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A B S T R A C T

The production of virgin raw materials used in construction and the generation of construction and demolition
waste (CDW) are key environmental issues in the construction industry. Portland cement and concrete are used
extensively in the construction sector. Processing of CDW to produce recycled gypsum cement and recycled ag-
gregates (RA) and their use in the production of structural and non-structural concrete are one way of slowing
natural resource depletion and reducing the amount of CDW landfilled. This study proposes the application of
multi-criteria decision analysis (MCDA) to compare the production of “green” concretes made from recycled
gypsum cement (RGC) and RA with the production of conventional concrete made from natural aggregate and
ordinary Portland cement. The VIKOR MCDA method was employed to determine the best or a set of good al-
ternative(s) for concrete production, considering environmental and economic criteria. The life cycle assessment
method was used to select the environmental evaluation criteria, and the reference cost of producing concrete
alternatives in Spain was used to determine economic criteria. The results of this study, in which environmen-
tal and economic criteria were considered of equal weight, or one of the two criteria was given greater weight,
showed that the best option for structural and non-structural concrete was the use of RGC and RA. In both cases,
the worst alternative was conventional concrete. In conclusion, we found that the use of RGC and RA in concrete
production is positive because it replaces the original raw material, reduces the environmental impact, and low-
ers the economic costs.
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RMA Recycled mixed aggregate
NGC Natural gypsum cement
NCA Natural coarse aggregate
NFA Natural fine aggregate
RCCA Recycled concrete coarse aggregate
RMCA Recycled mixed coarse aggregate
GWg Global warming
OD Ozone depletion
A Acidification
E Eutrophication
RO Respiratory organics
ME Mineral extraction
C Carcinogens
NC Non- carcinogens
NRE Non-renewable energy
RI Respiratory inorganics
LO Land occupation

1. Introduction

As civilization has developed and the world population has grown,
one of the biggest environmental concerns has become the high con-
sumption of natural resources and energy. One of the main consumers
is the construction industry, since it requires large quantities of natural
resources. According to USGS (2017), in 2015, the world production of
ordinary Portland cement (OPC) was 4.1 billion metric tonnes. Although
data differ from country to country, around half of the world’s OPC is
used to make concrete; the rest is used in mortars, screeds, stucco, coat-
ings, soil stabilization and other applications (Smith et al., 2002). The
cement industry, like any other construction industry, is tackling major
challenges relating to energy resources, CO2 emissions and the use of re-
cycled materials instead of raw materials (Imbabi et al., 2012).

Considerable quantities of construction and demolition waste (CDW)
are produced during the construction and demolition of buildings and
civil infrastructure (Chen and Weisheng, 2017). CDW is one of the main
waste streams in the EU, accounting for around 900 million tonnes per
year (Eurostat, 2010; Ossa et al., 2016). Accordingly, special attention
is devoted to CDW management at global and European level. In Euro-
pean legislation, this issue is addressed in Directive 2008/98/EC, which
set the target for the recovery and recycling of non-hazardous CDW at a
minimum of 70% of its weight by 2020.

CDW consists of numerous materials, including concrete, brick, gyp-
sum, wood, glass, metal, plastic, solvents, asbestos and excavated soil,
much of which can be recycled. However, most of this waste ends up
in landfill, even though the space available for landfill is increasingly
scarce (Hiete et al., 2011).

Due to the considerable environmental and economic impact of the
construction industry on resource depletion and waste generation, new
strategies must be found for producing construction materials that are
not based on original raw material, and for managing CDW in such a
way that dependency on landfill is reduced. The use of recycled mate-
rial from CDW is becoming a crucial strategic step for managing CDW,
to improve the sustainability of the construction industry (Lu and Yuan,
2011; Ghanimeh et al., 2016).

Within this framework, it should be noted that after clay materi-
als, gypsum waste (GW) is the second largest contributor to the CDW
stream (Godinho-Castro et al., 2012). Over 15 million tonnes of gyp-
sum waste is sent to landfill annually in Europe, the USA and Asia
(GRI, 2014). In 2002, EU Council Decision 33/2002 strengthened cri-
teria for deciding which waste could be landfilled and in which type
of landfills. It was decided that non-hazardous gypsum-based materials
should be disposed of only in landfills for non-hazardous waste in cells

(due to the risk of hydrogen sulphide gas generation). Full implemen-
tation of the Council Decision on Waste Acceptance Criteria in all EU
countries will significantly increase the cost of landfilling and will lead
to an increase in the availability of recycled gypsum (RG). Therefore,
it is important to recycle or reuse GW to fulfil current legislation and
protect the health and welfare of human beings against environmental
pollution.

The use of RG instead of natural gypsum (NG) in ordinary Portland
cement (OPC) manufacture, together with its use in plasterboard plants,
are feasible alternatives to meet the environmental challenges of manag-
ing RG from CDW. In the case of OPC manufacture, NG is added to OPC
in the grinding process to control the rate of hardening or the setting
time: generally around 2–10% of ground-up Portland cement is com-
prised of gypsum (Imbabi et al., 2012).

Previous studies have examined the technical feasibility of using RG
instead of NG in the production of OPC, by evaluating the mechanical
and chemical properties of the resulting product. The results demon-
strated that the properties were similar for both types of cements, and
confirmed that RG can be used as an alternative to NG in the production
of OPC (Chandara et al., 2009; Morales Martinez, 2010; Ahmed et al.,
2011).

Notably, concrete is the most heavily consumed material in the con-
struction industry, and the second most consumed material on earth af-
ter water. It is also the largest fraction of CDW. Thus, recycling of con-
crete is considered an important option to avoid landfill and reduce con-
sumption of the virgin resources used in construction industry (Srubar,
2015).

The recycled concrete aggregates (RCA) derived from CDW that can
be used in both structural and non-structural concrete could help reduce
depletion of natural mineral resources and the amount of CDW being
put in landfill (Behera et al., 2014; Tošić et al., 2015).

