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An integrated methodology for a sustainable two-stage supplier selection and order
allocation problem

Abstract

Supplier selection and order allocation are two of the most important stages in supply chain
management. In recent years, these decisions have become major challenges since it has been
increasingly important to consider the sustainability of the supply chain. This research presents
an integrated methodology to solve a sustainable two-stage supplier selection and order
allocation problem for a meat supply chain, considering economic, environmental and social
criteria. The proposed integrated methodology includes four phases: (1) the fuzzy analytical
hierarchy process (AHP) was used to assign the relative weights for sustainable criteria; (2) the
fuzzy technique for order of preference by similarity to ideal solution (TOPSIS) was used to
rate suppliers vis-a-vis their sustainable performance; (3) a multi-objective programming
model (MOPM) was formulated to obtain the optimal order allocations of quantity in order to
minimise the costs of transportation, purchasing and administration, as well as environmental
impact (particularly CO, emissions) and the travel time of products, while maximising social
impact and total purchasing value; and (4) TOPSIS was used to reveal the final solution in a
set of Pareto solutions. In industry, many parameters are not known precisely. Therefore, the
MOPM was reformulated into a fuzzy MOPM (FMOPM) to handle uncertainty. Afterward, the
e-constraint method and LP-metrics method were employed to optimise the developed
FMOPM in terms of obtaining Pareto solutions. Finally, a case study was implemented to

examine the applicability of the proposed methodology.

Keywords: sustainability, fuzzy multi-objective optimisation, multi-criteria decision-making,

supplier selection, evaluation criteria.

1. Introduction

Notwithstanding the importance of the supply chain’s cost impacts, sustainability is becoming
an increasing concern in terms of the environmental impacts (e.g., CO, emissions) and social
impacts of business activities (Gallego-AlvareZ et al., 2015; Mani et al., 2016). The World
Summit of Sustainable Development described sustainability as a set of scales between
economic benefits, environmental protection and social improvements. The two terms of

sustainable development and supply chain management have recently come to be known as
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‘sustainable supply chain management’ (Zailani et al., 2012). Sustainable supply chain
management includes the management of streams of assets, data, human resources and
merchandise between and among all levels of the supply chain to gain the optimal compromise
among economic, environmental and social aspects. Sharma and Ruud (2003) define the social
pillar as the ‘ethical code of conduct for human survival and outgrowth that needs to be
accomplished in a mutually inclusive and prudent way’. McCarthy et al. (2010) argue that there
is a need to consider the social pillar in supply chain activities in order to increase the awareness
of supply chain managers about not merely ‘where’ the merchandises were manufactured but
also ‘how’ and ‘in what circumstances’ they were manufactured. However, the awareness of
the social pillar has received less attention from both academics and practitioners (Gallego-

Alvarez et al., 2015; Mani et al., 2016).

Many input data, such as cost and potential market demands, are normally varied in industry.
Therefore, issues of uncertainty need also to be considered in activities of supply chain
management (Fattahi et al., 2015). Fuzzy logic is one of the main approaches that can be used
to come closer to reality. Several researchers apply fuzzy methods to tackle the uncertainty of
input data for supply chain management (Mohammed et al., 2017a,b; Gholamiana et al., 2015;
Dukil et al., 2018). Zadeh (1965) initially introduced the fuzzy set theory to model and analyse
uncertain and vague data. In fuzzy logic, the uncertainties of fuzzy sets are characterised
through the establishment of membership functions. The membership function values vary
between 0 and 1. A membership value of 1 means that the elements are in the centre of the
fuzzy set. A membership value of 0 means that the element is outside the fuzzy set. Finally, a

membership value between 0 and 1 means the elements construct the frontier of the fuzzy set.

