, mixed and yew 

LOW woodland¹
,
* 

0.439 5.2¹ 0.00 0.00 0.00 

          -    
Broad-leafed plantation² 0.439 3.3² 0.37 0.44 0.81        11.2  
Coniferous plantations² 0.439 2.8² 0.47 0.44 0.91        12.6  
Mixed plantations² 0.439 1.8² 0.76 0.44 1.10        15.2  
Continuous urban² 0.214 1.4² 0.96 0.44 1.4        19.3  
Vineyards² 0.210

3 
2.8² 0.42 0.44 0.86        11.9  

* Reference land use type; ¹ data of CS2000; 2 data of Köllner; 3 z values taken from Köllner 

 

Table 10.8: Characterization factors for the individualistic perspective, for 18 different land use types. The dam-

age caused by occupation of a certain area of land can be found by multiplying the proper CF-value with the 

area and time of occupation.  

Land use type z c Local 

effect 
PDF.m2.yr 

Regional 

effect 
PDF.m2.yr 

Total 

effect 
PDF.m2.yr 

CFocc  

* 10
-9

 

Monoculture Crops/Weeds¹ 0.210
3
 2.0¹ 0.95 0.23 1.18        16.3  

Intensive Crops/Weeds¹ 0.210
3
 4.6¹ 0.89 0.23 1.12        15.5  

Extensive Crops/Weeds¹ 0.210
3
 6.2¹ 0.85 0.23 1.08        14.9  

Monoculture Fertile Grassland¹ 0.349 3.7¹ 0.70 0.09 0.79        10.9  
Intensive Fertile Grassland¹ 0.349 6.2¹ 0.50 0.09 0.59          8.1  
Extensive Fertile Grassland¹ 0.349 7.9¹ 0.27 0.09 0.36          5.0  
Monoculture Infertile Grassland¹ 0.349 7.1¹ 0.43 0.09 0.52          7.2  
Extensive Infertile Grassland¹ 0.349 10.5¹ 0.03 0.09 0.12          1.7  
Monoculture Tall Grassland/Herb¹ 0.349 0.9¹ 0.93 0.09 1.02        14.1  
Intensive Tall Grassland/Herb¹ 0.349 4.7¹ 0.62 0.09 0.71          9.8  
Extensive Tall Grassland/Herb¹ 0.349 7.2¹ 0.33 0.09 0.42          5.8  
Monoculture Broadleaf, mixed and 

yew LOW woodland¹ 

0.439 3.1¹ 0.40 0.00 0.19 

         2.6  
Extensive Broadleaf, mixed and yew 

LOW woodland¹
,
* 

0.439 5.2¹ 0.00 0.00 0.00 

          -    
Broad-leafed plantation² 0.439 3.3² 0.37 0.00 0.37          5.1  
Coniferous plantations² 0.439 2.8² 0.47 0.00 0.47          6.5  
Mixed plantations² 0.439 1.8² 0.66 0.00 0.66          9.1  
Continuous urban² 0.214 1.4² 0.97 0.22 1.19        16.4  
vineyards² 0.210

3 
2.8² 0.42 0.23 0.65          9.0  

Reference land use type; ¹ data of CS2000; 2 data of Köllner; 3 z values taken from Köllner 
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10.5.2 CHARACTERIZATION FACTORS FOR IMPACTS OF TRANSFORMATION 

The characterisation factors for transformation are given in formulas (10.18) and (10.19). The main difference 

with occupation is the use of the restoration time. It is possible to develop huge conversion matrices between all 

kind of land use types, but for LCA it is especially relevant to be able to express environmental damages due to 

the transformation of natural areas into an artificial area. Conversion of agricultural land-use type A into an agri-

cultural land-use type B is probably less interesting. 

 

The characterisation factors provided below are based on this self limitation. We have assumed that the conver-

sion takes place in a more or less natural area, to an artificial area; for formula (10.18) and (10.19) this means 

that the index o (original) is assumed equal to r (reference). As a result, the PDF is independent of the area type 

that will be transformed (the first column in Table 10.9, Table 10.10, and Table 10.11) and only differentiates for 

the land use types that occur due to transformation. For the agricultural land use types we have only calculated 

the impact for the intensive land use, not for the monocultures or the extensive land-use types. The second row 

has the PDF value that occurs after conversion. It is taken from the values calculated in Section 10.3.3. These 

PDF values are multiplied with the assumed restoration times, which depends of the original state. If more data 

on the actual restoration times are available anyone can use this actual restoration time in stead of the defaults. 

 

Table 10.9: Characterisation factors (PDF.Yr) per square meter converted area for the hierarchist perspective 

(assumption A and average restoration times). 

 Restora-

tion time 

Crops 

and 

weeds 

Grassland Broad-

leaved 

plantation 

Conifer-

ous plan-

tation 

continous 

urban 

PDF  1.3 0.8 0.9 1.1 1.4 

Species poor immature hedge-

rows and shrubs + 
a 
 

35 46 28 32 39 49 

Forests, shrubs and hedge-

rows 

100 130 80 90 110 140 

Low and medium
b
 peat bogs, 

old dry meadows and heath 

land 

450 585 360 405 495 630 

High (mature) peat bogs, old 

grow forests 

3300 4290 2640 2970 3630 4620 

a oligotroph vegetation of areas silting up, relatively species rich marshland with sedges, meadows, dry meadows and heath 

land. 
b immature 

 

Table 10.10: Characterisation factors (PDF.Yr) per square meter converted area for the egalitarian perspective 

(assumption A and average restoration times). These values still need to be multiplied with the terrestrial species 

density factor, we have not done so as this makes the results less clear 

 Restora-

tion time 

Crops 

and 

weeds 

Grassland Broad-

leaved 

plantation 

Conifer-

ous plan-

tation 

Continous 

urban 

PDF  1.3 0.8 0.9 1.1 1.4 

Species poor immature hedge-

rows and shrubs + 
a
  

50 65 40 45 55 70 

Forests quite rich in species, 

shrubs and hedgerows 

200 260 160 180 220 280 

Low and medium
b
 peat bogs, 

old dry meadows and heath 

land 

1000 1300 800 900 1100 1400 

High (mature) peat bogs, old 

grow forests 

10000 13000 8000 9000 11000 14000 

a oligotroph vegetation of areas silting up, relatively species rich marshland with sedges, meadows, dry meadows and heath 

land. 
b immature 
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Table 10.11: Characterisation factors (PDF.Yr) per square meter converted area for the individualist perspec-

tive (assumption B and average restoration times, limited to 100 years). These values still need to be multiplied 

with the terrestrial species density factor, we have not done so as this makes the results less clear. 

 

 Restora-

tion time 

Crops 

and 

weeds 

Grassland Broad-

leaved 

planta-

tion 

Coniferous 

plantation 

Continous 

urban 

PDF  1.12 0.65 0.37 0.47 1.2 

Species poor immature hedge-

rows and shrubs, + 
a
  

35 39 23 13 16 42 

Forests quite rich in species, 

shrubs and hedgerows 

100 112 65 37 47 120 

Low and medium
b
 peat bogs, 

old dry meadows and heath 

land 

100 112 65 37 47 120 

High (mature) peat bogs, old 

grow forests 

100 112 65 37 47 120 

a oligotroph vegetation of areas silting up, relatively species rich marshland with sedges, meadows, dry meadows and heath 

land. 
b immature 

10.6 LAND USE OCCUPATION WITH ECOINVENT  
 

A. Land occupation midpoints 
Table 10.12 shows the resulting characterisation factors for agricultural and urban land occupation and how the 

Ecoinvent land use types have been assigned for these purposes. The land use type ‘unknown’ from Ecoinvent is 

handled differently, as it is an average between natural and non-natural land. Based on the fact that 61% of all 

land is non-natural and 39% is natural land, it receives for both ALO the characterisation factor 0.4 and ULO the 

characterisation factor 0.6. 
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Table 10.12: Midpoint characterisation factors for impacts of land occupation. 

Land use type in Ecoinvent ALOP (m2yr/m2yr) ULOP (m2yr/m2yr) 

Occupation, arable 1 0 

Occupation, arable, integrated 1 0 

Occupation, arable, non-irrigated 1 0 

Occupation, arable, non-irrigated, diverse-intensive 1 0 

Occupation, arable, non-irrigated, fallow 1 0 

Occupation, arable, non-irrigated, monotone-intensive 1 0 

Occupation, arable, organic 1 0 

Occupation, construction site 0 1 

Occupation, dump site 0 1 

Occupation, dump site, benthos 0 1 

Occupation, forest 1 0 

Occupation, forest, extensive 1 0 

Occupation, forest, intensive 1 0 

Occupation, forest, intensive, clear-cutting 1 0 

Occupation, forest, intensive, normal 1 0 

Occupation, forest, intensive, short-cycle 1 0 

Occupation, heterogeneous, agricultural 1 0 

Occupation, industrial area 0 1 

Occupation, industrial area, benthos 0 1 

Occupation, industrial area, built up 0 1 

Occupation, industrial area, vegetation 0 1 

Occupation, mineral extraction site 0 1 

Occupation, pasture and meadow 1 0 

Occupation, pasture and meadow, extensive 1 0 

Occupation, pasture and meadow, intensive 1 0 

Occupation, pasture and meadow, organic 1 0 

Occupation, permanent crop 1 0 

Occupation, permanent crop, fruit 1 0 

Occupation, permanent crop, fruit, extensive 1 0 

Occupation, permanent crop, fruit, intensive 1 0 

Occupation, permanent crop, vine 1 0 

Occupation, permanent crop, vine, extensive 1 0 

Occupation, permanent crop, vine, intensive 1 0 

Occupation, sea and ocean 0 0 

Occupation, shrub land, sclerophyllous 1 0 

Occupation, traffic area 0 1 

Occupation, traffic area, rail embankment 0 1 

Occupation, traffic area, rail network 0 1 

Occupation, traffic area, road embankment 0 1 

Occupation, traffic area, road network 0 1 

Occupation, tropical rain forest 1 0 

Occupation, unknown 0.4 0.6 

Occupation, urban, continuously built 0 1 

Occupation, urban, discontinuously built 0 1 

Occupation, urban, green areas 0 1 

Occupation, water bodies, artificial 0 0 

Occupation, water courses, artificial 0 0 

 

 

B. Land occupation endpoints 
Table 10.13 shows the resulting characterisation factors for land occupation on endpoint level and how the 

ecoinvent land use types have been assigned for these purposes. The land use type ‘unknown’ from Ecoinvent is 

handled differently, it is calculated as an average between 61% non-natural and 39% natural land.  
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Table 10.13: Endpoint characterisation factors in PDF.m
2
.yr, and the charaterisation factors which are the 

result of caluclating with the species density for impacts of land occupation. The table distinguishes the indi-

vidualist (I) perspective and the combined hierarchist and egalitarian perspective (H)+(E) 

Land use type in Ecoinvent 

Corresponding land use type 

from ReCiPe 

PDF.m2 

.yr 

(H)+(E) 

PDF.m2. 

yr 

 (I) 

LOP 

[yr] 

(H)+(E) 

LOP 

[Yr]  

(I) 

Occupation, arable Intensive Crops/Weeds¹ 1.3 1.12 1.79E-08 1.55E-08 

Occupation, arable, integrated Intensive Crops/Weeds¹ 1.33 1.12 1.84E-08 1.55E-08 

Occupation, arable, non-irrigated Intensive Crops/Weeds¹ 1.33 1.12 1.84E-08 1.55E-08 

Occupation, arable, non-irrigated, diverse-

intensive Monoculture Crops/Weeds¹ 1.39 1.18 1.92E-08 1.63E-08 

Occupation, arable, non-irrigated, fallow Extensive Crops/Weeds¹ 1.29 1.08 1.78E-08 1.49E-08 

Occupation, arable, non-irrigated, monotone-

intensive Monoculture Crops/Weeds¹ 1.39 1.18 1.92E-08 1.63E-08 

Occupation, arable, organic Extensive Crops/Weeds¹ 1.29 1.08 1.78E-08 1.49E-08 

Occupation, construction site Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, dump site Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, dump site, benthos Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, forest 

Monoculture Broadleaf, mixed 

forest and woodland¹ 0.63 0.19 8.69E-09 2.62E-09 

Occupation, forest, extensive 

Monoculture Broadleaf, mixed 

forest and woodland¹ 0.63 0.19 8.69E-09 2.62E-09 

Occupation, forest, intensive Broad-leafed plantation² 0.81 0.37 1.12E-08 5.11E-09 

Occupation, forest, intensive, clear-cutting Mixed plantations² 1.1 0.66 1.52E-08 9.11E-09 

Occupation, forest, intensive, normal Broad-leafed plantation² 0.81 0.37 1.12E-08 5.11E-09 

Occupation, forest, intensive, short-cycle Mixed plantations² 1.1 0.66 1.52E-08 9.11E-09 

Occupation, heterogeneous, agricultural Extensive Crops/Weeds¹ 1.29 1.08 1.78E-08 1.49E-08 

Occupation, industrial area Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, industrial area, benthos Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, industrial area, built up Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, industrial area, vegetation Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, mineral extraction site Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, pasture and meadow Intensive Fertile Grassland¹ 0.92 0.59 1.27E-08 8.14E-09 

Occupation, pasture and meadow, extensive Intensive Fertile Grassland¹ 0.92 0.59 1.27E-08 8.14E-09 

Occupation, pasture and meadow, intensive Monoculture Fertile Grassland¹ 1.13 0.79 1.56E-08 1.09E-08 

Occupation, pasture and meadow, organic Extensive Fertile Grassland¹ 0.69 0.36 9.52E-09 4.97E-09 

Occupation, permanent crop Mixed plantations² 1.1 0.66 1.52E-08 9.11E-09 

Occupation, permanent crop, fruit Mixed plantations² 1.1 0.66 1.52E-08 9.11E-09 

Occupation, permanent crop, fruit, extensive Broad-leafed plantation² 0.81 0.37 1.12E-08 5.11E-09 

Occupation, permanent crop, fruit, intensive Mixed plantations² 1.1 0.66 1.52E-08 9.11E-09 

Occupation, permanent crop, vine Vineyards² 0.86 0.65 1.19E-08 8.97E-09 

Occupation, permanent crop, vine, extensive Vineyards² 0.86 0.65 1.19E-08 8.97E-09 

Occupation, permanent crop, vine, intensive Vineyards² 0.86 0.65 1.19E-08 8.97E-09 

Occupation, sea and ocean  0 0 0.00E+00 0.00E+00 

Occupation, shrub land, sclerophyllous Intensive Tall Grassland/Herb¹ 1.05 0.71 1.45E-08 9.80E-09 

Occupation, traffic area Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, traffic area, rail embankment Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, traffic area, rail network Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, traffic area, road embankment Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, traffic area, road network Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, tropical rain forest 

Monoculture Broadleaf, mixed 

forest and woodland¹ 0.63 0.19 8.69E-09 2.62E-09 

Occupation, unknown  1.10 0.80 1.52E-08 1.10E-08 

Occupation, urban, continuously built Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, urban, discontinuously built Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, urban, green areas Continuous urban² 1.4 1.19 1.93E-08 1.64E-08 

Occupation, water bodies, artificial 0 0 0 0.00E+00 0.00E+00 

Occupation, water courses, artificial 0 0 0 0.00E+00 0.00E+00 
*Calculated as 0.6 continuous urban and 0.4 mixed forest. 
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10.7 LAND USE TRANSFORMATION WITH ECOINVENT  
 

For the land transformation impact category, land is transformed from one state to the other, namely from land 

use type x to land use type y. Land use type x and y can be defined as natural land or non-natural land. Non-

natural land can be defined as those land use types describing high human intervention, like urban land, arable 

fields or traffic area. Natural land is more difficult to define. Following the conventions of Ecoinvent, the land 

use types ‘forest’, ‘tropical forest’ and ‘sea and ocean’ can be recognize as natural land. As a result four trans-

formation processes can take place: 

 Transformation from natural land to non-natural land 

 Transformation from non-natural land to natural land 

 Transformation from non-natural land to non-natural land 

 Transformation from natural land to natural land 

In ReCiPe, the first transformation process is characterised with a positive characterisation factor, referring to 

environmental damage. The second transformation process produces environmental improvement, accounted 

with a negative characterisation factor. The transformation processes from nature to nature and from non-natural 

to non-natural have no meaning in the ReCiPe method. We assume no effect takes place, what corresponds to a 

characterisation factor of 0 for these two transformation processes.  

 

In the Ecoinvent inventory database however, for each land transformation process mentioned above, the state 

before transformation and the state after land transformation is defined separately in two LCI data points. The 

final result of one land transformation process is produced when adding both transformation states: 

 Transformation, from land use type x  

 Transformation, to land use type y.  

Eco-invent considers the transformation from land use type x to a reference land use type and the transformation 

to land use type y from a reference land use type. It does not define what that reference land use type is exactly, 

but leaves this to the LCIA developer. The use of two conversions, from and to a reference state, is a different 

concept from the ReCiPe methodology. In ReCiPe we developed factors for the transformation process. This 

conceptual difference forces us to link the characterisation factor to one of the two transformation states given by 

Eco-invent. The most logical choice is to have only a characterisation factor for transformations from and to 

natural land-use types, as the environmental damage of land transformation depends on the restoration time 

needed to restore the natural land. 

 

For each state a characterisation factor is produced. In order to be consistent with Ecoinvent and taking into 

account the distinction between natural and non-natural land, the characterisation factors are produced as fol-

lows: 

Transformation, to non-natural land: CF = 0; 

Transformation, from non-natural land: CF = 0; 

Transformation, to natural land: CF= negative value; 

Transformation, from natural land: CF= positive value. 

 

A. Land transformation midpoints 
 

For the different land use types of Ecoinvent, the NLTPs (the natural land transformation potentials) have been 

listed in Table 10.14. The land use type ‘unknown’ from Ecoinvent is handled differently, as it is an average 

between natural and non-natural land. Based on the fact that 61% of all land is non-natural and 39% is natural 

land, it receives the following characterisation factors
30

:  

Transformation, to unknown: CF = -0.4; 

Transformation, from unknown: CF = 0.4; 

 

  

 

                                                           
30 Combining these characterisation factors in the above transformation processes, it gives following results: Transformation 

from natural land to unknown land: CF=0.6; Transformation from unknown land to natural land: CF=-0.6; Transformation 

from non-natural land to unknown land: CF=-0.4; Transformation from unknown land to non-natural land: CF=0.4. 
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Table 10.14: Midpoint characterisation factors for impacts of land transformation. 

Land use type NLTP (m2/m2) 

transformation, from forest 1 

transformation, from sea and ocean 1 

transformation, from tropical rain forest 1 

transformation, from unknown 0.4 

transformation, from ‘any type of non-natural land’ 0 

transformation, to forest -1 

transformation, to sea and ocean -1 

transformation, to tropical rain forest -1 

transformation, to unknown -0.4 

transformation, to ‘any type of non-natural land’ 0 

 

The midpoint indicators can not directly be used in the endpoint methodology. At midpoint level, no differentia-

tion to land use types is made, due to the uncertainties. While at endpoint level, uncertainties are considered and 

so a differentiation to several land use types is made. 

 

 

B. Land transformation endpoints 

 
For the different land use types of ecoinvent, the endpoint characterisation factors for land transformation have 

been listed in .  As discussed previously, the endpoint characterisation factors for land use are determined by the 

difference in species richness before and after transformation, and the time needed to restore the land.  

- As the effect of transformation is determined by the type of natural land the transformation is coming 

from or going to, the restoration time chosen is the time needed to restore the natural land.  

 

Restoration time Hierarchist & individualist Egalitarian 

Forests, shrubs and hedgerows 100 200 

Tropical forest 3300 10000 

 

- In principle, the restoration time is multiplied with the difference in species richness before and after 

transformation. This species difference is difficult to define as the non-natural land use type, where the 

land will be transformed to or is coming from, is unknown (as when using Ecoinvent each possible 

combination can be made). Furthermore, the restoration time is incorporated in the CF of the natural 

land and thus also here the species difference should be implemented. The difference in species richness 

chosen, is an average of the different non-natural land use types the transformation is coming from or 

going to. We realize this is a rough assumption that eliminates a lot of land use specific factors that are 

available.  

 

Difference in species richness 

(PDF) 

Hierarchist & egalitarian Individualist 

Between natural and non-natural land  1.05 0.8 

 

We tried to compensate for the use of ‘an average factor’ by implementing land type specific information 

multiplied with the restoration time for natural land, in the CFs of the non-natural land use types. This 

would solve our rough average in transformations from natural land to non-natural land or visa versa. 

However, within Ecoinvent next to transformations from natural to non-natural, also transformation from 

non-natural to non-natural appears, and this can give problems. To test we calculated the environmental 

damage, using a sample size of 40 agricultural processes from Ecoinvent. For transformations from non-

natural land to non-natural land, using the exact same land use types, both effects are compensated and 

the net effect is zero (like we want). However, small asymmetries in transformations such as ‘transforma-

tion from arable to arable, non-irrigated’ resulted in an environmental load much larger than the load due 

to occupation of the arable land. This is clearly not consistent with what we want to express. The high 

damage derived from the restoration time which applies for the natural land, what is not correct as in this 

case we have a transformation from non-natural to non-natural land. As a result, we decided to give a CF 

of 0 to all transformations from and to non-natural land use types. 
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Table 10.15: Endpoint characterisation factors for impacts of land transformation, expressed both as 

PDF.m
2
.yr as in species.yr, the characterisation factor. 