Several researchers have studied the durability of recycled aggre-
gate concrete (Medina et al., 2012; Anastasiou et al., 2014; de Bravo
et al., 2015; Faella et al., 2016), as well as its water absorption by im-
mersion and capillarity (de Bravo et al., 2015), resistance to penetra-
tion of chloride ions in the concrete (Corinaldesi and Moriconi, 2009;
Evangelista and De Brito, 2010; de Bravo et al., 2015) and compres-
sive strength (Sánchez de Juan, 2004; Alaejos, 2008; Lima et al., 2013;
González-Corominas et al., 2014; Pepe et al., 2014).

Marinković et al. (2010) and Tošić et al. (2015) in Serbia performed
a comparative LCA for different types of used aggregate and transport
scenarios in concrete production. In addition, they used a multi-crite-
ria optimization method for natural aggregate concrete (NAC) and recy-
cled concrete aggregate (RCA), based on their local life cycle inventory
(LCI), and taking into account technical, economic and environmental
criteria. The results showed that concrete with a 50% replacement ratio
of coarse aggregate with RCA could be an optimal solution. The analy-
sis identified taxes on river aggregate, taxes on landfill, and subsidies
for using RCA as feasible measures to establish similar costs in natural
aggregate and recycled aggregate. In addition, they found that energy
savings in recycling projects are only possible if recycling plants are lo-
cated close to building sites. Others author such us Dong et al. (2015)
and Hossain et al. (2016) in Hong Kong or Turk et al. (2015) in Slovenia
conducted LCA studies to evaluate the environmental consequences of
NAC and RCA application. They also found that closeness of recycling
plants to building sites is a key factor to ensure environmental benefits.

Moreover, the economic viability of recycling plants for CDW has
been shown. Coelho and De Brito (2013a) and Coelho and De Brito
(2013b) found that, even in the absence of government intervention,
there was a clear alignment between economic viability and environ-
mental benefits of the operation of a CDW recycling plant.

In addition, Tam (2008) compared the costs and benefits of the cur-
rent practice of obtaining aggregates and concrete recycling methods.
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The results of this study showed negative net profit for the current prac-
tice of obtaining aggregates, but positive net profit for the concrete re-
cycling method.

Various studies have evaluated the production of concrete made
with RA. However, they generally examined the physical, chemical and
mechanical properties of the material; the environmental and economic
performance of using CDW in the production of concrete was not evalu-
ated in depth. Suárez et al. (2016) found that the environmental impact
on the evaluated categories was slightly lower when RG (recycled gyp-
sum) was used instead of NG (natural gypsum) in the production of ce-
ment. The use of recycled aggregate (RA) and recycled gypsum cement
(RGC) in structural and non-structural concrete has not been evaluated
environmentally or economically.

The life cycle assessment (LCA) method is one of the most valuable
approaches for implementing a comprehensive environmental impact
analysis of any product or system (Kylili and Fokaides, 2016). LCA has
been used successfully to assess the environmental impacts of construc-
tion products and services (Ortiz et al., 2010; Zabalza Bribián et al.,
2011; Tošić et al., 2015). However, it is only suitable for assessing en-
vironmental criteria. To include economic criteria in the study of differ-
ent concrete alternatives, a multi-criteria method should be considered.
This will ensure that the best option can be selected according to both
environmental and economic criteria.

The feasibility of using recycled gypsum cement and recycled aggre-
gate to produce structural and non-structural concrete must be analysed
in terms of environmental quality and economic benefit, in order to in-
crease the recycling rates of these materials and improve the overall sus-
tainability of CDW management. This is essentially a multifaceted prob-
lem (environmental and economic in nature) involving a range of con-
siderations, often with complex trade-offs among them. Consequently,
a suitable way to address this issue could be multi-criteria decision
analysis (MCDA) (Quijano, 2012; Vahabzadeh et al., 2015). MCDA is a
group of methods and procedures that can be used specifically for mul-
tiple conflicting criteria to help decision-makers, individuals or groups
to rank, select and/or compare alternatives (Belton and Stewart, 2002;
Hermann et al., 2007).

A wide range of MCDA methods have been developed, e.g.
Jato-Espino et al. (2014) reported 25 different MCDA methods after re-
viewing 88 research papers related to the application of MCDA in the
construction industry. Several studies combining LCA and MCDA have
been reported in previous works including, among others, analytic hi-
erarchy process (Reza et al., 2011; Kim et al., 2013), data envelopment
analysis (Tatari and Kucukvar, 2011), the integrated value model for
sustainable assessment (Pons and Aguado, 2012), fuzzy extended ana-
lytical hierarchy process (Akadiri et al., 2013), and VIKOR (Tošić et al.,
2015; Vučijak et al., 2016).

This paper proposes an MCDA using the VIKOR approach to evalu-
ate the environmental and economic impact of the production of con-
crete using RGC and RA, particularly in Catalonia (Spain). We used
the VIKOR method because, as shown in the work of Vahabzadeh et
al. (2015), it is an extended method proposed to solve MCDA prob-
lems with conflicting and incommensurable criteria, which has been ap-
plied successfully in the field of environment and materials engineer-
ing. VIKOR is a helpful tool, particularly when the decision-maker is not
able, or does not know how to express his/her preference at the begin-
ning of the system comparison (Mir et al., 2016).

The current study aims to give a contribution to the building indus-
try and sustainability research in at least two aspects. First, it widens
knowledge about environmental and economic performance of recycled
material to produce “green” concretes. It also develops an appropri-
ate methodology for future decision-making that combines environmen-
tal and economic aspects, and provides building stakeholders with a
new way of prioritizing materials selection, thereby facilitating the sus-
tainability of CDW recycling. Additionally, no relevant studies in the

literature were found that focused specifically on the application of
MCDA using the VIKOR method to determine the environmental and
economic implications of using RGC and RA to produce structural and
non-structural concrete.

