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Abstract: Life cycle assessment (LCA) is increasingly used as a decision
support system that enables the modelling, the evaluation and the comparison
of different alternatives of products, processes or supply chains as regards their
environmental and sustainable impacts. In the textile-garment domain, the
complexity of the supply chain adds to the difficulty of the interpretation of the
LCA results. The authors’ purpose is to use multiple criteria decision-making
(MCDM) method in order to analyse the results of the life cycle assessment of
textile products to help the different actors in the supply chain. Within this
framework, the paper studies the choice of the most suitable multicriteria
analysis method from the literature and shows its application in the textile
supply chain.
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1 Background

The interpretation of life cycle assessment (LCA) results is difficult especially in the
textile domain where the materials, the processes, the logistics policies and even the
product usage are various. The optimisation of supply chain scenarios with respect to
environmental impacts is rarely obvious. For the same textile product usage, several
materials, processes and logistics policies are possible. In this paper, we compare supply
chains for a t-shirt made with different raw materials, cotton, polyester or viscose.
Actually, we are not only face to a variation of raw materials but also to a variation in
processing: fibre production, spinning, wet treatments, production steps, locations and
usage. The evaluation shows that each scenario has some environmental impacts where
it is better than the other scenarios whereas it is worse related to other impacts.
In this case, decision-making is difficult and needs the application of a multiple criteria
decision-making (MCDM) method that respects different environmental impacts [global
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warming potential (GWP), human toxicity potential (HTP), eutrophication potential (EP),
etc.].

The aim of this paper is to analyse and to select an appropriate MCDM method in
order to clarify the values of the life cycle impact assessment (LCIA) and to choose better
alternatives in the textile industry. This choice of alternatives should also take into
account both the complexity of the textile supply chain and the LCA (Boufateh et al.,
2007).

This paper is structured into the following sections. Section 2 gives a brief description
of the LCA in the textile field. Then, an overview of MCDM methods used in the
environmental context is followed by the selection of an outranking method to fulfil the
purpose of the comparative LCA study. Finally, a case study from the textile industry is
illustrated in order to show the interest of using MCDM methods.

2 LCA in the textile field

The evaluation of environmental impacts of textile products from cradle to grave
requires the quantification of all input and output flows along the entire supply chain, the
product use and its end of life, as shown in Figure 1. This quantification is the life cycle
inventory (LCI). The LCIA is then calculated according to the chemical emissions that
are identified during the LCI. The LCA impacts are various: climate change, tropospheric
ozone creation, eutrophication, acidification, toxicological aspect, resources depletion,
water and land use, or noise. These impacts should be taken into consideration in order to
design and optimise a so-called ‘green supply chain’.

Figure 1 LCA steps
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The optimal decision is based on several criteria of different types, characterised with
different categories in different units, e.g., eutrophication in kg phosphate equivalent,
GWP in kg CO, equivalent, and so on. According to these results, it is not obvious to
compare different supply chain alternatives by aggregating the LCIA values into a single
score. Here we are face to a MCDM problem.

It is important to mention that many methods of LCIA exist. Their indicators
categories are different. When applying the most known methods, we observed some
differences in the results related to characterisation models specific to each one. ILCD
(2009) detailed the impact categories and the methodologies of calculation of the most
used LCIA methods. Here, criteria taken into account are LCIA of outputs calculated
using the CML 2001 method (Guinée et al., 2001). This choice is mainly based on the
easiness of exploitation of their values and on the fact that indicators categories of
CML 2001 cover the majority of impacts that should be assessed in the textile field such
as ecotoxicity of water, soil and air. These impacts are well-detailed (Huijbregts et al.,
2000, 2001) and assessed in the ‘midpoints’ level contrary to other methods, such as
eco-indicator 99 where the impacts are grouped into three impact categories: damage to
resources, damage to ecosystem, damage to human health and assessed in an ‘endpoints’
level. Therefore, uncertainty related to this level is avoided when CML 2001 is applied.

3 MCDMin LCIA

Many authors compared the existing MCDM methods and proposed guidelines to help
choosing an appropriated MCDM method (Guitouni and Martel, 1998). In the context of
the environmental assessment, some authors have chosen multicriteria analysis methods
to assess environmental impacts (Sarkis, 1998; Caillet, 2003). To interpret the LCIA,
few authors used the MCDM methods. Within this framework a protocol of choice based
on a classification under categories corresponding to LCA characteristics in general is
proposed (Chevalier and Rousseaux, 1999; Benoit and Rousseaux, 2003).