Land use type PDF. 

m2. yr 

 (I) 

PDF. 

m2. yr 

 (H) 

PDF. 

m2. yr 

 (E) 

LTP 

[yr] (I) 

LTP 

[yr] (H) 

LTP 

[yr] (E) 

transformation, from forest 110 130 260 1.63E-06 1.92E-06 3.85E-06 

transformation, from tropical rain forest 3630 4290 13000 5.37E-05 6.35E-05 1.92E-04 

transformation, from unknown* 43 51 5070 6.36E-07 7.55E-07 7.50E-05 

transformation, from ‘any type of non-natural land’ 0 0 0 0 0 0 

transformation, to forest -110 -130 -260 -1.63E-06 -1.92E-06 -3.85E-06 

transformation, to tropical rain forest -3630 -4290 -13000 -5.37E-05 -6.35E-05 -1.92E-04 

transformation, to unknown* -43 -51 -5070 -6.36E-07 -7.55E-07 -7.50E-05 

transformation, to ‘any type of non-natural land’ 0 0 0 0 0 0 
*Calculated as mixed forest multiplied with 0.4. 

 

The land use type ‘unknown’ from Ecoinvent is handled differently. Based on the fact that 39% of all land is 

natural land, it receives a different characterisation factor. For the Hierarchist and Individualist perspective we 

assume that 40% natural land is covered by Forests, shrubs and hedgerows. For the Egalitarian perspective a 

worst case scenario is considered, where the characterisation factor of ‘tropical forest’ is multiplied with 0.4. 
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10.9 SUMMARY TABLE 
Entity Content 

impact category land use 

LCI results land occupation, land transformation 

midpoint indicator(s) (with abbreviation) agricultural land occupation (ALO) 

urban land occupation (ULO) 

natural land transformation (NLT) 

unit of midpoint indicator(s) m
2
yr 

m
2
yr 

m
2
 

midpoint characterisation factor (with abbreviation) agricultural land occupation potential 

(ALOP) 

urban land occupation potential (ULOP) 

natural land transformation potential (NLTP) 

unit of midpoint characterisation factor m
2
yr/m

2
yr 

m
2
yr/m

2
yr 

m
2
/m

2
 

endpoint indicator(s) (with abbreviation) damage to ecosystem diversity (ED) 

unit of endpoint indicator(s) yr 

endpoint characterisation factor (with abbreviation) No direct link with midpoint 

unit of endpoint characterisation factor yr/m
2 
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11 WATER DEPLETION 

Mark Goedkoop
31

 and An De Schryver 

Water is a scarce resource in many parts of the world, but also a very abundant resource in other parts of the 

world. Unlike other resources there is no global market that ensures a global distribution. The market does not 

really work over big distances as transport costs are too high. Extracting water in a dry area can cause very sig-

nificant damages to ecosystems and human health, but so far no models are available to express the damage on 

the endpoint level. We do propose however to have a midpoint indicator that simply expresses the total amount 

of water used. 

11.1 THE MIDPOINT INDICATOR 
An important issue is to consider which types of water uses do result in water shortages. If water evaporates or is 

used as input for the production of concrete, used as an input in production processes, etc., one can assume the 

water is lost from an area. If the water is consumed, but also released very close to the point of consumption, one 

may argue the water is not lost, and in that case the water use does not result in any shortages. There are also 

more complex causes of water shortages. For instance sewer systems along roads and cities are designed to 

quickly remove water from surfaces, without giving the water to opportunity to add to the groundwater table. 

To give some guidance, we selected five water types used in the ecoinvent data that should be used as default, 

but we recommend assessing on a case by case basis if more water use types should be included. 

 

Table 11.1: Midpoint characterisation factors for the midpoint impact category freshwater depletion. No end-

point modelling is available at present. 

Resources CFmidpoint (m
3
/m

3
) CFendpoint 

Water, lake 1 NA* 

Water, river 1 NA 

Water, well, in ground 1 NA 

Water, unspecified natural origin 1 NA 

Water, unspecified natural origin (kg) 0.001
†
 NA 

* NA = not available 

† in m
3
/kg 

11.2 REFERENCE 
none 

11.3 SUPPORTING INFORMATION 
none 

11.4 SUMMARY TABLE 
Entity Content 

impact category freshwater depletion 

LCI results freshwater use 

midpoint indicator(s) (with abbreviation) water depletion (WD) 

unit of midpoint indicator(s) m
3
 

midpoint characterisation factor (with abbreviation) water depletion potential (WDP) 

unit of midpoint characterisation factor m
3
/m

3
 

endpoint indicator(s) (with abbreviation) – 

unit of endpoint indicator(s) – 

endpoint characterisation factor (with abbreviation) – 

unit of endpoint characterisation factor – 

 

                                                           
31 Corresponding author (goedkoop@pre-sustainability.com). 
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12 MINERAL RESOURCE DEPLETION 

Mark Goedkoop
32

 and An De Schryver 

Minerals are naturally occurring substances formed through geological processes that have a characteristic 

chemical composition, a highly ordered atomic structure and specific physical properties (Wikipedia). Minerals 

were present when the earth was formed, and when cooling down, geologic processes created areas in which 

minerals were concentrated. 

12.1 AVAILABLE DATA ON COMMODITIES AND DEPOSITS 
A mineral is in nature extracted from a deposit (that is extracted in a mine) and most deposits contain several 

minerals (Verhoef et. al. 2004). Eventually, the minerals or metals are the economic output of a mining operation 

and therefore also called commodities. One mineral can be found in different deposits and several mines can 

produce the same deposit type (producing the same metal). Although mines are often named after the primarily 

metal (“nickel mine”) in fact they do not mine copper but a deposit, like Dunitic, that contains nickel, but also 

often silver, and copper. Some metals are always mined as a by product like molybdenum, gallium and indium. 

Because inventory data produces information based on metals instead of deposits, the increased costs of the 

deposits are being recalculated individually per commodity. 

 

One of the most important data source for this method is the selected world metal deposits database of US geo-

logical survey (Singer et al., 1997). This database contains historical data from over 3000 mines on 50 deposits. 

Grade and tonnage data are not available for all mines or deposits. The commodities found in the different de-

posits are given in 12.1. 

 

 

  

 

                                                           
32 Corresponding author (goedkoop@pre-sustainability.com). 
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Table 12.1: Commodities in deposits. Number of mines between brackets 

Deposit
a
 Commodities 

Besshi (44) Ag-Au-Cu-Zn 

Carbonatite
b
(31) Nb2O5,RE2O5

c
,P2O5 

climax-mo_(9) Mo 

Comstock(41) Ag-Au-Cu-Pb-Zn 

Creede(27) Ag-Au-Cu-Pb-Zn 

cu-skarn(64) Ag-Au-Cu 

cuban-mn(93) Fe-Mn 

cyprus-mn (49) Ag-Au-Cu-Pb-Zn 

cyprus-mn-rev (7) Fe-Mn 

distal-dissem-ag-au(10) Ag-Au 

dunitic-ni(22) Au-Co-Cu-Ir-Ni-Pd 

epithermal-qtz-alunite-au(9) Ag-Au-Cu 

epithermal-mn_(59) Mn 

fe-skarn(168) Cu-Fe 

franciscan-mn_(184) Mn 

homestake-au(118) Ag-Au 

hot-spring-au(17) Ag-Au 

karst-bauxite_(41) Al 

komatiitic-ni(31) Au-Co-Cu-Ir-Ni-Pd-Pt 

kuroko-sier(19) Ag-Au-Cu-Pb-Zn 

kuroko-rev(457) Ag-Au-Cu-Pb-Zn 

laterite-bauxite_(122) Al 

lateritic-ni(71) Co-Ni 

olympic-penn-mn(17) Fe-Mn 

phosphate-upwelling_(60) P2O5 

phosphate-warm-current_(18) P2O5 

placer-pt-au(83) Au-Ir-Os-Pd-Pt 

podiform-cr-minor(435) Cr-Ir-Pd-Pt-Rh-Ru 

podiform-cr-major(174) Cr-Ir-Pd-Pt-Rh-Ru 

polymetallic-repl(52) Ag-Au-Cu-Pb-Zn 

porphyry-cu-ak-bc(56) Ag-Au-Cu-Mo 

prophyry-mo-low-f_(33) Mo 

replacement-mn(37) Cu-Fe-Mn-P 

replacement-sn_(6) Sn 

rhyolite-hosted-sn_(132) Sn 

sado-epithermal-au(20) Ag-Au-Cu-Pb-Zn 

sediment-hosted-au(39) Ag-Au 

sediment-hosted-cu(58) Ag-Co-Cu 

sedimentary-exhalative(44) Ag-Cu-Pb-Zn 

sandstone-hosted-pb-zn(20) Ag-Au-Cu-Pb-Zn 

sediment-mn_(38) Mn 

sn-greisen_(10) Sn 

sn-skarn_(4) Sn 

sn-vein_(43) Sn 

superior-algoma-fe(66) Fe-P 

synorogenic-synvol-ni(32) Au-Co-Cu-Ni-Pd-Pt 

unconformity-u_(36) U 

volcanic-hosted-magnetite(39) Fe-P 

volcanogenic-u_(21) U 

zn-pb-skarn(34) Ag-Au-Cu-Pb–Zn 

a: According to USGS metal deposits database [2] 

b: Not taken into account: no monetary value available 

c: RE: Rare earth metals 

 

This table shows all commodities come from different deposits. The number behind each deposit indicates the 

amount of mines present in the database producing the same deposit. This is further illustrated in Figure 12.1, 

where we plotted all yields (in dollars), per deposit and per commodity. 
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Figure 12.1: The contribution of each deposit to a resource (as a percentage of the total resource mass) 

12.2 FRAMEWORK 
In the description of the Area of protection, the damage is defined as the additional net present costs that society 

has to pay as a result of an extraction. This cost can be calculated by multiplying the marginal cost increase of a 

resource by an amount that is extracted during a certain period. This could be the annual production of a resource 

on a global basis, or the apparent consumption of a resource in a region. The cost is correct for the present value 

by a discount rate factor. 

          
    

    
            

 

      
  

    (12.1) 

The damage is expressed in US$ (present value in 2000), ΔCkg is the cost increase ($/kg), ΔYkg the extracted 

mass that caused the price increase (kg),  Pkg,t the annual produced amount of resource in year t (kg/yr) and d the 

discount rate  and time T is the period considered (yr) (defined in chapter 0). 

 

The damage can also be written when using economic values instead of mass: 

           
   

   
          

 

      
  

    (12.2) 

In this case ΔC$ is the cost increase per dollar value produced ($/$), ΔY$ the extracted amount in $, and P$ the 

amount produced per year expressed in value ($/yr). 

 

The characterisation factor for extraction defined in dollar ($/$) can thus be defined as: 

Deposit type Ag Al Au Co Cr Cu Fe Ir Mn Mo Ni Os P Pb Pd Pt Rh Ru Sn U Zn

besshi 0% 0% 0% 0% 0% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

carbonatite 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

climax-mo_ 0% 0% 0% 0% 0% 0% 0% 0% 0% 42% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

comstock 10% 0% 5% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

creede 10% 0% 3% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 1% 0% 0% 0% 0% 0% 0% 1%

cu-skarn 0% 0% 0% 0% 0% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

cuban-mn 0% 0% 0% 0% 0% 0% 0% 0% 31% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

cyprus-mn 0% 0% 1% 0% 0% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

cyprus-mn-rev 0% 0% 0% 0% 0% 0% 0% 0% 3% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

distal-dissem-ag-au 3% 0% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

dunitic-ni 0% 0% 0% 1% 0% 0% 0% 0% 0% 0% 11% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

epithermal-qtz-alunite-au 0% 0% 2% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

epithermal-mn_ 0% 0% 0% 0% 0% 0% 0% 0% 23% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

fe-skarn 0% 0% 0% 0% 0% 2% 14% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

franciscan-mn_ 0% 0% 0% 0% 0% 0% 0% 0% 9% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

homestake-au 0% 0% 43% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

hot-spring-au 0% 0% 4% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

karst-bauxite_ 0% 7% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

komatiitic-ni 0% 0% 0% 1% 0% 0% 0% 90% 0% 0% 2% 0% 0% 0% 98% 20% 0% 0% 0% 0% 0%

kuroko-sier 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

kuroko-rev 19% 0% 16% 0% 0% 20% 0% 0% 0% 0% 0% 0% 0% 19% 0% 0% 0% 0% 0% 0% 42%

laterite-bauxite_ 0% 93% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

lateritic-ni 0% 0% 0% 34% 0% 0% 0% 0% 0% 0% 86% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

olympic-penn-mn 0% 0% 0% 0% 0% 0% 0% 0% 2% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

phosphate-upwelling_ 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

phosphate-warm-current_ 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

placer-pt-au 0% 0% 0% 0% 0% 0% 0% 8% 0% 0% 0% #### 0% 0% 0% 80% 0% 0% 0% 0% 0%

podiform-cr-minor 0% 0% 0% 0% 4% 0% 0% 1% 0% 0% 0% 0% 0% 0% 0% 0% 20% 17% 0% 0% 0%

podiform-cr-major 0% 0% 0% 0% 96% 0% 0% 2% 0% 0% 0% 0% 0% 0% 0% 0% 80% 83% 0% 0% 0%

polymetallic-repl 9% 0% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 12% 0% 0% 0% 0% 0% 0% 6%

porphyry-cu-ak-bc 2% 0% 10% 0% 0% 12% 0% 0% 0% 11% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

prophyry-mo-low-f_ 0% 0% 0% 0% 0% 0% 0% 0% 0% 47% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

replacement-mn 0% 0% 0% 0% 0% 0% 0% 0% 32% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

replacement-sn_ 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 27% 0% 0%

rhyolite-hosted-sn_ 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

sado-epithermal-au 1% 0% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

sediment-hosted-au 0% 0% 13% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

sediment-hosted-cu 26% 0% 0% 64% 0% 60% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

sedimentary-exhalative 16% 0% 0% 0% 0% 1% 0% 0% 0% 0% 0% 0% 0% 56% 0% 0% 0% 0% 0% 0% 46%

sandstone-hosted-pb-zn 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 8% 0% 0% 0% 0% 0% 0% 1%

sediment-mn_ 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

sn-greisen_ 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 27% 0% 0%

sn-skarn_ 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 9% 0% 0%

sn-vein_ 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 37% 0% 0%

superior-algoma-fe 0% 0% 0% 0% 0% 0% 78% 0% 0% 0% 0% 0% 30% 0% 0% 0% 0% 0% 0% 0% 0%

synorogenic-synvol-ni 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 1% 0% 0% 0% 1% 0% 0% 0% 0% 0% 0%

unconformity-u_ 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 90% 0%

volcanic-hosted-magnetite 0% 0% 0% 0% 0% 0% 7% 0% 0% 0% 0% 0% 70% 0% 0% 0% 0% 0% 0% 0% 0%

volcanogenic-u_ 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 10% 0%

zn-pb-skarn 1% 0% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 3% 0% 0% 0% 0% 0% 0% 3%
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    (12.3) 

With MCI$ the marginal cost increase (1/ $). Similarly, the characterisation factor for extractions defined as mass 

is: 
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With MCIkg the marginal cost increase in $/ kg
2
. 

 

The proposed methodology focuses on the depletion of deposits, instead of individual commodities. By this way 

we do more justice to the actual geological distribution of metals, and we will be able to cover many more com-

modities, especially those metals that are always mined as co-product. The method uses increased costs as end-

point indicator and ‘the slope (relation grade-yield) divided by availability’ as midpoint indicator.  

The environmental mechanism used for this impact category includes the following steps: 

Step 1:  A marginal increase in yield (in $), caused by an extraction (the LCI parameter) of a deposit results in a 

marginal lower grade (in $/kg) of the deposit. As a deposit usually contains more than one commodity, 

a value ($) weighted average yield ($) and grade ($/kg) is used.  

Step 2:  The relation between ore grade and mining cost is established. The value weighted grade ($/kg), deter-

mines how much ore needs to be extracted. A marginal decrease in grade (in $/kg) results in extra min-

ing cost ($/kg) . The marginal cost increase ($/$) is non linear with the grade decrease and thus depends 

on the current ore grade. We have chosen to determine the marginal increase at the grade that corre-

sponds with the median of the extracted amount in our dataset. 

Step 3:  The marginal cost increase on deposit level can be calculated by combining step 1 and 2. This factor 

can be defined as the marginal average cost increase ($/$) due to extracting a dollar value of deposit d 

(1/ $). 

Step 4:  From the marginal cost increase factor on deposit level we go to the cost increase factor on commodity 

level. The average weighted yield of the cost increase of all deposits that contribute to the production of 

the commodity is calculated.  

Step 5:  Until here the marginal cost increase factors we developed for an extraction is expressed as monetary 

value. In LCA, resource extractions are usually defined as a mass. Therefore the marginal cost increase 

must be converted to mass extracted. 

From the marginal cost increase factor in step 5, we develop a midpoint characterisation factor,  

12.3 STEP 1, LOWER VALUE WEIGHTED GRADE IF VALUE 

WEIGHTED YIELD INCREASES 
The definition of an ore grade in a deposit is difficult to define if a deposit produces different commodities. To 

solve this we add up the grades of the individual commodities, multiplied with the economic value of the com-

modities, for each mine. 

  . ,v m c m c

c

g g V   (12.5) 

With gv.m the value weighted grade of mine m, gc,m the grade of commodity c at mine m and Vc the market value 

of commodity c ($/kg). The value weighted grade can be interpreted as the yield per kg of ore ($/kg). 

 

The data also provides the production amount of each commodity from a resource in hundreds of mines. Also 

here we use the price to get a total yield from the deposit. 

  . ,v m c m c

c

Y Y V   (12.6) 

With Yv.m the value weighted yield of mine m ($), in other words the total yield in dollars per mine, Yc,m the yield 

of commodity c at mine m (kg). 

 

Below we plot an example that illustrates how value weighted yield (cumulative values) and grade are related in 

the example of Dunitic. Each dot represents a mine of the same deposit Dunitic. A linear function is fitted 

through the data plots. This is done for each deposit. An overview of all plots can be seen in the supporting in-

formation. 

 

Initially we analysed the set using the assumption that there is a lognormal distribution of potential yields versus 

grade. This assumption is relatively well accepted among geologists, and also used in the Surplus energy concept 
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(Mueller-Wenk). We found a very bad fit if we wanted to plot such a function on the available data. A linear 

relationship fits better, although the fit is far from perfect, as can be seen in the supporting information.  

 

The misfit can indicate that the dataset is not completely representative for the total distribution in the earth 

crust. The data only samples mines, and not other geologic formation. In fact it covers only a small part of the 

variety of ore grades in metals. We use the linear fit, assuming that this linear relationship can be seen as an 

approximation of the ore-grade relationship, in the range of grades that are presently mined. It is clear that the 

linear relation cannot be valid at very high or low grades. We will only use the central part of the grade yield 

relationship, in fact we will use the grade that corresponds with the median yield. 

 
Figure 12.2: The cumulative value weighted yield in relation to the value weighted grade. The values of each dot 

derives from formula (12.5) and (12.6). The higher the grade, the lower yield at that grade is available. For an 

overview of all plots, see the supporting information. 

 

A certain amount of extraction ($) will cause a certain change in the value weighted grade ($/kg), determined by 

the slope Md (kg) and constant cd. For each deposit we can write: 

 . .v d d v d dY M g c    (12.7) 

With Yv.d the cumulative value weighted yield over all mines of deposit d ($), gv.d the value weighted grade of 

deposit d ($/kg), and Md the slope (kg), while cd is a constant ($). 

 

The marginal change in value weighted grade of deposit d due to a marginal change in value weighted yield of 

deposit d can be defined as:  

 .

.

1v d

v d d
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 (12.8) 

12.4 STEP 2 FROM VALUE WEIGHTED GRADE TO MARGINAL 

COST INCREASE 
For each decrease in grade in $/kg, an extra amount of value weighted yield needs to be mined. The cost grade 

relationship can be described as follows: 

 .$

.

d

v d

x
C

g
  (12.9) 

With Cd.$ the cost to mine a certain amount of ore of deposit d ($/$), x the mining costs per kg ore ($/kg), gv.d the 

value weighted grade of deposit d ($/kg). The cost, Cd.$ can be described as the amount of dollar paid to extract 

an amount of a deposit that contains commodities with a market value of a dollar.  