2. Multi-criteria decision analysis method

The MCDA was selected in this paper as a suitable approach for
the sustainable evaluation of complex problems with a high degree of
uncertainty, conflicting goals, and multiple interests and perspectives
(Quijano, 2012; Cinelli et al., 2014; Vahabzadeh et al., 2015).

The aim of MCDA is to provide solutions and propose the best or
a set of good alternative(s) for solving problems with multiple criteria.
The results will be affected by decision-makers’ priorities when they
rank the criteria and sub-criteria. MCDA methods can be applied to both
quantitative and qualitative criteria, to establish common characteris-
tics, in opposition to other criteria such as the incommensurable units,
and the difficulty in the design/selection of alternatives (Pohekar and
Ramachandran, 2004).

The VIKOR MCDA method was applied here. This method was
developed for the multi-criteria optimisation of complex systems
(Bahraminasab and Jahan, 2011) and is widely used nowadays. It fo-
cuses on ranking and selecting a set of alternatives with conflicting and
incommensurable (different units) criteria, and provides a solution ac-
cording to the measure of closeness to the ideal solution (Cinelli et al.,
2014; Mir et al., 2016).

According to several researchers (García and Luís, 2004; Opricovic
and Tzeng, 2007; García and M° Del Socorro, 2009), the main steps in
the process of multi-criteria decision-making are as follows: a) identifi-
cation of alternatives; b) determination of criteria; c) evaluation of alter-
natives; d) application of a multi-criteria analysis method; e) selection
of optimal alternatives.

Fig. 1 shows the flow chart of the steps followed in the current study.

2.1. Identification of alternatives

In this stage, concrete alternatives were defined. We took into ac-
count studies in this field in which only the technical performance of
the material was evaluated (physical, chemical or mechanical proper-
ties) (Table 1). These studies demonstrated the technical feasibility of
different types of concrete. The alternatives and a summary of different
proportions and characteristics of the materials used in the manufacture
of the concrete are shown in Table 1. The alternatives are based on ob-
taining concrete of similar strength and mechanical behaviour, whilst
maintaining the same functionality.

For the structural concrete, the dosage used by López (2008) was fol-
lowed, which guarantees a resistance of 35 N/mm2 (C35/45). This resis-
tance covers most of the concrete that is manufactured in Spain for civil
works. This first group of concrete was made with 375 kg/m3 of cement
and 187.5 kg of water; therefore, the w/c ratio was 0.50.

For the manufacture of non-structural concrete, the dosage recom-
mended by Sánchez de Juan (2011) was followed, in which 250 kg of
cement (CEM I 42.5 R) and 187.5 kg of water, that is, a water/cement
ratio of 0.75 was used to obtain concrete of a strength of 15–16 N/mm2

(C16/20) for non-structural use.
The percentage of replacement of recycled aggregate by natural arid

is based on the results of previous studies (Alaejos, 2008; Sánchez de
Juan et al., 2011), which guarantee that with this percentage there is no
decrease in the resistance or in other properties of the concrete such as
durability. This enables us to undertake an environmental evaluation of
concrete that complies with the technical requirements.

Alaejos (2008) and Sánchez de Juan et al. (2011) concluded that, in
the case of concrete with structural characteristics, 20% is the limit of
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Fig. 1. Summary of multi criteria decision analysis steps.

Table 1
Structural and non-structural concrete alternatives (main characteristics per m3).

Alternatives Strength classe w/c (effective) Water (kg) NGC (kg) RGC (kg) NCA (kg) NFA (Kg) RCCA (kg)

SC100%NA Class C 35/45 0.50 a; b; c; e 187.5 b; c 375 b; c 1125 d 750 d

SC20%RCA 0.50 a; b; c; e 187.5 b; c 375 b; c 900 d 750 d 225 d

SC20%RCA-100%RGC 0.50 a; b; c; e 187.5 b; c 375 b; c 900 d 750 d 225 d

NC100%NA Class C16/20 0.75 d 187.5 b; c; d 250 d 1107 d 886 d

NC100%RCA 0.75 d 206.25* 250 d 998 d 730 d

NC75%RMA 0.75 d 206.25* 250 d 182 d 998 d

NC100%RCA-100%RGC 0.75 d 206.25* 250 d 998 d 730 d

NC75%RMA-100%RGC 0.75 d 206.25* 250 d 182 d 998 d

SC = structural concrete; NA = natural aggregate (crushed); RCA = recycled concrete aggregate; NGC = natural gypsum cement; RGC = recycled gypsum cement; NC = non-structural
concrete; RMA = recycled mixed aggregate.
*It includes pre-saturation of aggregates (water amount = 187.5 kg + water pre-saturation (10% of 187.5 kg) = 206.25 kg) (López, 2008; Poon et al., 2004; Geraldes, 2013)
NCA = natural coarse aggregate, NFA = natural fine aggregate, RCCA = recycled concrete coarse aggregate, RMCA = recycled mixed coarse aggregate.

a Matias et al. (2013).
b Sánchez de Juan (2004).
c López (2008).
d Sánchez de Juan et al. (2011).
e Alaejos (2008).

substitution of natural coarse aggregate for recycled aggregate, even
if the characteristics of the hardened concrete are affected. After this
limit, the values of these characteristics decrease. The decrease be-
comes more notable as the percentage of substitution increases. In ad

dition, according to Appendix 18 “Non-structural concrete” of the In-
struction of Structural Concrete, EHE-08 (Spain), up to 100% of recycled
coarse aggregates from concrete can be used.
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2.2. Environmental criteria: life cycle assessment (LCA) methodology

2.2.1. Definition of goal and scope
The aim of the LCA was to assess the environmental impacts of pri-

mary and secondary production of structural and non-structural con-
crete. The functional unit used for the concrete was 1 m3. This unit also
was chosen in other similar studies, such as Kleijer et al. (2017).

