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I Abstract    V 
  

I Abstract 
 

This work presents a comprehensive life cycle assessment (LCA) of a polymer electrolyte 

membrane (PEM) fuel cell electric vehicle (FCEV) resembling the technical specifications of the 

Toyota Mirai. The entire life cycle of the vehicle is taken into account, differentiating three 

principal stages: manufacture, use phase, and end-of-life. In addition, hydrogen production and 

distribution are also considered. All main components of the FCEV are analyzed and inventoried 

in detail (LCI), with special focus on the fuel cell system. The environmental performance (LCIA) 

of the vehicle is calculated based on the ReCiPe 2008 characterization method, using the 

Umberto LCA+ software and the Ecoinvent 3.6 database.  

Results are presented for five different impact categories, showing that, both manufacture of 

the vehicle and hydrogen production, the major impact contributors are in all of the categories. 

This manufacture impact is significantly influenced by the amount of platinum used in the 

production of the catalyst, making it one of the key factors to reduce the generated life cycle 

impact of the FCEV. In turn, the impact of hydrogen production significantly depends on the 

origin of the electric source and the type of production process that is used. Additionally, a 

sensitivity test is carried out to further analyze both mentioned hotspots, presenting different 

improvement scenarios while accounting for the different assumptions and approximations 

made on the inventory. 
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1 Introduction 

In recent years, climate change has become one of the main issues confronting humanity. To 

face this threat will require, not only a radical change of mind, but drastically reducing the 

environmental impact generated by humankind. Consequently, the growing awareness among 

society is pushing for the implementation of new environmental policies and the development 

of alternative sustainable technologies. Within this context, great international treaties, such as 

the Kyoto Protocol or the Paris Agreement, set out global frameworks and define middle-long-

term milestones that must be achieved in order to avoid dangerous climate change. In this way, 

the EU introduced the “Climate & Energy Package”, a set of new environment protection 

policies, strategies and initiatives with which it is intended to reduce greenhouse gas emissions 

up to 80% below 1990 levels by 2050 [1].  

One of the sectors that are most affected by these measures is 

transportation. Targeted as one of the major environmental 

impact contributors, it is responsible for more than 24% of all 

yearly produced GHG emissions in the EU [2]. The largest 

contributor within the sector is road transport, accounting for 

71% of the total emissions, from which, in turn, 69% is passenger 

transport [Figure 1][3]. Moreover, 95% of the energy demand for 

transportation applications is covered by petroleum products. 

This great environmental burden must be reduced in order to be 

able to meet with the agreed GHG targets. Consequently, road 

transportation is currently in full revolution as the 

implementation of increasingly restrictive CO2 emission 

regulations, together with the consumers demand, have 

triggered the search for new alternative drivetrain technologies.  

One of the most promising alternatives to fossil fuel-based mobility is fuel cell technology. This 

way, fuel cells are based in the same working principle as batteries, generating energy through 

a redox electrochemical reaction, although using hydrogen and oxygen as reactants. A fuel cell 

is basically made up of four components: a cathode, an anode, an electrolyte, and an external 

circuit. As for the energy production process, it is based on the electrolysis of water. This process 

starts when a hydrogen molecule is oxidized at the anode, liberating two electrons (2e-) and two 

hydrogen ions (2H+), which then are separated using a polymer electrolyte membrane (PEM). 

This membrane lets hydrogen ions through directly to the cathode while blocking electrons, 

forcing them to go through an external circuit. This electron flow creates an electric current, 

which is the produced energy. Finally, both hydrogen ions and electrons meet at the cathode 

where they recombine with oxygen, reducing to water (H2O). The only products of this process 

are water, heat, and electric power. Thus, no harmful substance is emitted, but water steam. 

Moreover, there are several different types of cell each of which has its own working 

characteristics. However, PEM fuel cells are the most common for transportation applications 

thanks to its relatively high efficiencies, low operation temperatures and fast operation. These 

characteristics make fuel cell electric vehicles (FCEV) a perfect candidate to replace the 

traditional internal combustion engine vehicles (ICEV). Nevertheless, this technology is relatively 

unknown, immature and still expensive, lacking the benefits of large-scale production and a 

widely developed infrastructure. 

Figure 1: Transportation GHG emissions [3]  
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Additionally, the benefits of this technology must still be proven, ensuring that there has not 

just been an impact stage shifting, moving the environment impacts from one life cycle stage to 

another. In this way, the life cycle assessment (LCA) method is used to evaluate the 

environmental impacts generated by a product system, in this case a FCEV, by analyzing its 

whole life cycle, including both vehicle and fuel cycles. This method helps identifying the key 

factors that influence the impact generation, as well as to expose potential life stage shifting 

problems. However, it is not easy to estimate the environmental impacts of an emerging 

technology, such as FCEV, due to lack of knowledge, real information or data, scale problems or 

uncertainties in the manufacturing process. Nevertheless, there already exist several LCA studies 

that take into account different parts of a FCEV, although most are based on outdated data or 

technology. Thus, this study aims to contribute to the research and the feasibility evaluation of 

the hydrogen-based automotive technology by giving actualized results of the environmental 

impacts generated by current state-of-art automotive PEM fuel cell technology. 
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2 Fuel Cell Technology 

The first part of the project is an introduction of fuel cell technology. The operation principles 

and the main characteristics of fuel cells are explained, in order to give the reader an overview 

of the technology that is going to be studied after. 

2.1 Concept & Fundamentals 

A fuel cell is a device that converts chemical energy directly 

into electrical energy through electrochemical reactions [4][5].  

 

2.1.1 Electrochemical Process  

The electrochemical process that takes place inside a fuel cell is based in the electrolysis of 

water. The overall chemical reaction is described as [5][6] and shown in Figure 3:   

𝐻2 +
1

2
𝑂2  ↔  𝐻2𝑂 

More specifically: 

1. Anode oxidizes hydrogen:          

𝐻2 ↔ 2𝐻+ + 2𝑒0
− 

The protons migrate to the cathode through the electrolyte, while the electrons go through an 

external circuit, creating an electric flow. 

2. Oxygen + Electrons: 

𝑂2 + 4𝑒− ↔ 2𝑂2− 

Electrons split oxygen splits into double-negatively charged oxygen. 

3. Cathode reduces water: 

𝑂2− + 2𝐻+ ↔ 𝐻2𝑂 

The oxygen ions recombine with the hydrogen protons to form water. 

 

Figure 3: Hydrogen-Oxygen fuel cell scheme [7] 

Figure 2: Fuel cell [94] 
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Each electrochemical reaction has its own equilibrium potential[8], which gives place to a 

potential difference between electrodes. This potential difference results in a single fuel cell 

voltage of around 1.23 V at 25 °C conditions [6]. Moreover, in order to increase this voltage and 

be able to meet different power requirements, several individual cells are combined, forming a 

so called fuel cell stack, as illustrated in Figure 4. 

 

Figure 4: Fuel cell stack [9]  

It is worth noting that this process is also reversible (↔), which means that the electrochemical 

reactions can occur in both directions. This opens a range of possibilities for this technology, 

allowing it not only to work as an energy generation system, but also as an energy storage 

system. 

2.1.2 Basic Components 

The main components of a single fuel cell are described in Table 1 and shown in Figure 5:  

Component Definition 

Anode Negative post, responsible for the oxidation reaction and electron conduction 

Cathode Positive post, responsible for the reduction reaction and electron conduction 

Electrolyte Proton exchange membrane, blocks the electrons letting through the H+ ions 

Catalyst Special material that facilitates the oxygen-hydrogen reaction (Platinum) 

Flow plates Responsible for the housing and driving the fuel-oxidant flows 

Table 1: Fuel cell components [6] 

 

Figure 5: Fuel cell components [10]  

Single cell units interconnect to form a set of cells, also called fuel cell stack. In order for the 

stack to deliver power it needs other additional components that complete the fuel cell system 

such as, a fuel processor, a power conditioner, an air compressor, a humidifier, a heat exchanger, 

a cooling pump, batteries, a control unit, etc. 
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2.1.3 Types 

Fuel cells are generally classified by the electrolyte they employ. This determines the kind of 

electrochemical reactions that take place in the cell, the kind of catalysts required, the operating 

temperature range, the fuel, among others. Another classification criteria is their operating 

temperature, which defines them as low-temperature fuel cells (30-220°C) or high-temperature 

fuel cells (300-1200°C) [6].  

The major types of fuel cells and their characteristics are listed in Table 2: 

Fuel Cell Type 
Operating 

Temperature (°C) 
Efficiency 

(%) 
Applications 

Alkaline (AFC) 100 – 200 60 Space vehicles 

Proton Exchange Membrane (PEMFC) 60 – 140 40 – 60 Vehicles & mobile applications 

Direct Methanol (DMFC) 30 – 90 30 – 40 Portable electronic systems 

Phosphoric Acid (PAFC) 150 – 220 40 Small power plants 

Molten Carbonate (MCFC) 600 – 700 45 – 50 Medium-large power plants 

Solid Oxide (SOFC) 500 – 1200 ≥ 50 Multi MW power plants 

Direct Ammonia (DAFC) 300 – 700 ≥ 60 Vehicles & medium power plants 

Direct Carbon (DCFC) 500 – 1000 ≥ 70 Multi MW power plants 

Table 2: Fuel cell types [6][11]  

2.1.4 Performance Characteristics  

The main characteristics that determine the performance of a single cell unit are [12]: 

• Cell Potential 

• Efficiency 

• Differential Resistance 

• Power Density 

• Rate of Heat Generation 

This way, it is the cell potential vs. current density behavior of the single cell what predominately 

determines the performance of the whole system. However, minor performance variations from 

cell to cell can be caused by scaling up, causing temperature differences between cells, reactant 

flow variations or flooding. This are generally solved by advanced engineering technology 

development [5]. 

2.1.5 Technology Analysis 

As seen before, there are several types of fuel cells, each with its own advantages, limitations 

and potential applications. To be able to study and analyze the different kind of fuel cells, as well 

as to compare them with other power systems, two main characteristics are defined [4]: 

• Volumetric Energy: Refers to the amount of energy that can be stored per unit volume. 

𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝐸𝑛𝑒𝑟𝑔𝑦

𝑉𝑜𝑙𝑢𝑚𝑒
   [

𝑊ℎ

𝑙
] 

• Gravimetric Energy: Refers to the amount of energy that can be stored por unit mass. 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 =  
𝐸𝑛𝑒𝑟𝑔𝑦

𝑀𝑎𝑠𝑠
   [

𝑊ℎ

𝑘𝑔
] 
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These characteristics allow to compare different type of energy storage systems or fuels as 

presented in Figure 6: 

 

Figure 6: Energy characteristics of different energy storage systems/compounds [13] 

Fuel cells resemble to batteries as both are based on the same working principle, converting 

chemical potential energy into electric energy [14]. However, they are not the same, as batteries 

store energy while fuel cells generate it. This means that a battery contains only a limited 

amount of energy, whereas a fuel cell can supply electric energy during an undefined period of 

time, as long as it is supplied with fuel.  

Fuel cells are also compared with other conventional power generation systems, as internal 

combustion engines. In this way, both are energy generating systems and both need a fuel to 

work. However, in fuel cells, unlike ICE, the fuel isn’t combusted but released electrocatalytically 

[14]. This allows fuel cells to be more efficient and cleaner, since the product of the reactions 

are just water and heat, which also can be harvested and reused. So, fuel cells efficiency (>40 %) 

can be compared with others like: reciprocating engine (35 %), turbine generator (30-40 %), 

photovoltaics (6-20 %) or wind turbines (25%) [15]. Fuel cell power plants are also more efficient 

(factor of 2) than conventional thermal powerplants thanks to not being limited by the Carnot 

Cycle. However, their operating efficiencies are lower than theoretical values due to activation, 

ohmic and mass transport overpotentials. 

2.1.6 Advantages/Disadvantages: 

Some of fuel cells most important advantages/disadvantages are shown in Table 3: 

Advantages Disadvantages 

High Efficiency Expensive Manufacture (Catalyst) 

Low Pollutant Emissions High Fuel Cost 

Few Maintenance Technology in Development 

Quiet Operation Lack of Infrastructure 

Fuel Flexibility  

Light & Compact  

Off-grid Applications   

Table 3: Fuel cell advantages/disadvantages [12] 
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Fuel cells have many advantages among which stand being highly energy efficient and 

generating practically no emissions during operation. Moreover, they can operate with various 

fuel types, and, since there are no moving parts, they can operate silently needing almost no 

maintenance. Fuel cells are also light and compact, allowing them to be very practical for off-

grid applications where other energy systems cannot get. On the other hand, their manufacture 

is still expensive as the technology is yet being developed. Furthermore, hydrogen production is 

also expensive, lacking the benefits of a widely developed infrastructure.  

These characteristics can be compared with those of the batteries, being both very similar. Thus, 

batteries are also highly efficient and generate no emissions, operate quietly needing no 

maintenance, while being relatively light and compact. However, batteries cannot operate 

indefinitely, having to be recharged once empty. 

2.1.7 Applications 

Fuel cells can be used in a wide range of applications as [3]:  

• Mobility/Transport 

- Passenger Vehicles (Motorcycles, Cars, Buses) 

- Transport Vehicles (Trucks, Forklifts) 

- Off-road Transport (Trains, Ships, Airplanes) 

• Power System 

- Distributed Power Generation 

- Combined Heat & Power (CHP) Systems 

- Uninterruptible Power Systems (UPS) 

- Portable Energy Systems 

- Energy Storage 

• Others 

- Consumer Electronics 

- Unmanned Aerial Vehicles (UAVs) 

 

2.2 Fuel Cells in Mobility 

One of the applications where fuel cells have most potential is transport. For years, fuel cell 

technology has been studied and developed by the automobile industry as a possible alternative 

for the conventional internal combustion engine. However, technology limitations and the 

emergence of other alternative technologies caused that only a few models were brought to the 

market, and not always with the expected success.  

Currently, a few FCEV models as the Toyota Mirai, the Hyundai Nexo and Hyundai ix35 or the 

Honda Clarity can be found [16]. Other major manufacturers have also presented new FCEV 

concept models as the Audi H-tron [17], the BMW iHydrogen [18] or the Mercedes-Benz GLC F-

Cell [19], although they have no production date. 
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2.2.1 PEMFC Powertrain 

From all the different types of fuel cells, Proton exchange membrane fuel cells (PEMFC) are 

considered most suitable for mobile applications, such as passenger vehicles, thanks to its 

specific characteristics. 

Some advantages of PEMFC include [6]: 

• Low operating temperature 

• High power density 

• High energy conversion efficiency 

• Simple design 

• Lightweight 

• Fast start-up 

 

2.2.2 System Analysis 

In order to understand the operation of FCEVs, it is necessary to identify and analyze the most 

important elements that make up the system. The following analysis is based on one of the 

currently most advanced models in the market, the Toyota Mirai. In this way, the main elements 

that make up a FCEV system are shown in Figure 8: 

 

Figure 8: Principal fuel cell system components of the Toyota Mira [21]  

Hydrogen Tanks 

The hydrogen used by the fuel cell is stored in high-pressure tanks at a nominal working pressure 

of 700 bar. These tanks are made of different glass, carbon and polymeric fiber layers, which 

makes them light without losing durability nor strength. They also include various security 

measures, as a pressure sensor and high temperature/pressure valves. 

Figure 7: Ballard's FCmoveTM  vehicle fuel cell  [20] 
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Fuel Cell System 

The fuel cell system generates the power used to move the vehicle. This system is made up of 

several components such as: fuel cell stack, fuel/air compressors, fuel circulating pump, 

humidifiers, refrigeration system, sensors, and other auxiliary components. A basic flow chart of 

how a fuel cell system generates power is presented in Figure 9: 

 

Figure 9: Flow chart of Ballard XcellsisTM HY-80 fuel cell engine [20] 

The operation of the system is based on two flows: hydrogen and air. This way, the high-pressure 

stored hydrogen is liberated, adjusted to the operation pressure and dehumidified before 

entering the fuel cell stack. On the other hand, the external air is compressed, adjusting it to the 

operation pressure, cooled down and dehumidified before entering the fuel cell stack. The 

electrochemical reactions take place inside the stack, producing the power output. The 

hydrogen excess is then recirculated, while the air excess is liberated to the exterior. Meanwhile, 

the cooling system takes care of the produced heat, releasing it to the environment.  

Battery 

The battery stores the electric energy generated both by the fuel cell system and the 

regenerative brakes. Depending on the drive mode and the load, the battery can either store 

energy or supply energy to the motors. Currently, Li-ion batteries are the most widely used in 

transport applications. 

Boost Converter 

The boost converter is a DC-to-DC power converter that steps up the voltage, by steeping down 

current, from its input (fuel cell) to its output (load). This allows to reach the high voltage 

requirements of the electric motor. 

Electric Motor 

The DC electric motor is responsible for transforming the electric energy into mechanical energy. 

There are different motor configurations, depending on the end use of the vehicle.  

Power Control Unit 

The power control unit ensures the correct operation of the system, directing the different 

energy flows depending on the load demands. 
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2.2.3 Powertrain Technologies Comparison 

Currently there are various new powertrain technologies trying to gain a foothold in the 

automobile market. The different competing powertrains includes battery electric vehicles 

(BEV), plug-in hybrid vehicles (PHEV) and fuel cell electric vehicles (FCEV), regardless 

conventional internal combustion engine vehicles (ICEV) [3]. Table 4 shows a comparative 

performance of the different alternative powertrains, differing in the following ways: 

Parameters ICEV FCEV BEV PHEV 

Lower  
is better 

Current Capital Cost $ $$$ $$$ $$ 

Fuel Cost $$ $$$ $ $$ 

Maintenance Costs $$$ $ $ $$$ 

Infrastructure Needs $ $$$ $$ $$ 

Emissions ••• • • •• 

Higher 
 is better 

Efficiency * ** *** ** 
Range *** *** * *** 
Refueling Speed *** *** * *** 
Lifetime *** *** ** *** 
Acceleration ** *** *** ** 

Table 4: Comparative performance of primary drivetrains [22][23] 

• Capital Cost: 

FCEVs have currently higher capital and operating cost than BEVs and PHEVs. Thus, FCEV like 

Toyota Mirai cost around $60-75k, while BEV have a larger price range, going from $25-60k. 

However, analysis suggest considerable cost reduction as manufacturing volumes rise, and could 

end up as cheaper alternatives by 2030 [24], [25]. 

• Range & Refueling Time: 

FCEVs have longer driving ranges and shorter refueling times than BEVs, comparable to ICEVs 

(ca, 750 kilometers & 3 minutes) [23]. New intelligent vehicle technologies, as well as air 

conditioning/heating in hot/cold regions also affect BEVs range more than FCEVs. 

• Infrastructure Requirements: 

Hydrogen filling stations have much greater serving capacity and a wider action radius than EV 

chargers [26]. Although costs are expected to fall once the technology matures, hydrogen 

refuellers are still more expensive than electric charging posts ($1.5m to $1000) [27] . 

• Lifetime: 

Battery lifespan is very variable, being affected by local climate, overcharging, deep discharge 

and high charging/discharging rates [28]. In contrast, hydrogen tanks can undergo fast refilling 

and frequent, deep discharging without compromising lifetime, and fuel cell stacks are expected 

to outlive other drivetrain components [29],[3]. 

• User Experience: 

FCEVs, same as BEVs, offer a smooth driving experience, quieter and with less vibration 

compared to ICEs [30]. 
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• Emissions: 

FCEVs, same as BEVs, have zero emissions at point of use and are low-carbon at the point of 

production if made from renewable-powered electrolysis, biomass or fossil fuel with CCS [3]. 

• Network Requirements: 

FCEVs offer a valid alternative to BEVs and PHEVs, thus, can avoid the huge electricity network 

upgrades required for significant BEV penetration, offering a valuable grid-balancing service. 

• Safety: 

FCEVs, BEV, and ICEs are all subdued to the highest safety standards. Yet comparable, every 

powertrain technology has its own standard safety procedures and inspections [23]. 

As just discussed, BEVs have been seen as the main competitor to FCEVs, in both shorter and 

long-term appraisals. In this way, studies indicate that the likely winner for general vehicle usage 

is a hybrid between battery and fuel cell power systems. However, BEVs may be the best solution 

for specific urban transportation tasks due having fixed routes, limited range requirements and 

the possibility of establishing a flexible array of recharging points [31]. 

 

2.3 Hydrogen Infrastructure 

The development of an efficient cost-competitive low-carbon hydrogen infrastructure is 

necessary for a general widespread of fuel cell technologies and the adaptation of a hydrogen-

based energy system. A scheme of the existing hydrogen infrastructure is shown in Figure 10: 

 

Figure 10: Hydrogen infrastructure pathways [3]. 
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The principal stages of the hydrogen infrastructure include production, distribution, storage and 

consumer supply: 

2.3.1 Production  

The main hydrogen production methods are: steam methane reforming (SMR) (47%), partial 

oxidation of crude oil products (30%), coal gasification (18%) and water electrolysis (4%). In 

addition, new alternative production technologies are being developed such as biomass 

gasification, high-temperature steam electrolysis, solar thermo-chemical water splitting 

(artificial photosynthesis) and biological hydrogen production [3]. Table 5 shows the main 

characteristics of the different hydrogen production methods. 

Method Efficiency [LHV] (%) 
Energy Requirement 

 (kWh per kg H2) 

Methane Reforming 72 (65 – 75) 46 (44 – 51) 
Electrolysis 61 (51 – 67) 55 (50 – 65) 
Coal Gasification 56 (45 – 65) 59 (51 – 74) 
Biomass Gasification 46 (44 – 48) 72 (69 – 76) 

Table 5: Efficiency and energy consumption of hydrogen production pathways 

Moreover, hydrogen can be produced in small-scale facilities onsite, close to the refueling 

station, or in large-scale optimized facilities offsite, involving to transport the hydrogen. 