 

CostMine, formerly Western Mine Engineering, Inc. and now a division of InfoMine, provides advice, publica-

tions and software. World Mine Cost Data Exchange is a co-operative internet resource for mining industry 
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analysts. Both internet sources produce data and information on mining costs, operating conditions, wage scales, 

and unit prices. Costmine presents data typical for western U.S. mining operations. They used as example an 

open pit mine producing 5,000 tonnes ore and 5,000 tonnes waste per day. InfoMine made a free sample 

downloadable about Grasberg copper-gold mine located in Irianjaya, Indonesia. Grasberg is a complex operation 

with a large open pit and underground mine feeding four mills. Both sources give an average mining cost of 

0.004 $/kg ore mined. When milling is included, an average cost of 0.013 $/kg ore is derived. Due to limited data 

we assume this cost applies for all different deposits, without considering a difference in open pit and under-

ground mining.  

 

Based on the function described in formula (12.9) an example of Dunitic illustrates how value weighted grade 

and increased costs are related. Each dot represents a mine of the same deposit Dunitic.  

  
Figure 12.3: Mining costs ($/$) in relation with the value weighted grade ($/kg). We plotted the cost on the 

negative axis, so this graph can be combined with the previous graph where yield is plotted against grade. The 

combined graphs allow us to link yield increases to cost increases, with grade as an intermediate variable. 

 

The marginal change in cost of mining deposit d ($) due to a marginal change in value weighted grade of deposit 

d ($/kg) can be defined as: 
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 (12.10) 

As noted above, we have chosen to use the grade at the median of the total extracted amount of our database. 

This can be found at Y = c/2. It we substitute this in equation (12.10) we get: 
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 (12.11) 

The choice to take the yield at c/2 is rather arbitrary, but has no impact at the relative differences between the 

characterisation factors, although it is directly influencing the absolute values in the endpoint score. 

 

12.5 STEP 3, MARGINAL COST INCREASE ON DEPOSIT LEVEL 
The marginal increase of the cost factor Cd.$ due to a yield Y ($) can now be found, when we combine step one 

and two, formula (12.8) and (12.9).  
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With MCId.$ the marginal cost increase on the deposit level (1/$); Md the slope on deposit level (kg), x the mining 

costs ($/kg), Yv.d the value weighted yield of the deposit d ($) and cd the constant ($). 

This cost increase can also be used to develop a characterisation factor, by substituting MCI in equation (12.3):  

                      
 

      
  

        
   

     
           

 

      
  

                (12.13) 

 

With Pc.$ the amount of deposit d, expressed in $/yr. This can be used if LCI data is specified in monetary value 

per deposit. The unit of the characterisation factor on this level is $/$. 

 

 

12.6 STEP 4, FROM MARGINAL COST INCREASE ON DEPOSIT 

LEVEL TO COST INCREASE ON COMMODITY LEVEL 
 

As most commodities come from more than one deposit, we have to calculate the characterisation factor per 

commodity, using the calculations for deposits. Therefore, the average weighted yield of the characterisation 

factor of all deposits that contribute to the total yield of the commodity is calculated. To do this, we calculate the 

average for Md and cd separately
33

. We use the contribution to the yield as weighting factor to create the average. 

The basic assumption here is that if we extract one kg of copper it will come from all the deposits according to 

the current average production ratios. 
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 (12.14) 

With Mc and Cc the slope and constant on deposit level recalculated to commodity level c, and Yc,d the yield of 

commodity c in deposit d ($). Substituting both formulas from equation (12.14) into formula (12.12) the mar-

ginal cost increase on commodity level can be calculated as follows: 
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    (12.15) 

With MCIc.$ the marginal cost increase on the commodity level (1/$); Mc the slope on deposit level (kg), x the 

mining costs ($/kg), cc the constant ($). This cost increase can also be used to develop a characterisation factor, 

by substituting MCI in equation (12.3): 

 

                    
 

      
  

        
   

     
         

 

      
  

               (12.16) 

With Pc.$ the amount of commodity c, expressed in $/yr. d the discount rate (%/yr). This factor can be used if 

LCI data is expressed in monetary value per commodity. The unit of the characterisation factor on this level is 

$/$. 

 

12.7 STEP 5, FROM MARGINAL COST INCREASE PER DOLLAR TO 

A CHARACTERISATION FACTOR PER KG  
 

The marginal cost increase for extractions can also be expressed for a mass extraction, and this can also be ex-

pressed using equation 12.4, while converting both ΔCkg and ΔYkg into ΔC$ and ΔY$ using the value of the com-

modity Vc. 
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 (12.17) 

 

 

                                                           

33 The alternative would be to use a weighted average of M/c2. When we do this, we see that even deposits that 

give a very small contribution in the total production but that have an unfavourable ratio between M and c domi-

nate the characterisation factor, as the differences in M/c2 can differ several orders of magnitude for the same 

commodity. 
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With MCIkg the marginal cost increase expressed as $/kg/kg;  ΔCkg the cost increase ($/kg) and ΔYkg the ex-

tracted mass (kg) and Pkg the produced amount of resource (kg) and NPV the net present value factor (yr). We 

can now write the characterisation factor that expresses the increase in price ($/kg) as a result of an extraction in 

kg as. 

 

                            
 

      
  

        
   

     
    

          
 

      
  

    (12.18) 

The unit of the endpoint characterisation factor is $/ kg 

 

12.8 MIDPOINT CHARACTERISATION FACTOR 
Formula (12.18) also allows for the derivation of a midpoint characterisation factor, by leaving out elements that 

do not contribute to relative differences between the characterisation factors. The term 4x is such a term, x is 

independent from the commodity. The factor 4 is a leftover from the choice to take the slope on the cost factor at 

the level of Yd = cd/2, and can also be left out of the midpoint equation. The midpoint characterisation factor can 

thus be computed as: 
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     (12.19) 

The unit of this characterisation factor is 1/$.yr  

 

If needed, midpoint characterisation factors can also determined on the deposit level and the commodity level 

per dollar, by taking formula 12.13 and 12.16, while leaving out the factor 4x. In this report, we only specify 20 

characterisation factors based on equation 12.18 and 12.19. Similar to all other midpoint impact categories the 

midpoints are presented as a substance equivalent, in this case iron equivalents. 

12.9 MANAGING DIFFERENT PERSPECTIVES 
For mineral resource depletion no different assumptions according to time perspective or proven/unproven ef-

fects are made. As a result, no choices are handled by using the cultural perspectives. All three perspectives 

receive the same characterization values on midpoint and endpoint level. 

12.10 MIDPOINT AND ENDPOINT CHARACTERIZATION FACTOR 

FOR MINERAL DEPLETION AND DISCUSSION 
 

Below the midpoint factors are given as Fe-equivalents. The endpoint characterisation factors are given for four 

different discount rates and a factor is given for the extra cost during one year. The endpoint factors are ex-

pressed as $ per kg extraction. The practical interpretation is that the consequence of extracting a kilo of iron will 

cause a cost to society of 7 cents when a 3% discount rate is used. The extraction of a kg of Uranium costs $ 

8.77, while the future cost of extracting a kg of platinum is over 11 thousand dollar, which is still less than the 

market price, but a significant amount. 

 

As reference, the values for the extraction of oil are also provided; these are developed in the next paragraph. It 

is clear that the values for oil are relatively high compared to these for metals, the future costs are one order of 

magnitude higher than the current market price. Interestingly the costs are in the same order of magnitude as for 

the extraction of uranium 
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Table 12.2: Midpoint and endpoint characterisation factors for mineral and fossil depletion. Although the fossil 

fuel depletion is describe in the next chapter, we already include the cost of depleting oil in this table to get a 

better overview. 

 

Midpoint char-
acterisation 
factors in FE 
equivalents 

Surplus cost per 
year per kg.yr 

Surplus cost 
indef, 2% 
discounting 

Surplus cost 
indef, 3% 
discounting 
(default) 

Surplus cost 
indef, 4% 
discounting 

Surplus cost 
indef, 5% 
discounting 

 - $/kg.yr $/kg $/kg $/kg $/kg 

Discount rate   2% 3% 4% 5% 

Ag 2.86E+02  $          0.61   $       30.72   $       20.48   $       15.36   $       12.29  

Al 9.01E-02  $       0.0002   $     0.0097   $     0.0064   $     0.0048   $     0.0039  

Au 6.99E+04  $            150   $       7,509   $       5,006   $       3,754   $       3,003  

Co 1.01E+00  $         0.002   $       0.108   $       0.072   $       0.054   $       0.043  

Cr 2.49E+01  $           0.05   $         2.68   $         1.78   $         1.34   $         1.07  

Cu 4.27E+01  $           0.09   $         4.58   $         3.06   $         2.29   $         1.83  

Fe 1.00E+00  $           0.00   $         0.11   $         0.07   $         0.05   $         0.04  

Ir 9.25E+01  $           0.20   $         9.93   $         6.62   $         4.96   $         3.97  

Mn 7.66E+01  $           0.16   $         8.23   $         5.48   $         4.11   $         3.29  

Mo 2.08E+02  $           0.45   $       22.28   $       14.85   $       11.14   $         8.91  

Ni 1.25E+01  $           0.03   $         1.34   $         0.90   $         0.67   $         0.54  

Os 6.48E+03  $         13.92   $          696   $          464   $          348   $          278  

P    $          -       $          -       $          -       $          -      

Pb 1.77E+00  $       0.0038   $         0.19   $         0.13   $         0.09   $         0.08  

Pd 3.81E+03  $           8.19   $          409   $          273   $          205   $          164  

Pt 1.63E+05  $       349.57   $     17,478   $     11,652   $       8,739   $       6,991  

Rh 2.03E+04  $         43.65   $       2,182   $       1,455   $       1,091   $          873  

Ru 2.01E+03  $           4.31   $          216   $          144   $          108   $            86  

Sn 1.27E+03  $           2.73   $     136.49   $       90.99   $       68.24   $       54.59  

U 1.23E+02  $           0.26   $       13.16   $         8.77   $         6.58   $         5.26  

Zn 2.25E+00  $           0.00   $         0.24   $         0.16   $         0.12   $         0.10  

       

       

       

Oil up to 3000 Gb  $0.002 $0.078 $0.052 $0.039 $0.031 

Oil after 3000 Gb  $0.005 $0.248 $0.165 $0.124 $0.099 

 
 

 

In Figure 12.4 we compare the midpoint results with the CML 2002 and the Eco-indicator 99 method. The CML 

method expresses all results in Antimony equivalents, but as we do not have a characterisation factor for this 

substance, we have converted the CML characterisation results to Fe equivalents. Also the EI99 endpoint charac-

terisation factors were converted to Fe equivalents. 

 

  
Figure 12.4: Comparison of the characterisation factors of CML 2002, Eco-indicator 99, and ReCiPe 2008. 
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The comparison shows quite significant differences. In general, characterisation factors are relatively low, but 

this could also mean that the characterisation factor for iron is relatively high in the ReCiPe method. Production 

of commodities that are produced in relatively small amounts result in relatively small cost increases for society 

as a whole. So, the production volume has a quite important impact on the characterisation factor. The excep-

tionally low factor for lead, however, was not expected, as the production is relatively high. 

 

12.11 LITERATURE  
 

See Chapter Literature13.7 

 

12.12 SUMMARY TABLE 
Entity Content 

impact category mineral resource depletion 

LCI results extraction of mineral resources 

midpoint indicator(s) (with abbreviation) mineral depletion (MD) 

unit of midpoint indicator(s) kg (Fe) 

midpoint characterisation factor (with abbreviation) mineral depletion potential (MDP)  

unit of midpoint characterisation factor kg/kg 

endpoint indicator(s) (with abbreviation) damage to resource cost (RC) 

unit of endpoint indicator(s) $ 

endpoint characterisation factor (with abbreviation) 0.0715 

unit of endpoint characterisation factor $/kg 
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13 FOSSIL FUEL DEPLETION 

Mark Goedkoop
34

, An De Schryver and Tommie Ponsioen 

The term fossil fuel refers to a group of resources that contain hydrocarbons. The group ranges from volatile 

materials like methane, to liquid petrol, to non-volatile materials like anthracite coal.  

 

The origin of liquid and gaseous fossil fuels lies in the late Jurrasic (150 million years ago), the Cretaceous (90 

million years ago) and the Permian (230 million years ago). During these time periods, huge amounts of oil and 

gas were formed in oceans and large lakes, when, during a period of extremely high temperatures huge amounts 

of plankton and other organisms sank to the bottom. About 1% of the original deposits can still be found in quan-

tities that can be exploited. Coal was formed from forest and other terrestrial plants that formed peat during a 

period between 300 and 50 million years ago. Coal can be found in many different places, while oil formation 

only occurred in the warmest regions of the world. The location of these warm regions has been shifted as conti-

nents drifted (which explain the oil finds in Alaska and Russia). It is well known where these warm regions are 

now, which means mankind has little difficulty to look for regions with oil, and has in fact analysed all these 

potential oil producing regions in rather fine detail. 

 

Unlike metals, we cannot use the concept of grade to express the quality of oil and gas resources. The API 

(American Petroleum Agency) gravity (heaviness) is an indicator for crude oil quality, but it is not the only de-

terminant of the energy requirement or cost for extraction. Conventional oil (especially the lighter oils) and gas 

will flow out of the well without any energy input up to a certain point. After that point is reached, it is still pos-

sible to extract more, but this will increase the production costs and the production energy requirement. Once the 

energy price increases, it also becomes possible to extract oil from unconventional locations (deep water, arctic), 

from unconventional resources (extra heavy oil, bituminous oil from tar sands, oil shale), or use costly technolo-

gies (converting gas or coal to liquids). This means that the increase of costs and energy is not only caused by a 

gradual decrease of resource quality, but because conventional resources become depleted and more costly un-

conventional resources need to be exploited. 

13.1 MARGINAL COST INCREASE DUE TO FOSSIL FUEL EXTRAC-

TION 
In this impact category we base the characterisation factor on the projected change in the supply mix between 

conventional and unconventional oil sources. This transition is already ongoing as the conventional oil resources 

seem to be unable to satisfy the total amount. Unconventional sources can be fossil fuels, such as tar sands as 

well as “alternative” energy sources, such as uranium
35

, wind and solar. In our assessment, we focus on the re-

placement of conventional fossil resources with unconventional fossil resources, mainly because in most scenar-

ios these are expected to be much more important on a global scale. 

 

Unconventional fossil resources are generally more energy intensive and more costly to produce, compared to 

conventional fuels. This means unconventional fuels can only be produced when the overall price level for the 

fuel is high enough to cover the costs. So, in a perfectly balanced market, the price of oil or gas will be deter-

mined by the cost of the most expensive (unconventional) fuel that is needed to satisfy the demand for fuels. 

13.2 DATA ON THE AVAILABILITY OF CONVENTIONAL OIL 
There is a highly politicized debate on the availability of conventional (liquid) oil, and this makes it difficult to 

obtain reliable unbiased data. The spectrum of views ranges from the Peak Oil Movement (peakoil.com) to in-

ternational organisations like the International Energy Agency (IEA), or commercial organisations like the Cam-

bridge Energy Research Agency (CERA). The calculations are based on the International Energy Agency. Back-

grounds of several other views can be found in the additional information.  

 

Up to the 2005 outlook, the IEA outlooks assumed there would not be any problem in the oil availability. In the 

2005 outlook, the IEA recognises that oil supply may be limited. The major cause for the availability problem is 

seen as the lack of adequate investment when oil prices were very low. They do predict, however, that the cur-

rent boost in investments will tackle the problem. Figure 13.1 gives an overview of the oil availability in relation 

 

                                                           
34 Corresponding author (goedkoop@pre-sustainability.com). 

35 Uranium was formed in the same way as all other metals, the characterisation factor for Uranium is thus included in the 

impact category for mineral depletion and not fossil fuels. 
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to the production cost. About 1000 Gb of oil have been produced, another 2000 Gb of conventional oil is still 

available (proved and probable reserves), mainly in the OPEC region. The graph also shows that the unconven-

tional alternatives that can fill in the slower production of liquid oil are more expensive.  

 

The current estimated increase in demand for oil from Asia will require a huge production, almost 1000 billion 

barrels in 30 years, which means that in 30 years the same amount of oil is used, as we used since the production 

of oil began. 

 
Figure 13.1: Overview of proven reserves and their predicted exploitation costs. For an explanation of the terms 

see the table below and see section supporting information. 

 

A problem also stated in the IEA Outlook is that in many statistics there is no clear definition of all these types 

of fuel. A summary of definitions given by IEA is in Table 13.1. 

 

Table 13.1: Overview of some terms related to oil statistics. 

Term Meaning 

OPEC ME Conventional oil available in OPEC countries in the Middle East 

Other conv. Oil Conventional oil available in other world regions 

Deepwater Unconventional oil in deep waters that are considered to be exploitable 

Arctic Unconventional oil available and potentially exploitable in the Arctic regions 

Ultra deep Unconventional oil available in ocean floors 

EOR Extension of Oil Recovery (unconventional oil) 

Heavy Oil/Bitumen Unconventional oil from tar/bitumonous sands and other heavy oil 

Oil shale Unconventional oil shale (stone like formations with high organic fraction) 

 

In the additional information, each of these resources are described in more detail, including some of the factors 

that determine the costs. 

13.3 MARGINAL COST INCREASE FOR FOSSIL FUELS 
The IEA data presented in Figure 13.2 can also be plotted in another way, indicating the total liquid oil availabil-

ity as a function of the oil production cost (Figure 13.2). From the latter graph, we can determine the (expected) 

marginal cost increase of depleting the available liquid oil. For oil resources up to 3000 Gb, it seems that for 

every Tb (1000 Gb) production, the cost of producing oil will increase 8.33 US dollar per barrel (25 US$/barrel 

divided by 3 Tb; inverse slope pf the first dashed line in Figure 13.2). For the next 1500 Gb, the cost will in-

crease about 40 dollar per barrel (26.67 US$/barrel for every 1000 Gb production; inverse slope of the second 

dashed line in Figure 13.2). If we take cost as a guiding principle, we can have two types of marginal cost in-
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crease MCI 
36

: up to a production amount of 3000 Gb, and between 3000 and 4500 Gb. As the original data are 

not available, two lines are constructed in this graph, and we can calculate the slope of each line (Table 13.2). 

 

 
Figure 13.2: Availability of oil as a function of the price of oil. 

 

 

To express the result per kg of oil, the density is needed. The density of conventional oil can vary between 

roughly 800 and 950 kg/m
3
. As average, 850 kg/m

3
 is taken (35

o
API gravity). The error margin due to using an 

average density for all oil sources is relatively small compared to the expected error from cost and availability 

estimations. An oil barrel contains a standard 159.0 litres of oil. In Table 13.2, the conversions are shown step by 

step, resulting in the MCI in US$/kg/kg. 

 

Table 13.2: Conversion of the marginal cost increase 

Parameter Units Individualist (up to a 

production of 3000Gb) 

Hierarchist (between 

3000 and 4500 Gb) 

Available oil (a) Billion 

barrels 

3000 1500 

Cost increase (b) US$/barrel 25 40 

Density (c) kg/dm
3 

0.85 0.85 

Volume of an oil barrel (d) dm
3
/barrel 159 159 

Available oil (a*c*d*10
9
) kg 4.1 10

14 
2.0 10

14 

Cost increase (b/[c*d]) US$/kg 0.185 0.296 

Marginal cost increase (MCI) US$/kg/kg 4.56 10
-16

 1.46 10
-15

 

 

13.4 ENDPOINT CHARACTERISATION FACTOR 
 

With the marginal cost increase known, we can use formula 13.4 to define the endpoint characterisation factor 

for oil: 

 

              
             

               (13.1) 

 

In which Pkg is the annual production of oil in a base year (in 2000, this was 3.43E+12 kg; IEA, 2004). The unit 

of the characterisation factor is US$/kg, identical to the unit of the characterisation factor for minerals. Table 

13.3 shows the used parameter values and results of the fossil fuel endpoint characterisation factors. 

 

  

 

                                                           
36 The cost estimates provided by the IEA are much lower than the oil price in the recent history (2005-2007). This seems 

like an inconsistency, but can be explained by the high increase in demand, which has created a shortage in production capac-

ity. The surplus cost method can thus not be used to predict oil market prices. It only reflects fundamental increases in pro-

duction costs, and at best it provides a lower limit of future oil prices. 
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Table 13.3: Used parameter  values and results of the fossil fuel endpoint characterisation factors 

Parameter/variable Units Individualist (up to a 

production of 3000Gb) 

Hierarchist (between 

3000 and 4500 Gb) 

Marginal cost increase: MCIkg,t US$/kg/kg 4.56 10
-16

 1.46 10
-15

 

Annual production (base year 2000): 

Pkg,t 

kg/year 3.43 10
12 

3.43 10
12

 

Time factor:  
 

        years 33.33 33.33 

Fossil fuel endpoint characterisation 

factor (equation 13.4, assuming MCI and 

P are constant) 

kg/year 0.052 0.165 

 

 

 

13.5 MANAGING DIFFERENT PERSPECTIVES 
The view in the IEA studies typically connect to the world view of the individualist and the hierarchist perspec-

tives: 

 The Individualist perspective assumes free market forces and quick development of technology 

can/ will avoid many problems, as is often stated in the CERA report, and this view is also pre-

sented in the IEA report, although the agency seems to be a little less optimistic about the certainty 

of supply. 

 The Hierarchist perspective follows consensus models, such as described by the IEA and other au-

thoritative bodies. 