The food sector has a prodigious focus and is gaining importance in today’s global economic
business, particularly as the global demand of food is expected to double by 2050. Food supply
chains have some unique characteristics, such as the freshness and safety of products, including
vegetables and processed food products (Apaiaha et al., 2006). This leads to product-related
issues that include but are not limited to ‘shelf life constraints, variability of quality and
quantity of supply of farm-based inputs, variable process yield in quantity and quality due to
biological variations, seasonality, random factors connected with weather and pests and other
biological hazards’ (Van der Vorst et al., 2002). Furthermore, the food industry is under intense
pressure from socially aware organisations and governments because of different aspects
related to the food sector and ecological consumption (Maloni and Brown, 2006; Matos and

Hall, 2007). Furthermore, the safety and quality of food products have become major concerns
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for customers, in addition to environmental and social issues (Mohammed et al., 2016).
Consequently, decision makers have been motivated to enable tracking of materials and
ingredients in food supply chains (Mohammed et al., 2016). For example, food safety and
traceability standards by the European Union require every ingredient to be traceable (EU,
2002). This indicates the need to effectively consider the three pillars of sustainability within
food supply chain management (Biiylikozkan and Capan, 2007; Grimm et al., 2014).

Interest in environmentalism has forced supply chain managers to consider environmental
issues. The social aspect, which is highlighted infrequently in the literature (Pagell and Wu,
2009; Mani et al., 2016), includes aspects, such as increasing employment prospects and cost-
effective development for local societies. In the last few years, governments have considered
these social impacts, particularly in developing countries. Decision makers believe that to be
more competitive in today’s globalised business, sustainability concerns should be considered
within supply chain activities. The supplier selection and order allocation problem includes
performance evaluation of a set of suppliers with respect to a number of criteria in order to
purchase the material from the right supplier and with the right quantity, thus aiming to enhance
the efficiency of a supply chain system. Meanwhile, an impropriate selection may compromise

the financial and operational status of the enterprise.

Supplier selection can be divided into two main types: (1) single-sourcing, where one supplier
can fulfil the entire enterprise’s demands and decision makers need to make only one decision,
i.e., which supplier is the best; and (2) multiple-sourcing, is the more common type, where
multiple suppliers need to be selected because no single supplier can fulfil all of the company’s
demands. Consequently, decision makers need to select the best suppliers and allocate the
quantity to be purchased from them to create a stabilised environment of competitiveness
(Alyanak and Armaneri, 2009). However, multiple sourcing is preferred because it affords the
guarantee of timely delivery and order flexibility due to the diversity of the firm’s total orders
(Aissaoui et al., 2007; Jolai et al., 2011). Supplier selection is a complex, multi-criteria
decision-making process because different and conflicting criteria should be considered and
assessed in order to find consistent suppliers (Kannan et al., 2013). Kilic (2013) justify this
complexity based on the changeable key-factors that may be uncertain and conflict with each
other, such as cost, delivery time, service level and product quality. Several researches consider
various criteria for the conventional supplier selection process (Dickson, 1966). A similar study
shows that the most popular three criteria are net price, delivery and quality (Weber, 1991).

Meanwhile, Ho et al. (2010) argue that the most popular supplier selection criteria are quality,
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delivery and price. Therefore, selection criteria are not the same in all studies. In the past
decade, sustainability concerns grown among stakeholders and academics (Amindoust et al.,
2012). This has forced companies to change their suppliers’ evaluation criteria in terms of
considering sustainability aspects in their supply chain management to improve their overall
sustainability levels and to satisfy increasing environmental and social regulations (Govindan
et al., 2013). It can be said that evaluation criteria have evolved from conventional criteria into
sustainable criteria. In the food industry, decision makers select suppliers based on price,
flavour or the supplier’s location, in addition to the travel time, which is a key factor for food
quality. As governments and industry place a stronger emphasis on qualitative and quantitative
criteria, such as food safety and quality, the evaluation and selection of the supplier has become

more complex (Prusak et al., 2013).