2.3.1.1 Steam Methane Reforming 

All hydrogen-rich compounds are suitable for its production, however, currently around 95% of 

worldwide hydrogen production is based on fossil fuels (hydrocarbons). Accordingly, steam 

methane reforming (SMR) is the most used hydrogen production method, mainly due to the low 

cost and easy availability of natural gas. It is mostly applied in large-scale production facilities, 

and is currently the cheapest and most efficient method. In addition, it is the method with the 

lowest CO2 emissions compared to the other fossil fuel-based alternatives [32]. 

The SMR method consists of two coupled process stages. First, the hydrocarbon is mixed with 

steam, triggering an exothermic chemical reaction in which methane is partially oxidized. This 

results in a synthesis gas containing hydrogen (H2) and carbon monoxide (CO). The product gas 

is treated again, reducing additional water within a catalytically controlled conversion and 

oxidizing the carbon monoxide to carbon dioxide (CO2). In the end, the produced gas is purified 

by pressure swing adsorption, providing nearly 100% pure hydrogen [33]. 

2.3.1.2 Gasification 

Another hydrocarbon-based hydrogen production method is gasification. This process is defined 

as the thermochemical conversion of solid biomass within different mediums, such as air, 

oxygen, or steam, into a synthesis gas [34]. This way, solid matter reacts chemically within a 

reactor at high temperatures (700-1400 ◦C) with an oxidation agent to hydrogen. This process 

can be carried out using different fuels such as coal or biomass, giving more versatility to the 

process, but at a lower efficiency. 

2.3.1.3 Electrolysis 

A non-hydrocarbon-based hydrogen production method is electrolysis. This method splits water 

into hydrogen and oxygen by applying an electric current, following the same endothermic 

reaction that occurs inside a fuel cell, but backwards. This way, instead of electricity, hydrogen 
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is produced. There are various types of electrolyzers, however, the most used in hydrogen 

production applications is the alkaline technology [34].  

2.3.2 Distribution 

Depending on the size of the demand and the transport distance, there are mainly three suitable 

hydrogen distribution routes: Gas tube trailers, Liquid tankers and Pipelines. A qualitative 

overview of hydrogen transport and distribution technologies is shown in Table 6: 

Distribution Route Capacity 
Transport 
Distance 

Energy 
Loss 

Fixed 
Cost 

Variable 
Cost 

On-Site Production Low Zero Low Low High 

Tube Trailers (Gas) Low Low Low Low High 

Tankers (Liquid) Medium High High Medium Medium 

Hydrogen Pipelines High High Low High Low 
Table 6: Overview of hydrogen transmission technologies [35] 

2.3.2.1 Tube Trailers 

Compressed hydrogen can be transported by tube trailers under pressures between 200 and 

500 bar. Characteristics such as transport pressure, tank capacity and its weight significantly 

affect the environmental and economic assessment of this kind of transportation. This way, a 

regular steel tube trailer can typically store up to 25.000 liters at 200 bar, equivalent to 420 kg 

of hydrogen at normal conditions. Moreover, new lighter composite tank materials, which also 

tolerate higher operation pressure, allow carrying 39.600 liters at 200 bar, equivalent to about 

666 kg, being able to reach up to 1100kg of normal condition hydrogen at 500 bar pressure [32]. 

It should also be taken into account that the gas must be compressed before loading, which 

implies an added energy expense to the cycle. 

2.3.2.2 Tankers 

Liquefied hydrogen can be transported by specialized isolated tankers, having to have been 

cooled down to a temperature of at least -253 ◦C in order to liquefy. The liquefaction process 

results in a higher energy density, allowing to transport a larger amount of hydrogen, although 

is much more energy consuming than compression. Furthermore, about a small part of the 

hydrogen is lost during the liquefaction process and around 0.3% is “boiled-off” per day during 

transportation [32]. This way, each case must be studied specifically so that the appropriate way 

of distribution is used. 

2.3.2.3 Pipelines 

An alternative to road transportation is the use of hydrogen pipelines. However, although being 

an efficient distribution method, it is not yet widely developed, existing only a few cases in 

Germany, United States, China and France. An alternative to exclusive hydrogen pipelines is the 

use of natural gas pipelines, which are already widely installed, by blending hydrogen with 

methane. In this case, hydrogen would be mixed in small amounts within the natural gas, 

distributed as a mix and separated again at the point-of-use. 

2.3.3 Storage 

Hydrogen can be stored in various ways depending on the physiochemical principle on which 

the method is based. The main hydrogen storage methods are shown in Table 7:  
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Method Definition 

Compression Gaseous hydrogen is stored in tanks/caves under high pressure 

Liquefaction Liquid hydrogen is stored in tanks under low temperature 

Physisorption Hydrogen is stored adsorbed in a special active material 

Metallic hydrides Hydrogen is stored absorbed in special metallic hydrides 
Table 7: Hydrogen storage methods [36], [37] 

Additionally, there exist other hydrogen storage technologies. A full overview of the available 

hydrogen storage methods is shown in Figure 11: 

 

Figure 11: Hydrogen storage methods overview 

 

2.3.4 Hydrogen Filling Stations 

The last link of the distribution chain is the hydrogen refilling station. As for 2019, there are 138 

active hydrogen stations through Europe, 87 of them in Germany [26][38]. These stations 

operate typically with compressed hydrogen between 350 and 700 bar, being able to refill a car 

in around 3 - 5 minutes and being able to supply around 300 vehicles/day assuming a 

approximated load of 5kg of hydrogen per vehicle [27]. 
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3 Life Cycle Assessment (LCA) 

The second part of the project is an introduction to the Life Cycle Assessment (LCA) 

methodology. It presents the theoretical concept of LCA and explains the different aspects and 

phases of the evaluation process. The LCA methodology is described by ISO 14040/44, and is 

applied later in this project. The next review, as well as the following LCA study, are performed 

based on the guidelines described in the books “Life Cycle Assessment” [39], “Hitch Hiker’s 

Guide to LCA”[40] and the ISO standards. 

3.1 Concept 

Life cycle assessment (LCA) is a tool used to evaluate the potential environmental impacts of a 

product or service. It compiles and evaluates the in- and out- puts through the entire life cycle 

of the study object; from the exploration and exploitation of raw materials, to production, use 

phase and the final disposal/recycling of the object (Cradle-to-Grave). This allows to calculate 

the environmental impact caused by the studied object and compare it with similar others. 

Moreover, it helps to identify the points of interest of the system, as those activities that have 

the most significant environmental impact. The environmental impact is described by different 

impact categories, such as global warming potential, resource depletion or human toxicity.  

The LCA method is a useful tool which can be applied in a wide variety of situations and with 

different intentions. This way, LCA is often used to support decision making processes, making 

possible to compare, in a quantitative way, various similar products. It also can be used to learn 

more about a product, thus, understand the impact caused by each life cycle phase. This allows 

to make precise changes i.e. the production phases were the generated impacts are bigger, or 

use the information for specific differentiation marketing strategies. The depth and detail of 

these evaluations may vary according to the final goal of the study. This way, there can be found 

short-screening studies, that provide only a rough overview of the system, or in-deep long-term 

studies, providing more detailed information.  

3.2 Methodology   

The LCA process is based on 4 main phases: Goal and scope definition, Inventory analysis, Impact 

assessment and Interpretation. Figure 12 shows a modified framework that shows the different 

phases of an LCA study. The method performs an iterative process; thus, the different phases 

influence each other and their results.  

 
Figure 12: Modified framework of LCA [39] 
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3.2.1 Goal and Scope Definition 

An LCA study starts by defining the goal of the study. This definition is often given by the answer 

to questions like: Why is this study performed? Which question is intended to answer and for 

whom is it performed? The goal definition sets the context of the study and is the basis of the 

scope definition, which establishes the boundaries of the study. These definitions must be 

precise and concrete, since they end up determining the data collection and how the system is 

modeled and assessed. Defining the goal and scope includes following aspects must be defined: 

Functional Unit 

The functional unit serves as the basis unit of the study. This way, all data is put in relation to a 

specific function, allowing to compare the different types of study data among themselves. Thus, 

all inputs, outputs and results will be measured in basis of this functional unit. 

System Boundaries 

The system boundaries define the range covered by the study. It defines which activities and 

processes are part of the product system, as well as, the specific geographical and temporal 

boundaries, the study settings and the relevant technology level for the processes in the product 

system. 

Allocation Procedures 

The allocation procedures make reference to the methods applied to model the product system, 

determining the way in- and out- flows are allocated and assessed. 

Assessment Parameters 

The assessment parameters define the analysis process, i. e. the assessed impacts, data quality 

and requirements, assumptions and limitations, and the used interpretation or perspective.  

3.2.2 Inventory Analysis 

The inventory analysis collects information about the physical in- and out- flows of the product 

system. The outcome of this analysis is the Life Cycle Inventory (LCI), a list of qualified physical 

elementary flows for the product system associated to the defined functional unit. 

To perform the analysis, the different phases and activities throughout the product life cycle 

must be studied, in order to identify the relevant product processes. Each process is then 

analyzed, so that all in- (resources, materials and products) and out- (emissions, waste and 

valuable product) flows can be assessed. This way, the different flows are listed according to the 

corresponding process and calculated in accordance to the reference flow of product defined by 

the functional unit. The specifications defined in the goal and scope determine the analysis 

characteristics, as for which processes are relevant, the way each process is analyzed 

(allocation), the data quality or the analysis limitations. The inventory analysis is usually 

supported by a process flowchart so that it is easier to visualize the content of the analysis. 

3.2.3 Impact Assessment 

Using the LCI as a basis, the impact assessment translates the physical flows of the product 

system into environmental impacts using characterization factors. This results in the Life Cycle 

Impact Assessment (LCIA), an understandable, more meaningful, report of the environmental 

impacts caused by the life cycle of the product systems. The impact assessment is performed by 

following standardized steps, some mandatory and others optional.  
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The first, mandatory steps are: 

Selection 

First step, is to select the impact categories, and their corresponding category indicator and 

characterization model. This selection must be in accordance with the goal of the study, so that 

it represents the assessment parameters determined in the scope definition. 

Classification 

Second step, is to classify the elementary flows, determined in the LCI, into the different impact 

categories according to their ability to affect the chosen indicator. 

Generally, there are three main areas of protection (end-point): Natural Resources, Human 

Health and Natural Environment. These, in turn, divide into various impact categories (mid-

point), as shown in Figure 13: 

 

Figure 13: Framework of the ILCD characterization [39] 

Some of the elementary flows can affect multiple categories (parallel/series), as well as some 

categories affect multiple areas of protection.  

Characterization 

Third step, is to characterize quantitatively the impact each elementary flow has on the different 

impact categories it affects. This way, every elementary flow that affects a specific impact 

category is translated into a common metric. This allows the aggregation of all contributions into 

one score, representing the total impact that the product system has for that category. At the 

same time, the collection of aggregated indicator scores for the different impact categories 

constitutes the characterized impact profile of the product system.  

The translation is made through characterization factors, which represent the contribution per 

quantity of an elementary flow to a specific environmental impact. These derive from 

characterization models, which, in turn, are based on cause-effect chain models that describe 

the different behavior of a substance in the environment. There are many different 

environmental models, each with its specific characteristics and uses. 
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The final, optional steps are: 

Normalization 

An optional fourth step, is to normalize the different characterized category scores by expressing 

them relative to a common set of reference impacts. This way, all category indicator scores are 

expressed in the same metric, resulting in a normalized impact profile of the product system. 

This makes it easier to understand and comprehend the results, allowing to compare and relate 

them to each other.  

Weighting 

An optional fifth step, after normalization, is to give different weights to the specific impact 

categories, depending on the relative importance attributed to each impact. This way, 

categories can be compared and prioritized over others. This also allows to compare different 

product systems by making possible to aggregate all impact scores into one overall 

environmental impact score.  

The applied weighting factors, and the principles of how these factors have derived, often stem 

from social science. According to this approach, there are three perspectives to define weight 

factors, also applied in the classification and the characterization steps: the Individualist, the 

Hierarchist and the Egalitarian perspective. 

Grouping  

An optional sixth step, is to group the specific impact categories into different groups or clusters 

depending on different sorting or ranking methods. This supports comparison across impact 

categories and eases the results comprehension.  

3.2.4 Interpretation 

The interpretation is the final phase on an LCA study, where the results of previous phases are 

considered together and analyzed in accordance to the defined parameters of the study. The 

outcome of this analysis should be a set of conclusions or recommendations, based on obtained 

results. This way, the obtained results are presented and discussed in accordance to the 

methodological choices, assumptions and limitations of the study. The results also have to be 

presented graphically, allowing a better understanding and comprehension. Besides, in order to 

guide the development of valid conclusions based on quality results, a sensitivity analysis and 

an uncertainty analysis are applied. This allows to appraise the robustness of the conclusions, 

validate the accuracy of the used data and identify the weak points for further strengthen of the 

conclusions. 

The interpretation proceeds usually through three steps: 1. Identify the significant issues from 

other LCA phases; 2. Evaluate issues regarding influence on overall results and completeness 

and consistency with which they have been handled; 3. Use evaluation results to formulate 

conclusions and recommendations. 

3.3 Software and Database 

To perform an LCA study is a difficult and complex task that requires the use of specific software 

and applied databases. The LCA software offers a specific adapted framework that supports the 

whole assessment process, from establishing the inventory to calculating the impacts. Similarly, 

the database grants access to specific data and facilitates its management. There are different 
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types of LCA software and databases available, each with its own characteristics. Therefore, it is 

important to choose the most appropriate according to the objectives of the study.  

3.4 LCA in PEM Fuel Cell Vehicles 

The following review intends to summarize the most important studies and publications 

regarding LCA in hydrogen-based mobility technology, specially fuel cells. The objective is to give 

an overview of the current state of art of LCA studies, so that the reader can get an idea of the 

actual research status in the subject. However, the review is not meant to be complete, but to 

give a certain perspective of the current situation. Besides, it is important to keep in mind that, 

although LCA is a standardized process, it is how it is defined, what characterizes it. This way, 

not all LCA studies are based nor performed by the same principles and methods. Similarly, the 

results and the consequent conclusions vary depending on the goal of the study. However, there 

are certain reference characteristics that usually coincide if the same technology is studied. 

In recent years, fuel cell technology has drawn attention from the transport sector due to its 

potential to reduce environmental impact. Seen as a possible alternative to conventional 

carbon-based fuel powertrains, it is still an immature technology that requires further research 

and development. This way, although it reduces energy consumption and pollutant emissions 

during the use phase, from a full life cycle perspective it is still a worse option.  

The increasing interest in this topic can be seen in the evolution of the number of related annual 

publications throughout the years. This way, and based on own Scopus database searches, 

Figure 14 shows, qualitatively, the evolution of published articles per year containing some of 

this project’s keywords. 

Figure 14: Evolution of annual publications related to LCA and Fuel cells 

This way, some of the most notorious publications related to LCA in fuel cells are: 

Pehnt (2001) [41] performed one of the first LCA studies assessing fuel cells in mobility. This 

study analyzed the manufacture of an automotive PEM fuel cell stack, although, not the rest of 

the associated components of the vehicle, neither did show any inventory data. However, it is 

one of the most cited studies, and was used as reference by many further studies. Penht also 

published other fuel cell related studies, including LCA on fuel cell systems [42] and fuel cell 

components [43]. 
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Mehta et al. (2003) [44] presented a complete review of the design and manufacturing 

alternatives for automotive PEM fuel cells, analyzing the different options for each component 

of the fuel cell stack. However, it cannot be referenced for an LCA study, since it didn’t present 

any inventory data for the described manufacturing processes. 

Sørensen (2004) [45] performed a complete LCA study of a PEM fuel cell car, aiming to be more 

comprehensive than the, to date, literature. It presented an inventory of potentially harmful 

substances deriving from the fuel cell system, and a comparative multidisciplinary impact 

analysis. However, the study was published more than 15 years ago, and its more than outdated. 

Granovskii et al. (2005) [46] presented a fuel cell-gasoline vehicle comparative LCA study, mainly 

focused on the fuel life cycle. The study analyzed various hydrogen and gasoline production 

paths, concluding that the fuel cycle, especially in FCEVs, highly affects the results of an LCA 

study. This way, the efficiency of fuel cell vehicles whose hydrogen is produced from natural gas 

had to be 25-30% greater than similar gasoline vehicles in order to be competitive. 

Wagner et al. (2006) [47] conducted a energetic LCA study of FCEVs and alternative fuels in 

Germany. The study was based in analyzing the complete process chains for the supply of 

various conventional and alternative fuels at its point of consumption in Germany. A LCA of the 

different supply chains was performed, and results were compared. Results show the energy 

saving potential of powertrain systems based on regenerative fuels, such as hydrogen fuel cells. 

This way, even though FCEVs show significant higher environmental impact during production 

stage, from an overall life cycle perspective it is demonstrated that they end up generating lesser 

impacts than ICEVs. 

Hussain et al. (2007) [48] performed a simplified LCA of a PEM fuel cell vehicle, focusing on the 

environmental impact from cradle-to-grave perspective. Results showed that energy 

consumption and GHG emissions for FCEVs were both higher than ICEVs during the fuel cycle, 

while lower during the vehicle cycle. For an overall life cycle perspective, both energy 

consumption and GHG emissions for FCEVs were lower than ICEVs. However, the presented 

inventory data was highly aggregated, and only the two mentioned impact categories were 

analyzed. 

Dhanushkodi et al. (2008) [49] presented a reviewed of the, to date, existing fuel cell LCA 

publications. The study assessed various environmental informatic tools, analyzing the different 

models used to perform LCA studies. Besides, a review on the comparison of LCA on PEM FCEVs 

to conventional ICEVs was carried out, including an analysis of energy efficiencies and GHG 

emissions from different hydrogen production methods. Results revealed that both, the 

economic and environmental attractiveness of fuel cell technology depends significantly on the 

costs of hydrogen production. 

Garrain et al. (2011) [50] reviewed the, to date, state of art of studies dealing with environmental 

impact assessment of FCEVS and the comparison with fossil-fueled vehicles based on LCA 

methodology. Results show the significance, in terms of environmental impact, of the PEM fuel 

cell manufacturing process and the hydrogen production process. 

Hwang et al. (2012) [51] assessed the dynamic performance and power distribution of a PEM 

fuel cell-battery hybrid vehicle. Using MATLAB/Simulink, the study simulated the hybrid vehicle 

undergoing a specific driving cycle, and evaluated the overall energy efficiency at different 

hybrid ratios. 
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Hwang et al. (2013) [52] presented a performance LCA study of a FCEV, focused in assessing the 

lifecycle performance of energy consumption and GHG emissions. Simulated real-time behaviors 

were examined, in order to determine the energy efficiency and fuel economy of the vehicle. 

Besides, the fuel cycle was analyzed, including different pathways of hydrogen production. 

Results showed that hydrogen production pathways affect significantly the life cycle 

performance, setting a maximum FCEV system efficiency of 60%. 

Bartolozzi et al. (2013) [53] investigated the potential of employing automotive hydrogen-based 

technology as a way to address urban environmental sustainability, including the realization of 

hydrogen production chains from renewable sources in a specific region in Italy. An LCA study 

was performed to evaluate the environmental impacts and sustainability of such chains and the 

alternative electric vehicle scenarios proposed within the project. 

Bhandari et al. (2013) [54] investigated the environmental impacts of different hydrogen 

production methods. The study reviewed the existing hydrogen production LCA related 

publications and summarized the key points, giving a comprehensive overview of the topic. 

Findings showed that most of the environmental concerns about the hydrogen production 

processes were associated with the origin of electricity supply. 

Wang et al. (2013) [55] presented an ICEV-BEV-FCEV comparative LCA study based in current 

(2009) and predicted (2020) situations of China. The performed LCA study included both vehicle 

and fuel life cycles, and took into account different Chinese situations in order to develop a 

realistic adapted analysis. Results showed the great impact the energy source has on the 

assessment of alternative powertrain technologies. This way, although BEVs and FCEVs generate 

in principle less environmental impact, if the electricity source of which they get the energy is 

not clean enough, they end up causing even more impact than ICEVs. 

Dai et al. (2014) [56] conducted a comparative LCA analysis on three natural gas-based personal 

mobility options: CNGVs, FCEVs and BEVs. Results showed that the use phase generates the 

most environmental impacts, even though, the manufacture phase for BEVs and FCEVs 

contributes significantly to their respective burdens. The LCA study presented a detailed 

inventory, however, the results were highly aggregated. 

Bauer et al. (2015) [57] presented a comprehensive evaluation of the environmental 

performance of the main powertrain technologies, including all types of ICEVs, as well as FCEVs 

and BEVs. The different technologies and their environmental burdens were assessed and 

compared through a complete LCA study. Mainly focused on FCEVs and BEVs, the LCA presented 

a comprehensive inventory, and even performed a sensitivity analysis on some key parameters 

of the fuel cell system. However, it did not include the hydrogen tank as part of the FC system, 

neither did realize a hot spot analysis of the PEM FC stack.  

Simons and Bauer (2015) [58] analyzed, via LCA, the production and end-of-life phases of current 

and future PEM fuel cell systems for road passenger applications. The study presents a detailed 

inventory of fuel cell production materials, as well as, different material recovery scenarios. 