 

For these two perspectives, we can apply the findings described above, but we differentiate according to the time 

perspective: 

 The Individualist perspective adheres to a relatively short timeframe, and, for this perspective we 

use the marginal cost increase for up to a production volume of 3000 Gb. 

 For the Hierarchist perspective we assume the marginal cost increase after 3000 Gb have been ex-

ploited, as the time perspective is basically long (about 100 years at the current production rate). 

 

The Peak Oil Movement (peakoil.com) seems to have views in line with the egalitarian perspective: 

 If the expected growth in the supply of non conventional resources is not proven, it cannot be ex-

pected that they will not be developed in time. 

 The more or less stable production level of liquid oil that is predicted in the CERA and IEA re-

ports, is contested. The unreliability of the oil reserve data, especially in the OPEC region is a clear 

example, one cannot rely on this assumption. 

 There seems to be a very strong group feeling, and a weak grid feeling as its members seem to por-

tray themselves as an in-group, fighting an out-group, and as the precautionary principle thinking 

seems to be dominant.  

 

Although we do think these are at least valid arguments, it is very difficult to connect any scenario to this per-

spective. The suggestion in the senate hearing 2005 that a peak price of 160 dollar is possible when shortages of 

4% of the total demand occurs is an indication, but if we do not know how to use this in a model, and what 

would happen if the shortages is 8% or more, would this double the price? 

 

As we cannot link a scenario to the perspective, we have no other option than to apply the same model as we use 

for the hierarchist scenario. 

13.6 MIDPOINT CHARACTERISATION FACTORS FOR FOSSIL FUEL 

DEPLETION 
The midpoint characterisation factor is based on the energy content (lower heating value): 

 
midpoint,

i
i

ref

CED
CF

CED
  (13.2) 

With CFmidpoint,i the midpoint characterization factor for the non-renewable resource i (in kg oil-equivalents/unit 

of resource i) CEDi the cumulative energy demand indicator of non-renewable resource I (in MJ/unit of resource 

i) and CEDref the cumulative energy demand indicator of the reference oil resource (in MJ/kg oil) The midpoint 

characterisation factor is dimensionless. 
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We use the factors used in the Ecoinvent database compiled by Frischknecht (2007), as far as fossil fuels are 

concerned (Uranium is not a fossil fuel, but a metal, and is treated under metals; other energy carriers mentioned 

in this publication such as hydropower, are also not used). As reference resources we chose “Oil, crude, feed-

stock, 42 MJ per kg, in ground”. 

 

Table 13.4: Midpoint characterisation factors (individualist, hierarchist and egalitarian perspective) for fossil 

depletion. 

Resource CFmidpoint Unit* 

Coal, 18 MJ per kg, in ground 4.29E–01 kg oil-eq/kg 

Coal, 26.4 MJ per kg, in ground 6.29E–01 kg oil-eq/kg 

Coal, 29.3 MJ per kg, in ground 6.98E–01 kg oil-eq/kg 

Coal, brown, 10 MJ per kg, in ground 2.38E–01 kg oil-eq/kg 

Coal, brown, 8 MJ per kg, in ground 1.90E–01 kg oil-eq/kg 

Coal, brown, in ground 2.36E–01 kg oil-eq/kg 

Coal, feedstock, 26.4 MJ per kg, in ground 6.29E–01 kg oil-eq/kg 

Coal, hard, unspecified, in ground 4.55E–01 kg oil-eq/kg 

Energy, from coal 2.38E–02 kg oil-eq/MJ 

Energy, from coal, brown 2.38E–02 kg oil-eq/MJ 

Energy, from gas, natural 2.38E–02 kg oil-eq/MJ 

Energy, from oil 2.38E–02 kg oil-eq/MJ 

Energy, from peat 2.38E–02 kg oil-eq/MJ 

Energy, from sulphur 2.38E–02 kg oil-eq/MJ 

Gas, mine, off-gas, process, coal mining/kg 1.19E+00 kg oil-eq/kg 

Gas, mine, off-gas, process, coal mining/m
3
 9.48E–01 kg oil-eq/m

3
 

Gas, natural, 30.3 MJ per kg, in ground 7.21E–01 kg oil-eq/kg 

Gas, natural, 35 MJ per m
3
, in ground 8.33E–01 kg oil-eq/m

3
 

Gas, natural, 36.6 MJ per m
3
, in ground 8.71E–01 kg oil-eq/m

3
 

Gas, natural, 46.8 MJ per kg, in ground 1.11E+00 kg oil-eq/kg 

Gas, natural, feedstock, 35 MJ per m
3
, in ground 8.33E–01 kg oil-eq/m

3
 

Gas, natural, feedstock, 46.8 MJ per kg, in ground 1.11E+00 kg oil-eq/kg 

Gas, natural, in ground 9.12E–01 kg oil-eq/m
3
 

Gas, off-gas, oil production, in ground 9.48E–01 kg oil-eq/m
3
 

Gas, petroleum, 35 MJ per m
3
, in ground 8.33E–01 kg oil-eq/m

3
 

Methane 8.55E–01 kg oil-eq/kg 

Oil, crude, 38400 MJ per m
3
, in ground 9.14E+02 kg oil-eq/m

3
 

Oil, crude, 41 MJ per kg, in ground 9.76E–01 kg oil-eq/kg 

Oil, crude, 42 MJ per kg, in ground 1.00E+00 kg oil-eq/kg 

Oil, crude, 42.6 MJ per kg, in ground 1.01E+00 kg oil-eq/kg 

Oil, crude, 42.7 MJ per kg, in ground 1.02E+00 kg oil-eq/kg 

Oil, crude, feedstock, 41 MJ per kg, in ground 9.76E–01 kg oil-eq/kg 

Oil, crude, feedstock, 42 MJ per kg, in ground 1.00E+00 kg oil-eq/kg 

Oil, crude, in ground 1.09E+00 kg oil-eq/kg 

* For “kg oil-eq”, read “kg oil, crude, feedstock, 42 MJ per kg, in ground-eq”. 

13.6.1 ENDPOINT CHARACTERISATION FACTORS FOR FOSSIL FUEL DEPLETION 

Based on the characterisation factor of oil, we are able to determine the endpoint characterisation factor for other 

fossil resources: 

 end, mid, . .i i oil end kgCF CF CF   (13.3) 

With CFend,i the endpoint characterisation factor for non-renewable resource i (in US$/kg of resource i), 

CFoil.end.kg , the increased costs for extracting 1 kg of resource. 

 

The exploitation of natural gas fields is often linked to the exploitation of oil, as they often occur in the same 

location. We have found far less literature on the possible shortages in natural gas, and the need to exploit un-

conventional gas resources. It is also clear from the analysis of oil that unconventional oil and gas resources are 

often linked. If deepwater oil is exploited, and gas is found, it will probably also be exploited. Gas and oil are 

also to some agree substitutes of each other, especially for non mobile applications (although currently natural 
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gas is offered as fuels for vehicles). As so much is unclear, we choose to assume the future increased costs for 

gas using the same environmental mechanism as for oil, see Sections 13.3 and 13.5. 

 

For coal, the increased cost is not strongly related to scarcity, but to cost of workforce and for environmental 

protection. Also here, it is very difficult to develop a scenario, and we propose to consider the increased cost in 

the same way as we do for oil up to the year 2100 (roughly when the first 300 Gb available oil is expected to be 

produced). After 2100, we assume the increased cost will not rise further and propose to use in this timeframe, 

the same increased cost as used up to 2100, see Section 13.5. The resulting endpoint factors are: 

 Costs per kg oil Individualist perspective: US$ 0.052 

 Costs per kg oil for the Egalitarian and Hierarchist: US$ 0.165 (H+E) 
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13.8 SUPPORTING INFORMATION 
Description of non conventional oils 

13.9 SUMMARY TABLE 
Entity Content 

impact category fossil fuel depletion 

LCI results extraction of fossil resources 

midpoint indicator(s) (with abbreviation) fossil depletion (FD) 

unit of midpoint indicator(s) kg (oil, crude, feedstock, 42 MJ per kg, in 

ground) 

midpoint characterisation factor (with abbreviation) fossil depletion potential (FDP) 

unit of midpoint characterisation factor MJ/kg, MJ/MJ, or MJ/m
3
 

endpoint indicator(s) (with abbreviation) damage to resource cost (RC) 

unit of endpoint indicator(s) $
 

endpoint characterisation factor (with abbreviation) 0.052 (I) 

0.165 (H+E) 

unit of endpoint characterisation factor $/kg, $/MJ. or $/m
3 
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ABBREVIATIONS AND SYMBOLS 
Abbreviation 

or symbol 

Explanation Unit (if applicable) 

AB attributable burden yr-1 

C Concentration kgm
–3

 

CF characterization factor yrkg
–1

 

D Duration yr 

DALY Disability adjusted life years yr 

DF damage factor yr 

EF effect factor kg
–1

 

FF fate factor - 

Finc Incidence fraction of the population yr
–1

 

I Intake kgyr
–1

 

iF intake fraction - 

IH average human breath intake rate m
3
d

–1
 

M Emission kgyr
–1

 

n number of days per year – 

N number of inhabitants – 

RR relative risk m
3
μg

–1
 

S Severity – 

t Time yr 

YLD years of life disabled yr 

YLL years of life lost yr 

ODS ozone depleting susbtance - 

ODP ozone depletion potential kgkg
–1

 

CFC Chorofluorocarbon – 

HCFC Hydrochorofluorocarbon – 

HBFC Hydrobromofluorocarbon – 

EESC equivalent effective stratospheric chlorine – 

BCC basal cell carcinoma – 

SCC squamous cell carcinoma – 

CM melanoma  – 

UV Ultraviolet – 

CC cortical cataract – 

NC nuclear cataract – 

PSCC Posterior subcaspular cataract – 

BS base saturation – 

BC basic cations meqkg soil
–1

 

CEC cation exchange capacity meqkg soil
–1

 

   

 

Subscript meaning 

E disease 

I grid cell 

Pop population 

X pollutant 
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1 Introduction 
SimaPro contains a number of impact assessment methods, which are used to calculate impact 
assessment results. This manual describes how the various impact assessment methods are 
implemented in SimaPro. For specific details on the method see the literature references given or 
contact the authors of the method. 
 

 

1.1 Structure of methods in SimaPro 
The basic structure of impact assessment methods in SimaPro is: 
1. Characterisation 
2. Damage assessment  
3. Normalisation 
4. Weighting  

The last three steps are optional according to the ISO standards. This means they are not always 
available in all methods. In SimaPro you can switch the optional steps on or off when you edit a 
method.  
 
Characterisation 
The substances that contribute to an impact category are multiplied with a characterisation factor that 
expresses the relative contribution of the substance. For example, the characterisation factor for CO2 
in the impact category Climate change can be equal to 1, while the characterisation factor of methane 
can be 21. This means the release of 1 kg methane causes the same amount of climate change as 21 kg 
CO2. The total result is expressed as impact category indicators (formerly characterisation result). 

 
 
 
 
 
 
 
 
 

Subcompartments 
In SimaPro, subcompartments can be specified for each substance. For example, you can define an 
emission to water having a subcompartment Ocean. This allows you to create detailed impact 
assessment methods, with specific characterisation factors for each subcompartment.  
Some impact assessment methods are not as detailed as the inventory in terms of specification of 
subcompartments. In this case SimaPro will choose the “unspecified” characterisation factor as the 
default factor for a substance that has a subcompartment specified in the inventory but has no specific 
characterisation factor in the chosen impact assessment method. 
 
Damage assessment 
Damage assessment is a relatively new step in impact assessment. It is added to make use of 'endpoint 
methods', such as the Eco-indicator 99 and the EPS2000 method. The purpose of damage assessment is 
to combine a number of impact category indicators into a damage category (also called area of 
protection).  

In the damage assessment step, impact category indicators with a common unit can be added. For 
example, in the Eco-indicator 99 method, all impact categories that refer to Human health are 

AN IMPORTANT NOTE ON CHANGING METHODS

If you want to change methods in SimaPro, it is strongly advised to copying the 
original method to your project. By copying you make sure you always have an 
original method in your database. Once changes are saved, there is no undo function!   

Note: 
1. A new substance flow introduced in ecoinvent 2.0 called ‘carbon dioxide, land transformation’ 

is included in all the methods available in SimaPro 7. This substance flow represents the CO2 
emissions from clear cutting and land transformation. 

2. CO2 uptake and emissions of CO2 from biogenic sources were added to every method with 
effects on climate change except for  Impact 2002+(which standard doesn’t considers CO2 
uptake). 
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expressed in DALY (disability adjusted life years). In this method it is allowed to add DALYs caused by 
carcinogenic substances to DALYs caused by climate change. 
 
Normalisation 
Many methods allow the impact category indicator results to be compared by a reference (or normal) 
value. This means, the impact category is divided by the reference. A commonly used reference is the 
average yearly environmental load in a country or continent, divided by the number of inhabitants. 
However, the reference may be chosen freely. You could also choose the environmental load of lighting 
a 60W bulb for one hour, 100 km of transport by car or 1 litre of milk. This can be useful to 
communicate the results to non LCA experts, as you benchmark your own LCA against something 
everybody can imagine. In SimaPro, there are often alternative normalisation sets available.  

After normalisation the impact category indicators all get the same unit, which makes it easier to 
compare them. Normalisation can be applied on both characterisation and damage assessment results. 

PLEASE NOTE: SimaPro does not divide by the reference value (N), but multiplies by the inverse. If you 
edit or add a normalisation value in a method, you must therefore enter the inverted value (1/N). 
 
Weighting 
Some methods allow weighting across impact categories. This means the impact (or damage) category 
indicator results are multiplied by weighting factors, and are added to create a total or single score. 
Weighting can be applied on normalised or non normalised scores, as some methods like EPS do not 
have a normalisation step. In SimaPro, there are often alternative weighting sets available, always in 
combination with a normalisation set.  
 
 

1.2 Checking impact assessment results 
Although impact assessment methods become very extensive and include more and more substances, 
they still do not cover all substances that you can find in your inventory. This can be a methodological 
issue, as some methods for example do not include raw materials as impact category. It can be you 
added a new substance, which is not automatically included in the impact assessment method. Or you 
could have introduced synonyms by importing data from other parties. 

SimaPro has a build in check to show you which substances are not included in the selected impact 
assessment method. For each result, the substances and their amounts not included in the method are 
shown under ‘Checks’ in the result window.  

Further, under ‘Inventory results’ you can show the impact assessment results per substance. If a 
substance is not defined in the method, a pop-up hint will tell you this. 

On a method level, you can run a check which will show you which of all substances, available in the 
SimaPro database, are included in the method on impact category level. To run this check, select a 
method and click the ‘Check’ button in the right hand side of the methods window. 
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2 Method descriptions 
 

2.1 BEES  
2.1.1 Introduction 
BEES is the acronym for Building for Environmental and Economic Sustainability, a software tool 
developed by the National Institute of Standards and Technology (NIST). BEES combines a partial life 
cycle assessment and life cycle cost for building and construction materials into one tool. Results are 
presented in terms of life cycle assessment impacts, costs, or a combination of both as it can be seen in 
Figure 1. BEES strives to assist the architect, engineer, or purchaser choose a product that balances 
environmental and economic performance, thus finding cost-effective solutions for protecting the 
environment.  
 

 
Figure 1 Structure of the BEES 4.0 methodology 
 
 
2.1.2 Characterisation 
BEES uses the SETAC method of classification and characterization. The following six life cycle 
assessment impact categories are used by BEES: 
1. global warming potential 
2. acidification 
3. eutrophication potential 
4. natural resource depletion 
5. solid waste 
6. indoor air quality 
 
Smog Characterisation factors for two substances from equiv12.xls, biphenyl and diphenyl (both to air) 
have been averaged and assigned to biphenyl (air). Smog Characterisation factors for Butane (C4H10) 
and Butane-n (n-C4H10) (both to air) have been averaged and assigned to Butane (air). 
 
 
2.1.3 Normalization and weighting 
PRé did not take over the Normalisation figures, as they gave results that are difficult to understand or 
explain. For the same reason, the weighting was also not included although 4 different sets of 
weighting values exist. 
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2.1.4 References 
http://www.concretethinker.com/Papers.aspx?DocId=316  
http://www.bfrl.nist.gov/oae/software/bees/registration.html  
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2.2 CML 1992  
 
2.2.1 Introduction 

This classification method is based on the method published by CML of the University of Leiden in 
October 19921. 

PRé has modified the method in a number of ways: 
• the depletion and energy classes were separated and the classes for smell and biotic exhaustion 

were excluded.  

This v2 version is adapted for SimaPro 7. All characterisation factors in this method are entered for the 
'unspecified' subcompartment of each compartment (Raw materials, air, water, soil) and thus 
applicable on all subcompartments. 

This method is NOT fully adapted for inventory data from the ecoinvent library and the USA Input 
Output Database 98, and therefore omits emissions that could have been included in impact 
assessment. 

 
2.2.2 Characterisation 

Grouped substances or sum parameters have been defined in a number of classes. This has been done 
because the emissions are not always specified separately in the data sources for the processes 
concerned. Emissions are often specified under a collective name, e.g. aromatic hydrocarbons. Since 
the different substances within such a group can have considerable variation in their environmental 
impact, the resulting effect score may not be completely reliable. 

The main classes are: 

1. Exhaustion of raw materials and energy 

Abiotic 

This term refers to energy sources and a number of scarce metals. In the CML 92 method, all the energy 
sources were grouped into a separate class called Energy.  

The effect score for exhaustion is calculated on the following basis: 

Exhaustion = (amount consumed (kg) x {1/resources (kg)})2 

Biotic 

This category is intended for rare animals and plants. This score is as yet very rudimentary and has 
therefore not been used. 

2. Pollution 

Greenhouse effect 

The Global Warming Potential (GWP) is the potential contribution of a substance to the greenhouse 
effect. This value has been calculated for a number of substances over periods of 20, 100 and 500 years 
because it is clear that certain substances gradually decompose and will become inactive in the long 
run. For the CML 92 method, we have taken the GWP over a 100-year period because this is the most 
common choice. 

We have added values for CFC (hard) and for CFC (soft) to the CML (1992) method, since it is not always 
known which CFC is released. The GWP for this category of substances has been equated to that of 
CFCs frequently used in industrial mass and series production; for CFC (hard) this is the value for CFC-
12, and for CFC (soft) it is the value for HCFC-22. 

The effect score for the greenhouse effect is calculated per substance as follows: 

                                                 
1 R. Heijungs et al, Environmental life cycle assessment of products, Guide, October 1992 CML, Leiden, The 
Netherlands, NOH report 9266. 
2 World Institute, World Resources 1990-1991, Oxford University Press, New York/Oxford. 
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Greenhouse effect (kg) = (GWP 100 x airborne emission (kg))3 
 

Ozone layer depletion 

Ozone Depletion Potential (ODP) values have been established mainly for hydrocarbons containing 
combined bromine, fluorine and chlorine, or CFCs. Here too, one of the substances (CFC-11) has been 
adopted as a reference. As for the greenhouse effect, we have added values for CFC (hard) and CFC 
(soft). The ODP equivalents for these groups are again those of CFC-12 and HCFC-22 respectively. 

The effect score for ozone layer depletion is calculated as follows: 

Ozone layer depletion (kg) = (ODP x airborne emission (kg))4 
 

Human toxicity 

Criticism of the use of MAC values in the CML 1990 method led to the development of a fairly long list 
of substances that are poisonous to human beings. A notable feature is that human toxicity combines a 
score for emissions to air, water and soil. The following values have been established for most 
substances: 

• Human-toxicological classification value for air (HCA) 

• Human-toxicological classification value for water (HCW) 

• Human-toxicological classification values for soil (HCS). 

We have not included soil emissions in this because the program does not have an impact 
category for substances emitted to soil. The number of characterisation factors from soil is 
very limited. Moreover, it may be assumed that emissions that initially enter the soil will 
ultimately appear in the groundwater and hence can be dealt with as emissions to water. 

We have added a number of values for groups to this class: metallic ions and various groups of 
hydrocarbons. Metallic ions have been given a value equal to that of iron. The values of the 
hydrocarbons are given in Table 7. An equivalent has also been selected for most other values 
that were not defined; e.g. for chlorine, the equivalent value of bromine has been used. 

 
 Equivalents 
Substances human toxicity human toxicity ecotoxicity smog 
 air Water water air 

CxHy isopropanol Isopropanol crude oil aliphatics average 
CxHy aliphatic isopropanol Isopropanol crude oil aliphatics average 
CxHy aromatic benzene Benzene benzene aromatics average 
CxHy chloro 1,2, 

dichloroethane 
1,2, 
dichloroethane 

1,2, 
dichloroethane 

average 
chlorinated org. 
compounds  

PAH benzo(a)pyrene benzo(a)pyrene benzo(a)pyrene aromatics average 
 Table 1 Substances from which HCA/HCW, ECA and POCP values for hydrocarbons are taken.  