The purpose of this paper is to compare the different features of the textile products
assessments and the criteria types; as regards the choice of suitable MCDM methods
specific to the LCA in the textile field.

3.1 Overview of decision analysis methods in LCA

In the LCA thinking, decision-making aid was first mentioned in the context of
weighting factors for the calculations of LCIA. The methods used are multiattribute
utility theory (MAUT) and analytical hierarchy process (AHP). Later, decision analysis
was recommended in an earlier stage of LCA which is the definition of the goal and
scope according to feasible alternatives and impacts categories. Decision analysis was
also made in the step of gathering data. Table 1 summarises the recommendation of many
authors to use decision analysis methods in LCA stages.

LCA is a tool that collects, organises, and evaluates quantified data useful for
decision-making. However, the evaluations are not often clear enough to serve the
purpose of comparative LCAs, especially, when we are unable to distinguish the best
alternative.
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Table 1 Decision analysis applied in the different stages of LCA

LCA steps Authors

Goal and scope definition Miettinen and Hamalainen (1997)

Inventory analysis Werner and Scholz (2002)

Impact analysis: Hertwich (2001)
Classification Chevalier and Rousseaux (1999)
Characterisation Benoit and Rousseaux (2003)
Valuation and aggregation Miettinen and Hamalainen (1997)

Basson and Petrie (1999)
Basson et al. (2000)
Seppala et al. (2002)
Seppala (2003)
Interpretation Le Téno and Mareschal (1998)
Le Téno (1999)
Geldermann and Rentz (2005)

3.2 Aid for interpreting LCIA

As shown in Figure 1, environmental impacts of product life cycle are classified
under different categories (resources depletion, human health, ecosystems and ecological
aspects). Their characterisation is based on scientific information (aggregation of
different emissions within a single category for each impact). However, the valuation of
these impacts still a crucial part in the LCA. Normalisation and weighting still subjective
and depend on the preferences of the decision-maker. Since our understanding of
environmental processes is ever perfect, we are not able to decide whether and how much
products’ impacts are serious. Consequently, decision analysis may have misleading
conclusions. The LCA thinking consists on a multicriteria tool for a global decision.
Interpreting LCIA with a MCDM method fulfils the purpose of the study which is the
consideration of several criteria of different types (impacts categories). The aim of this
section is to select an appropriate MCDM method. Many different methods for multiple
criteria problems can be found in the literature. They can be grouped into three main
groups (Vincke, 1989):

o Multi-attribute utility theory such as MAUT, SMART, UTA, TOPSIS, AHP and GP
that consist on the aggregation of different points of view in a single function that is
then optimised. Instead of their success in the environmental field (Miettinen and
Hamalainen, 1997; Sarkis, 1998; Basson et al., 2000; Hertwich, 2001; Seppala et al.,
2002; Seppala, 2003; Geldermann and Rentz, 2005), these methods do not fit to our
context because they add to the complexity of the study (Boufateh et al., 2007) in
establishing the utility function (Roy and Bouyssou, 1993). They may also discard
good trade-offs because of compensation and exclusion of incomparability.

e Interactive methods that consist on interactive and iterative exploration of all
alternatives. These methods fit to problems with almost infinite number of
alternatives and can be merged with the following group.
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e Qutranking methods that consist on pairwise comparison of alternatives according to
each criterion with introducing indifference and preference thresholds (Bouyssou and
Roy, 1987). These thresholds translate comparisons on an axis of signification in
order to structure a global preference between alternatives without compensation
(partial aggregation). For each relationship, an index called degree of credibility of
outranking quantifies the dominance of one alternative over another. Among the
advantages of these methods we highlight the possible relationships that are
indifference, incomparability or preference.