Moreover, a comparative LCA between current, future FCEVs and ICEVs is conducted. Overall 

results show inconclusive environmental benefits for using FCEVs instead of modern ICEVs, since 

a substantial reduction of GHG emissions can only be achieved by using renewable energy 

produced hydrogen. 

Notter et al. (2015) [59] conducted LCA studies on two types of high-temperature PEM fuel cells, 

presenting comprehensive life cycle inventories. The analyzed technology is rather specific, 
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including multi-walled carbon nanotubes (MWCNTs) as support material for the platinum 

catalyst. Results showed that platinum catalyst production causes the most environmental 

impact (89%) of all FCEVs components, although, it can be reduced using support materials as 

MWCNTs or others. 

Ahmadi et al. (2015) [60] explored the potential of FCEVs through a comprehensive LCA study 

based on relevant conditions for major Canadian provinces. The study considered three different 

hydrogen production pathways, which then were compared to a conventional fossil-fuel life 

cycle. Results showed the significant influence the production energy source has on the different 

environmental burdens of fuel life cycle. Moreover, the results reveal that switching from 

gasoline ICEVs to FCEVs can lead to a considerable reduction of energy consumption and GHG 

emissions. 

Miotti et al. (2015) [61] researched the environmental impacts and costs of a PEM fuel cell 

system for light-duty vehicles, including a FCEV complete LCA study, and integrated the results 

into a FCEV-BEV-ICEV comparative evaluation. The study conducts a detailed environmental and 

cost LCA, and includes a detailed inventory of the fuel cell system. Results show that FCEV and 

BEVs only lead to lower GHG emissions than ICEVs if their fuel is sourced from renewable energy. 

Moreover, FCEVs cost significantly more than BEVs and ICEVs, mainly because it is still a 

developing technology. 

Evangelisti et al. (2017) [62] presented a comprehensive comparative LCA study, focusing on the 

powertrain manufacturing phase. The study compared the environmental impacts caused by 

ICEVs, BEVs and FCEVs life cycles, specially the impacts generated during the power source 

production. Results revealed that, compared to the other technologies, FCEVs production 

process generates a higher environmental impact, mainly caused by the platinum catalyst 

production. 

Ahmadi et al. (2017) [63] presented a FCEVs and ICEVs comparative LCA study, based on a real 

semi-urban driving cycle. The study used a customized LCA tool, specially developed for the 

comparison of different powertrain technologies. Relevant parameters were calculated by 

performing a dynamic vehicle simulation, which included realistic fuel economy data, real drive 

cycles, actualized vehicle specifications, road grade, engine performance, fuel cell degradation 

effects and even regenerative braking. Results predicted a significant GHG emission reduction 

(72%), along with a substantial decrease in fuel life cycle cost, if ICEVs were replaced with FCEVs. 

However, the estimated life cycle energy use of FCEVs was higher (21%) than for ICEVs. 

Duclos et al. (2017) [64] investigated the recycling of platinum catalyst contained in the MEA of 

a PEM fuel cell. The work analyzed different hydrometallurgical platinum recovery processes 

through the performance of adapted LCA studies, including production and end-of-life stages. 

Results show that up to 76% of the platinum can be recovered using the most efficient process 

alternatives.  

Stropnik et al (2019) [65] conducted an in-depth study of the materials used in the manufacture 

of a PEM fuel cell. A 1kW PEM fuel cell was dissembled to core allowing to identify and list the 

different materials from which it was made. In addition, a complete LCA study was performed, 

including a cradle-to-gate approach and different hydrogen production scenarios. The study 

analyzed the contribution of each material on different environmental indicators, as well as the 

share between manufacturing/operation phases according to the different scenarios. Results 

demonstrated that 60-90% of the environmental impact generated during the manufacturing 

phase is caused by the fuel cell stack, being the platinum group metals (PGM), specially Pt, the 
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biggest contributors. However, this impact could be reduced up to 61% if 95% of the platinum 

was recycled. Besides, electrolysis using renewable energy and natural gas reforming resulted 

as the least contaminant of the different studied hydrogen production pathways. 

Ahmadi et al. (2019) [66] investigated the effect of driving patterns and fuel cell degradation on 

the lifecycle emission of FCEVs. The study presents an ICEV-FCEV comparative LCA, in which 

different driving cycles were considered. Overall emissions and fuel consumption were 

calculated and compared, showing that driving patterns significantly affect on both, including 

fuel cell degradation. Results also show that fuel cell degradation affects the average fuel 

economy of the vehicle (23%). 

Chen et al. (2019) [67] presented a comprehensive LCA study of a FCEV in a Chinese context. The 

work conducted an LCA of a Toyota Mirai from the perspective of the detailed vehicle 

components. The study included both vehicle and fuel cycles, and analyzed energy and resource 

consumption, as well as environmental emissions of all life cycle stages. Different hydrogen 

production pathways were compared in order to obtain the most favorable solution. Results 

show that mineral resources are most consumed in the raw material acquisition stage and that 

the fossil energy is most consumed in the usage stage, mainly coming from hydrogen 

production. 

Bekel et al. (2019) [68] presented a BEV-FCEVs comparative LCA study, regarding lifecycle costs 

and environmental impacts. The work performed a complete LCA study specially focused on the 

fuel supply infrastructure, including different scenarios regarding electricity mix, vehicle range 

and lifetime. Results showed that BEVs perform better than FCEV, both in cost and in 

environmental impact. This way, although having a lower range, BEVs lifecycle causes less 

environmental impact at a lower price. Furthermore, it was found that the fuel supply 

infrastructure -without electricity supply- contributes considerably to the overall impact per 

driven kilometer: 3.7 % and 3.3% of the GWP for BEV and FCEVs, respectively. 

It is worth adding that one of the most used models when performing a FCEV LCA study is the 

GREET model, which stands for “Greenhouse gases, Regulated Emissions, and Energy use in 

Transportation”. Developed by the US Argonne National Laboratory since 1995, it considers the 

full life cycle of the vehicle, from raw material to recycling and final disposal, as well as the full 

life cycle of the consumed fuel (well-to-wheels) [69]. The model is publicly accessible and free, 

although lacks transparency. This way, it presents results as aggregated, and lists the inventory 

flows as cumulative. Furthermore, the data sources considered for manufacturing a FCEV are 

outdated [70]. Some of the studies that used this model to perform LCA studies are: [71], 

[72],[52],[73], [74]. 

As seen, the topic has been widely studied and developed for many years, and is still requires 

further research and development. The present project aims to review the progress, and the 

current state-of-art of PEM fuel cell technology by developing an LCA study based on the 

actualized Umberto LCA+ software tool, besides using updated data from Ecoinvent 3.6. 
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4 Case Study: LCA Study of PEMFC Vehicle 

The main part of the project presents a life cycle assessment (LCA) of a proton exchange 

membrane (PEM) fuel cell electric vehicle (FCEV), with the aim of analyzing the different 

environmental impacts it generates during its lifecycle. The first step in conducting an LCA study 

is to define the principal characteristics of the study, including the goal and scope of the 

research. 

4.1 Research Goal 

The goal of this study is to model and evaluate the potential environmental impacts associated 

to a proton exchange membrane (PEM) fuel cell passenger vehicle, including all the stages of its 

life cycle. In addition, the study should identify the key factors that influence the environmental 

performance and model future scenarios with the potential to reduce the environmental 

impact. This way, the study must provide a comprehensive answer to the following questions: 

• Research Question: 

What is the life cycle environmental impact of a PEM fuel cell passenger vehicle?  

• Sub-Questions: 

What is the material composition of the different parts of a PEM fuel cell stack/system? 

What is the life cycle stage of a FCEV that causes most environmental impact? 

What are the key factors that influence most the environmental performance? 

What are future scenarios with the potential to lower the environmental impact? 

What are the implications of hydrogen production? 

What are the differences between the environmental performances of FCEVs, BEVs and ICEVs? 

4.2 Scope 

Developed as part of a masters project, the intended application of the LCA study is to be part 

of an overall technology assessment of hydrogen-based mobility carried out by the Technische 

Universität Braunschweig. The study aims to contribute to the research and feasibility evaluation 

of the technology, and is directed to researchers and the general interested public. Moreover, 

although based in an international framework, the study follows the same context of the 

research of which it is part, focusing in Central Europe, specifically on Germany. Consequently, 

some phases of the life cycle of the vehicle, as use phase or hydrogen production, are modelled 

according to the situation in this country. Nevertheless, most of the modelled parameters are 

common regardless of the geographic location, so that the geographical boundary of the system 

is defined as international. 

4.2.1 Assessment Object and Data Source 

The assessment object of this study is defined as a generic fuel cell passenger vehicle (FCEV), 

although is heavily based on current existing models, mainly the Toyota Mirai. The Mirai is the 

most popular FCEV on the market, with approximately 10.000 units sold worldwide to date, and 

includes one of the most advanced PEM fuel cell powertrain technologies. Moreover, the 

abundance of available real vehicle test data makes it a perfect candidate to help conduct a 
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realistic LCA study. Therefore, the Toyota Mirai has been chosen as a “proxy” of the assessment 

object, so that most of the assessed system’s characteristics coincide with those of the Mirai. 

The main characteristics of the Toyota Mirai are shown in Table 8: 

Characteristics Unit 

Vehicle Mass 1850 kg 

Max. Power Output 151 HP (113 kW) 

Max. Speed 178 km/h 

Driving Range 500 km 

Acceleration (0 - 100 km/h)  9.0 s 

H2 Consumption (100 km) 0.85 kg H2  

Fuel Cell System PEM (114 kW) 

Battery Ni-MH (1.6 kW) 
                          Table 8: Toyota Mirai characteristics [75] 

4.2.2 Functional Unit and System Boundaries 

In order to properly assess the environmental impacts associated to the FCEV, its entire life cycle 

must be considered. In this way, the life cycle of a vehicle is mainly made up of two sub-cycles: 

the vehicle cycle and the fuel cycle. The vehicle cycle encompasses the main stages of the 

vehicle’s lifecycle from a cradle-to-grave perspective, including: raw material acquisition, 

component production, vehicle assembly, use phase, maintenance and recycling/disposal. 

However, these are simplified into: vehicle manufacture, use phase and end-of-life. Similarly, 

the fuel cycle considers the main phases of the fuel’s lifecycle from a well-to-wheel perspective. 

In this case, the study includes different hydrogen production pathways, besides proposing 

different scenarios for the origin of the consumed energy.  

 

Figure 15: System boundaries 
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Accordingly, Figure 15 shows the system boundaries of the study. The system, is divided into a 

foreground and a background system. This way, the foreground system represents the processes 

that are directly related to the system, including the manufacture, use phase and end-of-life of 

the vehicle. In contrast, the background system represents the processes that are indirectly 

related to the system, including all in- and out- puts to and from the foreground, such as raw 

material extraction, energy production and waste disposal. 

In addition, and in accordance with the set goal and the system boundaries, the functional unit 

of the study is defined as: 1 km driven on German roads over a 250.000 km lifespan.  

It is worth mentioning that FCEVs are an interesting case, since, as seen in the literature review 

and unlike conventional ICEVs, they generate more environmental impact in the manufacturing 

phase than in use phase. This demonstrates the importance of taking into account the entire life 

cycle when performing the environmental assessment of a new product or technology. 

4.2.3 Data Acquisition and Data Quality 

To ensure the reliability and validity of the assessment, all information and data used in the 

development of this study is obtained from proven sources such has books, published articles 

and original datasheets, each being accordingly cited.  

The software used to conduct the LCA study is Umberto LCA+, a specifically designed framework 

for life cycle assessment calculation developed by ifu Hamburg. Similarly, the used database is 

Ecoinvent 3.6 [76], currently one of the most updated databases in the projects related topic.  

4.2.4 Impact Assessment Method and Indicators 

This study analyses six impact categories which are considered most significant in the 
assessment of automotive fuel cell technologies. These categories are calculated using the 
ReCiPe 2008 Midpoint (H) V 1.13 characterization method following a hierarchist (H) 
perspective. The impact categories taken into account are: climate change (CC), terrestrial 
acidification (TA), resource depletion (RD), human toxicity (HT), photochemical oxidant 
formation (POF) and water eutrophication (WE). 
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5 Life Cycle Inventory 

The second step in conducting an LCA study is to analyze the defined product system, listing its 

most significant associated in- and outputs. This results in a detailed record of all the relevant 

elementary system flows, called life cycle inventory (LCI). The LCI of this project is structured 

according to the main stages of a FCEV’s life cycle (manufacture, use phase and end-of-life) 

taking into account both vehicle and fuel cycles. Moreover, the LCI is built in a modular way, 

allowing to present combinations of the established datasets to model different vehicle 

scenarios.  

5.1 Vehicle Cycle 

The vehicle cycle is assessed from a cradle-to-grave perspective, including the main stages of 

the vehicle’s life cycle: manufacture, use phase and end-of-life.  

5.1.1 Manufacture 

The manufacture stage includes the raw material acquisition, component production and 

vehicle assembly phases, and is structured so that the vehicle is divided into two main sets: the 

powertrain and the glider. However, although both sets are essential, the study focuses 

especially on the powertrain, specifically the fuel cell system, object of interest of this project. 

The different sets and components that make up the vehicle are shown in Figure 16 : 

 

Figure 16: PEM fuel cell vehicle component hierarchy 

The data and the assumptions used to model the manufacture of the different components that 

make up the FCEV are mainly based on the inventories presented by the studies of Miotti et al. 

[61], Evangelisti et al. [62], and Chen et al. [67], although have been modified in order to meet 

the own objectives of the project. In this way, Miotti’s inventory has been adapted to meet the 

technical characteristics of the Toyota Mirai, presented by Chen’s study, being completed using 

information from Evangelisti’s assessment. This has been done by analyzing the different 

scenarios presented by Miotti’s study and comparing the resulting stack, cell and tank weights 

with those of the Mirai. Thus, results show that the characteristics of the Mirai are very close to 

those described by Miotti’s 2030 Conservative scenario. Consequently, the data used in this 

study is mainly based in this scenario’s inventory, although has been slightly modified using a 
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conversion factor in order to meet the exact characteristics of the Mirai. More information of 

the weight comparison and data conversion can be found in the Appendix. 

Powertrain 

The powertrain of a FCEV is the set of components responsible for generating energy, and 

includes the fuel cell stack, the hydrogen tank, the power battery, the power control unit and 

the balance of plant (BoP). 

5.1.1.1 Fuel Cell Stack 

The main components of the fuel cell stack are analyzed in order to perform a comprehensive 

evaluation of its manufacturing process, key stage of the life cycle assessment of a fuel cell. The 

characteristics of the assessed fuel cell system are shown in Table 9, and resemble those of the 

Toyota Mirai’s system: 

Characteristic Unit Value 

St
ac

k 

Stack Power [Net, Gross] kW, kW 91, 114 

Area [Active, Total] m2 8.78, 21.49 

Dimension [Volume, Mass] l, kg 37, 56.2 

Power Density [Volume, Mass] kW/l, kW/kg 3.1, 2.0 

Operation [Temperature, Pressure] °C, atm < 86, < 2.5 

Pt Total Loading g 26 

Si
n

gl
e

 C
e

ll 

Nº Cells Cells 370 

Area [Active, Total, Ratio] cm2, cm2 237, 593, 0.4 

Voltage V 0.67 

Current Density [Active] A/cm2 1.9 

Power Density [Active] W/cm2 1.295 

Pt Loading [Active] mg/cm2 0.3 

Table 9: Fuel cell system characteristics [77] 

Membrane 

The membrane divides the cell in two, separating the reduction and oxidation reactions. 

Moreover, it is responsible for separating the hydrogen protons and electrons, letting only the 

protons pass through, so that electrons are forced to go through the outer circuit. The 

manufacture of the membrane is based on perfluorosulfonic acid (PFSA) [78], being NafionTM 

from DuPont the most commonly used for PEM fuel cells production. NafionTM is prepared via 

the co-polymerization of unsaturated perfluoroalkyl sulfonyl fluoride (PSF) with 

tetrafluoroethylene (TFE) [79], which is achieved by using either extrusion or dispersion casting 

[58]. Thus, extrusion cast membranes (N-115, N-117, N-1110) are extruded from perfluoro 

sulfonyl fluoride resins, followed by hydrolysis and acid exchange steps. On the other side, 

dispersion cast membranes (NRE-211, NRE-212) are formed directly from solutions of PFSA in 

water and alcohol by a coating process onto an inert PTFE backing film [62].  

The membrane assessed in this study is assumed to be a dispersion cast membrane NRE-211, 

with a 25 μm thickness, and a density of 1.94 g/cm3. The production process is modeled based 

on a mix of 57.4 wt% TFE and 42.6 wt% PSF, although uses a sulfuric acid dataset as a proxy for 

the PSF, and a polyethylene terephthalate (PET) fleece production dataset for the manufacturing 

process. The detailed inventory used to model the manufacture of the membrane is shown in 

Table 10:  
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Membrane 
Reference flow: 1 m2

 total 
m/p Unit Ref. Total Ecoinvent Dataset 

Tetrafluoroethylene (TFE) m kg 0,042 0,903 Tetrafluoroethylene production [RER] 

Sulfuric trioxide  m kg 0,002 0,043 Sulfuric acid production [RER] 

Expanded PTFE (ePTFE) m kg 0,0044 0,095 Tetrafluoroethylene production [RER] 

Production membrane p kg 0,045 0,967 Fleece production, polyethylene [RER] 

Table 10: Membrane inventory 

Gas Diffusion Layer 

The gas diffusion layer (GDL) acts as a mediator and support within the membrane electrode 

assembly (MEA), and allows direct and uniform access of the fuel (oxidant) to the catalyst layer. 

The GDL is commonly made of woven or non-woven carbon fiber cloth coated with a 

hydrophobic polytetrafluoroethylene (PTFE) agent [80]. In addition, a micro-porous layer (MPL) 

of carbon or graphite particles mixed with PTFE binder is adhered to the GDL as an interface 

between the relatively large size of the GDL pores and the small size of the catalyst particles 

[81]. The carbon fiber production is based in polyacrylonitrile (polypropylene and ammonia), 

and the cloth is produced using an industrial weaving process. The PTFE hydrophobic agent is 

applied to the GDL cloth by dipping it into an aqueous PTFE solution, followed by drying and 

sintering. The MPL is then painted and heat treated on to the GDL [58].  

The GDL assessed in this study is assumed to be a woven carbon fiber macroporous layer, coated 

with a 10 wt% PTFE and 5 wt% carbon black microporous layer. The layer set is assumed to have 

a 0.32 mm thickness and a bulk density of 0.55 g/cm3. Moreover, each cell needs two GDLs [58]. 

The dataset uses various proxies for the different manufacture processes such as cotton weaving 

process for the carbon fiber weaving, a copper selective coating process for the MPL coating and 

a plastic film extrusion process for the GDL production. The detailed inventory used to model 

the production of the gas diffusion layer is shown in Table 11: 

Gas Diffusion Layer (GDL) 
Reference flow: 1 m2

 active 
m/p Unit Ref. Total Ecoinvent Dataset 

Macroporous layer (MPL) m kg 0,22 1,932 
Carbon fibre reinforced plastic, 
injection moulded [GLO] 

PTFE (for MPL) m kg 0,018 0,158 Tetrafluoroethylene production [RER] 

Microporous layer (MiPL) m kg 0,054 0,474 Carbon black production [GLO] 

PTFE (for MiPL) m kg 0,017 0,149 Tetrafluoroethylene production [RER] 

Solvent m kg 0,0045 0,04 Solvent production, organic [GLO] 

Weaving cloth p kg 0,22 1,932 
Textile production, cotton, weaving 
[RoW] 

Production GDL p kg 0,27 2,371 Extrusion, plastic film [RER] 

Coating p m2 1 8,78 
Selective coating copper sheet, 
sputtering [DE] 

Table 11: Gas diffusion layer inventory 

Catalyst  

The catalyst layer (or electro-catalyst) helps the electrochemical reaction to occur, generating 

high reaction rates [82]. The most widely employed catalyst in low-temperature PEM fuel cells 

is platinum (Pt), which is implemented in both anode and cathode. In addition, the catalyst is 

usually supported on a porous conductive material, such as carbon black, to obtain a high 

dispersion of the catalyst particles, thus achieving a greater catalytic activity and mass transport 

[83]. The catalyst is prepared in form of an ink, which consists of the supported catalyst, water, 

a PFSA ionomer and ethylene glycol. It typically contents around 5 wt% of ionomer and its 
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preparation involves various processes such as shear mixing, distillation and viscosity reduction. 

The full process is shown in Figure 17: 

 

Figure 17: Catalyst production process 

The resulting catalytic ink is then applied by deposition on either to the GDL or to membrane 

[84]. Non-precious metal catalyst are in development, although their performance is still far 

from being competitive with platinum based catalysts [85]. 