The human toxicity effect score is calculated as follows: 

Human toxicity (kg) = (HCA (kg.kg-1) x emission to air (kg) +  

HCW (kg.kg-1) x emission to water (kg))5 

                                                 
3 Houghton, Callender & Varney, Climate Change 1992. The supplementary report to the IPCC scientific 

assessment, Cambridge University Press, Cambridge, UK, 1992. 
4 World Meteorological Organisation, Scientific assessment of ozone depletion 1991, Global Ozone Research and 

Monitoring Project - Report no. 25, 1991. 
5 Vermeire, T.G et al., Voorstel voor de humaan-toxicologische onderbouwing van C - (toetsings)waarden [Proposal 

for the human-toxicological basis of test values], RIVM, Bilthoven, The Netherlands, 1991. 
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Ecotoxicity 

Substances in this class are given values for toxicity to flora and fauna. The main substances are 
heavy metals. Values have been established for emissions to water and to soil, i.e.: 

• Aquatic ecotoxicity (ECA) 

• Terrestrial ecotoxicity (ECT) 

Only the ECA values have been included in the CML 92 method because emissions to soil 
eventually appear in the groundwater and are thus already covered. 

We have added a number of values for groups of hydrocarbons to this class. Values for the 
hydrocarbons are shown in Table 4. An equivalent has been selected for most other values that 
were not defined. 

The effect score for ecotoxicity is calculated as follows: 

Ecotoxicity (m³) = (ECA (m³. kg-1) x waterborne emission (kg))6 
 

Smog 

The photochemical ozone creation potential (POCP) indicates the potential capacity of a 
volatile organic substance to produce ozone. Values have been published for a wide range of 
volatile organic substances. The value for ethene has been set at 1. The values for most other 
substances are less than this. The POCP of these sumparameters such as alcohols, ketones, 
aldehydes and various groups of hydrocarbons groups is the average of all the relevant 
substances in the CML (1992) list. The values for the hydrocarbon groups are given in Table 4. 
NOx is omitted in the CML 92 method. 

The effect score for smog is calculated as follows: 

Smog (kg) = (POCP x airborne emission (kg))7 
 

Acidification 

The Acidification Potential (AP) is expressed relative to the acidifying effect of SO2. Other 
known acidifying substances are nitrogen oxides and ammonia. SOx has been added, with the 
same value as SO2. 

Acidification effect scores are calculated as follows: 

Acidification (kg) = (AP x airborne emission (kg)) 

Note that the results of the acidification classes from CML (1990) and CML (1992) are not 
calculated in the same way. 

 

Eutrophication 

The Nutriphication Potential (NP) is set at 1 for phosphate (PO4). Other emissions also influence 
eutrophication, notably nitrogen oxides and ammonium. 

The eutrophication effect score is calculated as follows: 

Eutrophication (kg) = (NP x airborne emission (kg)) 

                                                 
6 Slooff, W., Maximum tolerable concentrations, ecotoxological effect assessment, RIVM no. 719102018, Bilthoven, 
The Netherlands. 
7 Protocol to the convention on long-range transboundary air pollution concerning the control of emissions of 

volatile organic compounds or their transboundary fluxes, United Nations - Economic Commission for Europe 
(UNECE), Geneva, Switzerland, 1991. 
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Odour 

Weighting factors for stench have been developed, although their use is unusual in LCAs. In 
these, ammonia is given the value 1. 

This class is not included in the CML 92 method because it is a highly localised environmental 
effect, and the degree of stench nuisance depends largely on local circumstances. 

 

Solids 

This class is not included in the original CML 1992 classification. We have added the solids class 
to the method because solid emissions form an important environmental problem in their own 
right. The weight of the waste emission is used for calculation, and no weighting factors are 
involved. 

Solids (kg) = (solid emission output (kg)) 
 
 
2.2.3 Normalisation 

The first and probably most widely used normalisation set was published in 1993 by Guinée from the 
CML. This set was compiled by extrapolating 1988 data from the Dutch Emission Registration. Most of 
the data was simply multiplied by a factor 100, to extrapolate them to the world level, as The 
Netherlands contribute about 1% to the Gross National Product figures in the World. An exception was 
made for greenhouse and ozone depleting emissions. These were taken directly from IPCC. The figures 
are supposed to reflect the world emissions. In order to make the figures more manageable, we have 
divided them by the world population of 6.000.000.000. A very recent project executed by IVAM-ER, 
NWS (University of Utrecht) and PRé, under commission from VROM and RIZA, in the Netherlands has 
resulted in three new sets of normalisation figures. They are for a large part based on the Emission 
registration (base year 1994), and several other sources. The results of this project have been peer 
reviewed by Guinée. The normalisation levels are: 

• Dutch territory. All emissions registered emitted within the Netherlands and all raw 
materials consumed by the Dutch economy. 

• Dutch consumer. The effect of imports have been added, the effects of exports have been 
subtracted. The calculation was performed using the Dutch input-output matrix. 

• European territory (EC, Switzerland, Austria and Norway). Most data are from original 
European data. In some cases data was extrapolated from Dutch and Swiss data. The 
energy consumption within a region was taken as a basis for extrapolation. 

 
 

2.2.4 Evaluation 

Although several organisations have developed evaluation factors using panel methods, there is 
no generally recognised method to evaluate the results obtained with the CML method. 
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2.3 CML 2001 
 
2.3.1 Introduction 
In 2001 a group of scientists under the lead of CML (Center of Environmental Science of Leiden 
University) proposed a set of impact categories and characterisation methods for the impact assessment 
step. A “problem oriented approach” and a “damage approach” are differentiated. Since the damage 
approaches chosen are the Eco-indicator 99 and the EPS method, the impact assessment method 
implemented in ecoinvent as CML 2001 methodology is the set of impact categories defined for the 
midpoint approach. 
 
There will be two version of this method available in SimaPro 7: a ‘baseline’ version; and an extended 
version with ‘all impact categories’. 
 

Impact category names 

Name in ‘all impact categories’ version Name in ‘baseline’ version 

Ozone layer depletion steady state Ozone layer depletion (ODP) 

Human toxicity infinite Human toxicity 

Fresh water aquatic ecotox. infinite Fresh water aquatic ecotox. 

Marine aquatic ecotoxicity infinite Marine aquatic ecotoxicity 

Terrestrial ecotoxicity infinite Terrestrial ecotoxicity 

Photochemical oxidation Photochemical oxidation 

Global warming 100a Global warming (GWP100) 

Acidification Acidification 

Abiotic depletion Abiotic depletion 

Eutrophication Eutrophication 

Table 2 List of impact category names in both CML 2001 versions – baseline version and all impact categories 
version 

 
2.3.2 Characterisation 
The CML Guide provides a list of impact assessment categories grouped into  
 
A: Obligatory impact categories (Category indicators used in most LCAs) 
B: Additional impact categories (operational indicators exist, but are not often included in LCA studies)  
C: Other impact categories (no operational indicators available, therefore impossible to include 
quantitatively in LCA) 
 
In case several methods are available for obligatory impact categories, a baseline indicator is selected, 
based on the principle of best available practice. These baseline indicators are category indicators at 
“mid-point level” (problem oriented approach)” and are presented below. Baseline indicators are 
recommended for simplified studies. The guide provides guidelines for inclusion of other methods and 
impact category indicators in case of detailed studies and extended studies. 

Depletion of abiotic resources 
This impact category is concerned with protection of human welfare, human health and ecosystem 
health. This impact category indictor is related to extraction of minerals and fossil fuels due to inputs 
in the system. The Abiotic Depletion Factor (ADF) is determined for each extraction of minerals and 
fossil fuels (kg antimony equivalents/kg extraction) based on concentration reserves and rate of de-
accumulation. The geographic scope of this indicator is at global scale. 

Climate change 
Climate change can result in adverse affects upon ecosystem health, human health and material 
welfare. Climate change is related to emissions of greenhouse gases to air. The characterisation model 
as developed by the Intergovernmental Panel on Climate Change (IPCC) is selected for development of 
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characterisation factors. Factors are expressed as Global Warming Potential for time horizon 100 years 
(GWP100), in kg carbon dioxide/kg emission. The geographic scope of this indicator is at global scale. 
Some Characterisation factors were added from the IPCC 2001 GWP 100a method: Methane, 
bromodifluoro-, Halon 1201, Methane, dichlorofluoro-, HCFC-21, and Methane, iodotrifluoro-. 

Stratospheric Ozone depletion 
Because of stratospheric ozone depletion, a larger fraction of UV-B radiation reaches the earth surface. 
This can have harmful effects upon human health, animal health, terrestrial and aquatic ecosystems, 
biochemical cycles and on materials. This category is output-related and at global scale. The 
characterisation model is developed by the World Meteorological Organisation (WMO) and defines ozone 
depletion potential of different gasses (kg CFC-11 equivalent/ kg emission). The geographic scope of 
this indicator is at global scale. The time span is infinity. 

Human toxicity 
This category concerns effects of toxic substances on the human environment. Health risks of exposure 
in the working environment are not included. Characterisation factors, Human Toxicity Potentials 
(HTP), are calculated with USES-LCA, describing fate, exposure and effects of toxic substances for an 
infinite time horizon. For each toxic substance HTP’s are expressed as 1,4-dichlorobenzene 
equivalents/ kg emission. The geographic scope of this indicator determines on the fate of a substance 
and can vary between local and global scale 

Fresh-water aquatic eco-toxicity  
This category indicator refers to the impact on fresh water ecosystems, as a result of emissions of toxic 
substances to air, water and soil. Eco-toxicity Potential (FAETP) are calculated with USES-LCA, 
describing fate, exposure and effects of toxic substances. The time horizon is infinite Characterisation 
factors are expressed as 1,4-dichlorobenzene equivalents/kg emission. The indicator applies at 
global/continental/ regional and local scale. 

Marine eco-toxicity 
Marine eco-toxicity refers to impacts of toxic substances on marine ecosystems (see description fresh 
water toxicity). 

Terrestrial ecotoxicity 
This category refers to impacts of toxic substances on terrestrial ecosystems (see description fresh 
water toxicity). 

Photo-oxidant formation 
Photo-oxidant formation is the formation of reactive substances (mainly ozone) which are injurious to 
human health and ecosystems and which also may damage crops. This problem is also indicated with 
“summer smog”. Winter smog is outside the scope of this category. Photochemical Ozone Creation 
Potential (POCP) for emission of substances to air is calculated with the UNECE Trajectory model 
(including fate), and expressed in kg ethylene equivalents/kg emission. The time span is 5 days and the 
geographical scale varies between local and continental scale. 

Acidification 
Acidifying substances cause a wide range of impacts on soil, groundwater, surface water, organisms, 
ecosystems and materials (buildings). Acidification Potentials (AP) for emissions to air are calculated 
with the adapted RAINS 10 model, describing the fate and deposition of acidifying substances. AP is 
expressed as kg SO2 equivalents/ kg emission. The time span is eternity and the geographical scale 
varies between local scale and continental scale. 
Characterisation factors including fate were used when available. When not available, the factors 
excluding fate were used (In the CML baseline version only factors including fate were used). The 
method was extended for Nitric Acid, soil, water and air; Sulphuric acid, water; Sulphur trioxide, air; 
Hydrogen chloride, water, soil; Hydrogen fluoride, water, soil; Phosphoric acid, water, soil; Hydrogen 
sulfide, soil, all not including fate. Nitric oxide, air (is nitrogen monoxide) was added including fate. 
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Eutrophication 
Eutrophication (also known as nutrification) includes all impacts due to excessive levels of macro-
nutrients in the environment caused by emissions of nutrients to air, water and soil. Nutrification 
potential (NP) is based on the stoichiometric procedure of Heijungs (1992), and expressed as kg PO4 
equivalents/ kg emission. Fate and exposure is not included, time span is eternity, and the 
geographical scale varies between local and continental scale. 
 
The method available with all impact categories has, comparing with the baseline version, the 
following impact categories available: 

• Global warming (different time frames) 
• Upper limit of net global warming 
• Lower limit of net global warming 
• Ozone layer depletion (different time frames) 
• Human toxicity (different time frames) 
• Fresh water aquatic ecotoxicity (different time frames) 
• Marine aquatic ecotoxicity (different time frames) 
• Terrestrial ecotoxicity (different time frames) 
• Marine sediment ecotoxicity (different time frames) 
• Average European (kg NOx-eq); Average European (kg SO2-eq) 
• Land competition 
• Ionising radiation 
• Photochemical oxidation; Photochemical oxidation (low NOx) 
• Malodours air 
• Equal benefit incremental reactivity 
• Max. incremental reactivity; Max. ozone incremental reactivity 

 
 
2.3.3 Normalization and weighting 
Normalisation is regarded as optional for simplified LCA, but mandatory for detailed LCA. 
For each baseline indicator, normalisation scores are calculated for the reference situations: the world 
in 1990, Europe in 1995 and the Netherlands in 1997. Normalisation data are described in the report: 
Huijbregts et al LCA normalisation data for the Netherlands (1997/1998), Western Europe (1995) and 
the World (1990 and 1995). 
 
The normalized result for a given impact category and region is obtained by multiplying the 
characterisation factors by their respective emissions. The sum of these products in every impact 
category gives the normalization factor.  
 
2.3.4 Grouping and weighting 
Grouping and weighting are considered to be optional step. No baseline recommended rules or values 
are given for these steps. Therefore these steps are not available in SimaPro 7. 
 
2.3.5 References 
Frischknecht R., Jungbluth N., Althaus H.J., Doka G., Dones R., Hischier R., Hellweg S., Humbert S., 
Margni M., Nemecek T., Spielmann M. (2007) Implementation of Life Cycle Impact Assessment Methods: 
Data v2.0. ecoinvent report No. 3, Swiss centre for Life Cycle Inventories, Dübendorf, Switzerland. 
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2.4 Cumulative Energy Demand 
 
2.4.1 Introduction 
The method to calculate Cumulative Energy Demand (CED) is based on the method published by 
ecoinvent version 1.01 and expanded by PRé Consultants for energy resources available in the SimaPro 
database. Extra substances, according to the Ecoinvent database version 2.0, are implemented. 
 
2.4.2 Characterisation  
Characterisation factors are given are given for the energy resources divided in 5 impact categories:  
 
1. Non renewable, fossil 
2. Non renewable, nuclear 
3. Renewable, biomass  
4. Renewable, wind, solar, geothermal  
5. Renewable, water  
 
2.4.3 Normalisation  
Normalisation is not a part of this method.  
 
2.4.4 Weighting  
In order to get a total (“cumulative”) energy demand, each impact category is given the weighting 
factor 1.  
 
2.4.5 References  
Frischknecht R., Jungbluth N., et.al. (2003). Implementation of Life Cycle Impact Assessment Methods. 
Final report ecoinvent 2000, Swiss Centre for LCI. Dübendorf, CH, www.ecoinvent.org 
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2.5 Cumulative Exergy Demand (CExD) 
 
2.5.1 Introduction 
The indicator Cumulative Exergy Demand (CExD) is introduced to depict total exergy removal from 
nature to provide a product, summing up the exergy of all resources required. CExD assesses the quality 
of energy demand and includes the exergy of energy carriers as well as of non-energetic materials. The 
exergy concept was applied to the resources contained in the ecoinvent database, considering 
chemical, kinetic, hydro-potential, nuclear, solar-radiative and thermal exergies. Details on the CExD 
method may be found in Bösch et al. (2007). 
In order to quantify the life cycle exergy demand of a product, the indicator Cumulative Exergy 
Demand (CExD) is defined as the sum of exergy of all resources required to provide a process or 
product. 
 
Exergy is another way to express quality of energy rather than energy content. Both are expressed in 
MJ. Exergy is a measure for the useful “work” a certain energy carrier can offer. For instance natural 
gas has a high exergy value, as it can be used to create high temperatures and high pressured steam. If 
natural gas is used to heat a house in a highly efficient boiler, very little energy content is lost, but the 
exergy content is almost entirely lost (there is very little one can do with water between 50 and 80 
degrees). 
 
In this method exergy is used as a measure of the potential loss of “useful” energy resources. 
 
This method has been directly taken from ecoinvent 2.0. The amount of substances present is 
compatible with the EI 2.0 database and extended for other databases. 
 
2.5.2 Characterisation 
The impact category indicator is grouped into the eight resource categories fossil, nuclear, hydropower, 
biomass, other renewables, water, minerals, and metals. However, in SimaPro 10 different impact 
categories are presented:  

- Non renewable, fossil 
- Non renewable, nuclear 
- Renewable, kinetic 
- Renewable, solar 
- Renewable, potential 
- Non renewable, primary 
- Renewable, biomass 
- Renewable, water 
- Non renewable, metals 
- Non renewable, minerals 

 
 Exergy characterisation factors for 112 different resources were included in the calculations. 

∑ ∑ −+=
i j

jtrnpkeexjichi rnExmCExD ),,,,,(),( **  

CExD  = cumulative exergy demand per unit of product or process (MJ-eq) 

im   = mass of material resource i (kg) 

ichEx ),(   = exergy per kg of substance i (MJ-eq/kg) 

jn   = amount of energy from energy carrier j (MJ) 

itrnpkeexr ),,,,,(−  = exergy to energy ratio of energy carrier j (MJ-eq/MJ) 

ch   = chemical 
k   = kinetic 
p   = potential 
n   = nuclear 
r   = radiative 
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t   = thermal exergy 
 
The assignment of the adequate type of exergy depends on resource use: 

• Chemical exergy is applied on all material resources, for biomass, water and fossil fuels (i.e. all 
materials that are not reference species in the reference state) 

• Thermal exergy is applied for geothermy, where heat is withdrawn without matter extraction 
• Kinetic exergy is applied on the kinetic energy in wind used to drive a wind generator 
• Potential exergy is applied on potential energy in water used to run a hydroelectric plant 
• Nuclear exergy is applied on nuclear fuel consumed in fission reactions 
• Radiative exergy is applied on solar radiation impinging on solar panels 

 
2.5.3 Normalisation 
Normalisation is not a part of this method.  
 
2.5.4 Weighting 
In order to get a total (“cumulative”) exergy demand, each impact category is given the weighting 
factor 1.  
 
2.5.5 References 
Bösch M.E., Hellweg S., Huijbregts M.A.J., and Frischknecht R. (2007) Applying Cumulative Energy 
Demand (CExD) Indicators to the ecoinvent Database. In: Int J LCA 12 (3) pp. 181–190. 
 
Frischknecht R., Jungbluth N., Althaus H.J., Doka G., Dones R., Hischier R., Hellweg S., Humbert S., 
Margni M., Nemecek T., Spielmann M. (2007) Implementation of Life Cycle Impact Assessment Methods: 
Data v2.0. ecoinvent report No. 3, Swiss centre for Life Cycle Inventories, Dübendorf, Switzerland. 
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2.6 Eco-indicator 95  
 
2.6.1 Introduction 
Eco-indicator 95 is adapted for SimaPro 7. All characterisation factors in this method are entered for 
the 'unspecified' subcompartment of each compartment (Raw materials, air, water, soil) and thus 
applicable on all subcompartments. 
 
This method is NOT fully adapted for inventory data from the ecoinvent library and the USA Input 
Output Database 98, and therefore omits emissions that could have been included in impact 
assessment. 
 
Due to continual adjustments of the method and/or inventory data sets the Eco-indicator 95 in SimaPro 
7 will not give the same result as the original printed version. 
 
2.6.2 Characterisation 

The only difference between the characterisations in the SimaPro 2 CML and SimaPro 3 Eco-indicator 95 
methods is in the ecotoxicity and human toxicity effect definition. Both toxicity scores have been 
replaced by: 

• Summer smog (already available in the SimaPro 2 CML method) 
• Winter smog 
• Carcinogens 
• Heavy metals to air and water 
• Pesticides 

The characterisation values are based on the following data: 

Effect score of persistent toxic substances in air and water   

This effect score relates in particular to heavy metals because long-term exposure at low levels 
brings clear health risks. The risks relate particularly to the nervous system and the liver and 
can be assessed for toxicity to both human beings and ecosystems. It is assumed in general 
(Globe, Air Quality Guidelines) that human toxicity is the most important limiting factor. The 
Air Quality Guidelines specify the following admissible air concentrations for annual exposure to 
humans: 

 
 Maximum  

concentration 
(µg/m³) 

Weighting 
factor 

Main health effect 

Cadmium  0.02 50 Kidneys  
Lead 1 1 Blood biosynthesis, nervous system and blood 

pressure 
Manganese 7 0.14 Lungs and nervous system (shortage cause skin 

complaints) 
Mercury 1 1 Brain: sensory and co-ordination functions 

 Table 3 Air Quality Guidelines admissible air concentrations for annual exposure to humans 

Chromium and nickel are regarded as carcinogens because the risk of cancer is greater than the 
toxicological effect. 

Based on this concentration a weighting factor can be determined which is equal to the inverse 
of the admissible concentration. This agrees with the critical volume approximation that used 
to be applied with the MAC value. We have expressed the effect score as a lead equivalent.  