The life cycle considered for concrete production is shown in Fig. 2.
Spain was chosen as the field of study. We considered that gyp-

sum and aggregate mines were located near the plant to obtain natural
gypsum (NG) and natural aggregate (NA). We only considered internal
transport in the production of NG and NA. For RG and RA, we assumed
that the source of waste was the centre of Barcelona.

The transport scenarios discussed in this study are presented in Table
2. The distances were calculated from the number of facilities in Cat-
alonia: 114 aggregate quarries (Gremi d’Àrids de Catalunya, 2015), 150
concrete plants (ANEFHOP, 2015), 55 recycling plants (ARC, 2015), 10
gypsum quarries (Ministry of Industry Energy and Tourism, 2015) and
6 cement plants (Ciment Catalá, 2015). We also took into account the
distribution of these facilities throughout Catalonia (ARC, 2015).

2.2.2. System boundary and life cycle inventory
Fig. 3 shows the system boundaries of gypsum, cement and aggre-

gates included in concrete production. The system boundaries of con-
crete are also shown.

Primary data were obtained from interviews with companies and
organizations in Spain, such as the Ministry of Industry, Energy and
Tourism and the Association of Aggregates of Catalonia. Direct con-
tact with 45 companies and national agencies was established. These
data were supplemented with the Ecoinvent v 2.2 database, and were
adapted to the Spanish context.
2.2.2.1. Cement : Ordinary Portland cement (CEM I) with 95% clinker
and 5% gypsum was evaluated. In the recycled gypsum cement, recy-
cled gypsum was used instead of natural gypsum.

Data on raw materials (with the exception of gypsum), infrastruc-
ture and energy consumption in the cement production process were
obtained from the Ecoinvent database. The gypsum recycling process
is that used in cement production, including the recycling of waste pa-
per from the plasterboard. Gypsum waste is transported to the recycling
plant where it is crushed and separated from the paper. Of the total

weight of collected gypsum waste, 5% is paper from plasterboard
(Suárez et al., 2016).

The consumption of diesel in the recycling plant, which is used in
the crushing and separation of gypsum and paper, was obtained from
the energy used to recycle gypsum in a plant with 65%–80% operating
efficiency. The diesel consumption corresponds to 0.036 MJ/kg (GRI,
2015). The average distance from the recycling plants to the centre
of Barcelona is 50 km, since this is the maximum distance that waste
will be transported, according to the number and distribution of plants
throughout Catalonia (ARC, 2015).
2.2.2.2. Aggregate and concrete: In this system, we included recycled
aggregate (recycled concrete aggregate, RCA; recycled mixed aggre-
gate, RMA) in addition to NA. For the recycled aggregate (RA), we con-
sidered a transport distance from the centre of Barcelona to the recy-
cling plant of 7 km, according to the Catalan Waste Agency (ARC,
2015).

According to information supplied by the recycling plants that we
visited, diesel consumption during separation of steel for the production
of recycled concrete aggregate (RCA) is 0.0018 MJ/kg. Once the con-
crete has been separated from the metal, it passes through the crusher
machines.

Diesel consumption during the transport, crushing and grading of the
material corresponds to 0.014 MJ/kg, according to the recycling plants
of Catalonia (2010–2013) and Mercante et al. (2010).

Thus, total consumption of diesel during the aggregate recycling
process is 0.015 MJ/kg. Electricity consumption in offices and work-
shops is equal to 1.02 kWh/t (recycling plants in Spain, 2009–2013)
and electricity consumption for crushing is equivalent to 0.975 kWh/t
(Mercante et al., 2010).

The composition of the recycled mixed aggregate (RMA) can be
highly variable. However, we considered that the waste consists of more
than 70% concrete and less than 30% ceramic. This type of waste can
be used to obtain “Type 2” mixed aggregates according to German reg-
ulation: DIN 4226-100, 2002, which can reach an acceptable strength
in recycled concrete. In this case, 0.028 kg of steel are produced per
1 kg of mixed aggregate produced according to the proportions given by
Zazurca Ruiz-Cerdà (2012) and BEDEC (2015).

Table 3 shows the inputs and outputs of the recycled concrete. In
the production of concrete, an equal transport distance is considered for
original and secondary raw materials.

In the case of the transport of solid waste generated in the pro-
duction of concrete, in all the alternatives we considered a distance of

Fig. 2. Life cycle of concrete.
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Table 2
Transport scenarios.

Installation Transport distance (km)

Plant concrete Cement NA RA
15 5 7

Plant cement NG RG
15 15

17 km to the inert landfill and 21 km to the municipal landfill (ARC,
2015).

2.2.3. Life cycle impact assessment
The categories were chosen taking into account the latest scientific

consensus, expressed in CEN/TC350 (2012): recommendations about
the impact categories to be evaluated to undertake LCA studies in build-
ings. Other LCA studies related with the management of CDW (see Table
4) were also taken into account.

Impact 2002+ was chosen as a method of impact assessment, as it
is best suited to all categories of the impacts that were selected, and can
also evaluate all the categories without using another method of evalu-
ation.

2.3. Economic criteria

The economic criteria were evaluated taking into account produc-
tion costs for the various products obtained. The method used to cal-
culate the economic cost was based on an economic study of building
materials carried out by Tošić et al. (2015). The aim was to find the ap-
proximate cost as a reference for each of the alternative ways of produc-
ing a material which, in turn, allows comparisons to be made.

The reference cost of aggregates, cement and concrete was calcu-
lated by adding the cost of producing each material and the cost of the
management of waste generated during the process, see Eq. (1)–(3).

(1)

(2)

(3)

RefC = reference cost (€/t)
Ec = production cost (€/t)
Cm = cost of management (€/t)
ReC = recycling cost (€/t)
Ct = cost of transporting the waste (€/t)
Dt = distance traveled (m/t)
Cd = costs per distance (€/km)
The cost of production of the various materials was determined on

the basis of the cost obtained from companies, organizations and recy-
cling plants consulted in Spain. Data were gathered in different years
from different companies or plants that have a similar production ca-
pacity.