The catalyst assessed in this study is assumed to have a wet composition of 6 wt% Pt/C, 9wt% 

carbon black, 72wt% NafionTM (PFSA), 6.5 wt% deionized water and 6.5 wt% methanol, which 

corresponds to a dry catalyst composition of 48 % carbon black, 32 % Pt/C and 20 % NafionTM 

(PFSA) [62]. The layer is assumed to have a 40 μm thickness and a superficial density of 

0.3mg/cm2
active. The catalyst preparation process is too complicated to model, so only the 

consumed energy and the needed materials are considered, assuming a consumption of 7 kWh 

e-/m2
active [61]. Moreover, the dataset uses a copper selective coating process as a proxy for the 

deposition process. The detailed inventory used to model the catalyst manufacture is shown in 

Table 12: 

Catalyst 
Reference flow: 1 m2

 active 
m/p Unit Ref. Total Ecoinvent Dataset 

Platinum m kg 
0,003 

0,023 
Platinum group metal, extraction and 
refinery operations [ZA] 

Recycled platinum m kg 0,003 Treatment of automobile catalyst [RER] 

Carbon particles m kg 0,001 0,009 Carbon black production [GLO] 

Polytetrafluoroethylene (PTFE) m kg 0,0001 0,001 Tetrafluoroethylene production [RER] 

Solvent m kg 0,022 0,193 Solvent production, organic [GLO] 

Coating p m2 1,00 8,78 
Selective coating, copper sheet, 
sputtering [DE] 

Table 12: Catalyst inventory 

Membrane Electrode Assembly 

The membrane electrode assembly (MEA) refers to the union of the catalyzed membrane with 

the two gas diffusion layers. Thus, the MEA is composed of seven layers: anode GDL, anode MPL, 

anode CL, membrane, cathode CL, cathode MPL and cathode GDL. This way, the components 

are hot pressed together at around 80 bar and 130 °C and die cut to the final cell dimension [12]. 
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The model uses a thermoforming process dataset to account for the assemble process. The 

detailed inventory used to model the membrane electrode assembly is shown in Table 13: 

Membrane Electrode Assembly 
Reference flow: 1 m2

 total 
m/p Unit Ref. Total Ecoinvent Dataset 

MEA assembly p kg 0,34 7,307 
Thermoforming, with 
calendering [RER] 

Gaskets m kg 0,25 5,373 
Polysulfide production, sealing 
compound [RER] 

Injection molding of gaskets p kg 0,25 5,373 Injection moulding [RER] 

Table 13: MEA inventory 

Bipolar Plates & Gaskets 

The bipolar plates (BPP) have various functions within a fuel cell, such as: help distribute the 

oxidant over the active areas by way of flow-field channels, facilitate water and heat 

management, separate different cells in the stack and carry the electrical current from the cell. 

The bi-polar plates contribute significantly to the weight of the stack, making it necessary that 

they are made out of lightweight materials. Thus, BPPs are commonly made of non-porous 

graphite, specific metal alloys or polymer composite materials, being graphite composites and 

stainless-steel alloys the most widely used. Each material has its own particular manufacture 

process although most of the processes include a preformed shape followed by molding and 

baking processes. Moreover, the gaskets seal the MEA to the bi-polar plate and the coolant 

The bi-polar plates assessed in this study are assumed to be made of injection-molded graphite 

composite composed of 70% graphite and 30% vinyl ester [86]. Each plate has a 1.5 mm 

thickness and an assumed density of 1.5 g/cm3. In turn, the gasket is assumed to be made of 

polysulphide, using an injection molding process dataset as a proxy of the production process. 

The detailed inventory used to model the production of the bipolar plates is shown in Table 14: 

Bipolar Plates (BPP) 
Reference flow: 1 m2

 total 
m/p Unit Ref. Total Ecoinvent Dataset 

Stainless steel  m kg 1,30 27,937 
Steel production, chromium steel 18/8, 
hot rolled [RER] 

Titanium nitride (TiN) m kg 0,13 2,794 
Titanium dioxide production, chloride 
process [RER] 

Graphite m kg 0,13 2,794 Graphite production 

Screen Printed Gasket m kg 0,018 0,387 Phenolic resin production [RER] 

Stamping p kg 1,20 25,788 
Deep drawing, steel, 650kN press, 
automode [RER] 

Coating p m2 1,00 21,49 
Selective coating, copper sheet, 
sputtering [DE] 

Table 14: BPP inventory 

Endplates & Collector 

The endplates, together with compression bands, are responsible for holding the single cells 

lined up and compressed in a stacked shape. It is assumed that the endplates are made of 10mm 

glass fiber and epoxy, and compression straps from stainless-steel. In addition, an Injection 

molding process accounts for the manufacture of the endplates. 

The collector is responsible for the reactant flow intake/exhaust. It is assumed that the collector 

is made of copper, and its production is modeled using a copper product manufacturing process 

dataset as a proxy. The detailed inventory used to model the manufacture of the endplate, the 

collector, the compression bands, and the casing is shown in Table 15: 
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Endplate & Collector 
Reference flow: 1 m2

 total 
m/p Unit Ref. Total Ecoinvent Dataset 

Glass fibre (endplate) m kg 0,06 1,289 Glass fibre production [RER] 

Epoxy (endplate) m kg 0,06 1,289 Epoxy resin production, liquid [RER] 

Cooper (current collector) m kg 0,11 2,364 Copper production, primary [RER] 

Stainless steel (compression bands) m kg 0,07 1,504 
Steel production, chromium steel 18/8, 
hot rolled [RER] 

Polypropylene (casing) m kg 0,30 6,447 
Polypropylene production, granulate 
[RER] 

Production end plate p kg 0,12 2,579 Injection moulding [RER] 

Production collector p kg 0,11 2,364 
Metal working, average for copper 
product manufacturing [RER] 

Production casing p kg 0,30 6,447 Thermoforming, with calendering [RER] 

Table 15: Endplate & collector inventory 

The aggregated weights of the main components that make up the modeled fuel cell stack are 

shown in Table 16 and Figure 18: 

Vehicle Parts 
Total Weight  

(kg) 
Percentage 

 (%) 

MEA 9,396 17 
  Membrane        1,041 1,6 
 GDL        2,753 5 
 Catalyst        0,229 0,4 
 Gaskets        5,373 10 
BPP 33,912 60 
Endplates 12,893 23 

Total 56,201 kg 100 % 

Table 16: Stack component weights 

5.1.1.2 Hydrogen tank 

The hydrogen tank is responsible for storing the hydrogen used by the fuel cell. The most used 

way for hydrogen on-board storage is in form of compressed gas, typically under a pressure of 

350 or 700 bar. The manufacture process of a tank depend on the material, but typically involves 

filament winding and fiber placement [87]. 

The hydrogen tank assessed in this study is assumed to store compressed hydrogen at 700 bar, 

have a capacity of around 5 kg H2 with a storage density of 5.7 wt% [75] , and a total weight of 

106.59 kg [67]. It is manufactured following a 3-layer structure, including a polymer layer, a 

carbon-fiber-reinforced polymer layer and a glass-fiber-reinforced polymer layer. The materials 

assumed for the different layers are: High Density Polyethylene (HDPE), carbon fiber + epoxy 

resin, and glass fiber + epoxy resin, respectively. Other components of the tank are assumed to 

be made of aluminum. The manufacturing process is not specifically modeled, although the total 

electricity required by the process has been taken into account, assuming a load of 20 kWh per 

tank. The detailed inventory used to model the manufacture of the hydrogen tank is shown in 

Table 17: 

Hydrogen Tank 
Reference flow: 80 kW FC sys. 

m/p Unit Ref. Total Ecoinvent Dataset 

Carbon Fibre m kg 48 68,4 
Carbon fibre reinforced plastic, injection 
moulded [GLO] 

Foam m kg 3,5 4,988 
Urea formaldehyde foam slab production, 
hard [RoW] 

Figure 18: Stack Weight percentages 
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Glass fibre m kg 3,5 4,988 
Glass fibre reinforced plastic production, 
polyamide, injection moulded [RER] 

Liner m kg 5,8 8,265 Aluminium alloy production, AlMg3 [RER] 

Balance of Plant 
m kg 

14 
10 Chromium steel pipe production [GLO] 

m kg 9,95 Polypropylene production, granulate [RER] 

Plant electricity p kWh 20 20 Market for electricity, medium voltage [DE] 

Transportation rail p tkm 85 85 
Transport, freight, lorry>32 metric ton, 
EURO6 [RER] 

Transportation truck p tkm 14 14 Transport, freight, rail [DE] 

Table 17: Tank inventory 

5.1.1.3 Battery  

The battery is responsible for storing the electric energy produced by the fuel cell. This way, it 

stores the excess energy from the fuel cell, as well as the recovered energy from the brakes.  

The battery assessed in this study is assumed to be a nickel-metal hydride (Ni-MH) battery with 

a capacity of 1.6 kWh and an output of 245 V. The battery is assumed to weight 22,1 kg [67], 

(specific energy 70-100 Wh/kg) [88] and is modeled accordingly using a specific Ni-MH battery 

production dataset.  

Battery 
Reference flow: 1 Unit 

m/p Unit Ref. Total Ecoinvent Dataset 

Energy Battery m kg 22,1 22,1 
Battery production, NiMH, rechargeable, 
prismatic [GLO] 

Table 18: Battery inventory 

5.1.1.4 Power Control Unit 

The power control unit (PCU) controls the fuel cell system, directing the different energy flows 

and assuring the well-functioning of the system. The study models the control system using a 

generic control electronics production dataset assuming a total weight of 2,7 kg including 

sensors, wires and others. The detailed inventory used to model the manufacture of the power 

control unit is shown in Table 19: 

Power Control Unit 
Reference flow: 1 Unit 

m/p Unit Ref. Total Ecoinvent Dataset 

Hydrogen sensors m kg 0,3 0,3 Electronics production for control units [RER] 

Other sensors m kg 0,4 0,4 Electronics production for control units [RER] 

Control electronics m kg 2 2 Electronics production for control units [RER] 

Table 19: PCU inventory 

5.1.1.5 Electric Motor 

The electric motor is responsible for transforming the electric energy generated by the fuel cell 

system into mechanic energy. It is modeled using a generic electric motor production dataset 

assuming a weight of 29 kg [67]. 

Electric Motor 
Reference flow: 1 Unit 

m/p Unit Ref. Total Ecoinvent Dataset 

Electric Motor m kg 29 29 Electric motor production, vehicle [RER] 

Table 20: Electric motor inventory 
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5.1.1.6 Balance of Plant (BoP) 

The balance of plant (BoP) consists of essential and ancillary components needed to complete 

the fuel cell system. It is divided into four main management systems: air, water, thermic and 

fuel. In this way, each system is responsible respectively for the management of the different 

aspects related to the operation of the fuel cell system. The air system includes fiber filters and 

a compressor expander module (CEM). The water system includes a demister, but not a 

humidifier, as it is typical for fuel cell systems. The thermic system includes high-temperature 

radiators, a pump and coolant fluid. The fuel system includes filters, a hydrogen recirculation 

blower and ejectors. In addition, all systems use different types of ducts and tubes. 

Most of these components are made of relatively common materials, so they can be modelled 

with a mix of different related material and process datasets, assuming a total BoP weight of 

64,9 kg [67]. A more detailed assessment of the BoP is unnecessary as its impact is relatively 

low, being most of the components similar among other types of vehicle. The detailed inventory 

used to model the body of plant is shown in Table 21: 

Body of Plant m/p Unit Ref. Total Ecoinvent Dataset 

Air Management - Reference flow: 80 kW FC sys. 

Compression expansion motor 
(CEM)1 

m kg 15 21,375 
Air compressor production, screw-type 
compressor, 4kW [RER] 

Air filter m kg 1 1,425 Polyurethane production, flexible foam [RER] 

Air ducting m kg 3 4,275 
Polyethylene production, high density, 
granulate [RER] 

Mass flow sensor m kg 0,3 0,428 Electronics production, for control units [RER] 

Water Management - Reference flow: 80 kW FC sys. 

Demister m kg 1 3,08 
Steel production, chromium steel 18/8, hot 
rolled [RER] 

Heat Management - Reference flow: 80 kW FC sys. 

High temperature loop (HTL) m kg 7 9,975 Synthetic rubber production [RER] 

Antifreeze liquid m kg 4 5,7 Ethylene glycol production [RER] 

Fuel Management - Reference flow:  1 Unit 

Ejectors m kg 0,1 0,1 Aluminium alloy production, AlMg3 [RER] 

Pipes m kg 5 5 Chromium steel pipe production [GLO] 

Valves m kg 1,5 1,5 
Steel production, chromium steel 18/8, hot 
rolled [RER] 

Inline filter m kg 1 1 
Steel production, chromium steel 18/8, hot 
rolled [RER] 

Pressure switch m kg 0,3 0,3 Aluminium alloy production, AlMg3 [RER] 

Other Components - Reference flow:  1 Unit 

Wiring m m 14 14 
Cable production, three-conductor cable 
[GLO] 

Belly pan m kg 3 3 
Carbon fibre reinforced plastic, injection 
moulded [GLO] 

Mounting frames m kg 5 5 
Steel production, chromium steel 18/8, hot 
rolled [RER] 

Fasteners m kg 1 1 
Steel production, chromium steel 18/8, hot 
rolled [RER] 

*1: The used dataset models a 140 kg compressor manufacture, therefore the CEM was modeled with a “0,15267” unit input. 

Table 21: BoP inventory 
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Glider 

The glider encompasses the components of a vehicle that are not part of the powertrain, 

including body, chassis, suspension, cockpit equipment, steering, braking and suspension 

systems, fluids and electronics. These components are common among the different types of 

vehicles and therefore, not analyzed in-depth, taking data from the existing generic glider 

production dataset, assuming a weight of 1568,5 kg [67]. 

Glider 
Reference flow: 1 Unit 

m/p Unit Ref. Total Ecoinvent Dataset 

Glider m kg 1568,50 1568,5 Glider production, passenger car [GLO] 

Table 22: Glider inventory 

The aggregated weights of the main components that make up the modeled FCEV are shown in 

Table 23 and Figure 19: 

Vehicle Parts 
Total Weight  

(kg) 
Percentage 

 (%) 
Glider 1568,5 85 
Fuel Cell System 123,8 7 

 FC Stack         56,2 3 
 BoP + PCU         67,6 4 

H2 Tank 106,6 6 
Battery 22,1 1 
Electric Motor 29 2 

Total 1850 kg 100 % 

Table 23: Vehicle component weights 

5.1.1.7 Distribution 

The manufacture phase also includes the distribution of the finished FCEV from the factory to 

the costumer. The model considers three distribution routes that include different road, rail and 

water transportation distances and its corresponding utilization rates. All three are modeled 

assuming an equivalent freight weight of 1850kg or 1 FCEV. Table 24 shows the different 

distribution distances and rates of the modeled routes:  

Distribution Unit Route 1 Route 2 Route 3 Ecoinvent Dataset 

Lorry km 25 200 500 
Transport, freight, lorry 16-32 metric 
ton, EURO6 [RER] 

Train km 100 500 - Transport, freight, train [DE] 

Ferry km 1000 - - Transport, freight, sea, ferry [GLO] 

Utilization Rate % 10 40 50  

Table 24: Distribution routes 

5.1.2 Use Phase 

The use phase includes the driving and maintenance of the FCEV. The model considers a total 

drive lifespan of 250.000 km (10 - 15 years) [67] and fuel consumption of around 1 kg H2/100 km 

[75] based on the reported consumption following the New European Driving Cycle (NEDC).  The 

consumed hydrogen is modelled in the fuel cycle, where hydrogen is considered to be produced 

according to various methods including methane steam reforming, electrolysis and gasification. 

In addition, different scenarios are modeled according to the origin of the electric energy 

necessary to produce the hydrogen. The amount of hydrogen spent during the FCEV’s lifespan 

Figure 19: FCEV Weight percentages 



5 Life Cycle Inventory    36 
  

is calculated taking into account the stoichiometric equality of the electrolysis reaction and the 

molecular weights of 2.01588 g/mol for H2 and 31.9988 g/mol O2. This way, the total amount of 

spent hydrogen during the whole considered lifespan is 2500 kg H2, which reacts with 19841 kg 

O2, emitting to the environment around 22341 kg of H2O steam.  

The maintenance of the FCEV is also modeled, considering the replacement of various engine 

fluids, the energy storage battery and the tires. This is modelled using a standard passenger 

vehicle maintenance dataset, as well as the manufacture of the different replacement 

components. The replaced components and its quantities can be found in Table 25 [67],: 

Maintenance 
Service 

(km) 
Replacements 

 (nº) 
Vehicle Load 

 (kg) 
Lifespan Load 

(kg) 
Tires 62.500 4 40.8 163.2 
Wiper Fluid 12.500 24 2.7 64.8 
Brake Fluid 62.500 4 0.9 3.6 
Coolant  62.500 4 10.4 41.6 
Battery  85.000 3 22.1 66.3 

Table 25: Replacement components and quantities 

The detailed inventory used to model the functioning and maintenance of the FCEV during a 

250.000 km driving lifespan is shown in Table 26: 

Use & Maintenance m/p Unit Total Ecoinvent Dataset 

Use - Reference flow: 250.000 km 

Hydrogen m kg 2500 Explained in 6.2 Fuel Cycle 

Oxygen m kg 19841 Oxygen [natural resource/in air] 

Maintenance - Reference flow: 250.000 km 

Tires m kg 163.2 Synthetic rubber production [RER] 

Wiper fluid m kg 64.8 Methanol production [GLO] 

Brake fluid m kg 3.6 Ethylene glycol dimethyl ether production [RER] 

Coolant m kg 41.6 Ethylene glycol production [RER] 

Battery m kg 66.3 Batter production, NiMH, rechargeable, prismatic [GLO] 

Maintenance p unit 1 
Maintenance, passenger car, electric, without battery 
[GLO] 

Table 26: Use & maintenance inventory 

5.1.3 End-of-Life 

The End-of-Life (EoL) phase consists of the recycling and disposal of the FCEV. The process 

includes several conditioning steps, by means of which the different components and materials 

are treated and prepared for their subsequent reuse, recycling or disposal [89]. To carry out this 

process, the vehicle is divided separating the glider from the powertrain. The disposal of the 

glider is modeled using a standard glider disposal dataset. This dataset accounts for the different 

emissions produced during the conditioning and treatment of the used glider, dividing its 

materialization into 5 main fractions: scrap steel, scrap aluminum, scrap copper, scrap plastics 

and shredding residue. The powertrain, in turn, is further divided, separating the different 

components that make it up and treating them individually. A standard dataset for the 

treatment of an electric powertrain is used to model the electric motor and the PCU 

components. Similarly, a used NiMH battery treatment dataset accounts for the recycling and 

disposal of the battery. As for the fuel cell system (Stack + BoP) and the H2 tank, they are 

dismantled and its materialization divided into 5 fractions: steel, aluminum, plastic, electronics 
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for control units and cables. Especially important is the recycling of the platinum used in the 

catalyst since it is one of the biggest impact contributors and its high price. Ecoinvent does not 

include a proper platinum recycling dataset, so that the platinum recycling is already considered 

in the catalyst manufacture phase, where 10% of the platinum is recycled. This percentage is 

relatively high and optimistic compared to the 5 % which is typically assumed for this process. 

This follows the trend of actual investigations that present new recycling processes capable of 

recycling up to 76% of the precious metal [90]. This way, although being the recycling rate higher 

than normal, the approach is still conservative and likely yields an upper bound of the true 

emissions resulting from the whole life cycle. The detailed inventory used to model the recycling 

and disposal of the FCEV after a 250.000 km drive lifespan is shown in Table 27: 

End-of-Life  m/p  Unit  Total  Ecoinvent Dataset 

Glider Disposal - Reference flow: 1 FCEV * 250.000 km 

Used Glider m kg 1568,5 
Treatment of used glider, passenger car, shredding 
[GLO] 

Powertrain Disposal - Reference flow: 1 FCEV * 250.000 km 

Used FC Stack + BoP + H2 Tank 

p kg 63 
Treatment of scrap steel. Inert material landfill 
[RER] 

p kg 23 
Treatment of aluminium scrap, post-consumer, 
prepared for recycling, at refiner [RER] 

p kg 139 
Treatment of waste plastic, consumer electronics, 
municipal incineration [RoW] 

p kg 0,95 
Treatment of electronics scrap from control units 
[RER] 

p kg 1,75 Treatment of used cable [GLO] 

Used Batteries p kg 88,4 Electronics production, for control units [RER] 

Used Electric Motor p kg 
31,7 

Treatment of used powertrain of used electric 
passenger car, manual dismantling [GLO] Used PCU p kg 

Used Replacements - Reference flow: 1 FCEV * 250.000 km 

Used Tires p kg 163,2 
Treatment of waste rubber, unspecified, municipal 
incineration [RER] 

Used Brake Fluid + Coolant p kg 45,2 
Treatment of spent antifreezer liquid, hazardous 
waste incineration [RoW] 

Table 27: End-of-life inventory 

5.2 Fuel Cycle 

The fuel cycle is assessed from a well-to-tank perspective, including the main stages of 

hydrogen’s life cycle: production, distribution, storage and refueling. The study takes into 

account all the main established technologies for each stage, including different scenarios 

depending on the origin of the consumed electric energy. In addition, an alternative functional 

unit is defined only for the fuel cycle assessment: 1 MJ of hydrogen at normal conditions of 15°C, 

20 bar and a purity of 99.999%, necessary for the correct operation of a FCEV. Moreover, it is 

assumed that 1 kg of hydrogen contains 120 MJ. The assumptions made for the different 

parameters of this part of the assessment are based on the study of Rödl et al. [32], although 

have been adapted in order to meet own project objectives. This way, Figure 20 shows an 

overview of the hydrogen supply chains considered in this study. 
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Figure 20: Hydrogen production & distribution chain 

5.2.1 Production 

This study considers the main hydrogen production methods including steam methane 

reforming, water electrolysis, and coal gasification. In addition, the production of the electricity 

necessary to produce and condition the hydrogen is also modelled.  

5.2.1.1 Steam Methane Reforming (SMR) 

Hydrogen production via SMR is assumed to be realized from natural gas in two different 

locations: a large-scale central plant and a small-scale system at the filling station. The SMR 

process is modeled using the hydrogen cracking, APME [RER] dataset as a proxy. This dataset 

describes the production of hydrogen via cracking of fossil fuels, which is similar to the process 

that the real SMR performs. The electric energy needed in the process is also modelled, being 

able to change its sources.  