Several empirical studies have investigated the supplier selection problem by considering
economic and environmental aspects (e.g. Kuo et al., 2010; Buyukozkan and Cifci, 2011;
Tseng and Chiu, 2013; Govindan et al., 2013; Scott et al., 2015). So far, little research has
addressed the supplier selection problem by considering economic, environmental and social
aspects. Furthermore, none of the reviewed studies have formulated the maximisation of the
value of sustainable purchasing as an objective function considering the three pillars of
sustainability. In other words, the emphasis on the three pillars of sustainability in the supplier
selection and order allocation problem is at an early stage. In the context of the food supply
chain, this is the first study to address a two-stage supplier selection and order allocation
problem by considering economic, environmental and social aspects in addition to the travel

time.

This study makes a significant contribution to the body of knowledge by developing a four-
phase methodology that can solve a sustainable supplier selection and order allocation problem
in a meat supply chain under multiple uncertainties, such as costs, demands, CO, emissions
and capacities of related facilities. To the best of the authors’ knowledge, this is the first study,
which (1) addresses supplier selection and order allocation problem under uncertainty in the
food sector; and (2) integrates relative weights of suppliers into a developed multi-objective
optimization model. The latter helps decision makers to order products from suppliers with
respect to their sustainable performance. In this first phase, the fuzzy analytical hierarchy
process (AHP) was used to assign importance weights to sub-criteria for each of the three sets
of criteria. In the second phase, the fuzzy technique for order of preference by similarity to

ideal solution (fuzzy TOPSIS) was used to rate the potential suppliers based on three sets of
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criteria: conventional, green and social. In the third phase, a multi-objective programming
model (MOPM) was developed to simultaneously optimise the three pillars of sustainability
(i.e., economic, environmental and social) in addition to the travel time of products throughout
the supply chain and the total purchasing value. Furthermore, to handle the dynamic nature of
the input date, the MOPM was developed into a fuzzy multi-objective programming model
(FMOPM). The e-constraint method and LP-metrics method were used to reveal the Pareto
optimal solutions. In the fourth phase, TOPSIS was used to select the final Pareto solution
based on the developed FMOPM. A real-life case study was used to examine the applicability
of the proposed methodology. Finally, the potential wider managerial implications were
discussed in terms of adopting the developed methodology to solve similar problems in

different sectors.

The rest of this article is organised as follows: Section 2 presents the literature review on
supplier selection and order allocation regarding the green and sustainable aspects. Section 3
describes the employed multi-criteria decision-making techniques. Section 4 illustrates the
proposed integrated methodology and Section 5 presents the development of the fuzzy multi-
objective model. Section 6 shows an application of the proposed methodology in a case study

and Section 7 concludes and suggests avenues for future work.
2. Literature review

A number of literature reviews have been conducted on supplier selection techniques (Aissaoui
et al., 2007; Chai et al., 2013; Ha and Krishnan, 2008). Furthermore, many studies have used
different mathematical optimisation approaches and integrated techniques (e.g., TOPSIS,
elimination and choice expressing reality (ELECTRE), AHP, analytic network process (ANP),
visekriterijumska optimizacija i kompromisno resenje (VIKOR) and preference ranking
organization method for enrichment of evaluations (PROMETHEE) to solve supplier selection
and order allocation problem (e.g. Zouggari and Benyoucef, 2012; Tiirk et al., 2017; Erginel
and Gecer, 2016; Hlioui et al., 2017). However, Chai et al. (2013) and Govindan et al. (2015)
show that AHP, VIKOR, TOPSIS and multi-objective programming are the most commonly
used techniques. This study reviews empirical studies that use mathematical approaches and
decision-making techniques in green and sustainable supplier selection and order allocation

studies, which effectively positions this study within the literature set.

2.1. Green supplier selection



Sarkis (1999) defines green supply chain management as the process of purchasing, producing,
marketing and performing various packaging and logistical activities while considering the
ecological balance. Arguably, green supply chain management is based on considering
environmental impacts throughout the network. It incorporates environmental issues into the
organisation’s buying decisions and encourages companies to form consistent relationships

with green suppliers (Sheu et al., 2005).