Decision support system should be more intuitive and simpler. In addition to their
simple use, outranking methods are characterised by a good degree of pragmatism in
the decisional context of textile LCA. That is why we suggest them to support
decision-makers in this framework. The most popular methods are:

e  Elimination et choix traduisant la realit¢ (ELECTRE) which was conceived by
Roy (1968). This MCDM method is able to model a real-world multicriteria situation
by establishing the possible relationships in a realistic comparison: preference,
indifference and incomparability by using two thresholds called discordance and
concordance. The concordance index represents the degree to which an alternative
a is better than an alternative b, whereas the discordance index reflects the degree to
which alternative a is worse than alternative 5. Many versions of ELECTRE exist.
They are operationally different but they are all based on the same fundamental
concepts. In the LCA field, ELECTRE was used by Basson et al. (2000), Caillet
(2003) and Basson and Petrie (2007).

e  Preference ranking organisation method for enrichment evaluation 1
(PROMETHEE ) (partial ranking) and preference ranking organisation method for
enrichment evaluation II (PROMETHEE II) (complete ranking) were developed by
Brans et al. (1984). This MCDM method is also able to incorporate the fuzzy nature
of decision-making by using two thresholds called preference and indifference.
PROMETHEE is used in LCA by Le Téno and Mareschal (1998), Le Téno (1999),
Geldermann (2000), Caillet (2003) and Geldermann and Rentz (2005).

4 Study cases from the textile industry

The aim of this paper is to support decision-makers in choosing the best scenario of a
‘green textile supply chain’ for an eco-designer or an eco-consumer. The case study
illustrates the comparison of three alternatives of a t-shirt life cycle. The first alternative
(V1) is a t-shirt made of viscose fibres, the second alternative (PES) is made of polyester
fibres and the last alternative (CO) is made of cotton fibres. The differences between
these alternatives concern the material, the textile processes that are specific to each
material, the production location of fibres and the maintenance in use phase that depends
on the t-shirt material.

After evaluating the environmental impacts of three alternatives of a t-shirt life cycle,
an outranking method is applied to compare the results of the LCIA. The LCA study was
conducted following the principals of the standard series ISO 14040 (AFNOR, 2001).
The criteria are the environmental impacts of the outputs (Figure 2): EP, GWP, ozone
layer depletion potential (ODP), acidification potential (AP), fresh water aquatique
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eco-toxicity potential (FAETP), HTP, marine aquatique eco-toxicity potential (MAETP),
photochemical ozone creation potential (POCP), terrestic eco-toxicity potential (TETP)
and water consumption (WC). These criteria are calculated by using the method CML

2001 (Guinée et al., 2001).

Figure 2 LCIA of three alternatives of t-shirt (see online ve

rsion for colours)
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Regarding the few number of alternatives, an eye analysis could show the number
of times where each alternative VI, PES and CO is the first (the smallest value of
environmental impact), the second or the third as shown in Table 2.

Table 2 Number of criteria allowing each alternative to be first, second or third in ranking
Vi PES co
First 3 5 2
Second
Third 2 2 7

This quick analysis shows that VI is strictly preferred to CO while PES is weakly
preferred to VI. A deeper analysis shows that VI could be preferred to PES as regards
four criteria that are EP, GWP, AP and TETP. The gap between these criteria and the
other five criteria that make PES better is not obvious. So the decision may be sensitive
to modification of weights of criteria. Then the use of a MCDM method especially
outranking methods provides a confirmation. Indeed, the situation of outranking
corresponds to the existence of clear and positive reasons that justify either a preference
or a presumption of preference (weak preference) for one (identified) of the two actions
but without any significant separation established between the situations of strict
preference, weak preference and indifference (Roy, 1985).

Regarding multiple criteria in a decision-making problem, situations of
‘incomparability’ or ‘intransitivity’ may occur when a human decision-maker is faced to
alternatives that he cannot say which he prefers. This may also be due to imperfect data
available to assess the situation. Moreover, the indifference and preference between two
situations are not necessarily transitive. For example, when we like products @ and b that
differ by a certain amount of an ingredient and we like products b and ¢ which differ in
the same way, this does not mean that we like both a and c. In fact, this indifference hides
a situation of weak preference not enough to be felt and expressed. So, preference may be
non-transitive (condorcet paradox). French and Belgian schools have introduced the
concept of partial aggregation where we simply appreciate the consequences of partially
different judgments; this approach is sometimes called ‘outranking approach accepting
incomparability’. In this approach, we build outranking relationships to represent the
preferences of regarding available information.