5.2.1.2 Electrolysis 

Hydrogen production via electrolysis is assumed to be realized from various electricity sources 

in two different locations: a large-scale central plant and a small-scale system at the filling 

station. The electrolysis process is modeled using the chlor-alkali electrolysis, membrane cell 

[RER] dataset as a proxy. This dataset describes the production of hydrogen via chlor-alkali 

electrolysis in a membrane cell. There are other types hydrogen production fuel cell types, as 

diaphragm cell and mercury cell, but these are not taken into account since the membrane cells 

are the commonly most used for this purpose. The electric energy needed in this process is also 

modelled, being able to control the contribution rate of each of the sources. The chosen 

alternatives of electricity provision source are wind power, photovoltaic power, hydropower and 

the German electric mix supply, all contributing the same proportion.  

5.2.1.3 Coal Gasification 

Hydrogen production via gasification is assumed to use coal and biomass as energy source in a 

large-scale central plant. The gasification process is modeled using the synthetic fuel production, 

from coal, high temperature Fisher-Tropsch operations [ZA] dataset as a proxy. This data set 

describes the production of synthetic fuel via a collection of chemical reactions that converts a 

mixture of carbon monoxide and hydrogen into liquid hydrocarbons. This process is similar to 

the gasification process since it performs mostly the same reactions, just with a different 

product. The electric energy needed in the process is also modeled, being able to change both 

of their sources. 
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The contribution rate of each hydrogen production process to the produced hydrogen in both 

large-scale production at a central plant and small-scale system at the filling station, as well as 

the contribution rate of both central and station production sites to the final hydrogen product 

are shown in Table 28: 

Contribution Rates SMR Gasification Electrolysis Total 

Central (large-scale) 70% 25% 5% 80% 

Station (small-scale) 10% - 90% 20% 

Table 28: Production processes contribution rates 

5.2.1.4 Electricity Production 

Electricity production is modelled considering different sources and contribution rates. This way, 

the modelled electricity is made of a mix of electric energy produced from: wind power, 

photovoltaic power, hydropower and the German high voltage electric mix supply. The 

contribution rate of each source to the final mix can be controlled allowing to perform a later 

sensitivity analysis, in which various scenarios are presented depending on the origin of the used 

electricity. The contribution rate of each electricity source for the main modelled electricity mix 

is shown in Table 29: 

Electricity Contribution Rate Ecoinvent Dataset 

Network 85% Electricity, high voltage, production mix [DE] 

Wind power 5% Electricity production, wind, 1-3MW turbine, offshore [DE] 

Hydropower 5% Electricity production, hydro, run-of-river [DE] 

Photovoltaic power 5% 
Electricity production, photovoltaic, 570kWp open ground 
installation, multi-Si [DE] 

Table 29: Electricity mix inventory 

5.2.2 Distribution 

The main hydrogen distribution methods are considered in this assessment including tube 

trailers, tankers and pipelines. The transport distance varies for each method, depending on its 

adequate use and existing infrastructure. Moreover, each method has a different utilization 

ratio: tankers (50%), tube trailers (40%) and pipelines (10%). Furthermore, the model should be 

designed to ensure a continuous supply of an average hydrogen demand of 1500kg/day pro 

filling station. 

5.2.2.1 Tube Trailers (Compressed) 

The assessment of compressed hydrogen transportation via tube trailers takes into account the 

different tank types and their characteristics, shown in Table 30¡Error! No se encuentra el 

origen de la referencia.. The tube trailers are modelled as a 16-32 tn freight lorry fulfilling the 

EURO 6 emission standards However, although with different hydrogen capacities and total 

freight weights (load + tank). 

Tank Type 
Utilization  

Rate 
Pressure 

(bar) 
H2 Capacity 

(kg) 
Freight Weight 

(kg) 

Steel Cylinder Container (SC) 35% 200 400 26.300 

Steel Tubes (ST) 35% 200 324 27.250 

Composite Light Container (CC) 15% 250 957 18.850 

Composite Trailer (CT) 15% 250 979 21.800 

Table 30: Tube trailer tank characteristics 
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Moreover, the necessary compression of the hydrogen previous to its transportation is also 

taken into account. This way, assuming hydrogen is produced at 20 bar, an extra load of 0.6 kWh 

e-/kg H2 is required in order to compress the hydrogen to the transport pressure of 200-250 bar, 

respectively. Furthermore, the study also includes overall process loses of 4%. The distance 

assumed for the compressed hydrogen distribution via tube trailer is 250 km, being more 

adequate for short-distance transport. 

5.2.2.2 Tankers (Liquid) 

The assessment of liquid hydrogen transportation via tankers only takes into account one type 

of tank with a capacity of 4500 kg H2 and is modelled as a 16-32 tn freight lorry fulfilling the 

EURO 6 emission standards carrying a total freight load of 16.000 kg (load + tank). In addition, 

the necessary liquefaction process is taken into account, supposing an extra load of 10 kWh/kg 

H2. Moreover, the study includes boil-off losses of 1%. The distance assumed for the liquid 

hydrogen distribution via tanker is 600 km, being more suitable for long-distance transport. 

5.2.2.3 Pipeline 

The assessment of gas hydrogen transportation via pipeline is transferred from high-pressure 

natural gas pipeline datasets as both pipeline systems have similar characteristics. There is 

assumed a mass flow of 35.000 kg H2/day at normal conditions of 15°C, 20 bar. Moreover, an 

extra load of 0.05 kWh/kg H2 for recompression is taken into account due to pressure loses 

during the transport. The distance assumed for the pipeline distribution is 300 km, mainly based 

in the average length of the existing pipeline infrastructure in Germany. 

5.2.2.4 Refilling station 

The assessment of the refilling station includes the conditioning of the hydrogen, from either 

on-site production or transported hydrogen, to the final supply conditions. This way, the 

standard for hydrogen fueling of light vehicles [91] determines the characteristics that the 

hydrogen must comply in order to be ready for customer supply, regulating the fuel delivery 

temperature, maximum fuel flow rate , and refueling pressure. Thus, hydrogen refilling stations 

for passenger vehicles operate with compressed hydrogen at 700 bar, while buses are refilled at 

350 bar. However, it has been noticed that in order to completely refill a vehicle a higher 

pressure of 880 bar is required [92]. Moreover, the refueling of a standard passenger car takes 

about 3 to 5 minutes with hydrogen being cooled to -33 to -40 ◦C. This way, the energy 

requirements for the conditioning of the delivery hydrogen is calculated according to the 

assumptions in Table 31: 

Conditioning 
Energy Demand 

(kWh/kg H2) 

On-site Production (20 to 880 bar) 3.1  

Tube Trailer Delivery (200 to 800 bar) 2.4 

Tanker Delivery (compressing and dispensing) 1.7 

Pipeline Delivery (20 to 800 bar) 3.1 

Table 31: Conditioning energy demand 

A comprehensive list of all the weights and datasets used to model the life cycle of the studied 

FCEV can be found in Appendix. 
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6 Life Cycle Impact Assessment 

The third step of conducting an LCA study is to assess the magnitude of contribution of each 

elementary flow to an impact on the environment. Thus, the so-called life cycle impact 

assessment (LCIA), aims to examine the product system from an environmental perspective 

using different impact categories and category indicators in conjunction with the results of the 

inventory analysis. This results in an understandable report of the potential environmental 

impacts caused by the life cycle of the product system, providing useful information for a later 

interpretation of the results. 

6.1 Method, Impact Categories and Perspective 

The LCIA of this study analyses various impact categories considered the most significant in the 

context of automotive fuel cell technology assessment, as well as for the own objective of the 

project. These categories are calculated using ReCiPe 2008 Midpoint (H) V 1.13, an LCIA 

characterization method that comprises harmonized category indicators from other outdated 

methods, as Eco-Indicator 99 and CML 2001, at mid- and endpoint level [93]. Moreover, in order 

to deal with the incomplete and uncertain knowledge of the environmental mechanism and its 

relation with the characterization method, the study is developed following a hierarchist (H) 

perspective. This perspective seeks consensus between conservative and optimistic positions 

with regards to time-frame and other issues. This perspective adopts frequently a 100-year 

timeframe, and coincides with the view that impacts can be avoided with the proper 

management, assuming a certain level of adaptation. The analyzed impact categories and its 

corresponding characterization factor are shown in Table 32: 

Impact Category Characterization Factor Acronym Units 

Climate Change Global Warming Potential GWP 100 kg CO2 eq. 

Terrestrial Acidification Terrestrial Acidification Potential TAP100 kg SO2 eq. 

Resources Depletion  
Fossil Depletion Potential FDP kg oil eq. 

Metal Depletion Potential MDP kg Fe eq. 

Photochemical Oxidant 
Formation 

Photochemical Oxidant Formation 
Potential 

POFP kg NMVOC6 eq. 

Human Toxicity Human Toxicity Potential HTPinf kg 1,4-DB eq. 

Water Eutrophication 
Freshwater Eutrophication Potential FEP kg P eq. 

Marine Eutrophication Potential MEP Kg N eq. 

Table 32: Impact categories & characterization factors [93] 

6.1.1 Climate Change 

The climate change category refers to the potential increase that the studied product system 

emissions can cause on the climate change effect. This is quantified based on the degree to 

which a pulse of these emissions improves the infra-red radiative forcing (W*yr/m2) over a 

certain time period. The characterization factor applied to convert the assigned life cycle 

inventory analysis result to the common unit is the global warming potential (GWP), which 

expresses the cumulative radiative forcing in terms of the equivalent quantity of carbon dioxide 

(kg CO2-eq) giving the same effect. The specific gases that this impact takes into account were 

developed by the Intergovernmental Panel on Climate Change (IPCC), making it a standard 

impact, analyzed in most environmental LCA studies [93].  
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6.1.2 Terrestrial Acidification  

The terrestrial acidification category contemplates the impact that acid substances and its 

precursors, such as SO2, NH3, NOx or HCL, cause on the terrestrial ground. This impact is 

quantified based on the acidity of the ground, indicated by the base saturation (yr*m2) or degree 

to which the adsorption complex of a soil in is saturated with basic cations. The terrestrial 

acidification potential (TAP) factor expresses the cumulative base saturation in terms of 

equivalent sulfur dioxide (kg SO2 eq.) giving the same effect as the considered inventory 

emission results [93]. 

6.1.3 Resources Depletion  

The resource depletion category addresses the diminishing pool of non-living (abiotic) resources 

such as fossil fuels, minerals or water. This depletion of resources is measured in amount of 

grade decrease (kg-1) or upper heating value (MJ), depending of which type of resource is 

analyzed. The characterization factors used to translate the inventory results into the common 

depletion indicators are the mineral/fossil depletion potential (MDP/FDP) factors, which 

quantify the depletion in equivalent iron (kg Fe eq.) or oil (kg oil-eq) weight [93]. 

6.1.4 Photochemical Oxidant Formation  

The photochemical oxidant formation category reflects the impact that fine particulate matter 

below 10-μm (PM10), as well as the formation of ozone (O3) through emissions of NOx, NMVOCs, 

SOx or CO, may cause on the human health. This impact is measured using relative reactivities 

calculated for ozone formation in a volume of air with ethylene as a reference, also called 

photochemical ozone creation potentials (POCPs). The inventory emission results are translated 

using the photochemical oxidant formation potential factor (POFP), which quantifies the 

cumulative potential to create tropospheric ozone in terms of equivalent non-methane volatile 

organic compounds (kg NMVOC6 eq.) giving the same effect [93]. 

6.1.5 Human Toxicity  

The human toxicity category considers the potential effects that the emissions of toxic 

substances, such as Mn, As, Pb, Se or Hg, can cause on human health. This impact is measured 

based on a hazard-weighted dose, which reflects the potential harm that the emitted chemical 

species may cause, based on both the inherent toxicity of the compound and the potential 

human exposure. This way, the results of the inventory analysis are translated into a common 

toxicity unit using the human toxicity potential (HTP) factor which quantifies this toxicity in an 

equivalent quantity of 1,4-Dichlorobenzene (kg 1,4-DCB eq.) [93]. 

6.1.6 Water Eutrophication 

The water eutrophication category reflects the impact that the studied emissions may cause on 

the water quality, considering the nutrient enrichment of the aquatic environment. This aquatic 

eutrophication is quantified taking into account the principal nutrients that limit the yield of the 

aquatic biomass (phytoplankton), such as nitrogen and phosphorus concentrations (yr*kg/m3). 

The inventory results are expressed in a common unit using the freshwater/marine 

eutrophication potential (FEP/MEP) factors, which quantify the eutrophication potential of the 

different emitted substances in equivalent phosphorus (kg P eq.) or nitrogen (kg N eq.) weights 

[93]. 
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6.2 Results 

The results of the LCIA of the modeled FCEV resembling the Toyota Mirai specifications are 

presented differentiating between the different phases of the life cycle of the vehicle, and the 

different analyzed impact categories. The whole life cycle results are also presented, allowing a 

full overview of the generated impacts and a later comparison with the results of other similar 

studies. All these results are referenced to the functional unit of the assessment (1 km driven on 

German roads over a 250.000 km lifespan), although the total life cycle impact results are also 

available. Moreover, the results of each impact category are expressed in their reference unit, 

shown in Table 32. In addition, it must be taken into account that the presented results are 

calculated in an attributional modelling framework, which aims to represent the product system 

in isolation from the rest of the technosphere. This approach addresses the question “What 

environmental impact can be attributed to product X?” or “What environmental impact is 

product X responsible for?”, and implies attributing impacts to a product system or deciding its 

impact responsibility. This selection involves a certain grade of subjectivity since most product 

systems interact with other product systems, being difficult to describe them as physical isolated 

entities. Consequently, all emissions generated during the life cycle of the vehicle are considered 

in this study, being attributed directly to the FCEV product system. This framework is also 

associated with the use of average processes in the background system, which reflects the 

modelling of an average supply chain. All the raw data used to present the following results, 

both absolute and to functional unit referred values, can be found in the appendix. 

6.2.1 Manufacture 

The potential environmental impacts generated during the manufacture of the FCEV are 

presented below, including the impact contribution of each of the components that make up 

the vehicle. Consequently, the FCEV is divided into six major components of which the stack is 

the most important, being analyzed in more detail later. This way, the contribution rate for every 

impact category of the different components that make up the FCEV are shown in Figure 21: 

 

Figure 21: FCEV overview 
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It can be seen that the production of the glider, the tank and the fuel cell system (stack + BoP) 

are the main impact contributors of the FCEV manufacturing process, being the rest of the 

components relatively negligible. Nevertheless, these results are misleading and do not 

represent the real specific impact potential of each component, but only the absolute value of 

impact, being necessary a deeper analysis of the results. This way, although being one of the 

major contributors, the glider has a very low specific impact potential considering that, as shown 

in Figure 19, it adds up to 85% of the total weight of the vehicle. On the other hand, both fuel 

cell system and hydrogen tank have similar impact contribution rates to those of the glider, but 

suppose only 7% and 6% of the total vehicle weight respectively, having a much higher specific 

impact potential. This shows that both the tank and the fuel cell system production are hotspots 

that require deeper analysis and to be considered for future research. 

The fuel cell system, specifically the fuel cell stack, is further studied, analyzing the impact of the 

production of each of the parts that make it up. This way, Figure 22 shows the contribution rates 

of each of the parts that form the fuel cell stack for every analyzed impact indicator: 

 

Figure 22: Fuel cell stack overview 

As it stands out, most of the environmental impact generated by the manufacture of the fuel 

cell stack comes from the production of the catalyst, accounting for more than 75% of the impact 

on every category. Moreover, in the same way as with the FCEV values, these results need to be 

deeper analyzed taking into account the added weight of each part. In this way, it is accentuated 

even more that the catalyst a huge specific impact potential has since, as shown in Figure 18, it 

only adds 0,4% of the total weight of the stack. Further analysis demonstrates that the platinum 

production is responsible for almost all of this impact, being one of the main hotspots of the 

environmental LCA of the FCEV.  

The specific impact values of the manufacture of the fuel cell stack parts, as well as the different 

components of the FCEV, are shown below for each impact category in Figures 23-28. These 

include the impacts caused by the distribution of the FCEV from the factory to the costumer, 

including three different routes. 
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6.2.1.1 Climate Change 

Figure 23: FCEV & FC Stack manufacture climate change values 

6.2.1.2 Terrestrial Acidification 

Figure 24: FCEV & FC Stack manufacture terrestrial acidification values 
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6.2.1.3 Resource Depletion 

Figure 25: FCEV & FC Stack manufacture resource depletion values 

6.2.1.4 Photochemical Oxidant Formation 

Figure 26: FCEV & FC Stack manufacture photochemical oxidant formation values 
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6.2.1.5 Human Toxicity 

Figure 27: FCEV & FC Stack manufacture human toxicity values 

6.2.1.6 Water Eutrophication 

Figure 28: FCEV & FC Stack manufacture resource water eutrophication values 
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6.2.2 Use Phase 

The potential environmental impacts caused during the use phase of the FCEV include the use 

and maintenance of the vehicle, as well as the production and distribution of the consumed 

hydrogen. The use and maintenance of the vehicle are presented as a whole since the driving of 

the FCEV does not really generate emissions, only those caused by the manufacture of the 

replacement components. Conversely, the production and distribution of the consumed 

hydrogen is presented disaggregated, allowing a better comprehension of the fuel cycle. This 

way, the fuel cycle results are divided into five sets according to the production site 

(station/central), the distribution and conditioning of the hydrogen (distribution), and the 

consumed electric energy by production site (elec.station/elec.central). Nevertheless, both fuel 

and vehicle cycle must be aggregated in order to present a global use phase impact result.  

The contribution rates of the analyzed sets for each impact category derived from driving the 

modelled FCEV during a 250.000 km lifespan are shown in Figure 29: 

 

Figure 29: Use phase overview 

As it can be seen from the graph, the fuel cycle plays a major role in most of the impact 

categories, being the production processes those which generate the most impact. However, 

maintenance cannot be neglected since it has high contribution rates in some of the categories. 

In order to fully understand these results, it is necessary to take into account that both 

production sites do not provide the same amount of hydrogen, even though they have relatively 

similar impact contribution rates. This way, the large-scale production site (central), which also 

has to account for the distribution impacts, provides up to 80% of the total consumed hydrogen, 

while the small-scale in-site production (station) provides only 20%. This demonstrates that the 

in-site production at the refilling station has a higher specific impact potential. This can be 

further analyzed by considering the different production processes that each site employs and 

their respective modeled utilization ratio, shown in Table 28. The consumed electric energy also 

has important weight, since, in some cases, it generates almost half of the impact of a specific 

production site. Moreover, a later sensitivity analysis demonstrates the big influence of the 

origin of the used electric energy.  

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

GWP 100 TAP100 FDP MDP POFP HTPinf FEP MEP

Use Phase

Elec.Station Station Elec.Central Central Distribution Maintenance



6 Life Cycle Impact Assessment    49 
  

The specific impact values of the different sets involved in use phase of the FCEV are shown 

below for each impact category in Figures 30-35: 

 

Figure 30: Use phase climate change values 

 

 

Figure 31: Use phase terrestrial acidification values 

 

 

Figure 32: Use phase resource depletion values 
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Figure 33: Use phase photochemical oxidant formation values 

 

 

Figure 34: Use phase human toxicity values 

 

 

Figure 35: Use phase water eutrophication values 
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6.2.3 End-Of-Life 

The environmental impacts derived from the end-of-life phase of the FCEV are presented below, 

including the treatment, recycling and disposal of the FCEV and the used replacement parts. The 

results are presented separated according to the modeled treatment sets of used components. 

The contribution rates of the different sets for each impact category are shown in Figure 36: 

 

Figure 36: End-of-life overview 

It can be seen from the graph that the contribution rates of the different used components 

depend on the impact category which is analyzed. This way, each component stands out as a 

major contributor in at least one category, being the glider the main contributor in all of them. 

These results are, again, misleading and need to be further analyzed, taking into account the 

added weight of the components shown in Table 27, in order to assess their real environmental 

impact potential. This way, although being a major contributor in all of the categories, the glider 

is responsible for up to 73% of all treated material. On the other hand, treated materials as the 

fluids or the batteries have lower contribution rates compared to other components but also 

add only 2% and 4% of the total treated weight, having a higher specific impact potential. 

Moreover, the most significant hotspot in the final disposal of a FCEV is the recycling of the used 

platinum. This was already taken into account by assigning a 10% of recycled platinum to the 

manufacture of the catalyst since there was no platinum treatment dataset available. 