These data were complemented by BEDEC (2015), which also refers
to the cost of production of the material.

2.4. VIKOR method: multi-criteria analysis

To choose the best concrete option according to environmental and
economic criteria, a multi-criteria decision-making method was used,

called the VIKOR method. This method focuses on prioritizing and se-
lecting a set of alternatives when there are conflicting views. It in-
troduces the multi-hierarchical index, based on the particular measure
of “closeness” to the “ideal” solution (Opricovic, 1998; Opricovic and
Tzeng, 2007).

The VIKOR method was employed because it has been used in scien-
tific studies in the field of environment and materials engineering with
very good results, for example, Civic and Vucijak (2014), Tošić et al.
(2015) and Suganthi et al. (2015). In addition, this method allows quan-
titative and qualitative analysis methods to be combined, to improve the
results of the environmental and economic evaluation. Due to the sim-
plicity of its algorithm, modifications can be made to adapt the method
to a specific case, and qualifying criteria can be established to assign rel-
ative importance to them during the decision-making process.

Nevertheless, before using the VIKOR method, the results of the eval-
uation of life cycle impacts were normalized to obtain relevant indexes.

To carry out the normalization, the impact categories were grouped
into two criteria functions (F1 and F2), taking into account the classifi-
cation made in the Impact 2002+ method (SIMAPRO, 2008). Thus, an
index (F1) was obtained, corresponding to categories related to human
health (RI, RO, C and NC) and another index (F2) was obtained with
categories related to the quality of the ecosystem, climate change and
resource consumption (E, A, OD, GWg, NRE, LO and ME).

Eq. (4) was used to perform the normalization.

(4)

In the normalization, a weighting factor (w) was used to assign equal
weight to all the assessed impact categories. This weighting factor has
been used by authors such as Álvarez del Castillo (2014) for waste man-
agement issues. On this basis, and taking into account the study by Tošić
et al. (2015), a factor of 0.25 was used for midpoint categories related
to human health, and a factor of 0.14 for midpoint categories related to
the ecosystem, climate change and resource consumption.

The VIKOR method was then applied. Taking the identification of
best and worst values for each criterion function, the Sj and Rjvalues
were determined (j = 1, 2…, J) by Eqs. (5) and (6).

(5)

(6)

Where:
j = alternative
n = number of criteria
Sj = distances of alternatives to the best solution
Rj = distance between the alternatives and the worst solution
wi = weights of criteria, expressing the preference of decision mak-

ers as relative importance of the criteria.
A sensitivity analysis was conducted to evaluate the influence of cri-

teria weights on the results. Three criteria of classification were chosen:
equal importance: all criteria (F1, F2 and F3) are equally important; envi-
ronmental advantage: criteria F1 and F2 are given a 2:1 advantage com-
pared to criteria F3; economic advantage: criteria F3 is given a 2:1 ad-
vantage over criteria F1 and F2.

6
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Fig. 3. The system boundaries of gypsum, cement, aggregate and concrete.
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Table 3
Inputs and outputs of recycled concrete (SC and NC).

Inputs

Basic process Unit Amount Reference

Production plant infrastructure p 4.57E − 07 Ecoinvent v2.2
Diesel (machinery) MJ 2.27E + 01 Ecoinvent v2.2
Electricity kWh 4.36E + 00 Ecoinvent v2.2
Aggregate(SC)/aggregate(NC) kg 2.25E + 03/

1.98E + 03
Ministry of Industry Energy and Tourism (2015); AFA (2014); Gremi d’Àrids de Catalunya
(2015); ARC (2015); Recycling plants (2010–2014); Mercante et al. (2010); Zazurca Ruiz-
Cerdà (2012); BEDEC (2015) and Ecoinvent v2.2.

Fuel oil (heavy) in industrial
furnace

MJ 3.09E + 00 Ecoinvent v2.2

Fuel oil (light) in industrial
furnace

kg 1.33E + 01 Ecoinvent v2.2

Lubricant oil kg 1.19E − 02 Ecoinvent v2.2
Natural gas MJ 1.16E + 00 Ecoinvent v2.2
Cement(SC)/cement(NC) kg 3.75E + 02/

2.50E + 02
Ministry of Industry Energy and Tourism (2015); Spanish cement companies (2009–2011);
López (2008) and Ecoinvent v2.2.

Wear parts (steel) kg 2.38E − 02 Ecoinvent v2.2
Wear parts (synthetic rubber) kg 7.13E − 03 Ecoinvent v2.2
Water(SC)/water(NC) kg 1.88E + 02/

2.06E + 02
Ecoinvent v2.2

Outputs
Heat MJ 1.57E+01 Ecoinvent v2.2
Concrete waste disposal kg 1.69E+01 Ecoinvent v2.2
Solid waste disposal kg 9.51E-02 Ecoinvent v2.2
Effluent treatment m3 1.43E-02 Ecoinvent v2.2

Table 4
Impact categories used in studies related.

Authors GWg OD A E RO ME C − NC NRE RI LO

Tošić et al. (2015) X X X X X X
Álvarez (2010) X X X X X X X
Kofoworola and Gheewala (2009) X X X
Blengini and Di Carlo (2010) X X X X X
Birgisdóttir et al. (2006) X X
Castell et al. (2013) X X X X X X X
Rincón et al. (2014) X X X X X X X
Lasvaux et al. (2014) X X
Li et al. (2010) X X X X X X
CEN/TC350 (2012) X X X X X X
Jolliet et al. (2014) X X X X X X X
Zabalza Bribián (2012) X X X X X X
Benveniste et al. (2011) X X X X X X X

GWg = global warming; OD = ozone depletion; A = acidification; E = eutrophication; RO = respiratory organics; ME = mineral extraction; C = carcinogens; NC = non- carcinogens;
NRE = non-renewable energy; RI = respiratory inorganics; LO = land occupation

Subsequently Q was calculated using Eq. (7)

(7)

The value of 0.5 was adopted for v. This gives equal weight to
Sj and Rj and avoids giving preference to one of them.