In the textile field the number of alternatives possible for the same product may be
important. For instance, for a cotton t-shirt, there are 320 scenarios of production possible
by changing processes in spinning, knitting, pre-treatments, dyeing and finishing.
The great number of alternatives adds to the complexity in analysing the gap between
criteria values to compare and distinguish the best alternative. So the application of an
outranking method fulfils the objective to resolve a decision-making problem regarding
environmental issues. Modelling preference in a fuzzy way by using the thresholds of
preference and indifference is interesting to reduce uncertainty incorporated in the
information available concerning impacts assessment of alternatives.

4.1 Application of PROMETHEE

The suggested outranking method is PROMETHEE 1 for partial ranking. This method
directly assesses, on a scale from 0 to 1, the level of verification of conditions that
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validate the proposal ‘b outranks a or b is preferable to a’, leading to define an index of
credibility of the proposal. We speak in this case about fuzzy relation (Roy and
Bouyssou, 1993). The thresholds of indifference and preference (Bouyssou and Roy,
1987) and the linear function of preference (De Keyser and Peeters, 1996) can take into
account the uncertainty (Hyde et al., 2005) in the data of the LCI that Boufateh et al.
(2008) mentioned. The decision-making process that we face satisfies the necessary and
sufficient conditions defined by Roy and Bouyssou (1993) to make this choice of method
for multicriteria decision. At least one of these conditions must be validated which is the
case:

1 Among criteria, at least one criterion does not allow translating the difference in
values in terms of difference in preferences. It is the case of criteria that are not
quantitative.

2 Criteria values cannot be easily expressed in a common unit: as explained in
Part 2, the impact categories are characterised in different units, for instance,
EP is calculated in kg phosphate equivalent while GWP is in kg CO, equivalent.

3 The compensation of the disadvantage of one criterion by the advantage of another
criterion occurs in complex ways and/or in connection with systems of values that
cannot be modelled: because of insufficient knowledge of ecological issues, we are
unable to know the severity of an impact compared to another one. For instance,
PES is worse that VI as regards the criterion GWP, whereas VI is worse that
PES as regards the criterion POCP. Therefore, we cannot establish the traditional
relationship of preference between PES and VI as regards both of GWP and POCP
criteria.

4 Some of the criteria are pseudo-criteria and it seems desirable to take into account
the thresholds of indifference and/or preference associated with them for the global
preferences: modelling the preference relationship in a fuzzy way is more realistic.
In that case not all the incomparability cases are withdrawn but the information is
reliable.

The performance g of a pseudo-criterion is made with two thresholds ¢(.) and p(.)
establishing three types of relationships: indifference (I), incomparability (Q) and
preference (P) between alternatives a and b (Bouyssou and Roy, 1987):
bl, a if g(b)-gb)<q(g(a))
g(b)=g(a)=>|bQ, a if q(g(a))<g(b)-g(a)< p(g(a)) (1
bP, a if p(g(a))<gb)-g(a)

The model used for this example is based on:
e S :={VI, PES, CO}: Set of three scenarios of t-shirt.

e 1:={EP, GWP, ODP, AP, FAETP, HTP, MAETP, POCP, TETP, WC}: Set of
criteria relevant for the decision.

e F: Linear preference function with two thresholds (indifference and preference). A
careful sensitivity analysis was done for the determination of these thresholds. The
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final choice was based on the daily average quantities of impacts by person in the
world as of 2007 (PE INTERNATIONAL, 2007) (latest data) and the share of textile
field in the environmental impacts of private consumption (2%—10%) (Tukker et al.,
2006).

e  W: Criteria weights. Weighting is as important as the determination of thresholds
because it affects roughly the results (see Figures 3, 5 and 6).

The results given in Figure 3 show that PES is preferable to VI and VI is preferable
to CO if we consider that all the impacts are equal as regards their countenance. This
judgment was not obvious when analysing LCIA results without a MCDM method.

Figure 3 LCIA interpretation of alternatives (CO-PES-VI) using PROMETHEE I (see online
version for colours)

1 2
PES | v co |
+_0.35] 2+ 0.27] 2+ 0.23]
F— 0.22 - 0.24 - 0.39

PROMETHEE is also chosen for the simplicity of the exploitation of results. The GAIA
plan (Mareschal and Brans, 1988) provides a geometric representation of alternatives and
criteria on the basis of principal component analysis. The projection of the vector of
weights (the axis from the centre to the point pi with o symbol) indicates the direction of
trade-off resulting from the weighting given to criteria (Figure 4). By conducting a
sensitivity analysis of the weighting, the orientation of the axis changes according to the
decision (Figure 6). The results as shown in Figures 3 and 4 were based on equal weights
of criteria.