The WHO 'Quality guidelines for drinking water' specify a number of values for persistent 
substances based on long-term, low-level exposure. These criteria have been drawn up to 
evaluate drinking water, based on established health effects. A selection is given below of 
substances that are persistent to a greater or lesser extent and that therefore accumulate in 
the environment. 
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Substance Norm 
(mg/litre) 

Weighting 
factor 

Effect 

Antimony 0.005 2 Glucose and cholesterol content of blood 
Arsenic 0.01 1 Probability of skin cancer 6*10-4 
Barium 0.07 0.14 Blood pressure and blood vessels 
Boron 0.3 0.03 Fertility 
Cadmium 0.003 3 Kidneys 
Chromium (all) 0.05 0.2 Heredity (carcinogenity only applicable in event of 

inhalation) 
Copper 2 0.005 Generally no problems, sometimes liver 

abnormalities 
Lead 0.01 1 Blood biosynthesis, nervous system and blood 

pressure 
Manganese 0.5 0.02 Nervous system 
Mercury 0.001 10 Kidneys, nervous system (methyl mercury) 
Molybdenum 0.07 0.14 No clear description 
Nickel 0.02 0.5 Weight loss, great uncertainty 

 Table 4 WHO based substances that are persistent  
 
With this effect score the weighting factor is determined in order to be able to calculate the 
lead equivalent. SimaPro merges the scores for water and air. This is possible because they are 
both expressed as a lead equivalent and because the target reductions for air and water are the 
same. 

We have combined the two scores for heavy metals. This was possible since they are both 
expressed as a lead equivalent and since the weighting factors are identical. 

Heavy metal to air (kg lead eq.) = (AQG (lead)/AQG (substance) * emission) 

Heavy metal to water (kg lead eq.) = (GDWQ (lead)/GDWQ (substance)* emission) 

Carcinogenic substances 

The 'Air Quality Guidelines' do not specify acceptable levels, but calculate the probability of 
cancer at a level of 1 µg/m³. In the table below this probability is expressed as the number of 
people from a group of 1 million who will develop cancer with the stated exposure. 

 
 Probability of 

cancer at 
1 µg/m³  

Weighting factor 
for PAH 
equivalent 

Type of cancer 

Arsenic 0.004 0.044 General, also mutagenic effects 
Benzene 0.000001 1.1 * 10-5 Leukaemia 
Nickel 0.04 0.44 Lung and larynx 
Chromium (VI) 0.04 0.44 Lung, among others, and mutagenic 

effects 
PAHs 
(benzo(a)pyrene) 

0.09 1 Lung cancer but also other types of 
cancer 

 Table 5 Number of people from a group of 1 million who will develop cancer with the stated exposure. 
 

It is worth considering whether to include asbestos in this list. The difficulty with this is that 
asbestos emissions cannot be expressed meaningfully in a unit of weight. The number and type 
of fibres is the determining factor. 

It is not entirely clear whether these numbers can be used directly as a weighting factor in 
order to calculate, for example, a PAH equivalent. This is because it is not known exactly 
whether a linear correlation may be assumed between probability and exposure. At present we 
assume that this is so. 

Heavy metal to air (kg lead eq.) = (AQG (lead)/AQG (substance)) 
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Winter smog 

Only dust (SPM) and SO2 are factors in this problem. For both substances the 'Air Quality 
Guidelines' specify a level of 50 µg/m³. The weighting factors are thus both 1. 

Winter smog (SO2 or SPM eq.) = SO2 emission + SPM emission 

Pesticides 

The Globe report describes pesticides as a problem for two reasons: 
• Groundwater becomes too toxic for human consumption. 
• Biological activity in the soil is impaired, as a result of which vegetation is 

damaged. 

This means that account must be taken in the effect score weighting of both ecotoxicity (soil) 
and human toxicity (water). The target reduction is based on human toxicity. Globe 
distinguishes between 
• disinfectants 
• fungicides 
• herbicides 
• insecticides 

Within these groups all the different sorts are listed, based on their active ingredient content. We 
propose also doing this for this effect score and shall also list the various mutual categories. 

Pesticides (kg) = (active ingredients) 
 
2.6.3 Normalisation 

The normalisation values are based on average European (excluding the former USSR) data from 
different sources. The reference year is 1990. In many cases we had to extrapolate data from one or 
more individual countries to the European level. As an extrapolation basis we used the energy 
consumption of the countries. In order to make the figures more manageable we divided the figures by 
the population of Europe: 497,000,000. 

 
2.6.4 Evaluation  

In the SimaPro 3 and the ecopoints methods the distance-to-target principle is used to calculate 
evaluation values. The basic assumption is that the seriousness of an impact can be judged by the 
difference between the current and a target level.  

In the SimaPro 3 method the target is derived from real environmental data for Europe (excluding the 
former USSR), compiled by the RIVM. In the text below this report is referred to as Globe (The 
Environment in Europe: A Global Perspective).  

The targets are set according to the following criteria: 
• At target level the effect will cause 1 excess death per million per year 
• At target level the effect will disrupt fewer than 5% of the ecosystems in Europe 
• At target level the occurrence of smog periods is extremely unlikely 

Greenhouse effect 

At present, temperatures are rising by 0.2% every ten years. Under the current policy this rate will 
increase to 0.3% every ten years. The consequence will be a large temperature change by 2050. In 
Northern and Eastern Europe the winters will be more than 5° warmer, and in Southern Europe the 
summers will be 4° warmer. Areas in particular that have no other systems in their vicinity that can 
exist in such climatic conditions will suffer serious damage. This will affect approximately 20% of 
Europe. 

The Globe report indicates that fewer than 5% of the ecosystems will be impaired if the greenhouse 
effect is reduced by a factor of 2.5.  
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Ozone layer depletion 

In accordance with the Montreal Protocol and its London amendment all CFC emissions must be reduced 
to zero. For the less persistent HCFCs it has been agreed that the contribution to the effect in 1989 
may not exceed 2.6% of the total adverse effect of CFCs. After this, the use of these substances too is 
to be reduced gradually by 2015.   

If that happens the annual total of fatalities per million inhabitants in Europe will first rise from 
approximately 1 to 2 and then fall to 1 death per year per million inhabitants. It does not yet seem 
directly necessary to reduce all HCFC emissions to zero because the norm (2 ppbv) is going to be 
achieved, even if after 2100. For these gases the target reduction is linked to the greenhouse effect8.  

Based on this reduction for greenhouse gases, we therefore assume, for the moment, that the target 
reduction for HCFCs is of the order of 60%. Based on the premise that the HCFCs presently cause 2.6% 
of ozone layer depletion it can be estimated that this reduction will cause ozone layer depletion to fall 
to 1% of its present level. The reduction factor is thus 100. There is a great deal of uncertainty about 
this figure.  

Acidification 

There is a great variety in Europe in the ability of ecosystems to withstand acidification. In Scandinavia, 
for example, problems can occur with deposits of 100 eq/ha.yr, while in some places in the 
Netherlands and Germany the soil can withstand a deposit of more than 2000 eq/ha.yr. 

Actual deposition appears to reach its highest level in Central Europe, particularly as a result of the use 
of lignite. 

If the deposition and ability to withstand acidification are combined with each other, it seems that 
major problems are occurring particularly in England, the Benelux countries, Germany, Poland, the 
Czech Republic and Slovakia. 

A provisional estimate based on the RAINS computer model shows that the reduction must be of the 
order of a factor of 10 to 20 to keep damage to the ecosystem below 5%. 

Eutrophication 

Eutrophication is seen in the Globe report particularly as the problem of excessive use of fertilisers by 
agriculture, as a result of which nitrates leach out and poison groundwater supplies. The problem is at 
its greatest in the Benelux countries, North-Rhine Westphalia (Germany) and Italy's Po valley plain 
(approx. 200 kg/ha).  

In the CML classification Eutrophication refers mainly to air and water emissions. These rarely 
contribute more than 10% of the amount of fertiliser applied by farmers. In uncultivated biotopes, 
however, that are low in nutrients this eutrophication can have a serious adverse effect on biodiversity. 

In describing the level of eutrophication in rivers and lakes it is estimated that the critical value for 
phosphates is 0.15 mg/l and for nitrates 2.2 mg/l. At these levels there are no problems with 
eutrophication. In the rivers Rhine, Schelde, Elbe, Mersey and Ebro, however, these figures have been 
exceeded more than 5 times. This means that the emissions must be reduced by a factor 5. 

 

Summer smog 

A hundred years ago the ozone concentration averaged over the whole year was approximately 10 ppb. 
At present it is 25 ppb. This is approximately the maximum acceptable level; above 30 ppb, for 
example, crop damage can occur. 

The major problem is not determined by the average figures but by the summer peaks which can reach 
more than 300 ppb. To reduce this type of dangerous peak by 90% it is necessary to reduce VOCs and 
NOx by 60 to 70%. 

                                                 
8 By contrast, the elimination of CFCs will also result in a significant reduction in the greenhouse effect. CFCs are 

responsible for 24% of this effect. Eliminating the CFCs will therefore yield a 24% reduction in the greenhouse 
effect. 
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Heavy metals 

In Central Europe lead concentrations are very high, particularly in the soil and water. The air 
concentration is also high in towns and cities, particularly because of the use of leaded petrol. For 
adults the Air Quality Guideline specifies a limit in the air of 0.5 to 1 µg/m³. According to Globe this 
value is often exceeded by a number of times. Globe notes in passing (and without backing it up) that 
average lead concentrations in Poland are 20 µg/m³. 

Eating locally grown vegetables would result in a blood lead level that is ten times too high. Lead levels 
in children’s blood of 150 to 400 µg/l have been found. Such readings also occurred in the West 30 
years ago, but not anymore. The figures are five to ten times lower now. There is thought not to be a 
no-effect-level for exposure for children. Above 100 µg/l clear reductions in learning ability can be 
measured.  

Thus although it is plausible that this pollution has a clearly measurable effect on human health, it is 
not easy to calculate a general reduction percentage for lead. The best estimate is a reduction by a 
factor of 5 to 10. We have taken a figure of 5 for heavy metal emissions to air. 

Agriculture (fertiliser) is the major source of cadmium deposition. The average deposition rate is 0.6 to 
0.67 g/ha on grassland and 3.4 to 6.8 g/ha for arable land. The Southern Netherlands holds the record 
with a deposition rate of 7.5 to 8.5 g/ha. Furthermore, approximately 14% is distributed via the air (see 
winter smog). 

This leaching is calculated in the Globe report for the Rhine. A detailed calculation makes a convincing 
case for the necessity to reduce cadmium emissions by 80 to 85%. In some other rivers such as the Elbe 
cadmium contamination is substantially greater, and the required target will perhaps have to be set 
even higher. For the moment we are continuing with a target reduction of a factor of 5 for heavy 
metals in water. 

Winter smog 

The most important sources of this problem which occurs mainly in Eastern Europe are SO2 and SPM 
(suspended particle matter, or small dust and soot particles). NOx, organic substances and CO are also 
involved to a lesser extent. The dust particles can also contain heavy metals.  

This form of smog achieved notoriety in 1952 when it caused an estimated 4000 deaths in London. The 
SO2 and SPM concentrations reached values of 5000 micrograms per cubic metre. In Southern Poland and 
Eastern Germany average readings of 200µg/m³ still occur repeatedly. The Air Quality Guidelines 
specify a limit of 50µg/m³ for long-term exposure to both SPM and SO2. Based on this, a reduction of 
75% would be necessary. 

Globe estimates that a reduction in SO2 emissions of more than 80% is necessary to eliminate by and 
large the occurrence of occasional smog periods. No target is proposed for SPM because it is not well a 
defined or well measured9 pollutant. 

We are continuing to use a factor of 5 as a target. 

Carcinogenic substances 

Globe also provides some data on the distribution of carcinogenic substances. The main substances 
involved are polyaromatic hydrocarbons (PAHs), of which benzo[a]pyrene in particular is an important 
example. This occurs, among other places, in coke furnaces and in (diesel) motors. In fact, the problem 
is only relevant in urban areas. 

Globe specifies a value of 0.8 to 5 ng/m³ for Northern European towns and cities. The Air Quality 
Guideline specifies a value of 1 ng/m³ in American cities without coke furnaces in the vicinity and 1 to 
5 ng/m³ in cities with coke furnaces. In European towns and cities in the 60s, when open coal fires 
were still very much in use, the average concentrations were in excess of 100 ng/m³. In Eastern Europe 
the values are still high because of the use of coal-fired heating systems. As a point of comparison, a 
room in which a lot of smoking takes place can contain 20 ng/m³. 

                                                 
9 A major shortcoming of the CML classification system is the lack of a weighting factor for particulate matter in 

calculating human toxicity. According to the Globe report, SPM is one of the most injurious substances to health. 
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The Air Quality Guideline specifies a threshold concentration of 0.01 ng/m³ at which 1 cancer case per 
million inhabitants per year will still occur. This criterion cannot be compared straightforwardly with 
the criterion for ozone layer depletion because not all the cancer cases are terminal. In addition, only 
about 1/3 of the population of Europe lives in towns or cities10. If we assume that one in every three 
cancer cases is terminal and if we only take the urban population the risk of death is about ten times 
lower. Based on this, there would be one death per million inhabitants per year at a concentration of 
0.1 ng/m³.  

Based on a background concentration of 1 ng/m³ in towns and cities without coke furnaces (West 
European towns and cities in particular) a reduction by a factor of 10 could be estimated.  

Pesticides 

Leaching of pesticides threatens groundwater sources throughout the EU. The groundwater is 
contaminated in 65% of the EU above the EU norm (0.5 µg/litre). The norm is exceeded tenfold in 25% 
of the EU. This occurs in 20% of the land area of Eastern Europe. A reduction by a factor of 25 is 
necessary to ensure that the norm is exceeded in less than 10% of Europe. 

Exhaustion of raw materials and solid waste 

We have not defined any percentage reductions for exhaust of raw materials. There are two reasons for 
this: 

No people die and no ecosystems are impaired as a result of the depletion of raw materials. It mainly 
causes economic and social problems. 

Exhaustion is difficult to quantify because there are alternatives for most materials. For example, 
copper has already been replaced on a very wide scale by glass-fibre (communications) and aluminium 
(electricity-conducting medium). There are also good prospects for substituting materials in energy 
generation if the market is prepared to pay more for energy. In fact, the problem with energy is not the 
depletion of fossil fuels but the environmental impacts of combustion. Explicit account is taken of these 
in the indicator. In other words, you need not think that all the oil reserves that are presently known 
have actually been used. That would be an environmental disaster. 

We have not defined any percentage reduction for waste. A similar reason applies to waste as to 
energy. No people die and only very small sections of ecosystems are threatened by the use of space 
for waste (apart from litter or fly-tipped waste). Emissions from incineration, the decomposition of 
waste and the leaching of, for example, heavy metals are major problems. These emissions are 
properly specified in a good LCA. Waste is thus included in similar fashion, but it is assessed in terms of 
its emissions. 

We do not have any score for ecotoxicity and human toxicity, as is usually the case. Instead we have a 
score for carcinogenic substances, heavy metals, winter smog and pesticides. The reason for this is that 
we could not find any reduction target for such a vague concept. We therefore opted to specify the 
term "toxicity" in individual problems.  

As a result of these changes, the Eco-indicator can be viewed as an indicator for emissions, and raw 
materials exhaustion and the use of space for waste must be assessed individually for the moment. 
Despite this limitation we feel that the indicator is a powerful tool. Emissions will be our greatest 
concern if we wish to protect health and ecosystems. 

Summary of weighting factors 

The table below summarises the values and the criteria used in determining them. The choice of these 
criteria is very important because there is a direct correlation with the reduction factors. If 5% 
ecosystem damage is compared with ten deaths per year rather than one, then all reduction factors 
based on the number of deaths criterion will fall by a factor of ten, assuming there is a linear 
correlation between an effect and the number of deaths. 

The table gives you an opportunity to calculate other weightings for yourself if you wish to use 
different criteria. 
 
                                                 
10 Eurostat, estimate based on data for 6 EU member states 
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 Characterisatio
n 

Reduction 
factor 

Criterion 

Greenhouse CML (IPCC) 2.5 0.1° per decade, 95th percentile? 
Ozone layer CML (IPCC) 100 Probability of  1 death per year per million 

inhabitants  
Acidification CML 10  95th percentile 
Eutrophication CML 5 Rivers and lakes damage to an unknown number of 

aquatic ecosystems? (95th percentile?) 
Summer smog CML 2.5 Prevent smog periods, health complaints, 

particularly amongst asthma patients and the 
elderly 

Winter smog Air Quality 
Guidelines 

5 Prevent smog periods, health complaints, 
particularly amongst asthma patients and the 
elderly  

Pesticide Active 
ingredient 

25 95th percentile ecosystems 

Heavy metals in 
air 

Air Quality 
Guidelines 

5 Lead content in blood of children, limited life 
expectancy and learning performance in an unknown 
number of people 

Heavy metals in 
water 

Quality 
Guidelines for 
water 

5 Cadmium content in rivers, ultimately also has an 
effect on people (see air) 

Carcinogenic 
substances 

Air Quality 
Guidelines 

10 Probability of 1 death per year per million 
inhabitants  

Table 6 Background weighting factors 
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2.7 Eco-indicator 99  
 
2.7.1 Introduction 
Eco-indicator 99 is the successor of Eco-indicator 95. Both methods use the damage-oriented approach. 
The development of the Eco-indicator 99 methodology started with the design of the weighting 
procedure. Traditionally in LCA the emissions and resource extractions are expressed as 10 or more 
different impact categories, like acidification, ozone layer depletion, ecotoxicity and resource 
extraction. For a panel of experts or non-experts it is very difficult to give meaningful weighting factors 
for such a large number and rather abstract impact categories. It was concluded that the panel should 
not be asked to weight the impact categories but the different types of damage that are caused by 
these impact categories. The other improvement was to limit the number of items that are to be 
assessed. As a result the panel, consisting of 365 persons from a Swiss LCA interest group, was asked to 
assess the seriousness of three damage categories: 
 
1. Damage to Human Health, expressed as the number of year life lost and the number of years lived 

disabled. These are combined as Disability Adjusted Life Years (DALYs), an index that is also used 
by the Worldbank and WHO. 

2. Damage to Ecosystem Quality, express as the loss of species over an certain area, during a certain 
time 

3. Damage to Resources, expressed as the surplus energy needed for future extractions of minerals 
and fossil fuels. 

 
In order to be able to use the weights for the three damage categories a series of complex damage 
models had to be developed. In figure 2 these models are represented in a schematic way. 
 

Indicator

Damage to
resources [MJ
surplus energy]

Damage to
ecosystems [%
plant species
*m2 *yr]

Damage to
Human health
[disability
adjusted life
years (DALY)]

Regional effect on species numbers

Local effect on species numbers

Effect on Target species

Ecotoxicity: toxic stress (PAF)

Climate change (disease + displacement)

Ozonlayer depletion (cancer + cataract)

Radiation effects (cancer)

Respiratory effects

Cancer

Surplus energy at future extraction

Surplus energy at future extraction

Concentration of ores

Availability of fossil fuels

Decrease of natural area's

Altered pH.+nutrient

Concentration in soil

Concentration of greenhouse gas

Concentration ozone depl.

Concentration radionuclides

Concentration fine dust, VOC .

Concentr. air, water and food

NOx
SOx
NH3
Pesticides
Heavy metals
CO2
HCFC
Nuclides (Bq)
SPM
VOC’s
PAH’s

Resource analysis
Land-use analysis
Fate analysis

Exposure and
effect analysis

Damage analysis Normalisation
and Weighting

Land-use and
land conversion

Extraction of
minerals and
fossil fuels

Step 1 Step 2 Step 3

Invetory analysis

Mining

Converter

Milling

Pressing

Transport

Disposal

 
Figure 2 Detailed representation of the damage model  
 
In general, the factors used in SimaPro do not deviate from the ones in the (updated) report. In case 
the report contained synonyms of substance names already available in the substance list of the 
SimaPro database, the existing names in the database are used. A distinction is made for emissions to 
agricultural soil and industrial soil, indicated with respectively (agr.) or (ind.) behind substance names 
emitted to soil.  
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2.7.2 Characterisation 

Emissions 
Characterisation is factors are calculated at end-point level (damage). The damage model for emissions 
includes fate analysis, exposure, effects analysis and damage analysis.  
This model is applied for the following impact categories: 

• Carcinogens 
Carcinogenic affects due to emissions of carcinogenic substances to air, water and soil. Damage is 
expressed in Disability adjusted Life Years (DALY) / kg emission. 

• Respiratory organics 
Respiratory effects resulting from summer smog, due to emissions of organic substances to air, 
causing respiratory effects. Damage is expressed in Disability adjusted Life Years (DALY) / kg 
emission. 

 
• Respiratory inorganics 

Respiratory effects resulting from winter smog caused by emissions of dust, sulphur and nitrogen 
oxides to air. Damage is expressed in Disability adjusted Life Years (DALY) / kg emission. 

 
• Climate change 

Damage, expressed in DALY/kg emission, resulting from an increase of diseases and death caused 
by climate change. 

 
• Radiation 

Damage, expressed in DALY/kg emission, resulting from radioactive radiation 
 

• Ozone layer 
Damage, expressed in DALY/kg emission, due to increased UV radiation as a result of emission of 
ozone depleting substances to air. 
 