However, these results may appear incomplete since the benefits of treating and recycling the 

different components, instead of just deposing them, cannot be seen without a reference. This 

way, the treatment of the different materials has significantly reduced the final impact of the 

FCEV, although cannot be appreciated without comparing with the results which would have 

come out if all the material had been dumped into the environment. 
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The specific impact values derived from the treatment and disposal of the different materials 

are shown below for each impact category in Figures 37-42 

 

Figure 37: End-of-life climate change values 

 

 

Figure 38: End-of-life terrestrial acidification values 

 

 

Figure 39: End-of-life resource depletion values 
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Figure 40: End-of-life photochemical oxidant formation values 

 

 

Figure 41: End-of-life human toxicity values 

 

 

Figure 42: End-of-life water eutrophication values 
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6.2.4 Whole Life Cycle 

The environmental impacts of the whole life cycle of the FCEV are presented below by 

aggregating all the previously presented results under the main vehicle life cycle phases. As an 

exception, the use phase is presented disaggregated into hydrogen production cycle and 

maintenance, so that the results are more comprehensive. The contribution rates of aggregated 

results of the different vehicle phases are shown in Figure 43 for each impact category: 

 

Figure 43: Whole life cycle overview 
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the most potential environmental impact. On the contrary, the weight of the labelled use phase, 
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cell system manufacture. 
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Figure 44: Life cycle climate change results 

 

 

Figure 45: Life cycle terrestrial acidification results 
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Figure 46: Life cycle resource depletion results 

 

 

Figure 47: Life cycle photochemical oxidant formation results 
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Figure 48: life cycle human toxicity results 

 

 

Figure 49: Life cycle water eutrophication results 
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6.3 Sensitivity Analysis 

The results of the LCIA depend to a certain degree on assumptions and methodological 

definitions concerning the model of the studied product and its life cycle. Therefore, a sensitivity 

analysis is performed in order to analyze the influence of such assumptions on the results of the 

LCIA. The aspects of the modeled FCEV life cycle that are assumed to have critical influence in 

the results are the origin of the electricity supply in the hydrogen production, and the amount 

of re-used/recycled platinum used in the manufacture of the FC stack. 

6.3.1 Electricity Mix 

The influence of the origin of electricity used in the hydrogen production cycle is tested by 

recalculating the previously presented results changing the contribution rate of the different 

electricity sources. The new contribution rates used in the two new performed simulations can 

be found in Table 33: 

Contribution Rates Model Sensitivity 1 Sensitivity 2 

Network 85% 55% 25% 

Wind power 5% 15% 25% 

Hydropower 5% 15% 25% 

Photovoltaic power 5% 15% 25% 

Table 33: Electric sources contribution rates 

These changes result in a significantly variation of the impact results. This way, Figure 50 

shows the variation of the impacts caused by the electricity production depending on the 

origin of the supply, all referenced to the impacts of the basic model: 

 

Figure 50: Electricity origin sensitivity 

As it can be seen in the graph, the influence of the origin of the electricity depends on the impact 

category. This way, all categories get their impact reduced when using a higher percentage of 

renewable energy sources, with the exception of metal depletion potential, which grows. A rare 

trend which will probably come from the need to build larger renewable energy production 

systems, as wind turbines, photovoltaic fields or hydraulic turbines. 
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6.3.2 Recycled Platinum 

The influence of the use of recycled platinum in the impacts generated during the manufacture 

of the catalyst is tested by recalculating the previously presented results changing the amount 

of recycled platinum used in this process. The new amounts of recycled platinum used in the 

two new performed simulations can be found in Table 34: 

Platinum Amounts Model Sensitivity 1 Sensitivity 2 

Platinum 90% 60% 30% 

Recycled Platinum 10% 40% 70% 

Table 34: Platinum amounts in catalyst manufacture 

These changes result in a significantly variation of the impact results of the FCEV manufacture. 

This way, Figure 51 shows the variation of the impacts caused by the catalyst production process 

depending on the amount of used recycled platinum, all referenced to the impacts of the basic 

model: 

 

Figure 51: Use of recycled platinum sensitivity 
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7 Discussion 

The fourth, and last, step of conducting an LCA study is to evaluate and discuss the obtained 

results. Thus, the previously presented environmental impact results are analyzed regarding 

their underlaying data, completeness, and consistency with other studies. Moreover, the results 

are interpreted and discussed, pointing out hotspots and other related trends. 

7.1 Result Analysis 

The obtained results are evaluated regarding the data quality of the modeled foreground and 

background systems, its completeness and its consistency. In addition, the limitations of the 

model are pointed out and commented. 

7.1.1 Data quality  

To ensure the reliability and validity of the performed assessment, all the data and information 

used in the development of this study was obtained from proven sources such as books, 

published articles and original datasheets, each being accordingly cited. However, the 

assessment also relies on certain assumptions and approximations that may incur inaccuracies, 

uncertainties, or errors. This way, the data used for the LCI of the modeled foreground system 

is mainly based on literature, as detailed later, while the background system depends entirely 

on Ecoinvent 3.6 datasets. 

The data and assumptions used to model the manufacture of the FCEV are mainly based on the 

inventories presented by the studies of Miotti et al. [61] and Chen et al. [67], although have been 

modified in order to meet the own objectives of the project. In this way, Miotti’s inventory was 

adapted to meet the technical characteristics of the Toyota Mirai, described by Chen’s study and 

the original datasheet published by Toyota. This adaptation process has been done by analyzing 

the different scenarios presented by Miotti’s study and comparing the resulting stack, cell, and 

tank weights with those of the Mirai. Thus, results show that the characteristics of the Mirai are 

very close to those described by Miotti’s 2030 Conservative scenario. Consequently, the data 

used in this study is mainly based in this scenario’s inventory, although has been slightly 

modified using a conversion factor in order to meet the exact characteristics of the Mirai. This 

adaptation may not be accurate or totally true to reality but, in the absence of a more detailed 

inventory of Mirai’s components, it is accepted as a plausible solution. The detailed weight 

analysis of the different scenarios and the final adaptation can be found in the Appendix. 

The data and assumptions used to model the use phase of the FCEV is based in various 

publications. This way, the hydrogen life cycle, including production process and distribution, 

are mainly based on the study of Rödl et al. [32], which provides veracious information on the 

production processes and the supply chains. However, the modeled fuel cycle also depends on 

own made assumptions and estimations in both production processes and distribution methods, 

increasing the level of uncertainty. The most significant assumptions for this phase are process 

contribution rates, production site contribution rates and distribution method utilization ratios. 

In addition, the modeled maintenance of the vehicle and the manufacture of the replacement 

parts is based on the study of Chen et al. [67], which also estimates the amount of replaced parts 

during the vehicle’s lifespan 

The data and assumptions used to model the end-of-life of the FCEV is based in the studies of 

Valente et al. [90] and Miotti et al. [61], from which most of the used information for the 

recycling and disposal of the FCEV comes from. However, again, the modeling of the treatment 
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of the FCEV components involves own assumptions and approximations, which, although 

reasonably based, can still be inaccurate. This way, the model assumes that 100% of the used 

material is treated, disaggregating most of the components that make up the FCEV into five main 

material fractions. In addition, the assumed amount of recycled platinum is also a significant 

assumption since, as the sensitivity analysis demonstrates, it has a great effect on the impact 

results. 

The background system relies completely on datasets from the Ecoinvent 3.6 database. This 

offers a high degree of reliability since Ecoinvent is a renowned database and is commonly used 

in this type of assessment. Nevertheless, some specific datasets are not often updated, 

sometimes still using data that goes back 20 years. 

The impact results are calculated using the ReCiPe 2008 Midpoint (H) V 1.13 characterization 

method, commonly used in the assessment of automotive fuel cell technologies. Moreover, it 

uses midpoint indicators rather than endpoint indicators, what implies a lower degree of 

uncertainty. The software used to conduct the LCIA is Umberto LCA+, a specifically designed 

framework for life cycle assessment calculation developed by ifu Hamburg, a renowned German 

institute dedicated to environmental software development. 

7.1.2 Sensitivity Analysis 

The results are generally validated by the sensitivity analysis, which demonstrates the influence 

of significant hotspots on the environmental performance of the FCEV life cycle. This way, the 

tendency of the results of both electricity and platinum sensitivity analysis confirms the original 

results, as the generated environmental impact decreases the more renewable energy is used 

in the hydrogen production, or the more recycled platinum is used in the fuel cell manufacture. 

7.1.3 Consistency 

The consistency of the results is proved by comparing the obtained values for the whole life 

cycle with the results of other studies, referenced to the functional unit of driving 1 km. The 

studies of Evangelisti et al. [62] (2016) and Chen et al.[67] (2019) are considered for this purpose 

since both perform similar studies in their works. Furthermore, Chen’s study is especially 

interesting since it specifically performs an LCA of a Toyota Mirai. In this way, Figure 52 compares 

the obtained GWP values of the different studies:  

 

Figure 52: GWP values comparative 

As it can be seen in the graph, the GWP values from the modeled FCEV and the different studies 

are very similar, especially with Chen’s study. This confirms the consistency of the obtained 

results, proving that the developed model is accurate and consistent. 
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7.1.4 Limitations 

The lack of specific data and information has forced to make assumptions and approximations 

in order to model the life cycle of the FCEV. As a result of this assumptions, the presented results 

of the assessment cannot be considered as an accurate representation of reality, but a close 

approximation. Moreover, although being calculated from an inventory that resembles the real 

characteristics of the vehicle, in no way can the presented results be considered a true 

environmental performance report of the Toyota Mirai.  

7.2 Result Interpretation 

The obtained results are analyzed and interpreted according to the different phases of the life 

cycle of the modeled FCEV, highlighting the most important values and pointing out hotspots 

and other related trends. This interpretation tries to give an answer to the defined research 

question: “What is the life cycle environmental impact of a PEM fuel cell passenger vehicle?”.  

7.2.1 Manufacture 

The impact results from the manufacture of the FCEV are presented disaggregated so that the 

impact of each singular component that makes up this type of vehicle can be analyzed 

individually. This way, the results show that the glider, the hydrogen tank and the fuel cell stack 

are the major impact contributors, being the rest of the components relatively negligible if 

compared. Thus, the glider accounts for the 49% of the generated GWP, while tank and stack 

for 30% and 14% respectively. The rest of the impact categories are also dominated by these 

three sets with the exception of the terrestrial acidification, where the battery also plays a role 

accounting for the 17% of the total generated impact. Additionally, the fuel cell stack is deeper 

analyzed, showing that the catalyst is the major impact contributor, accounting for 75-95% of 

the impact in all the categories. If this is translated to the total FCEV manufacture results, the 

catalyst accounts in between 10-37% of the impact depending on the category, with the 

exception of MDP, where the stack does not generate much impact. This high impact values 

contrast with the fact that the catalyst only adds up 0.4 % of the weight of the stack, or 0.00012% 

of the total weight of the modeled vehicle. A further sensitivity analysis demonstrates that the 

platinum production is responsible for most of this impact, making it an important hotspot that 

highly influences the environmental impact caused by the manufacture of the FCEV.  

The final impact values, both absolute and referenced to functional unit, generated by the 

manufacture of the FCEV (including the delivery to the costumer) are shown in Table 35 for each 

impact category: 

Manufacture Units Absolute Functional Unit 

GWP 100 (kg CO2 eq) 20185,98 0,0807439 

TAP100 (kg SO2 eq) 161,35 0,0006454 

FDP (kg oil eq) 5863,71 0,0234548 

MDP (kg Fe eq) 9416,72 0,0376669 

POFP (kg NMVOC eq) 107,95 0,0004318 

HTPinf (kg 1,4-DB eq) 22364,86 0,0894594 

FEP (kg P eq) 13,05606 0,0000522 

MEP (Kg N eq) 8,01681 0,0000321 

Table 35: Manufacture values 
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7.2.2 Use phase 

The impact results from the use phase of the FCEV are presented disaggregated so that the 

impact of the different aspects that take part in the driving of the vehicle can be analyzed 

individually, allowing a better comprehension of the results. Thus, two main sets are 

distinguished: the hydrogen production cycle, and the vehicle maintenance. The results show 

that each assessed aspect has a different weight depending on which impact category is 

analyzed. In this way, hydrogen production has a major impact of around 90% in GWP, FDP, HTP, 

FEP and MEP, while the vehicle maintenance accounts for around 60% in TAP, MDP and POFP. 

Moreover, the impacts generated by the different production sites can be further analyzed 

regarding the impact caused by both the used processes and the consumed electricity. This 

shows that the small-scale station production, although contributing only 20% of the total 

produced hydrogen, accounts for around 40-44%% of the impact generated from hydrogen 

production, while large-scale central production contributes 80% of the produced hydrogen and 

accounts for 56-60%. This shows the specific impact generating potential of the different 

production processes, since in-site station production is mainly based in electrolysis processes 

(90%), while the central production is mainly based in SMR (60%) and coal gasification (30%) 

processes. Consequently, electrolysis has more specific impact potential than the other fossil 

fuel-based hydrogen production processes. This coincides with the analyzed literature and the 

results of other LCA studies, proving the consistency of the model. On the other hand, the 

sensitivity analysis demonstrates the influence of the consumed electricity on the impact results, 

showing that the origin of the electricity can suppose a big difference in the final impact results. 

This way, electricity production accounts for an average 25% of the total hydrogen production 

impact, which can be reduced to 12% if up to 75% of the electricity origin is renewable.  

The final impact values, both absolute and referenced to functional unit, generated by the use 

phase of the FCEV (including hydrogen production and vehicle maintenance) are shown in     

Table 36Table 35 for each impact category: 

Use Phase Units Absolute Functional Unit 

GWP 100 (kg CO2 eq) 24279,69 0,0971188 

TAP100 (kg SO2 eq) 164,47 0,0006579 

FDP (kg oil eq) 9608,49 0,0384340 

MDP (kg Fe eq) 3069,45 0,0122778 

POFP (kg NMVOC eq) 134,25 0,0005370 

HTPinf (kg 1,4-DB eq) 15629,35 0,0625174 

FEP (kg P eq) 20,15 0,0000806 

MEP (Kg N eq) 8,27 0,0000331 

Table 36: Use phase values 

7.2.3 End-of-Life 

The impact results from the end-of-life phase of the FCEV are presented disaggregated according 

to how the different set of components have been treated. The results show a clear dominance 

of the glider, being the major impact contributor in all categories with an average contribution 

of 45% per category, reaching 90% in MEP. This seems normal since the glider adds up to 73% 

of the total treated weight besides being relatively non-hazardous material. Moreover, other 

component sets also have important contribution rates depending on the analyzed category. In 

this way, the stack+tank+BoP set stands out in GWP, MDP, and HTP, with an average 20% 

contribution. The electric.motor+PCU set treatment has a major contribution rate in MDP and 
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FEP, and the battery treatment impact is accentuated in TAP, FPD and POFP. The treatment of 

the fluids also plays a major role in some categories as GWP, TAP, FDP, POFP and FEP with 

contribution rates that go from 5 to 25%. This is especially remarkable since they only add a 2% 

of the treated weight. As for the used tires treatment, it has a high GWP impact with 23% 

contribution, although is negligible in the rest of the categories. Additionally, an important 

hotspot in the end-of-life is the recycling of platinum. This has already been accounted for in the 

manufacture phase, adding recycled platinum to the catalyst manufacture process. As 

previously mentioned, a sensitivity test changing the amount of used recycled platinum has 

been performed, showing the clear influence that the platinum has on the results of the 

environmental impact assessment.  

The final impact values, both absolute and referenced to functional unit, generated by the end-

of-life of the FCEV are shown in Table 37 for each impact category: 

End-of-Life Units Absolute Functional Unit 

GWP 100 (kg CO2 eq) 2121,54 0,0084862 

TAP100 (kg SO2 eq) 1,91 0,0000076 

FDP (kg oil eq) 89,87 0,0003595 

MDP (kg Fe eq) 275,21 0,0011008 

POFP (kg NMVOC eq) 2,06 0,0000082 

HTPinf (kg 1,4-DB eq) 1885,78 0,0075431 

FEP (kg P eq) 0,23 0,0000009 

MEP (Kg N eq) 1,30 0,0000052 

Table 37: End-of-life values 

7.2.4 Whole Life Cycle 

The total environmental impact results generated during the whole life cycle of a FCEV are 

presented considering the main life phases of the vehicle. However, the use phase is divided 

into maintenance and hydrogen production in order to have better overview of the results. In 

this way, the results show that both manufacture and hydrogen production are the main impact 

contributors of the life cycle in all the categories with an average of 58% and 36% contribution 

rate, respectively. On the other hand, the maintenance and end-of-life are relatively negligible 

except for the FDP and POFP categories, where the maintenance accounts for around 30%. 

These results show that the hotspots of the life cycle of a FCEV are clearly related to manufacture 

processes and hydrogen production, being these the main impact generators.  

The total impact values, both absolute and referenced to functional unit, generated by whole 

life cycle of the FCEV are shown in Table 38 for each impact category: 

Whole Life Cycle Units Absolute Functional Unit 

GWP 100 (kg CO2 eq) 46587,21 0,1863488 

TAP100 (kg SO2 eq) 327,73 0,1863488 

FDP (kg oil eq) 15562,07 0,0622483 

MDP (kg Fe eq) 12761,38 0,0510455 

POFP (kg NMVOC eq) 244,26 0,0009770 

HTPinf (kg 1,4-DB eq) 39879,99 0,1595200 

FEP (kg P eq) 33,44 0,0001337 

MEP (Kg N eq) 17,59 0,0000703 

Table 38: Whole life cycle values 
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8 Summary 

The growing urgency of appeasing global climate change has triggered the research and 

development of new sustainable technologies capable of reducing the environmental impact 

generated by humankind. One of the most innovative sectors is transportation, in full revolution. 

This way, the transport sector is one of the most affected by new restrictive environmental 

policies that force, both manufacturers and consumers, to look for cleaner more environmental-

friendly alternatives. In this context, one of the most promising alternatives to fossil fuel-based 

mobility is hydrogen. The concept of using hydrogen as a fuel is not new but was never really 

developed since other, cheaper and more lucrative, alternatives existed. However, times have 

changed and the rally to develop the best new clean technology has started, giving hydrogen a 

better second chance. Thus, interest in hydrogen-based technology has started to grow in the 

last decades and, with the advantages of the newest technologies, is getting to prove its value. 

The first mass production fuel cell vehicles are starting to appear on the market, although are 

still expensive and its technology relatively immature. However, it’s a promising start which may 

lead to a radical change of the world car park in the years to come. 

The project starts by presenting the central properties and working principles of fuel cells, giving 

a general overview of the fuel cell technology. The review also presents the different 

components that make up a fuel cell system and the various types of cell that exist, pointing out 

their advantages/disadvantages and applications. 

The study continues by conducting an investigation on the current state of research of hydrogen 

fuel cell passenger vehicles, giving an overview of the actual development and implementation 

of the hydrogen-based mobility technology. This shows that PEM fuel cells are the most 

adequate for passenger vehicles due to its low-temperature operation, high efficiency and 

power density, and their simple and lightweight design. Furthermore, it shows that most main 

vehicle manufacturers are somehow involved in developing this technology, with already a few 

PEM FCEV available in the market, such as the Toyota Mirai.  

The project then introduces the Life Cycle Assessment methodology, a tool to calculate the 

potential environmental impacts that result from the life cycle of a product by performing a 

standardized steps evaluation process. In this way, it analyzes the elementary in- and outputs 

through the entire life cycle, from cradle-to-grave, to later translate them into equivalent impact 

indicators. This method is a useful tool that allows a precise environmental assessment of a 

product, which can later be applied in a wide variety of situations and with different intentions. 

In this case, the LCA methodology is used to assess the goodness of the hydrogen fuel cell 

technology, said to be cleaner than the traditional internal combustion engine technology. 

Additionally, a comprehensive review on existing LCA studies on fuel cells in mobile applications 

is performed, giving an overview of all the available data and information, as well as the already 

studied hotspots and singularities of the technology. 

The study then analyses the foreground system of a hydrogen-based powertrain, identifying the 

different components that make up a FCEV. Moreover, other elements of the life cycle of the 

vehicle are also analyzed, such as the hydrogen fuel-cycle, including production and distribution, 

the required vehicle maintenance, and the final disposal of the used parts. This analysis results 

in a comprehensive life cycle inventory of all the needed elements, its materials and the required 

energy to manufacture, use, and dispose a FCEV during its entire lifespan. This inventory is 

mainly based in literature although is adapted to meet the characteristics of the already 

mentioned Toyota Mirai. 
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The resulting LCI is used to virtually model the whole life cycle of a PEM fuel cell vehicle using 

Umberto LCA+, a specialized LCA software, and the Ecoinvent 3.6 database. The model takes into 

account all the phases and related aspects of the life cycle of the vehicle, aiming to be an 

accurate representation of reality. In this way, the vehicle cycle is modeled, including 

manufacture, use, and end-of-life phases, assuming a total lifespan of 250.000 km. In turn, the 

fuel cycle is modeled including different hydrogen production processes and distribution routes.  

Once modeled, a life cycle impact assessment calculates the different environmental impacts 

caused by the life cycle of the vehicle, translating the elementary flows from the used datasets 

into impact indicators. This LCIA results in a comprehensive environmental performance record, 

showing the different generated impacts through equivalent amounts of common malicious 

substances. These results are then further analyzed, interpreted, and discussed, being able to 

identify key factors that influence the environmental performance of the FCEV. Moreover, the 

results are also analyzed regarding their quality and consistency, in order to ensure the reliability 

and validity of the obtained impact values. 

This way, the final results of this project show the great influence that platinum has on the total 

life cycle performance, specifically the manufacture phase, although adding up only 0,000014% 

of the total weight of the vehicle. Moreover, the influence of the type of used hydrogen 

production process, as well as the origin of the used electricity are demonstrated, showing that 

SMR is the cleanest process yet, and that the more renewable energy is used, the less 

environmental impact is generated. 
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9 Outlook 

This master thesis is intended to be a research review on hydrogen-based mobility, as well as a 

practical case study of the performance of a life cycle assessment of a proton exchange 

membrane fuel cell vehicle. Hydrogen-based mobility is introduced, presenting a comprehensive 

overview of fuel cell technology and hydrogen infrastructure. At the same time, an LCA of a self-

modeled PEM fuel cell vehicle is carried out, describing, step by step, every phase of the process. 