Once the VIKOR method had been applied, the alternatives were or-
ganized. The values of S, R and Q were ranked in descending order,

considering that the optimal alternative was the closest to 0 and the
worst option was the nearest to 1. The results were expressed as three
ordered lists, but the results of list Q were considered in the choice of
the optimal alternative for each of the criteria.

One alternative is proposed if conditions a) and b) are met.

Where:
a” = alternative in second position of Q.
b) Alternative á should also be the best in lists S and/or R.
If conditions a) and b) are not met, multiple alternatives are pro-

posed:

1. Alternatives a’ and a” if only condition b) is not satisfied.

8
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2. Alternatives a, aʺ… a^ (M) if condition a) is not satisfied; and (M) is
determined by Eq. (8) for maximum M.

(8)

3. Results and discussion

3.1. Structural concrete

Fig. 4 shows the differences between the types of structural concrete
studied. If each impact value is represented on a relative scale from
0% to 100%, it is clear that SC100%NA had the greatest impact in all
categories, except carcinogenic and non-carcinogenic effects. This is ex-
plained by the fact that NA has a greater impact than RCA, due to the
use of blasting NA, mine infrastructure, and increased fuel consumption.

The fact that concrete with NA had a greater impact than concrete
with RA is in agreement with results found by Tošić et al. (2015).

In all categories, apart from carcinogenic and non-carcinogenic ef-
fects, the impact of producing SC20%RCA was lower than that of pro-
ducing SC100%NA. In the category of mineral extraction, SC20%RCA
led to savings because virgin aggregate does not have to be extracted
when recycled aggregate is used. The savings are even greater in this
category because steel waste from reinforced concrete is also recycled
in the process of producing recycled aggregate. These results are in line
with those found by Turk et al. (2015).

SC20%RCA-100%RGC had a lower impact than SC20%RCA (Fig. 4).
Negative values mean savings in the categories evaluated. In the cate-
gory of mineral extraction, great savings (−93%) were made when RCA
was used. RGC also contributed to savings in this category, as ordinary
Portland cement (OPC) does not have to be produced. The use of RG
in cement was also found to contribute to a reduction in impacts in the
other categories.

There were impacts on the carcinogenic and non-carcinogenic cat-
egories for the production of concrete with recycled aggregate, since
the impacts of steel management (secondary steel production) on the
process of obtaining recycled aggregate. However, it is important to
note that in the production of secondary steel the extraction of original
raw material is avoided, compared to the production of primary steel,
where there is an impact by the extraction of the raw material.

In order to know the reference cost for each structural concrete al-
ternative, the proportion of each material within the concrete (Table 1)
and the execution cost of each material were taken into account sepa-
rately.

So as to calculate the cost of production of the concrete – in which
different raw materials are used – it was necessary to calculate sepa-
rately the cost of raw materials that vary from one product to another,
without forgetting, later, to include within the cost the rest of processes
which remain similar in both productive processes. In this way, the
economic differences between the production alternatives of concrete
from original raw material or from recycled raw material were obtained
(Table 5).

Because all the alternatives generate the same waste and all are
treated the same treatment, the cost of management of these remains
constant in all production systems.

The alternative SC100%NA had the highest cost, due to the higher
cost of NA than RCA. When SC20%RCA and SC20%RCA-100%RGC
were compared, it was observed that the use of RGC minimally con-
tributed to lower costs than concrete containing OPC.

Finally, the results of the VIKOR method for structural concrete al-
ternatives are shown in Table 6. This Table indicates that the alterna-
tive chosen as the best option for all classifications of the criteria is
SC20%RA-100%RGC. The order of the alternatives was similar in all
three ranking lists (Q, R and S).

3.2. Non-structural concrete

NC100%NA had great impacts in all categories, except for carcino-
genic and non-carcinogenic effects (Fig. 5). This is due to the fact that
NA had a greater impact than RA in most categories evaluated. This
statement is consistent with a study by Tošić et al. (2015). NC100%NA
had the least impact on the category of carcinogenic effects (8%), be-
cause less carcinogenic substances were emitted to obtain NA than to
obtain RA. The process of obtaining RA includes recycling steel from
reinforced concrete, and the casting process in steel recycling leads to
the emission of substances that can have carcinogenic effects on human
health.

When concrete is produced by replacing all the natural coarse aggre-
gate with recycled concrete aggregate (NC100%RCA), the highest im-
pact is in the categories of carcinogenic and non-carcinogenic effects
(100%) (due to the casting process for recycled steel), but greater sav-
ings are made in the category of mineral extraction (−93%), because

Fig. 4. Percentage contribution of different production alternatives to structural concrete.
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Table 5
Reference cost for each alternative production of structural concrete.bCm = cost of waste
management generated in the concrete production process = (municipal waste
disposal + inert waste disposal + wastewater treatment (water canon)) = (1.95E-03
€/m3 + 9.64E-03 €/m3 + 1.10 E-02 €/m3) = (2.28 E-02 €/m3), according to company
data (includes transport). cEq. (1). The amount of material used or substituted in the
mixtures according to the composition of Table 1 was taken into account and data
obtained from companies, organizations in Spain.dEq. (1)–(3). The amount of material
used or substituted in the mixtures according to the composition of Table 1 was taken into
account and data obtained from companies, organizations and recycling plants consulted.