• Ecotoxicity 
Damage to ecosystem quality, as a result of emission of ecotoxic substances to air, water and soil. 
Damage is expressed in Potentially Affected Fraction (PAF)*m2*year/kg emission.  
 

• Acidification/ Eutrophication 
Damage to ecosystem quality, as a result of emission of acidifying substances to air. Damage is 
expressed in Potentially Disappeared Fraction (PDF)*m2*year/kg emission.  

Land use 
Land use (in manmade systems) has impact on species diversity. Based on field observations, a scale is 
developed expressing species diversity per type of land use. Species diversity depends on the type of 
land use and the size of the area. Both regional effects and local effects are taken into account in the 
impact category: 
 
• Land use 

Damage as a result of either conversion of land or occupation of land. Damage is expressed in 
Potentially Disappeared Fraction (PDF)*m2*year/m2 or m2a. 

Resource depletion 
Mankind will always extract the best resources first, leaving the lower quality resources for future 
extraction. The damage of resources will be experienced by future generations, as they will have to use 
more effort to extract remaining resources. This extra effort is expressed as “surplus energy”. 
 
• Minerals 

Surplus energy per kg mineral or ore, as a result of decreasing ore grades. 
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• Fossil fuels 
Surplus energy per extracted MJ, kg or m3 fossil fuel, as a result of lower quality resources. 
 

2.7.3 Uncertainties 
Of course it is very important to pay attention to the uncertainties in the methodology that is used to 
calculate the indicators. Two types are distinguished: 
 
1. Uncertainties about the correctness of the models used 
2. Data uncertainties 
 
Data uncertainties are specified for most damage factors as squared geometric standard deviation in 
the original reports, but not in the method in SimaPro. It is not useful to express the uncertainties of 
the model as a distribution. Uncertainties about the model are related to subjective choices in the 
model. In order to deal with them we developed three different versions of the methodology, using the 
archetypes specified in Cultural Theory. The three versions of Eco-indicator 99 are: 
 
1. the egalitarian perspective 
2. the hierarchist perspective 
3. the individualist perspective 

Hierchist perspective 
In the hierarchist perspective the chosen time perspective is long-term, substances are included if 
there is consensus regarding their effect. For instance all carcinogenic substances in IARC class 1, 2a 
and 2b are included, while class 3 has deliberately been excluded. In the hierarchist perspective 
damages are assumed to be avoidable by good management. For instance the danger people have to 
flee from rising water levels is not included. In the case of fossil fuels the assumption is made that 
fossil fuels cannot easily be substituted. Oil and gas are to be replaced by shale, while coal is replaced 
by brown coal. In the DALY calculations age weighting is not included. 

Egalitarian perspective 
In the egalitarian perspective the chosen time perspective is extremely long-term, Substances are 
included if there is just an indication regarding their effect. For instance all carcinogenic substances in 
IARC class 1, 2a, 2b and 3 are included, as far as information was available. In the egalitarian 
perspective, damages cannot be avoided and may lead to catastrophic events. In the case of fossil fuels 
the assumption is made that fossil fuels cannot be substituted. Oil, coal and gas are to be replaced by a 
future mix of brown coal and shale. In the DALY calculations age weighting is not included. 

Individualist perspective 
In the individualist perspective the chosen time perspective is short-term (100 years or less). 
Substances are included if there is complete proof regarding their effect. For instance only 
carcinogenic substances in IARC class 1 included, while class 2a, 2b and 3 have deliberately been 
excluded. In the individualist perspective damages are assumed to be recoverable by technological and 
economic development. In the case of fossil fuels the assumption is made that fossil fuels cannot really 
be depleted. Therefore they are left out. In the DALY calculations age weighting is included. 

Damage assessment 
Damages of the impact categories result in three types of damages:  
  
1. Damage to Human Health, expressed as the number of year life lost and the number of years lived 

disabled. These are combined as Disability Adjusted Life Years (DALYs), an index that is also used 
by the World Bank and the WHO. 

2. Damage to Ecosystem Quality, express as the loss of species over an certain area, during a certain 
time 

3. Damage to Resources, expressed as the surplus energy needed for future extractions of minerals 
and fossil fuels. 
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2.7.4 Normalisation 
Normalisation is performed on damage category level. Normalisation data is calculated on European 
level, mostly based on 1993 as base years, with some updates for the most important emissions. 
 
2.7.5 Weighting 
In this method weighting is performed at damage category level (endpoint level in ISO). A panel 
performed weighting of the three damage categories. For each perspective, a specific weighting set is 
available. The average result of the panel assessment is available as weighting set. 
 
2.7.6 Default  
The hierchist version of Eco-indicator 99 with average weighting is chosen as default. In general, value 
choices made in the hierachist version are scientifically and politically accepted. 
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2.8 Ecological Footprint 
 
2.8.1 Introduction 
The ecological footprint is defined as the biologically productive land and water a population requires 
to produce the resources it consumes and to absorb part of the waste generated by fossil and nuclear 
fuel consumption. In the context of LCA, the ecological footprint of a product is defined as the sum of 
time integrated direct and indirect land occupation, related to nuclear energy use and to CO2 emissions 
from fossil energy use: 

nuclearCOdirect EFEFEFEF ++= 2  
 
2.8.2 Normalisation and weighting 
Normalisation is not a part of this method. 
In order to get a footprint, each impact category is given the weighting factor 1.  
 
2.8.3 References 
Frischknecht R., Jungbluth N., Althaus H.J., Doka G., Dones R., Hischier R., Hellweg S., Humbert S., 
Margni M., Nemecek T., Spielmann M. (2007) Implementation of Life Cycle Impact Assessment Methods: 
Data v2.0. ecoinvent report No. 3, Swiss centre for Life Cycle Inventories, Dübendorf, Switzerland. 
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2.9 Ecopoints 97 (CH) 
2.9.1 Introduction 
The Swiss Ministry of the Environment (BUWAL) has developed the Ecopoint system, based on actual 
pollution and on critical targets that are derived from Swiss policy. It is one of the earliest systems for 
impact assessment with a single score. Like the Eco-indicator 95 method, described above, it is based 
on the distance-to-target method. The Swiss Ecopoints 1997 (also called Swiss ecoscarcity) is an update 
of the 1990 method.  
There are three important differences: 

1. The Ecopoint system does not use a classification. It assesses impacts individually. Although 
this allows for a detailed and very substance-specific method, it has the disadvantage that 
only a few impacts are assessed.  

2. The Ecopoint system uses a different normalisation principle. It uses target values rather 
than current values.  

3. The Ecopoint system is based on swiss policy levels instead of sustainability levels. Policy 
levels are usually a compromise between political and environmental considerations.  

 
The following data are necessary in calculating a score in ecopoints for a given product:  

• quantified impacts of a product;  
• total environmental load for each impact type in a particular geographical area;  
• maximum acceptable environmental load for each impact type in that particular 

geographical area.  
 
2.9.2 Normalisation 
In SimaPro you will find 3 normalisation sets: Target; Actual; and Ecopoints. 
 
1) Normalisation on Target Value or Critical Emission (N=Target)  
The original formula is used to calculate the Ecopoints: 

Ecofactor= Const
Fk
F

Fk
××1

 

Fk
1

=normalisation factor  

Const
Fk
F × =evaluation factor  

 
2) Normalisation based on Actual Emission (N= Actual)  
The adapted formula is used to calculate the Ecopoints so that normalization based on actual emissions 
can be done: 

Ecofactor= Const
Fk
F

Fk
F

F
×××1

 

F
1

=normalisation factor 

Const
Fk
F

Fk
F × =evaluation factor 

F =Actual Swiss emission per year  
Fk =Critical Swiss emission per year Const.=1012/year 
 
3) Ecopoints  
Ecofactors given in the evaluation step, normalization factors=1. 
 
2.9.3 Weighting 
Ecopoints (weighting factors) are calculated using the following formula: 
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f: ecofactor      F: actual total current load  
Fk: target norm for total load    10

12 
constant  

 
The first term (1/Fk) expresses the relative contribution of the load to the exceeding of the target 
norm. It is the normalization step. The second term (F/Fk) expresses the extent to which the target 
norm is already being exceeded. 
 
Please note that not all sum parameters such as (heavy) metals, AOX contributants, are included in the 
method. 
 
2.9.4 References 
Braunschweig A. et al. (1998) Bewertung in Ökobilanzen mit der Methode der ökologischen Knappheit. 
Ökofaktoren, Methodik Für Oekobilanzen, Buwal Schriftenreihe Umwelt Nr 297.  
 

12
2

12 10101 ×=××=
Fk
F

Fk
F

Fk
f  
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2.10  Ecological scarcity 2006 
 
2.10.1  Introduction 
The “ecological scarcity” method (also called Ecopoints or Umweltbelastungspunkte method) is a follow 
up of the Ecological scarcity 1997 method, be named in SimaPro method library as Ecopoints 97 (CH). 
The method follows, for the impact assessment of Life Cycle Inventories, the “distance to target” 
principle.  
 
The ecological scarcity 2006 method is directly taken from Ecoinvent 2.0. The amount of substances 
present are compatible with the EI 2.0 database and partly extended with other substances. There 
might be some deviations if the method is used with other SimaPro libraries. The data have been 
implemented by ESU-services Ltd. All files are provided without liability. 
 

 
 
2.10.2  Characterisation 
The Eco-invent implementation contains seven specific impact categories, with for each substance a 
final UBP (environmental loading points) score as characterisation factor.  
 
2.10.3  Normalisation and weighting 
Normalisation is a part of this method but not traceable in SimaPro 7. 
Because all impact categories are expressed in the same unit UBP, PRé Consultants added a weighting 
step. The "weighting" step simply adds up the scores. 
 
2.10.4  References 
Frischknecht R., Jungbluth N., Althaus H.J., Doka G., Dones R., Hischier R., Hellweg S., Humbert S., 
Margni M., Nemecek T., Spielmann M. (2007) Implementation of Life Cycle Impact Assessment Methods: 
Data v2.0. ecoinvent report No. 3, Swiss centre for Life Cycle Inventories, Dübendorf, Switzerland. 
 
 

In order to erase the large amount of zero entries in the method, and at the same time being 
compliant with inventory data that doesn’t always consider subcompartments, the following three 
roules are implemented: 
1. Substances emitted to subcompartment unspecified, with characterization factor zero are 

excluded from the method  
2. Substances emitted to a specific subcompartment with characterization factor zero while a 

non zero factor is provided for the sub compartment unspecified remain in the list  
3. For substances emitted to the subcompartment agricultural, (i)the substances are replaced 

by the sub compartment unspecified with the same characterization factor of 
subcompartment agricultural and (ii) a subcompartment industrial with characterization 
factor zero is added.  

Frischknecht et al. (2007) describes that a characterisation factor of zero is also a factor and 
doesn’t mean the substance is missing from the impact category. Only substances emitted to a 
specific compartement not mention in the method are indeed missing and not available yet. We 
are aware that by implementing the above roules the  method in SimaPro does not fully comply 
with the original method and ideas of Frischknecht et al. (2007). However, we believe that 
excluding factors with a factor zero is more realistic.
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2.11 Ecosystem Damage Potential (EDP) 
2.11.1  Introduction 
The Ecosystem Damage Potential (EDP) is a life cycle impact assessment methodology for the 
characterization of land occupation and transformation developed by the Swiss Federal Institute of 
Technology (ETH), Zürich. It is based on assessment impacts of land use on species diversity. 
 
2.11.2  Characterization 
This method was created using empirical information on species diversity from Central Europe. With 
information about species diversity on 5581 sample plots, Characterization factors for 53 land use types 
and six intensity classes were calculated. The typology is based on the CORINE Plus classification. 
 
Linear transformations of the relative species numbers are linearly transformed into ecosystem damage 
potentials. The damage potential calculated is endpoint oriented.  
 
The impact factor for the unknown reference land use type (ref) before or after the land 
transformation is chosen as EDP(ref) = 0.80. This represents the maximum EDP, i.e. the land use type 
with the most negative impact. 
The different impact categories implemented in SimaPro are: 

• “land transformation” as a result of the addition of “transformation, from land use type I” and 
“transformation, to land use type I” 

• “land occupation” 
 
2.11.3  Normalization and weighting 
Normalisation is not a part of this method. 
Because the two impact categories are expressed in the same unit (points), PRé Consultants added a 
weighting step. Each impact category is given the weighting factor 1. 
 
2.11.4  References 
Koellner T. and Scholz R. (2007a) Assessment of land use impact on the natural environment: Part 1: 
An Analytical Framework for Pure Land Occupation and Land Use Change. In: Int J LCA, 12(1), pp. 16-
23. 
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2.12 EDIP/UMIP 97  
 
2.12.1  Introduction 
 
The EDIP method (Environmental Design of Industrial Products, in Danish UMIP) was developed in 1996.  
In 2004 the characterisation factors for resources, the  normalisation and weighting factors for all 
impact categories  were updated. Excluded in this version of the method in SimaPro are working 
environment and emissions to waste water treatment plants (WWTP).  
 
The method is adapted for SimaPro 7. All characterisation factors in this method are entered for the 
'unspecified' subcompartment of each compartment (raw, air, water, soil) and thus applicable on all 
subcompartments, where no specific characterisation value is specified. 
 
2.12.2  Characterisation 
Global warming is based on the IPCC 1994 Status report. Is SimaPro GWP 100 is used. Stratospheric 
ozone depletion potentials are based on the status reports (1992/1995) of the Global Ozone Research 
Project (infinite time period used in SimaPro). Photochemical ozone creation potentials (POCP) were 
taken from UNECE reports (1990/1992).  POCP values depend on the background concentration of NOx, 
in SimaPro we have chosen to use the POCPs for high background concentrations. Acidification is based 
on the number of hydrogen ions (H+) that can be released. Eutrophication potential is based on  
N and P content in organisms. Waste streams are divided in 4 categories, bulk waste (not hazardous), 
hazardous waste, radioactive waste and slags and ashes. All wastes are reported on a mass basis. 
 
Ecotoxicity is based on a chemical hazard screening method, which looks at toxicity, persistency and 
bioconcentration. Fate or the distribution of substances into various environmental compartments is 
also taken account.  Ecotoxicity potentials are calculated for acute and chronic ecotoxicity to water 
and chronic ecotoxicity for soil. As fate is included, an emission to water may lead not only to chronic 
and acute ecotoxicity for water, but also to soil. Similarly an emission to air gives ecotoxicity for water 
and soil.  This is the reason you will find emissions to various compartments in each ecotoxicity 
category. 
 
Human toxicity is based on a chemical hazard screening method, which looks at toxicity, persistency 
and bioconcentration. Fate or the distribution of substances into various environmental compartments 
is also taken account.  Human toxicity potentials are calculated for exposure via air, soil, and surface 
water. As fate is included, an emission to water may lead not only to toxicity via water, but also via 
soil. Similarly an emission to air gives human toxicity via water and soil.  This is the reason you will find 
emissions to various compartments in each human toxicity category. 

Resources 
As resources use a different method of weighting, it cannot be compared with the other impact 
categories, for which reason the weighting factor is set at zero. Resources should be handled with great 
care when analysing results, the characterisation and normalisation results cannot be compared with 
the other impact categories.  
To give the user some information in a useful way all resources have been added into one impact 
category. As equivalency factor the result of the individual normalisation and weighting scores have 
been used, i.e. the resulting score per kg if they would have been calculated individually. 
For detailed information on resources, including normalisation and weighting, choose the "EDIP/UMIP 
resources only" method. 
 
 
EDIP v2.0 resources only 
In the "EDIP/UMIP resources only" method only resources are reported. Opposite to the default 
EDIP/UMIP method, resources are given in individual impact categories, on a mass basis of the pure 
resource (i.e. 100% metal in ore, rather than ore). Normalisation is based on global production per 
world citizen, derived from World Resources 1992. Weighting of non-renewables is based on the supply-
horizon (World Reserves Life Index), which specifies the period for which known reserves will last at 
current rates of consumption. If no normalisation data are known for an individual impact category, the 
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normalisation value is set at one and the calculation of the weighting factor is adjusted so that the final 
result is still consistent. However this may give strange looking graphs in the normalisation step. 
  
2.12.3  Normalisation 
The normalisation value is based on person equivalents for 1994 (according to the update issued in 
2004). For resources, normalisation and weighing are already included in the characterisation factor 
and therefore set at zero.  
 
2.12.4  Weighting 
The weighting factors are set to the politically set target emissions per person in the year 2004 
(according to the update issued in 2004), the weighted result are expressed except for resources which 
is based on the proven reserves per person in 1994. For resources, normalisation and weighing are 
already included in the characterisation factor and therefore set at zero.  
 

 
2.12.5  References 
Wenzel H., Hauschild M., Alting L. (1997) Environmental Assessment of Products. Volume 1: 
Methodology, tools and case studies in product development. Chapman and Hall. ISBN 0 412 80800 5. 
See http://www.wkap.nl/book.htm/0-7923-7859-8. 
 
Hauschild M., Wenzel H., (1998) Environmental Assessment of Products. Volume 2: Scientific 
background. Chapman and Hall. ISBN 0 412 80810 2. See http://www.wkap.nl/book.htm/0-412-80810-2 
 

Note:  
Presenting the EDIP method as a single score (addition) is allowed, however it is not 
recommended by the authors. Note that due to a different weighting method for resources 
(based on reserves rather than political targets), resources may never be included in a single 
score. This is the reason that the weighting factor for resources is set at zero.  
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2.13 EDIP 2003 
 
2.13.1  Introduction 
EDIP 2003 is a Danish LCA methodology that is presented as an update of the EDIP 97 methodology. 

The main innovation of EDIP2003 lies in the consistent attempt to include exposure in the 
characterisation modelling of the main non-global impact categories. EDIP2003 can originally be used 
both with and without spatial differentiation. Only characterisation factor for site-generic effects, 
which does not take spatial variation into account, are implemented in SimaPro 7.  

The EDIP 2003 methodology represents 19 different impact categories. Some of them are updated 
versions of EDIP 97, whereas others are modelled totally different. The table underneath gives an 
overview of the EDIP 2003 impact categories. The choices made for implementing the methodology into 
SimaPro 7, are summed up for each impact category. 

Impact categories: Implemented in 
original form 

Choices made during 
implementation 

Global warming 
 

Time horizon of 100y is used 
and extended with extra 

factors from EI 2.0 
Ozone depletion x  
Acidification x  
Terrestrial eutrophication x  
Aquatic eutrophication (N-eq) 
Aquatic eutrophication (P-eq)  

Only emissions to inland 
waters only are included. 
Emissions to air included 

Ozone formation (human) x Extended with extra factors 
from EI 2.0 

Ozone formation (vegetation) x Extended with extra factors 
from EI 2.0 

Human toxicity (exposure route via air)  Release height of 25m 
Human toxicity (exposure route via water) x  
Human toxicity (exposure route via soil) x  
Ecotoxicity (water acute) x  
Ecotoxicity (water chronic) x  
Ecotoxicity (soil chronic) x  
Hazardous waste Directly taken from EDIP 97 (update 2004) 
Slags/ashes Directly taken from EDIP 97(update 2004) 
Bulk waste Directly taken from EDIP 97(update 2004) 
Radioactive waste Directly taken from EDIP 97(update 2004) 
Resources Directly taken from EDIP 97(update 2004) 

Table 7 Overview of the different impact categories in EDIP2003, and the changes made for implementation. 

In the EDIP 2003 method, characterisation factors for aquatic eutrophication are developed for two 
impact categories: aquatic eutrophication (N-eq) and aquatic eutrophication (P-eq). In each impact 
category, characterisation factors for emissions effecting inland waters and emissions effecting marine 
waters are developed. This double set of characterisation factors reflects the fact that, in general, 
eutrophication is limited by nitrate in fresh waters, and phosphate in marine waters. 
In order to avoid double counting, that would occur if both emission types are implemented 
simultaneously, only the characterisation factors for inland water are implemented in SimaPro 7. When 
characterisation factors for marine water are needed, the following list can be used and implemented 
in the EDIP 2003 method: 

Substances Cas no. Impact category 
Emission to marine water  Aquatic eutrophication Aquatic eutrophication 
Compartiment  Soil Water Water Soil 
Nitric acid  7697-37-2 1,24E-01 1,61E-01 0,00E+00 0,00E+00 
Nitrite  14797-65-0 1,62E-01 2,10E-01 0,00E+00 0,00E+00 
Cyanide  57-12-5 2,92E-01 3,78E-01 0,00E+00 0,00E+00 
Nitrogen, total   5,40E-01 7,00E-01 0,00E+00 0,00E+00 
Phosphate  14265-44-2 0,00E+00 0,00E+00 3,30E-01 1,98E-02 
Pyrophosphate  7722-88-5 0,00E+00 0,00E+00 3,50E-01 2,10E-02 
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Phosphorus, total  0,00E+00 0,00E+00 1,00E+00 6,00E-02 

Table 8 Characterisation factors for Emissions to marine waters in the impact category aquatic 
eutrophication. Emission compartment soil corresponds with the source category waste water while 
water corresponds with the source category agriculture. 