The detailed LCI used to resemble the technical specifications of the Toyota Mirai is provided as 

Excel-spreadsheets. The LCIA used to model the life cycle of the studied FCEV is provided as 

Umberto-models. The obtained impact results, both absolute values and referenced to the 

functional unit, are provided as Excel-spreadsheets and Excel-graphics. All this information, 

data, and models are suitable to be used and adjusted for further research, opening up several 

possibilities. A more accurate assessment of the Toyota Mirai is possible if real manufacturer 

data is provided, being able to easily adapt both inventory and impact models. Moreover, a more 

precise evaluation of the different hydrogen production processes, as well as the distribution 

routes is also possible if real production data and contribution rates are available. Furthermore, 

the modeling of the end-of-life is open for improvement, developing the disposal of the 

components in more detail. In addition, the adaptation process used to adjust the values of a 

generic FCEV inventory to the specific values of the Toyota Mirai based only in the single cell, 

stack, and tank weights is particularly interesting. Thus, although totally fictional and based on 

approximations and assumptions, the results demonstrate this process to be valid and pretty 

accurate. The valid implementation of this “based on weight” adaptation process in other 

aspects of the vehicle cycle or LCA studies in general could also be studied. 

Either way, hopefully, this material helps someone in the future. You are welcome:) 
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Current 2030C 2030O Current 2030C 2030O

Stack

0,0570 0,042 0,031 0,048 1,225 0,903 0,666 1,040

Tetrafluoroethylene (TFE) m kg 0,05 0,036 0,042 1,075 0,774 0,903 Tetrafluoroethylene production [RER]

Sulfuric Trioxide m kg 0,002 0,002 0,001 0,002 0,043 0,043 0,021 0,043 Sulfuric acid production [RER]

Expanded PTFE (ePTFE) m kg 0,005 0,004 0,0044 0,107 0,086 0,095 Tetrafluoroethylene production [RER]

Polybenzimidazole (PBI) m kg 0,03 0,645

Production regular membrane p kg 0,053 0,037 0,045 1,139 0,795 0,967 Fleece production, polyethylene [RER]

Production PBI membrane p kg 0,03 0,645

0,38 0,24 0,126 0,31 3,328 2,081 1,106 2,753

Macroporous Layer (MPL) m kg 0,28 0,15 0,08 0,22 2,458 1,317 0,702 1,932 Carbon fibre reinforced plastic, injection moulded [GLO]

PTFE (for MPL) m kg 0,023 0,012 0,007 0,018 0,202 0,105 0,061 0,158 Tetrafluoroethylene production [RER]

Microporous Layer (MiPL) m kg 0,054 0,054 0,027 0,054 0,474 0,474 0,237 0,474 Carbon black production [GLO]

PTFE (for MiPL) m kg 0,017 0,017 0,009 0,017 0,149 0,149 0,079 0,149 Tetrafluoroethylene production [RER]

Solvent m kg 0,005 0,004 0,003 0,0045 0,044 0,035 0,026 0,040 Solvent production, organic [GLO]

Weaving Cloth p kg 0,28 0,15 0,08 0,22 2,458 1,317 0,702 1,932 Textile production, cotton, weaving [RoW]

Production GDL p kg 0,33 0,20 0,11 0,27 2,897 1,756 0,966 2,371 Extrusion, plastic film [RER]

Coating p m
2 1,00 1,00 1,00 1,00 8,780 8,780 8,780 8,780 Selective coating copper sheet, sputtering [DE]

0,04035 0,01968 0,01135 0,026 0,3543 0,1728 0,0997 0,2322

Platinum m kg 0,004 0,002 0,001 0,003 0,035 0,018 0,009 0,026 Platinum group metal, extraction and refinery operation [ZA]

Recycled Platinum m kg 0,003 Treatment of automobile catalyst [RER]

Carbon Particles m kg 0,0012 0,0006 0,0003 0,0010 0,011 0,005 0,003 0,009 Carbon black production [GLO]

Polytetrafluoroethylene (PTFE) m kg 0,00015 0,00008 0,00005 0,00010 0,0013 0,0007 0,0004 0,001 Tetrafluoroethylene production [RER]

Solvent m kg 0,035 0,017 0,010 0,022 0,307 0,149 0,088 0,193 Solvent production, organic [GLO]

Coating p m2 1,00 1,00 1,00 1,00 8,780 8,780 8,780 8,780 Selective coating, copper sheet, sputtering [DE]

Plant Electricity p kWh 5,00 10,00 10,00 7,00 43,900 87,800 87,800 61,460 Electricity, production mix UCTE/UCTE U

0,74 0,54 0,35 0,64 5,587 5,158 3,868 5,373

MEA Assembly (Process) p kg 0,38 0,29 0,15 0,34 8,166 6,232 3,224 7,307 Thermoforming, with calendering [RER]

Gaskets m kg 0,26 0,24 0,18 0,25 5,587 5,158 3,868 5,373 Polysulfide production, sealing compound [RER]

Injection molding of gaskets p kg 0,26 0,24 0,18 0,25 5,587 5,158 3,868 5,373 Injection moulding [RER]

4,58 1,42 1,17 1,58 67,694 30,408 25,036 33,911

Stainless Steel m kg 1,20 0,95 1,30 0 25,788 20,416 27,937 Steel production, chromium steel 18/8, hot rolled [RER]

Titanuim nitride (TiN) m kg 0,10 0,10 0,13 0 2,149 2,149 2,794 Titanium dioxide production, chloride process [RER]

Graphite m kg 3,15 0,10 0,10 0,13 67,694 2,149 2,149 2,794 Graphite production

Thermoset Plastic m kg 1,35 29,012

Injection molded gasket m kg 0,08 1,719

Screen printed gasket m kg 0,015 0,015 0,018 0,322 0,322 0,387 Phenolic resin production [RER]

Injeciton Molding p kg 4,58 98,424

Stamping p kg 1,20 0,95 1,20 0 25,788 20,4155 25,788 Deep drawing, steel, 650kN press, automode [RER]

Coating p m2 1,00 1,00 1,00 0 21,49 21,49 21,490 Selective coating, copper sheet, sputtering [DE]

0,60 0,60 0,60 0,60 12,894 12,894 12,894 12,894

Glass Fiber (endplate) m kg 0,06 0,06 0,06 0,06 1,29 1,29 1,29 1,289 Glass fibre production [RER]

Epoxy (endplate) m kg 0,06 0,06 0,06 0,06 1,29 1,29 1,29 1,289 Epoxy resin production, liquid [RER]

Cooper (current collector) m kg 0,11 0,11 0,11 0,11 2,36 2,36 2,36 2,364 Copper production, primary [RER]

Stainless Steel (compression bands) m kg 0,07 0,07 0,07 0,07 1,50 1,50 1,50 1,504 Steel production, chromium steel 18/8, hot rolled [RER]

Polypropylene (casing) m kg 0,30 0,30 0,30 0,30 6,45 6,45 6,45 6,447 Polypropylene production, granulate [RER]

Production end plate p kg 0,12 0,12 0,12 0,12 2,58 2,58 2,58 2,579 Injection moulding [RER]

Production collector p kg 0,11 0,11 0,11 0,11 2,36 2,36 2,36 2,364 Metal working, average for copper product manufacturing [RER]

Production casing p kg 0,30 0,30 0,30 0,30 6,45 6,45 6,45 6,447 Thermoforming, with calendering [RER]

Membrane - Reference Flow: 1 m
2

 total

Gas Difusion Layer (GDL) - Reference Flow: 1 m
2

 active

Catalyst - Reference Flow: 1 m 2
 active

Membrane Electrode Assembly - Reference Flow: 1 m
2

 total

Bipolar Plates (BPP) - Reference Flow: 1 m 2
 total

Endplates & Assembly - Reference Flow: 1 m 2
 total

m/p Unit
Ref.

Model
Ecoinvent ProcessTo reference To  characteristics

Total 

Model

*Chen et al. *Chen et al.

FCEV Manufacture
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Current 2030C 2030O Current 2030C 2030O

21,8 19,3 12,3 19,3 31,065 27,503 17,528 27,503

Compresion expansion motor m kg 17,5 15 8 15 24,9375 21,375 11,4 21,375 Air compressor production, screw-type compressor, 4kW [RER]

Air Filter m kg 1 1 1 1 1,425 1,425 1,425 1,425 Polyurethane production, flexible foam [RER]

Air Ducting m kg 3 3 3 3 4,275 4,275 4,275 4,275 Polyethylene production, high density, granulate [RER]

Mass Flow Sensor m kg 0,3 0,3 0,3 0,3 0,4275 0,4275 0,4275 0,4275 Electronics production, for control units [RER]

7,29 5,0 2,0 1,0 11,243 7,125 2,85 3,08

Humidifier (without Nafion tubes) m kg 2,70 2,0 3,848 2,85

TFE (Nafion tubes) m kg 0,52 0,741

Sulfuric trioxide (Nafion tubes) m kg 0,02 0,029

ePTFE (Nafion tubes) m kg 0,05 0,071

Production of Nafion tubes p kg 0,6 0,855

Air Preccoler m kg 2,0 1,0 2,85 1,425

Demister m kg 2,0 2,0 2,0 1,0 2,85 2,85 2,85 3,08 Steel production, chromium steel 18/8, hot rolled [RER]

19,9 14,0 9,0 11,0 28,358 19,95 12,825 15,675

High temperature loop (HTL) m kg 10,9 8,0 6,0 7,0 15,533 11,4 8,55 9,975 Synthetic rubber production [RER]

Low temperature loop (LTL) m kg 2,0 2,85

Antifreeze liquid m kg 7,0 6,0 3,0 4,0 9,975 8,55 4,275 5,7 Ethylene glycol production [RER]

7,9 7,9 7,9 7,9 7,9 7,9 7,9 7,9

Ejectors m kg 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 Aluminium alloy production, AlMg3 [RER]

Pipes m kg 5,0 5,0 5,0 5,0 5,0 5,0 5,0 5,0 Chromium steel pipe production [GLO]

Valves m kg 1,5 1,5 1,5 1,5 1,5 1,5 1,5 1,5 Steel production, chromium steel 18/8, hot rolled [RER]

Inline Filter m kg 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 Steel production, chromium steel 18/8, hot rolled [RER]

Pressure Switch m kg 0,3 0,3 0,3 0,3 0,3 0,3 0,3 0,3 Aluminium alloy production, AlMg3 [RER]

11,00 10,75 10,50 10,50 11,00 10,75 10,50 10,75

Wiring m m 16,0 14,0 10,0 14,0 16,0 14,0 10,0 14,0 Cable production, three-conductor cable [GLO]

Belly pan m kg 3,0 3,0 3,0 3,0 3,0 3,0 3,0 3,0 Carbon fibre reinforced plastic, injection moulded [GLO]

Mounting frames m kg 5,0 5,0 5,0 5,0 5,0 5,0 5,0 5,0 Steel production, chromium steel 18/8, hot rolled [RER]

Fasteners m kg 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 Steel production, chromium steel 18/8, hot rolled [RER]

Assembly of BoP p kg 70,6 59,9 44,9 59,9 70,6 59,9 44,9 59,9

2,7 2,7 2,7 2,7 2,7 2,7 2,7 2,7

hydrogen sensors m kg 0,3 0,3 0,3 0,3 0,3 0,3 0,3 0,3 Electronics production for control units [RER]

Other sensors m kg 0,4 0,4 0,4 0,4 0,4 0,4 0,4 0,4 Electronics production for control units [RER]

Control electronics m kg 2,0 2,0 2,0 2,0 2,0 2,0 2,0 2,0 Electronics production for control units [RER]

101,2 86,2 70,9 74,8 144,21 122,84 101,03 96,64

Carbon Fiber m kg 66,8 56,8 46,8 48,0 95,19 80,94 66,69 68,4 Carbon fibre reinforced plastic, injection moulded [GLO]

Foam m kg 4,3 3,7 3,0 3,5 6,13 5,27 4,28 4,988 Urea formaldehyde foam slab production, hard [RoW]

Glass Fiber m kg 4,3 3,7 3,0 3,5 6,13 5,27 4,28 4,988 Glass fibre reinforced plastic production, injection moulded [RER]

Liner m kg 7,5 6,4 5,3 5,8 10,69 9,12 7,55 8,265 Aluminium alloy production, AlMg3 [RER]

10 Chromium steel pipe production [GLO]

9,95 Polypropylene production, granulate [RER]

Plant Electricity p kWh 20 20 20 20,00 20,00 20,00 20 Market for electricity, medium voltage [DE]

Transportation Rail p tkm 66,8 56,8 46,8 95,19 80,94 66,69 Transport, freight, lorry>32 metric ton, EURO6 [RER]

Transportation Truck p tkm 11,1 9,5 7,8 15,82 13,54 11,12 Transport, freight, rail [DE]

Total 

Model
Ecoinvent ProcessTo reference To  characteristicsFCEV Manufacture m/p Unit

*Chen et al.
Ref.

Model

*Chen et al.

Air Management - Reference Flow: 80 kW FC Sys.

Water Management - Reference Flow: 80 kW FC Sys.

Hydrogen Tank - Reference Flow: 80 kW FC Sys.

Power Control Unit (PCU) - Reference Flow: 1 Unit

Other Components - Reference Flow:  1 Unit

Fuel Management - Reference Flow:  1 Unit

Heat Management - Reference Flow: 80 kW FC Sys.

Balance of Plant m kg 18,3 15,6 12,8 14,0

Body Of Plant

Power Control Unit (PCU)

Hydrogen Tank

26,08 22,23 18,24



11 Appendix     
  

76 
 

 

Current 2030C 2030O Current 2030C 2030O

23,712 19,038 11,4 22,1

Energy Battery m kg 20,8 16,7 10,0 23,712 19,038 11,4 22,1 Battery production, NiMH, rechargeable, prismatic [GLO]

71,25 59,964 54,264 29

Electric Motor m kg 62,5 52,6 47,6 71,25 59,964 54,264 29 Electic motor production, vehicle [RER]

1568,5 1568,5 1568,5 1568,5

Glider m kg 850,0 850,0 850,0 969 969 969 1568,5 Glider production, passenger car [GLO]

Total 

Model
Ecoinvent ProcessTo reference To  characteristicsFCEV Manufacture m/p Unit

*Chen et al.
Ref.

Model

*Chen et al.

Glider - Reference Flow: 1 Unit

Electric Motor - Reference Flow: 100 kW FC Sys

Battery - Reference Flow: 25 kW capacity

Battery

Electric Motor

Glider
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FCEV
 D

istribution

Lorry
p

tnkm
-

46,25
Transport, freight, lorry 16-32 m

etric ton, EU
RO

6 [RER]

Train
p

tnkm
-

185
Transport, freight, train [D

E]

Ferry
p

tnkm
-

1850
Transport, freight, sea, ferry [G

LO
]

Lorry
p

tnkm
-

370
Transport, freight, lorry 16-32 m

etric ton, EU
RO

6 [RER]

Train
p

tnkm
-

925
Transport, freight, train [D

E]

Route 3
Lorry

p
tnkm

-
925

Transport, freight, lorry 16-32 m
etric ton, EU

RO
6 [RER]

m
kg

-
2500

Explained in Fuel Cycle

m
kg

-
19841

O
xygen [natural resource/in air]

Electrolisys
p

kg
-

-
Chlor-alkali electrolysis, m

em
brane cell [RER]

SM
R

p
kg

-
-

H
ydrogen cracking, APM

E [RER]

Electrolysis
p

kg
-

-
Chlor-alkali electrolysis, m

em
brane cell [RER]

SM
R

p
kg

-
-

H
ydrogen cracking, APM

E [RER]

G
asification

p
kg

-
-

Synthetic fuel production, from
 coal, high tem

perature Fisher-Tropsh operation [ZA]

p
kgkm

1,0
300

Transport, pipeline, long distance, natural gas [D
E]

p
tnkm

2,1
9600

Transport, freight, lorry 16-32 m
etric ton, EU

RO
6 [RER]

SC
p

tnkm
16,4

6575
Transport, freight, lorry 16-32 m

etric ton, EU
RO

6 [RER]

ST
p

tnkm
21

6812,5
Transport, freight, lorry 16-32 m

etric ton, EU
RO

6 [RER]

CC
p

tnkm
4,9

4712,5
Transport, freight, lorry 16-32 m

etric ton, EU
RO

6 [RER]

CT
p

tnkm
5,5

5450
Transport, freight, lorry 16-32 m

etric ton, EU
RO

6 [RER]

p
kW

h
0.25

-
Electricity, high voltage, production m

ix [D
E]

p
kW

h
0.25

-
Electricity production, photovoltaic, 570kW

p open ground installation, m
ulti-Si [D

E]

p
kW

h
0.25

-
Electricity production, hydro, run-of-river [D

E]

p
kW

h
0.25

-
Electricity production, w

ind, 1-3 M
W

 turbine, offshore [D
E]

FCEV
 M

aintenance - Reference flow
: 1 FCEV * 250.000 km

Tires
m

kg
-

163,2
Synthetic rubber production [RER]

W
iper Fluid

m
kg

-
64,8

Ethylene glycol production [RER]

Brake Fluid
m

kg
-

3,6
Ethylene glycol dim

ethyl ether production [RER]

Coolant 
m

kg
-

41,6
M

ethanol production [G
LO

]

Battery 
m

kg
-

66,3
Battery production, N

iM
H

, rechargeable, prism
atic [G

LO
]

M
aintenance

p
unit

-
1

M
aintenance, passenger car, electric, w

ithout battery [G
LO

]

End-of-Life

G
lider D

isposal - Reference flow
: 1 FCEV * 250.000 km

U
sed G

lider
m

kg
-

1568,5
Treatm

ent of used glider, passenger car, shredding [G
LO

]

Pow
ertrain D

isposal - Reference flow
: 1 FCEV * 250.000 km

m
kg

63
Treatm

m
ent of scrap steel, inert m

aterial landfill [RER]

m
kg

23
Treatm

ent of alum
inium

 scrap, post-consum
er, prepared for recycling, at refiner [RER]

m
kg

139
Treatm

ent of w
aste plastic, consum

er electronics, m
unicipal incineration [RoW

]

m
kg

0,95
Treatm

ent of electronics scrap from
 control units [RER]

m
kg

1,75
Treatm

ent of used cable [G
LO

]

m
kg

22,1
88,4

Treatm
ent of used N

i-m
etal hybride battery, pyrom

etallurgical treatm
ent [G

LO
]

m
kg

29

m
kg

2,7

m
kg

-
163,2

Treatm
ent of w

aste rubber,  unspecified, m
unicipal incineration [RER]

m
kg

64,8
64,8

To environm
ent

m
kg

3,6

m
kg

41,6

H
2  Production - Reference flow

: 1 kg H
2

Station

Central

H
2  D

istribution - Reference flow
: 1 kg H

2

U
sed Brake Fluid 

+ U
sed Coolant

U
sed FC Stack 

+ U
sed BoP 

+ U
sed H

2  Tank

U
sed Tires

Replacem
ent D

isposal - Reference flow
: 1 FCEV * 250.000 km

U
sed W

iper fluid

Treatm
ent of used pow

ertrain of used electric passenger car, m
anual dism

antling [G
LO

]
31,7

Treatm
ent of spent antifreezer liquid, hazardous w

aste incineration [RoW
]

45,2

Tanker

U
sed Electric M

otor 

+ U
se PCU

Electric M
ix

Photovoltaic Pow
er

H
ydropow

er

W
ind pow

er

Pipeline

Tube Trailer

Electricity Production - Reference flow
:  1 kW

h

227,7

FCEV
 

FCEV
 D

istribution - Reference flow
: 1 FCEV * 1850 kg

Route 1

Route 2

U
se &

 M
aintenance

FCEV
 U

se - Reference flow
: 1 FCEV * 250.000 km

H
ydrogen

O
xygen

Ecoinvent Process
m

/p
U

nit
Ref.