Alternatives Method of obtaining the reference cost
Total
(€/m3)

SC100%NA (84.99 €/m3a)) + (cm)b 85.01
SC20%RCA (84.73 €/m3a) + (cm)b 84.75
SC20%RCA-100%RGC (Cost of SC20%RCA (84.75

€/m3)) − (Cost of CPO(44.63
€/m3c) + (Cost of RGC (44.46 €/m3d)

84.58

aBEDEC (2015).
bCm = cost of waste management generated in the concrete production
process = (municipal waste disposal + inert waste disposal + wastewater treatment
(water canon)) = (1.95E-03 €/m3 + 9.64E-03 €/m3 + 1.10 E-02 €/m3) = (2.28 E-02
€/m3), according to company data (includes transport).

Table 6
List of values S, R and Q calculated in the production of structural concrete.

Classification
criteria Alternatives Qj Sj Rj

Equal
importance

SC20%RCA-100%RGC 0.00 0.00 0.00

SC20%RCA 0.90 0.73 0.33
SC100%NA 1.00 0.90 0.33

Environmental
advantage

SC20%RCA-100%RGC 0.00 0.00 0.00

SC20%RCA 0.95 0.80 0.40
SC100%NA 1.00 0.89 0.40

Economical
advantage

SC20%RCA-100%RGC 0.00 0.00 0.00

SC20%RCA 0.60 0.65 0.20
SC100%NA 1.00 0.93 0.50

recycled steel from reinforced concrete also replaces the extraction of
original raw material.

NC100%RCA-100%RGC had lower impacts in all categories than the
same concrete containing OPC (NC100%RCA) (Fig. 5).

A comparison of NC75%RMA with NC100%NA (Fig. 5) showed that
NC75%RMA had a greater impact in the categories of carcinogenic and
non-carcinogenic effects. In the other categories, it had less impact than
NC100%NA or led to savings, due to the use of RA. It could be said that,
in the production of concrete, RA contributes to impacts on the cate-
gories of carcinogenic and non-carcinogenic effects, and reduces the im-
pact on other categories evaluated. It also generates savings in the cat-
egory of mineral extraction. Table 7 shows the results of the characteri-
zation of structural and non-structural concrete.

Table 8 shows the calculation results obtained for the reference
cost of each non-structural concrete alternative. The alternative with
the greatest cost is NC100%NA, whilst the alternative
NC100%RCA-100%RGC had lower costs. This is because of the higher
cost of NA than RCA, which was also confirmed by Tam (2008), Coelho
and De Brito (2013a) and Coelho and De Brito (2013b), and the lower
cost of RGC than OPC, as evidenced by the WRAP (2008) test.

If we compare concretes that have the same compressive strength
but different types and proportions of aggregates (NC100%NA,
NC100%RCA and NC75%RMA), NC100%RCA has the lowest cost, and
the NC75%RMA alternative has an intermediate cost. This is because
the RMA alternative also contains NA, and this increases the overall cost
of the concrete. However, it is still below the cost of NC100%NA.

As in structural concrete, the use of RGC minimally reduces the pro-
duction cost of the concrete compared to the use of OPC.

Finally, the results of the VIKOR method for non-structural con-
crete alternatives are shown in Table 9. The alternatives
NC100%RCA-100%RGC and NC75%RMA-100%RGC are proposed as
the best options. In the list of Q and R, the order of high to worst alter-
native option is: A4, A5, A3, A2 and A1, when equal importance is ap-
plied to all criteria or an advantage is given to the environmental aspect.
When priority is given to the economic aspect, NC100%RCA is third in
the list of Q and the alternative NC75%RMA is fourth.

However, for all classifications of the criteria in the list of S, the al-
ternatives are in the order: A4, A5, A2, A3 and A1. Nevertheless, for
the purposes of choosing the best option and the final hierarchical list
of alternatives, the results of Q are taken into account, since, as men

Fig. 5. Percentage contribution of production alternatives for non-structural concrete.
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Table 7
Results of the characterization of structural and non-structural concrete.

Categories Unit SC 100%NA SC 20%RCA SC 20%RCA- 100%RGC NC 100%NA NC 100%RCA NC 75%RMA NC 100%RCA- 100%RGC NC 75%RMA-100%RGC

C kg C2H3Cl eq 9.33E-01 3.38E+00 2.57E+00 6.84E-01 8.62E+00 4.84E+00 8.08E+00 4.30E+00
NC kg C2H3Cl eq 3.47E+00 3.63E+00 4.08E-01 2.40E+00 2.90E+00 2.64E+00 7.61E-01 4.99E-01
RI kg PM 2.5 eq 1.28E-01 1.12E-01 1.19E-02 9.58E-02 4.02E-02 6.06E-02 -2.64E-02 -5.98E-03
OD kg CFC-11 eq 1.05E-05 1.04E-05 7.85E-07 7.48E-06 7.08E-06 7.15E-06 6.82E-07 7.53E-07
RO kg C2H4 eq 5.00E-02 4.64E-02 8.58E-03 3.78E-02 2.38E-02 2.73E-02 -1.42E-03 2.17E-03
LO m2org.arable 8.45E-01 7.48E-01 -1.21E-01 7.30E-01 3.80E-01 4.94E-01 -2.00E-01 -8.49E-02
A kg SO2 eq 6.93E-01 6.30E-01 7.62E-02 5.14E-01 2.83E-01 3.60E-01 -8.56E-02 -8.43E-03
E kg PO4 p-lim 1.13E-02 9.51E-03 1.76E-03 8.87E-03 3.02E-03 5.54E-03 -2.14E-03 3.82E-04
GWg kg CO2 eq 3.23E+02 3.12E+02 -1.94E+00 2.20E+02 1.81E+02 1.98E+02 -2.75E+01 -1.03E+01
NRE MJ primaria 1.61E+03 1.46E+03 7.52E+00 1.15E+03 6.72E+02 8.82E+02 -2.98E+02 -8.78E+01
ME MJ surplus 1.46E+00 -7.07E-01 -1.36E+00 1.26E+00 -5.86E+00 -2.59E+00 -6.30E+00 -3.02E+00
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Table 8
Reference cost of each of the alternative production for non-structural concrete.