Figure 4 GAIA plan of criteria and alternatives (see online version for colours)

PES
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The next figures show that weighting is a crucial issue in environmental impacts
optimisation and it is still subjective. For instance, if we estimate that GWP is twice more
important that the other impacts, the results change as given below.

Figure 5 GAIA plan of criteria and alternatives and outranking results showing the effect of
weighting variation (see online version for colours)

VI
A
GWP
B e 1 ] 2 | 3
e v PES | o
2. 032 = 031 2= 025
0 PO - = 022 = 028 = 0.38
PES
A

Note: Weight (GWP) =2

Figure 6 GAIA plan of criteria and alternatives and outranking results showing the weighting
variation according to the account of the total impacts (see online version for colours)
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4.2 Sensitivity analysis of weighting

Weighting reflects decision-makers’ points of view and depends on their preferences. To
avoid subjectivity in defining criteria weights, we use the percentage account of criteria
values in the daily pollution of one person in the world and its account in the total. The
percentage account is the average of evaluated alternatives (CO: t-shirt in cotton, VI in
viscose and PES in polyester). For instance, in GWP, the average daily pollution is 17.16
kg CO, equiv./person, the total impact of cotton t-shirt (CO) is 7.79 kg CO, equiv., the
total impact of polyester t-shirt (PES) is 9.22 kg CO, equiv. and the total impact of
viscose t-shirt (VI) is 6.68 kg CO, equiv. (Figure 2). The account of the life cycle
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modelled in the LCA study above in GWP is 45.41% by person equivalent by day for the
t-shirt in cotton (CO). This represents 1.48% of the total impacts of the alternative (CO).
For the t-shirt in polyester (PES), the account of GWP is 53.73% of GWP caused by
person and is 2.27% of the total impacts of the t-shirt (PES). For the t-shirt in viscose
(VI), the account of GWP is 38.96% by person and is 1.51% of the total impacts of the
t-shirt (CO). So, the weight of GWP considered is the average of the accounts of the
total impacts which is 1.75%. The results show that VI is preferable to PES and PES is
preferable to CO.

All the results show that the t-shirt in cotton is the worst scenario. The preference
relationship between the scenarios PES and VI is sensitive to the weighting.

4.3 Application of ELECTRE

ELECTRE is a popular outranking method. Among the methods ELECTRE, we suggest
to use ELECTRE III which is based on a fuzzy representation of preferences in the
presence of multiple criteria. It has almost similar approach as PROMETHEE. The
difference between these outranking methods consists on the translation of the
information of the measured criteria value (constant thresholds in PROMETHEE and
proportional thresholds in ELECTRE). The reasons to choose this MCDM method are the
same as for PROMETHEE.

Calculations made according the ELECTRE III, represented in Figure 7, show that
the results are the same (VI is preferable to PES, PES is preferable to CO) for the main
influencing criteria shown in Figure 6 with the same weighting and the same thresholds.

Figure 7 Results of LCIA interpretation using ELECTRE III (see online version for colours)

Yl

coO

5 Conclusions

The interpretation of the LCA results in the textile field should be aided with the
application of a MCDM method that must be specific to the decision process (Jolly,
2009). The purpose of decision-making aid in this example is not to make judgments
about fibres but it is to provide a greater understanding of the situation and to show how
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the results of LCA could be interpreted through a MCDA method. Outranking methods
fit decisional context of LCA in the textile industry for many reasons namely the
simplicity of use, the relationships that respect incomparability and indifference, the
partial aggregation avoiding any compensation that may discard good trade-offs and
finally the fuzzy representation of preferences according to indifference and preference
thresholds in order to reduce the uncertainty related to the LCIA results due to the
uncertainties of LCI. In addition to that this method considers multiple pseudo-criteria of
different types.

In order to insure reliable results, the robustness of the decision should be evaluated.
Sensitivity analysis could help decision-maker to define intervals stabilities of criteria
weights.
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