M
odel

Total 

M
odel

U
sed Battery
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Global Warming 

Potential

Terrestrial 

Acidification 

Potential

Fossil Depletion 

Potential

Metal Depletion 

Potential

Photochemical 

Oxidant 

Formation 

Potential

Human Toxicity 

Potential

Freshwater 

eutrophication

Marine 

eutrophication

GWP 100 TAP100 FDP MDP POFP HTPinf FEP MEP

(kg CO2 eq) (kg SO2 eq) (kg oil eq) (kg Fe eq) (kg NMVOC eq) (kg 1,4-DB eq) (kg P eq) (Kg N eq)

139,34 0,06 5,65 1,23 0,03 25,31 0,00415 0,00201

258,85 1,36 61,9 192,59 0,68 197,23 0,15 0,41

2130,27 50,45 731,29 3472,99 37,93 7960,91 2,76 1,89

19,32 0,09 7,31 16,84 0,06 10,49 0,01 0,01

226,94 1,67 61,67 519,57 0,92 410,44 0,25 0,09

45,01 0,51 23,27 114,59 0,24 160,27 0,07 0,02

2819,73 54,14 891,09 4317,81 39,86 8764,65 3,24415 2,42201

6072,79 27,26 1733,03 154,05 16,69 1912,64 2,26 1,2

418,14 26,72 124,24 480,73 3,85 426,54 0,29 0,15

100,16 0,66 30,44 124,25 0,44 210,17 0,15 0,04

95,82 1,27 24,84 121,65 0,54 356,4 0,17 0,05

Air Sys. 154,56 2,01 50,68 187,74 0,84 583,43 0,28 0,08

Water Sys. 11,73 0,06 3,05 4,81 0,05 6,92 0,00444 0,00268

Heat Sys, 32,29 0,14 24,36 15,69 0,14 12,71 0,01 0,00617

Fuel Sys. 39,16 0,19 10,19 17,71 0,15 22,75 0,02 0,00958

Other Sys. 366,14 4,56 114,54 302,59 1,73 1175,65 0,58 0,14

10110,52 117,01 3006,46 5727,03 64,29 13471,86 7,00859 4,10044

9931,66 43,53 2808,07 3683,15 42,85 8848,85 6,02 3,88

20042,18 160,54 5814,53 9410,18 107,14 22320,71 13,02859 7,98044

143,8 0,81 49,18 6,54 0,81 44,15 0,02747 0,03637

20185,98 161,35 5863,71 9416,72 107,95 22364,86 13,05606 8,01681

Elec.Station 3119,49 5,65 845,08 47,39 4,08 2774,62 4,65 1,26

Station 5238,61 25,73 1631,16 591,69 15,07 3944,67 4,64 2,17

Elec.Central 2822,32 5,11 764,58 42,88 3,69 2510,3 4,2 1,14

Central 8097,52 37,02 4304,42 375,44 25,7 3913,43 5,08 2,21

Distribution 2344,63 5,16 853,82 109,64 5,71 632,89 0,17 0,2

5941,81 10,76 1609,66 90,27 7,77 5284,92 8,85 2,4

21622,57 78,67 8399,06 1167,04 54,25 13775,91 18,74 6,98

2657,12 85,8 1209,43 1902,41 80 1853,44 1,41 1,29

24279,69 164,47 9608,49 3069,45 134,25 15629,35 20,15 8,27

446,12 0,14 6,74 123,69 0,18 431,97 0,01 0,03

18,1 0,12 3,97 45,12 0,07 97,54 0,03 0,00607

33,18 0,16 17,28 0,32 0,24 37,46 0,01 0,07

954,44 0,91 35,75 105,26 0,9 1247,58 0,13 1,18

154,67 0,52 24,24 0,49 0,6 38,9 0,04 0,01

515,03 0,06 1,89 0,31 0,08 32,33 0,00138 0,00375

2121,54 1,91 89,87 275,21 2,06 1885,78 0,23 1,3

46587,21 327,73 15562,07 12761,38 244,26 39879,99 33,43606 17,58681

Battery

Manufacture

Glider

Fluids

Tires

H2 at Station

Electricity Sum

FC Stack + BoP + Tank

E.Motor + PCU

Pr
od

uc
tio

n

0.
85

-0
.0

05

LCIA Results

(Absolute Values)

End-of-Life

Total Life Cycle

Maintenance

Use Phase

FCEV

Distribution

Glider

Powertrain

PCU

Electric Motor

BoP

Stack

Tank

Battery

MEA

BPP

Endplates & Other

Membrane

GDL

Catalyst



11 Appendix     
  

79 
 

Global Warming 

Potential

Terrestrial 

Acidification 

Potential

Fossil Depletion 

Potential

Metal Depletion 

Potential

Photochemical 

Oxidant 

Formation 

Potential

Human Toxicity 

Potential

Freshwater 

eutrophication

Marine 

eutrophication

GWP 100 TAP100 FDP MDP POFP HTPinf FEP MEP

(kg CO2 eq) (kg SO2 eq) (kg oil eq) (kg Fe eq) (kg NMVOC eq) (kg 1,4-DB eq) (kg P eq) (Kg N eq)

5,57E-04 2,40E-07 2,26E-05 4,92E-06 1,20E-07 1,01E-04 1,66E-08 8,04E-09

1,04E-03 5,44E-06 2,48E-04 7,70E-04 2,72E-06 7,89E-04 6,00E-07 1,64E-06

8,52E-03 2,02E-04 2,93E-03 1,39E-02 1,52E-04 3,18E-02 1,10E-05 7,56E-06

7,73E-05 3,60E-07 2,92E-05 6,74E-05 2,40E-07 4,20E-05 4,00E-08 4,00E-08

9,08E-04 6,68E-06 2,47E-04 2,08E-03 3,68E-06 1,64E-03 1,00E-06 3,60E-07

1,80E-04 2,04E-06 9,31E-05 4,58E-04 9,60E-07 6,41E-04 2,80E-07 8,00E-08

1,13E-02 2,17E-04 3,56E-03 1,73E-02 1,59E-04 3,51E-02 1,30E-05 9,69E-06

2,43E-02 1,09E-04 6,93E-03 6,16E-04 6,68E-05 7,65E-03 9,04E-06 4,80E-06

1,67E-03 1,07E-04 4,97E-04 1,92E-03 1,54E-05 1,71E-03 1,16E-06 6,00E-07

4,01E-04 2,64E-06 1,22E-04 4,97E-04 1,76E-06 8,41E-04 6,00E-07 1,60E-07

3,83E-04 5,08E-06 9,94E-05 4,87E-04 2,16E-06 1,43E-03 6,80E-07 2,00E-07

Air Sys. 6,18E-04 8,04E-06 2,03E-04 7,51E-04 3,36E-06 2,33E-03 1,12E-06 3,20E-07

Water Sys. 4,69E-05 2,40E-07 1,22E-05 1,92E-05 2,00E-07 2,77E-05 1,78E-08 1,07E-08

Heat Sys, 1,29E-04 5,60E-07 9,74E-05 6,28E-05 5,60E-07 5,08E-05 4,00E-08 2,47E-08

Fuel Sys. 1,57E-04 7,60E-07 4,08E-05 7,08E-05 6,00E-07 9,10E-05 8,00E-08 3,83E-08

Other Sys. 1,46E-03 1,82E-05 4,58E-04 1,21E-03 6,92E-06 4,70E-03 2,32E-06 5,60E-07

4,04E-02 4,68E-04 1,20E-02 2,29E-02 2,57E-04 5,39E-02 2,80E-05 1,64E-05

3,97E-02 1,74E-04 1,12E-02 1,47E-02 1,71E-04 3,54E-02 2,41E-05 1,55E-05

8,02E-02 6,42E-04 2,33E-02 3,76E-02 4,29E-04 8,93E-02 5,21E-05 3,19E-05

5,75E-04 3,24E-06 1,97E-04 2,62E-05 3,24E-06 1,77E-04 1,10E-07 1,45E-07

8,07E-02 6,45E-04 2,35E-02 3,77E-02 4,32E-04 8,95E-02 5,22E-05 3,21E-05

Elec.Station 1,25E-02 2,26E-05 3,38E-03 1,90E-04 1,63E-05 1,11E-02 1,86E-05 5,04E-06

Station 2,10E-02 1,03E-04 6,52E-03 2,37E-03 6,03E-05 1,58E-02 1,86E-05 8,68E-06

Elec.Central 1,13E-02 2,04E-05 3,06E-03 1,72E-04 1,48E-05 1,00E-02 1,68E-05 4,56E-06

Central 3,24E-02 1,48E-04 1,72E-02 1,50E-03 1,03E-04 1,57E-02 2,03E-05 8,84E-06

Distribution 9,38E-03 2,06E-05 3,42E-03 4,39E-04 2,28E-05 2,53E-03 6,80E-07 8,00E-07

2,38E-02 4,30E-05 6,44E-03 3,61E-04 3,11E-05 2,11E-02 3,54E-05 9,60E-06

8,65E-02 3,15E-04 3,36E-02 4,67E-03 2,17E-04 5,51E-02 7,50E-05 2,79E-05

1,06E-02 3,43E-04 4,84E-03 7,61E-03 3,20E-04 7,41E-03 5,64E-06 5,16E-06

9,71E-02 6,58E-04 3,84E-02 1,23E-02 5,37E-04 6,25E-02 8,06E-05 3,31E-05

1,78E-03 5,60E-07 2,70E-05 4,95E-04 7,20E-07 1,73E-03 4,00E-08 1,20E-07

7,24E-05 4,80E-07 1,59E-05 1,80E-04 2,80E-07 3,90E-04 1,20E-07 2,43E-08

1,33E-04 6,40E-07 6,91E-05 1,28E-06 9,60E-07 1,50E-04 4,00E-08 2,80E-07

3,82E-03 3,64E-06 1,43E-04 4,21E-04 3,60E-06 4,99E-03 5,20E-07 4,72E-06

6,19E-04 2,08E-06 9,70E-05 1,96E-06 2,40E-06 1,56E-04 1,60E-07 4,00E-08

2,06E-03 2,40E-07 7,56E-06 1,24E-06 3,20E-07 1,29E-04 5,52E-09 1,50E-08

8,49E-03 7,64E-06 3,59E-04 1,10E-03 8,28E-06 7,54E-03 8,86E-07 5,20E-06

0,18634884 0,00131092 0,06224828 0,05104544 0,00097708 0,15951996 0,00013371 0,00007035

Pr
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n

0.
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-0
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Maintenance

Tank

Battery

PCU

Electric Motor
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LCIA Results

(Ref. : 1 km drive)
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Fluids

Tires

End-of-Life

Total Life Cycle
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Global Warming 

Potential

Terrestrial 

Acidification 

Potential

Fossil Depletion 

Potential

Metal Depletion 

Potential

Photochemical 

Oxidant 

Formation 

Potential

Human Toxicity 

Potential

Freshwater 

eutrophication

Marine 

eutrophication

GWP 100 TAP100 FDP MDP POFP HTPinf FEP MEP

(kg CO2 eq) (kg SO2 eq) (kg oil eq) (kg Fe eq) (kg NMVOC eq) (kg 1,4-DB eq) (kg P eq) (Kg N eq)

Elec.Station 3119,49 5,65 845,08 47,39 4,08 2774,62 4,65 1,26

Station 5238,61 25,73 1631,16 591,69 15,07 3944,67 4,64 2,17

Elec.Central 2822,32 5,11 764,58 42,88 3,69 2510,3 4,2 1,14

Central 8097,52 37,02 4304,42 375,44 25,7 3913,43 5,08 2,21

Distribution 2344,63 5,16 853,82 109,64 5,71 632,89 0,17 0,2

5941,81 10,76 1609,66 90,27 7,77 5284,92 8,85 2,4

21622,57 78,67 8399,06 1167,04 54,25 13775,91 18,74 6,98

Elec.Station 2098,43 4,07 570,23 65,64 2,98 1865,58 3,05 0,85

Station 5238,61 25,73 1631,16 591,69 15,07 3944,67 4,64 2,17

Elec.Central 1898,52 3,68 515,91 59,39 2,69 1687,86 2,76 0,77

Central 8097,52 37,02 4304,42 375,44 25,7 3913,43 5,08 2,21

Distribution 2344,63 5,16 853,82 109,64 5,71 632,89 0,17 0,2

3996,95 7,75 1086,14 125,03 5,67 3553,44 5,81 1,62

19677,71 75,66 7875,54 1201,8 52,15 12044,43 15,7 6,2

Elec Station 1077,36 2,49 295,38 83,89 1,87 956 1,46 0,44

Station 5238,61 25,73 1631,16 591,69 15,07 3944,67 4,64 2,17

Elec Central 974,73 2,25 267,24 75,9 1,69 865,42 1,32 0,4

Central 8097,52 37,02 4304,42 375,44 25,7 3913,43 5,08 2,21

Distribution 2344,63 5,16 853,82 109,64 5,71 632,89 0,17 0,2

2052,09 4,74 562,62 159,79 3,56 1821,42 2,78 0,84

17732,85 72,65 7352,02 1236,56 50,04 10312,41 12,67 5,42

Global Warming 

Potential

Terrestrial 

Acidification 

Potential

Fossil Depletion 

Potential

Metal Depletion 

Potential

Photochemical 

Oxidant 

Formation 

Potential

Human Toxicity 

Potential

Freshwater 

eutrophication

Marine 

eutrophication

GWP 100 TAP100 FDP MDP POFP HTPinf FEP MEP

(kg CO2 eq) (kg SO2 eq) (kg oil eq) (kg Fe eq) (kg NMVOC eq) (kg 1,4-DB eq) (kg P eq) (Kg N eq)

Elec.Station 1,25E-02 2,26E-05 3,38E-03 1,90E-04 1,63E-05 1,11E-02 1,86E-05 5,04E-06

Station 2,10E-02 1,03E-04 6,52E-03 2,37E-03 6,03E-05 1,58E-02 1,86E-05 8,68E-06

Elec.Central 1,13E-02 2,04E-05 3,06E-03 1,72E-04 1,48E-05 1,00E-02 1,68E-05 4,56E-06

Central 3,24E-02 1,48E-04 1,72E-02 1,50E-03 1,03E-04 1,57E-02 2,03E-05 8,84E-06

Distribution 9,38E-03 2,06E-05 3,42E-03 4,39E-04 2,28E-05 2,53E-03 6,80E-07 8,00E-07

2,38E-02 4,30E-05 6,44E-03 3,61E-04 3,11E-05 2,11E-02 3,54E-05 9,60E-06

8,65E-02 3,15E-04 3,36E-02 4,67E-03 2,17E-04 5,51E-02 7,50E-05 2,79E-05

Elec.Station 8,39E-03 1,63E-05 2,28E-03 2,63E-04 1,19E-05 7,46E-03 1,22E-05 3,40E-06

Station 2,10E-02 1,03E-04 6,52E-03 2,37E-03 6,03E-05 1,58E-02 1,86E-05 8,68E-06

Elec.Central 7,59E-03 1,47E-05 2,06E-03 2,38E-04 1,08E-05 6,75E-03 1,10E-05 3,08E-06

Central 3,24E-02 1,48E-04 1,72E-02 1,50E-03 1,03E-04 1,57E-02 2,03E-05 8,84E-06

Distribution 9,38E-03 2,06E-05 3,42E-03 4,39E-04 2,28E-05 2,53E-03 6,80E-07 8,00E-07

1,60E-02 3,10E-05 4,34E-03 5,00E-04 2,27E-05 1,42E-02 2,32E-05 6,48E-06

7,87E-02 3,03E-04 3,15E-02 4,81E-03 2,09E-04 4,82E-02 6,28E-05 2,48E-05

Elec Station 4,31E-03 9,96E-06 1,18E-03 3,36E-04 7,48E-06 3,82E-03 5,84E-06 1,76E-06

Station 2,10E-02 1,03E-04 6,52E-03 2,37E-03 6,03E-05 1,58E-02 1,86E-05 8,68E-06

Elec Central 3,90E-03 9,00E-06 1,07E-03 3,04E-04 6,76E-06 3,46E-03 5,28E-06 1,60E-06

Central 3,24E-02 1,48E-04 1,72E-02 1,50E-03 1,03E-04 1,57E-02 2,03E-05 8,84E-06

Distribution 9,38E-03 2,06E-05 3,42E-03 4,39E-04 2,28E-05 2,53E-03 6,80E-07 8,00E-07

8,21E-03 1,90E-05 2,25E-03 6,39E-04 1,42E-05 7,29E-03 1,11E-05 3,36E-06

7,09E-02 2,91E-04 2,94E-02 4,95E-03 2,00E-04 4,12E-02 5,07E-05 2,17E-05
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(Ref. : 1 km drive)

Sensitivity Analysis

(Abs. Values)

M
o

d
e

l

0
.8

5
-0

.0
0

5

Electricity

M
o

d
e

l

0
.8

5
-0

.0
0

5

Electricity

Electricity

Electricity

H2 at Station

H2 at Station

Se
n

si
ti

vi
ty

 1

0
.5

5
-0

.0
1

5

Electricity

Se
n

si
ti

vi
ty

 1

0
.5

5
-0

.0
1

5

H2 at Station

H2 at Station

Se
n

si
ti

vi
ty

 2

0
.2

5



11 Appendix     
  

81 
 

 

 

 

 

 

Global Warming 

Potential

Terrestrial 

Acidification 

Potential

Fossil Depletion 

Potential

Metal Depletion 

Potential

Photochemical 

Oxidant 

Formation 

Potential

Human Toxicity 

Potential

Freshwater 

eutrophication

Marine 

eutrophication

GWP 100 TAP100 FDP MDP POFP HTPinf FEP MEP

(kg CO2 eq) (kg SO2 eq) (kg oil eq) (kg Fe eq) (kg NMVOC eq) (kg 1,4-DB eq) (kg P eq) (Kg N eq)

Membrane 139,34 0,06 5,65 1,23 0,03 25,31 0,00415 0,00201

GDL 258,85 1,36 61,9 192,59 0,68 197,23 0,15 0,41

Catalyst 2130,27 50,45 731,29 3472,99 37,93 7960,91 2,76 1,89

MEA 19,32 0,09 7,31 16,84 0,06 10,49 0,01 0,01

BPP 226,94 1,67 61,67 519,57 0,92 410,44 0,25 0,09

Endplant & Other 45,01 0,51 23,27 114,59 0,24 160,27 0,07 0,02

2819,73 54,14 891,09 4317,81 39,86 8764,65 3,24415 2,42201

Membrane 139,34 0,06 5,65 1,23 0,03 25,31 0,00415 0,00201

GDL 258,85 1,36 61,9 192,59 0,68 197,23 0,15 0,41

Catalyst 1641,24 36,27 554,8 2614,83 27,13 5716,46 2,04 1,38

MEA 19,32 0,09 7,31 16,84 0,06 10,49 0,01 0,01

BPP 226,94 1,67 61,67 519,57 0,92 410,44 0,25 0,09

Endplant & Other 45,01 0,51 23,27 114,59 0,24 160,27 0,07 0,02

2330,7 39,96 714,6 3459,65 29,06 6520,2 2,52415 1,91201

Membrane 139,34 0,06 5,65 1,23 0,03 25,31 0,00415 0,00201

GDL 258,85 1,36 61,9 192,59 0,68 197,23 0,15 0,41

Catalyst 1082,36 20,07 353,09 1634,08 14,79 3151,37 1,2 0,8

MEA 19,32 0,09 7,31 16,84 0,06 10,49 0,01 0,01

BPP 226,94 1,67 61,67 519,57 0,92 410,44 0,25 0,09

Endplant & Other 45,01 0,51 23,27 114,59 0,24 160,27 0,07 0,02

1771,82 23,76 512,89 2478,9 16,72 3955,11 1,68415 1,33201

Global Warming 

Potential

Terrestrial 

Acidification 

Potential

Fossil Depletion 

Potential

Metal Depletion 

Potential

Photochemical 

Oxidant 

Formation 

Potential

Human Toxicity 

Potential

Freshwater 

eutrophication

Marine 

eutrophication

GWP 100 TAP100 FDP MDP POFP HTPinf FEP MEP

(kg CO2 eq) (kg SO2 eq) (kg oil eq) (kg Fe eq) (kg NMVOC eq) (kg 1,4-DB eq) (kg P eq) (Kg N eq)

Membrane 5,57E-04 2,40E-07 2,26E-05 4,92E-06 1,20E-07 1,01E-04 1,66E-08 8,04E-09

GDL 1,04E-03 5,44E-06 2,48E-04 7,70E-04 2,72E-06 7,89E-04 6,00E-07 1,64E-06

Catalyst 8,52E-03 2,02E-04 2,93E-03 1,39E-02 1,52E-04 3,18E-02 1,10E-05 7,56E-06

MEA 7,73E-05 3,60E-07 2,92E-05 6,74E-05 2,40E-07 4,20E-05 4,00E-08 4,00E-08

BPP 9,08E-04 6,68E-06 2,47E-04 2,08E-03 3,68E-06 1,64E-03 1,00E-06 3,60E-07

Endplant & Other 1,80E-04 2,04E-06 9,31E-05 4,58E-04 9,60E-07 6,41E-04 2,80E-07 8,00E-08

1,13E-02 2,17E-04 3,56E-03 1,73E-02 1,59E-04 3,51E-02 1,30E-05 9,69E-06

Membrane 5,57E-04 2,40E-07 2,26E-05 4,92E-06 1,20E-07 1,01E-04 1,66E-08 8,04E-09

GDL 1,04E-03 5,44E-06 2,48E-04 7,70E-04 2,72E-06 7,89E-04 6,00E-07 1,64E-06

Catalyst 6,56E-03 1,45E-04 2,22E-03 1,05E-02 1,09E-04 2,29E-02 8,16E-06 5,52E-06

MEA 7,73E-05 3,60E-07 2,92E-05 6,74E-05 2,40E-07 4,20E-05 4,00E-08 4,00E-08

BPP 9,08E-04 6,68E-06 2,47E-04 2,08E-03 3,68E-06 1,64E-03 1,00E-06 3,60E-07

Endplant & Other 1,80E-04 2,04E-06 9,31E-05 4,58E-04 9,60E-07 6,41E-04 2,80E-07 8,00E-08

9,32E-03 1,60E-04 2,86E-03 1,38E-02 1,16E-04 2,61E-02 1,01E-05 7,65E-06

Membrane 5,57E-04 2,40E-07 2,26E-05 4,92E-06 1,20E-07 1,01E-04 1,66E-08 8,04E-09

GDL 1,04E-03 5,44E-06 2,48E-04 7,70E-04 2,72E-06 7,89E-04 6,00E-07 1,64E-06

Catalyst 4,33E-03 8,03E-05 1,41E-03 6,54E-03 5,92E-05 1,26E-02 4,80E-06 3,20E-06

MEA 7,73E-05 3,60E-07 2,92E-05 6,74E-05 2,40E-07 4,20E-05 4,00E-08 4,00E-08

BPP 9,08E-04 6,68E-06 2,47E-04 2,08E-03 3,68E-06 1,64E-03 1,00E-06 3,60E-07

Endplant & Other 1,80E-04 2,04E-06 9,31E-05 4,58E-04 9,60E-07 6,41E-04 2,80E-07 8,00E-08

7,09E-03 9,50E-05 2,05E-03 9,92E-03 6,69E-05 1,58E-02 6,74E-06 5,33E-06
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