Alternatives
Method of obtaining the reference
cost

Total
(€/m3)

NC100%NA (60.49 €/m3a) + cm 60.51
NC100%RCA (Cost of NC100%NA (60.51

€/m3)) − ((CWNA + CNA)(35.6
€/m3b)) + ((CWACp+ CACp) (21.75
€/m3c))

46.66

NC75%RMA (Cost of NC100%RA (46.66
€/m3)) − (CACp (3.64
€/m3b)) + ((CNA+ CMAp)(5.56
€/m3c))

48.58

NC100%RCA-100%RGC (Cost of NC100%RCA (46.66
€/m3) − (Cost of CPO (29.63
€/m3b)) + (Cost of RGC (29.52
€/m3c))

46.55

NC75%RMA-100%RGC (Cost of NC75%RMA (48.58
€/m3)) − (Cost of CPO (29.63
€/m3b) + (Cost of RGC (29.52
€/m3c))

48.47

Cm = cost of waste management = 2. 28 E-02 €/m3; CNA = cost of natural aggregate;
CACp = cost of aggregate concrete in plant; CMAp = cost of mixed aggregate in plant;
CWNA = cost of water in the concrete with NA; CWACp = cost of water in the concrete
with aggregate concrete in plant.
aBEDEC (2015).

b Eq. (1). The amount of material used or substituted in the mixtures according to
the composition of Table 1 was taken into account and data obtained from companies,
organizations in Spain.

c Eq. (1)–(3). The amount of material used or substituted in the mixtures according to
the composition of Table 1 was taken into account and data obtained from companies,
organizations and recycling plants consulted.

tioned above, they refer to a linear interpolation of the measures S and
R.

4. Conclusions

In this study, the environmental and economic criteria of different
alternatives for the production of structural and non-structural concrete
were evaluated. MCDA was used to propose the best option or set of
good alternative(s) for concrete production, considering both criteria.
We compared the previously evaluated production of concrete from re-
cycled gypsum cement and recycled aggregate with conventional con-
crete production.

The results of the study of environmental criteria indicate that the
type of concrete that causes the greatest impact in all categories evalu-
ated, except in the categories of carcinogenic and non-carcinogenic ef-
fects, is structural and non-structural concrete with 100% NA.

Moreover, the use of RGC in concrete production leads to a reduc-
tion in the impact in all of the categories evaluated. In the categories of
respiratory organic and inorganic effects, eutrophication, land occupa-
tion, acidification, global warming, non-renewable energy and mineral
extraction, recycled concrete leads to significant savings in the impacts.

The study of environmental criteria also indicates that the produc-
tion of concrete with RA has a great weight in the categories of carcino-
genic effects and mineral extraction categories. Therefore, both RCA and
RMA have a greater impact on concrete in the category of carcinogenic
effects, and higher savings in the category of mineral extraction. In the
other categories, RGC plays a more important role in the final impact in
relation to RA.

In the study of economic criteria, higher production costs were deter-
mined for the concrete with NA than for the concrete with RA. The low-
est production costs were for SC20%RCA-100%RGC in the case of struc-
tural concrete, and NC100%RCA-100%RGC in the case of non-structural
concrete. This confirms that the use of RCA and RGC in concrete leads
to lower production costs.

The results of the multi-criteria method show that the best option
was SC20%RCA-100%RGC for the production of structural concrete
in all classifications of the evaluated criteria (with equal importance
given to environmental and economic criteria or greater weight to one
of the two criteria). The alternative chosen as the worst option was
SC100%NA for the production of structural concrete in all classifications
of the criteria.

To implement the multi-criteria method in the production of
non-structural concrete, the best options chosen for all classifications
of the evaluated criteria were the two alternatives:
NC100%RCA-100%RGC and NC75%RMA-100%RGC. The worst option
for all classifications of the criteria in non-structural concrete was
NC100%NA.

Therefore, according to the results for environmental and economic
criteria and the results of the multi-criteria method in which both cri-
teria were taken into account, we can conclude that the use of recycled
gypsum cement and recycled aggregate is beneficial to the production
of conventional concrete.

The environmental and economic advantages found for the cleaner
production of concrete may lead to the use of recycled gypsum cement
and recycled aggregate as a replacement of the original raw material. It
is hoped that this research can provide a breakthrough in cleaner con-
crete production, which leads to both a reduction of environmental im-
pacts and economic savings.

All of the conclusions rely on the underlying assumptions of the
study, the site-specific conditions for Spain (Barcelona), and the uncer

Table 9
List of values S, R and Q calculated in the production of non-structural concrete.

Classification criteria Alternatives Qj Alternatives Sj Alternatives Rj

Equal importance A4 0.00 A4 0.04 A4 0.04
A5 0.05 A5 0.10 A5 0.05
A3 0.73 A2 0.53 A3 0.29
A2 0.77 A3 0.59 A2 0.33
A1 0.91 A1 0.94 A1 0.33

Environmental advantage A4 0.00 A4 0.05 A4 0.05
A5 0.04 A5 0.09 A5 0.07
A3 0.78 A2 0.64 A3 0.35
A2 0.83 A3 0.68 A2 0.40
A1 1.00 A1 0.94 A1 0.40

Economical advantage A4 0.00 A4 0.03 A4 0.03
A5 0.08 A5 0.11 A5 0.07
A2 0.43 A2 0.40 A3 0.22
A3 0.44 A3 0.48 A2 0.25
A1 1.00 A1 0.96 A1 0.50

A1(NC100%NA); A2(NC100%RCA); A3(NC75%RMA); A4(NC100%RCA-100%RGC); A5(NC75%RMA-100%RGC).
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tainty of the data. Further studies are recommended, to compare in
greater depth the primary and secondary production of steel and its in-
fluence on the production of recycled aggregate concrete.
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