Because each impact category contains unique substance names, to implement these characterisation 
factors, we suggest to create new substance names.  
 
The emission to soil only takes into account the effects after plant uptake. For this impact category the 

topsoil is part of the techno sphere.  
Emissions to air are also included in the model. The data needed for this compartment is not present in 
the guideline, but is received from Michael Hauschild. 
 
The EDIP2003 characterisation factors for human toxicity, exposure route via air, are enhanced. The 
new exposure factors are established for: 
- Two different kinds of substances: short-living (hydrogen chloride) and long-living (benzene) 
- Actual variation in regional and local population densities: added for each substance 
- Different release heights: 1m, 25m and 100m. 
The release height of 25m is presented as default in EDIP2003 and is used in SimaPro 7.  
 
For global warming a time horizon of 100 years is recommended by EDIP2003 and is used in SimaPro 7. 
 
In the impact category “ozone formation”, for the substance isobutene, two synonyms with the same 
cas-number and a different characterisation factor are found. Next characterisation factors are used: 

Ozone formation (human): Isobutene: 9,44E-05 
Ozone formation (vegetation): Isobutene: 1,168 

 
2.13.2  Normalisation 
Except for ecotoxicity and resources, all the different impact categories are normalized in the same 
way as in EDIP97, only using EDIP2003 normalisation references. Due to lack of data, no EDIP2003 
normalisation references for any of the ecotoxicity categories are calculated. Therefore, in SimaPro, 
the normalisation reference for ecotoxicity is zero. For resources, normalisation and weighing are 
already included in the characterisation factor and therefore set at zero. 
 
2.13.3  Weighting 
Until the EDIP weighting factors have been updated to an EDIP2003 version, the weighting factors of 
EDIP97 (according to the update issued in 2004), are also used in EDIP2003. Because ecotoxicity has no 
normalisation factors, also for weighting the value is set at zero. For resources, normalisation and 
weighing are already included in the characterisation factor and therefore set at zero. 
 
2.13.4  Reference 
Frischknecht R., Jungbluth N., Althaus H.J., Doka G., Dones R., Hischier R., Hellweg S., Humbert S., 
Margni M., Nemecek T., Spielmann M. (2007) Implementation of Life Cycle Impact Assessment Methods: 
Data v2.0. ecoinvent report No. 3, Swiss centre for Life Cycle Inventories, Dübendorf, Switzerland. 
 
Hauschild M., Potting J. (2003) Spatial differentiation in Life Cycle impact assessment - The EDIP2003 
methodology. Institute for Product Development Technical University of Denmark. 
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2.14 EPD 2007 
2.14.1  Introduction 
This method is to be used for the creation of Environmental Product Declarations or (EPDs), as 
published on the website Swedish Environmental Management Council (SEMC). 
 
In the standard EPDs one only has to report on the following impact categories:  

Original names Names in SP 
Gross Calorific Values (GVC) (referred to as "Higher Heating Values") Non renewable, fossil 
Greenhouse gases Global warming (GWP100) 
Ozone-depleting gases Ozone layer depletion (ODP) 
Acidifying compounds Acidification 
Gases creating ground-level ozone (Photochemical Ozone creation) Photochemical oxidation 
Eutrophicating compounds Eutrophication 

Specific product category guidelines may require extra information. 
 
Except for the Gross Calorific Value (GCV) impact categories, all impact categories are taken directly 
from the CML 2 baseline 2000 method, also found in SimaPro (we used release 2.03). Please note that 
there are some differences between the SimaPro implementation and the EPD document for the Gross 
Calorific Values. 
 
SimaPro 7 used the draft version that was to be commented before March 2007, but that was still on 
the site when compilating this method in June 2007. It is possible the final version will have other 
Characterisation factors. 
 
2.14.2  Normalization and weighting 
Normalization and weighting are not a part of this method. 
 
2.14.3  References 
"Revision of the EPD® system into an International EPD®": 
http://www.environdec.com/documents/pdf/rev_EPD_Section_1_Application_of_LCA_methodology.pdf  
 
2.14.4  Acknowledgement 
We thank Leo Breedveld from 2B (www.to-be.it) for his advice and support. 
 



SimaPro Database Manual                                                                                                            Methods library 
  

36 

2.15 EPS 2000  
 
2.15.1  Introduction 
The EPS 2000 default methodology (Environmental Priority Strategies in product design) is a damage 
oriented method. In the EPS system, willingness to pay to restore changes in the safe guard subjects is 
chosen as the monetary measurement. The indicator unit is ELU (Environmental Load Unit), which 
includes characterisation, normalization and weighting.  
 
The top-down development of the EPS system has led to an outspoken hierarchy among its principles 
and rules. The general principles of its development are: 
 
• The top-down principle (highest priority is given to the usefulness of the system);   
• The index principle (ready made indices represent weighted and aggregated impacts) 
• The default principle (an operative method as default is required) 
• The uncertainty principle (uncertainty of input data has to be estimated) 
• Choice of default data and models to determine them 
 
The EPS system is mainly aimed to be a tool for a company's internal product development process. The 
system is developed to assist designers and product developers in finding which one of two product 
concepts has the least impact on the environment. The models and data in EPS are intended to improve 
environmental performance of products. The choice and design of the models and data are made from 
an anticipated utility perspective of a product developer. They are, for instance not intended to be 
used as a basis for environmental protection strategies for single substances, or as a sole basis for 
environmental product declarations. In most of those cases additional site-specific information and 
modelling is necessary. 
 
The EPS 2000 default method is an update of the 1996 version. The impact categories are identified 
from five safe guard subjects: human health, ecosystem production capacity, abiotic stock resource, 
biodiversity and cultural and recreational values. 
 
This V2 version is adapted for SimaPro 7. All characterisation factors in this method are entered for the 
'unspecified' subcompartment of each compartment (Raw materials, air, water, soil) and thus 
applicable on all subcompartments, where no specific characterisation value is specified.  
 
This method is NOT fully adapted for inventory data from the ecoinvent library and the USA Input 
Output Database 98, and therefore omits emissions that could have been included in impact 
assessment.  
 
2.15.2  Classification 
Emissions and resources are assigned to impact categories when actual effects are likely to occur in the 
environment, based on likely exposure.  
 
2.15.3  Characterisation 
Empirical, equivalency and mechanistic models are used to calculate default characterisation values. 

Human Health 
In EPS weighting factors for damage to human health are included for the following indictors: 
• Life expectancy, expressed in Years of life lost (person year) 
• Severe morbidity and suffering, in person year, including starvation 
• Morbidity, in person year, like cold or flue 
• Severe nuisance, in person year, which would normally cause a reaction to avoid the nuisance 
• Nuisance, in person year, irritating, but not causing any direct action 

Ecosystem production capacity 
The default impact categories of production capacity of ecosystems are: 
• Crop production capacity, in kg weight at harvest 
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• Wood production capacity, in kg dry weight 
• Fish and meat production capacity, in kg full weight of animals 
• Base cat-ion capacity, in H+ mole equivalents (used only when models including the other indicators 

are not available) 
• Production capacity of (irrigation) water, in kg which is acceptable for irrigation, with respect to 

persistant toxic substances 
• Production capacity of (drinking) water, in kg of water fulfilling WHO criteria on drinking water. 

Abiotic stock resources 
Abiotic stock resource indicators are depletion of elemental or mineral reserves and depletion of fossil 
reserves. Some classification factors are defined 0 (zero). 
In SimaPro characterisation values for abiotic depletion result from both the impact of depletion and 
impacts due to extraction of the element/mineral or resource.  

Biodiversity 
Default impact category for biodiversity is extinction of species, expressed in Normalised Extinction of 
species (NEX). 

Cultural and recreational values 
Changes in cultural and recreational values are difficult to describe by general indicators as they are 
highly specific and qualitative in nature. Indicators should be defined when needed, and thus are not 
included in the default methodology in SimaPro. 
 
2.15.4  Normalization/Weighting 
In the EPS default method, normalization/weighting is made through valuation. 
Normalization/weighting factors represent the willingness to pay to avoid changes. The environmental 
reference is the present state of the environment. The indicator unit is ELU (Environmental Load Unit). 
 
2.15.5  References: 
Steen B. (1999) A systematic approach to environmental strategies in product development (EPS). 
Version 2000 - General system characteristics. Centre for Environmental Assessment of Products and 
Material Systems. Chalmers University of Technology, Technical Environmental Planning. CPM report 
1999:4. Download as PDF file (246 kb) from 
http://www.cpm.chalmers.se/cpm/publications/EPS2000.PDF  
 
Steen B. (1999) A systematic approach to environmental strategies in product development (EPS). 
Version 2000 - Models and data of the default methods. Centre for Environmental Assessment of 
Products and Material Systems. Chalmers University of Technology, Technical Environmental Planning. 
CPM report 1999:5. Download as zipped PDF file (1140 kb) from 
http://www.cpm.chalmers.se/cpm/publications/EPS1999_5.zip 
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2.16 Impact 2002+ 
 
2.16.1  Introduction 
IMPACT 2002+ is an impact assessment methodology originally developed at the Swiss Federal Institute 
of Technology - Lausanne (EPFL), with current developments carried out by the same team of 
researchers now under the name of ecointesys-life cycle systems (Lausanne). The present methodology 
proposes a feasible implementation of a combined midpoint/damage approach, linking all types of life 
cycle inventory results (elementary flows and other interventions) via 14 midpoint categories to four 
damage categories. 

 
Figure 3 Overall scheme of the IMPACT 2002+ framework, linking LCI results via the midpoint categories to 

damage categories. Based on Jolliet et al. (2003a) 
 
2.16.2  Characterisation 
The Characterisation factors for Human Toxicity and Aquatic & Terrestrial Ecotoxicity are taken from 
the methodology IMPACT 2002 - IMPact Assessment of Chemical Toxics. The Characterisation factors for 
other categories are adapted from existing characterizing methods, i.e. Eco-indicator 99, CML 2001, 
IPCC and the Cumulative Energy Demand. 
The IMPACT 2002+ method (version 2.1) presently provides Characterisation factors for almost 1500 
different LCI-results, which can be downloaded at http://www.epfl.ch/impact. In SimaPro 15 different 
impact categories are presented, as human toxicity is split up in ‘Carcinogens’ and ‘Non-carcinogens’. 
 
2.16.3  Normalization  
The damage factor reported in ecoinvent are normalized by dividing the impact per unit of emission by 
the total impact of all substances of the specific category for which Characterisation factors exist, per 
person per year (for Europe). The unit of all normalized midpoint/damage factors is therefore 

[pers*year/unitemission], i.e. the number of equivalent persons affected during one year per unit of 

emission. An overview of normalization factors for the four damage categories is given in table 9. 
 

Damage categories Normalization factors Unit 
Human Health 0.0071 DALY/pers/yr 
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Ecosystem Quality 13700 PDF.m2.yr/pers/yr 
Climate Change 9950 Kg CO2/pers/yr 
Resources 152000 MJ/pers/yr 

Table 9 Normalization factors for the four damage categories for Western Europe 
2.16.4  Weighting   
The authors of IMPACT2002+ suggest to analyze normalized scores at damage level considering the four-
damage oriented impact categories human health, ecosystem quality, climate change, and resources 
or, alternatively, the 14 midpoint indicators separately for the interpretation phase of LCA. However, if 
aggregation is needed, one could use self-determined weighting factors or a default weighting factor of 
one, unless other social weighting values are available. 
 
PRé Consultants added an extra weighting step. Each damage category is given the weighting factor 1. 
 
 
2.16.5  References 
Frischknecht R., Jungbluth N., Althaus H.J., Doka G., Dones R., Hischier R., Hellweg S., Humbert S., 
Margni M., Nemecek T., Spielmann M. (2007) Implementation of Life Cycle Impact Assessment Methods: 
Data v2.0. ecoinvent report No. 3, Swiss centre for Life Cycle Inventories, Dübendorf, Switzerland. 
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2.17 IPCC 2001 GWP  
 
2.17.1  Introduction 
IPCC 2001 is a method developed by the International Panel on Climate Change.  
This method lists the climate change factors of IPCC with a timeframe of 20, 100 and 500 years.  The 
method from the ecoinvent 1.01 database was expanded with other characterisation factors for 
emissions available in the SimaPro database. 
 
2.17.2  Characterisation 
The IPCC characterisation factors for the direct global warming potential of air emissions. They are: 

• not including indirect formation of dinitrogen monoxide from nitrogen emissions.  
• not accounting for radiative forcing due to emissions of NOx, water, sulphate, etc. in the lower 

tratosphere + upper troposphere.  
• not considering the range of indirect effects given by IPCC.  
• including CO2 formation from CO emissions.  
• considering biogenic CO2 uptake as negative impact. 

 
2.17.3  Normalisation and weighting 
Normalisation and weighting are not a part of this method. 
 
2.17.4  References 
Frischknecht R., Jungbluth N., et.al. (2003). Implementation of Life Cycle Impact Assessment Methods. 
Final report ecoinvent 2000, Swiss Centre for LCI. Dübendorf, CH http://www.ecoinvent.org/ 
 
Climate Change 2001. IPCC Third Assessment Report. The Scientific Basis. 
http://www.grida.no/climate/ipcc_tar/  
 
Intergovernmental Panel on Climate Change (IPCC) 
http://www.ipcc.ch/  
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2.18 IPCC 2007 
 
2.18.1  Introduction 
IPCC 2007 is an update of the method IPCC 2001 developed by the International Panel on Climate 
Change. This method lists the climate change factors of IPCC with a timeframe of 20, 100 and 500 
years. 
 
2.18.2  Characterisation 
IPCC characterisation factors for the direct (except CH4) global warming potential of air emissions. 
They are: 

• not including indirect formation of dinitrogen monoxide from nitrogen emissions. 
• not accounting for radiative forcing due to emissions of NOx, water, sulphate, etc. in the lower 

tratosphere + upper troposphere. 
• not considering the range of indirect effects given by IPCC. 
• not including CO2 formation from CO emissions. 
• considering biogenic CO2 uptake as negative impact. 

 
2.18.3  Normalisation and weighting 
Normalisation and weighting are not a part of this method. 
 
2.18.4  References 
Climate Change 2007. IPCC Fourth Assessment Report. The Physical Science Basis. 
http://www.ipcc.ch/ipccreports/ar4-wg1.htm  
 
Intergovernmental Panel on Climate Change (IPCC) 
http://www.ipcc.ch/ 
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2.19 Selected LCI results 
 
2.19.1  Introduction 
The selected life cycle inventory indicators are, in most cases, the summation of selected substances 
emitted to all different subcompartments. 
 
The list of selected LCI indicators is divided in two. The first list contains the common set of 
elementary flows shown in the results discussion of the ecoinvent reports. One example is "fossil CO2 

emissions to air". The second list contains additional elementary flows used in at least one of the 
ecoinvent reports. One example of this extended list is "actinides emitted to water". These two lists are 
implemented as two different methods into SimaPro: Selected LCI results and SelectedLCI results, 
additional. 
 

SubCategory Name Location Unit Used in ecoinvent report 

resource land occupation GLO m2a all 

resource water GLO m3 No. 6 VIII 

resource carbon, biogenic, fixed GLO kg No. 17 

air carbon monoxide GLO kg No. 11 II 

air CO2, fossil GLO kg all 

air lead GLO kg No. 6 VI 

air methane GLO kg No. 6 IV 

air N2O GLO kg No. 6 VI 

air nitrogen oxides GLO kg all 

air NMVOC GLO kg all 

air particulates, <2.5 um GLO kg all 

air particulates, >2.5 um and <10 um GLO kg No. 6 VI 

air particulates, >10 um GLO kg No. 6 VI 

air partculates GLO kg No. 11 II 

air sulphur dioxide GLO kg all 

air zinc GLO kg No. 6 VI 

air, radioactive radon (+ radium) GLO kBq No. 6 VI 

air, radioactive noble gas GLO kBq No. 6 VI 

air, radioactive aerosole GLO kBq No. 6 VI 

air, radioactive actinides GLO kBq No. 6 VI 

soil cadmium GLO kg all 

water BOD GLO kg all 

water, radiactive radium GLO kBq No. 6 VII 

water, radiactive tritium GLO kBq No. 6 VII 

water, radiactive nuclides GLO kBq No. 6 VII 

water, radiactive actinides GLO kBq No. 6 VII 

total oils, unspecified GLO kg No. 6 IV 

total heat, waste GLO MJ No. 6 VII 

Table 10 List of selected life cycle inventory indicators implemented in ecoinvent data v2.0 
 
The selection does not necessarily reflect the environmental importance of the listed pollutants and re-
sources. The pollutants and resources are selected in view of a better characterisation of the analysed 
products and services. 
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The selection helps practitioners to get a more convenient access to a selection of LCI results of pro-
ducts and services. It does not replace the use of the complete set of LCI results and the application of 
LCIA methods. 
 

2.19.2 References 
Frischknecht R., Jungbluth N., Althaus H.J., Doka G., Dones R., Hischier R., Hellweg S., Humbert S., 
Margni M., Nemecek T., Spielmann M. (2007) Implementation of Life Cycle Impact Assessment Methods: 
Data v2.0. ecoinvent report No. 3, Swiss centre for Life Cycle Inventories, Dübendorf, Switzerland. 
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2.20 TRACI 2 
 
2.20.1  Introduction 
The Tool for the Reduction and Assessment of Chemical and other environmental Impacts (TRACI), a 
stand-alone computer program developed by the U.S. Environmental Protection Agency specifically for 
the US using input parameters consistent with US locations. Site specificity is available for many of the 
impact categories, but in all cases a US average value exists when the location is undetermined. 
 
TRACI facilitates the Characterisation of environmental stressors that have potential effects, including 
ozone depletion, global warming, acidification, eutrophication, tropospheric ozone (smog) formation, 
ecotoxicity, human health criteria–related effects, human health cancer effects, human health 
noncancer effects, fossil fuel depletion, and land-use effects. TRACI was originally designed for use 
with life-cycle assessment (LCA), but it is expected to find wider application in the future. 
 
This method presented in SimaPro 7 is originally based on TRACI v2.00 but it has expanded data derived 
from the release of TRACI at ecoinvent 2.0. Some impact categories were deleted to avoid double 
counting and some were renamed. This method replaces the “old” TRACI method in SimaPro. 
  
2.20.2  Characterisation 
Impact categories were characterized at the midpoint level for reasons including a higher level of 
societal consensus concerning the certainties of modeling at this point in the cause-effect chain. 
Research in the impact categories was conducted to construct methodologies for representing potential 
effects in the United States. 
 
TRACI is a midpoint oriented LCIA method including the following impact categories: 

• Ozone depletion 
• Global warming 
• Acidification 
• Eutrophication 
• Photochemical oxidation (smog) 
• Ecotoxicity 
• Human health: criteria air pollutants 
• Human health: carcinogenics 
• Human health: non-carcinogenics 
• Fossil fuel depletion(not implemented in SimaPro) 
• Land use (not implemented in SimaPro) 
• Water use (not implemented in SimaPro) 

 
For substances emitted to the sub compartment agricultural within the impact categories Ecotoxicity, 
Carcinogens and Non-carcinogens, the sub compartment is replaced by the sub compartment 
unspecified. 
 
2.20.3  Normalization and weighting 
The TRACI version implemented in ecoinvent data 2.0 is the one provided by Jane Bare in 2007, which 
does not contain Normalization factors. The normalization factors were recently published in ES&T 
(Bare and Gloria, 2007). 
 
PRé did not take over the Normalisation figures, as they are provided per compartment, what cannot be 
handled by SP yet. Moreover, using the total normalized values gave results that are difficult to 
understand or explain. 
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Table 11 Summary of normalized values for TRACI Impact Categories for 1999 
 

 
Table 12 Summary of normalized values for TRACI Impact Categories for 1999 on a per capita basis 
 
TRACI is a midpoint oriented life cycle impact assessment methodology, consistently with EPA’s 
decision not to aggregate between environmental impact categories.  
Arguing that normalization and valuation is still very much under debate and because of possible 
misinterpretation and misuse, the authors of TRACI determined that the state of the art for the 
normalization and valuation processes did not yet support inclusion in TRACI. 
 
2.20.4  References 
Bare, J.C., Norris, G.A., Pennington, D.W., McKane, T. 2003. TRACI: The Tool for the Reduction and 
Assessment of Chemical and Other Environmental Impacts. Journal of Industrial Ecology. 
http://mitpress.mit.edu/journals/pdf/jiec_6_3_49_0.pdf 
 
Frischknecht R., Jungbluth N., Althaus H.J., Doka G., Dones R., Hischier R., Hellweg S., Humbert S., 
Margni M., Nemecek T., Spielmann M. (2007) Implementation of Life Cycle Impact Assessment Methods: 
Data v2.0. ecoinvent report No. 3, Swiss centre for Life Cycle Inventories, Dübendorf, Switzerland. 
 
Bare J., Gloria T., Norris G. (2006) Development of the Method and U.S. Normalization Database for 
Life Cycle Impact Assessment and Sustainability Metrics. In: Envir Sc Tech, 40(16), pp. 5108-5115.  
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