Govindan et al. (2015) and Nielsen et al. (2014) review the limited literature on multi-criterion
decision-making techniques used for green supplier selection problem and Walton et al. (1998)
assess five furniture companies considering green criteria in their supply chains. Handfield et
al. (2002) propose a supplier selection approach using the analytic hierarchy process, which
rates the alternatives based on their environmental performance. Lee et al. (2009) examine a
green supplier selection problem by considering green products and green competencies.
Awasthi et al. (2010) propose a fuzzy TOPSIS algorithm to solve a supplier selection problem
by considering environmental performance. Shaw et al. (2012) propose a model to analyse
supplier selection decisions by considering CO, emissions and Akman (2015) suggests a two-
step supplier-assessment framework to evaluate green suppliers. Biiyiikozkan and Cifci (2011)
outline service quality, financial performance, organisation, technology and social
responsibility and environmental competencies in proposing a decision-making model for a
sustainable supplier ranking. Hsu et al. (2013) employ a decision-making trial and evaluation
laboratory approach to assign the influential criteria of carbon management in green supply
chains for improving the overall performance of suppliers. Kannan et al. (2015) investigate a
green supplier selection problem in a plastic company using a fuzzy axiomatic design approach.
Govindan and Sivakumar (2016) develop an integrated multi-criteria decision-making and
multi-objective linear programming approach as an aid to select the best green supplier. Finally,
Trapp and Sarkis (2016) propose a programming model that concurrently considers supplier

selection with respect to sustainability concerns.
2.2 Sustainable supplier selection

Sustainability is fundamentally understood as a combination of economic, environmental and
social aspects, which is the triple-pillar approach (Dai and Blackhurst 2011; Gauthier 2005). It
is recognised that managing supply chains with a focus on sustainability is a significant concern
for business firms (Seuring, 2013; Grimm et al., 2014; Kumar et al., 2016). Sarkis (1999)

argues that selecting the best suppliers is a key factor for improving sustainable supply chain



partnerships. This section reviews the studies that consider the three sustainability pillars in
their multi-criteria optimisation models, excluding studies that mention sustainability via
economic and environmental aspects only, as reviewed in the previous section. However, very
little research has been presented in this context. Bai and Sarkis (2010) assess supplier selection
decisions by incorporating social and environmental concerns in their model. Amindoust et al.
(2012) rate supplier selection in a sustainable supply chain context, but their study does not
consider all of the applicable sub-criteria for sustainable supplier selection. Govindan et al.
(2013) propose a fuzzy TOPSIS approach to rate suppliers based on their adherence to

sustainability criteria.
2.3 Supplier selection in the food supply chain

Kumar et al. (2011) propose a supplier selection methodology for cost modelling that enables
the selection of the best global supplier by considering low-cost packaging materials used in
large quantities for processed food products. Grimm et al. (2014) explore the management of
sub-suppliers’ compliance with respect to sustainability aspects. The authors propose that the
participation of strategic business partners has a positive effect on managing sustainable
supplier selection. Wang et al. (2016) highlight and assess the key-hurdles in barring the
employment of green supply chain management in food packaging sectors, which are
paramount to decreasing environmental impacts. Govindan et al. (2017) solve a supplier
selection problem in the food supply chain using a hybrid approach that includes the revised
Simos procedure, PROMETHEE methods for constructing a group compromise ranking and
robustness analysis. Banaeian et al. (2017) compare TOPSIS, VIKOR and GRA methods to
rank suppliers in the agri-food industry by considering economic and environmental criteria.
Magdalena (2012) proposes an approach to select the best supplier in a food industry using the
Taguchi loss function and fuzzy AHP. Banaeian et al. (2015) propose a management
methodology to rank green supplier selection in the food industry. Amorim et al. (2016)
propose an integrated framework to solve supplier selection problems in the processed food
industry. Amorim et al. (2016) also develop a multi-objective model to simultaneously

optimise the minimisation of risk for low customer service and maximisation of profit.

To summarise, previous studies show the importance of incorporating sustainability when
evaluating the performance of suppliers. However, there is a gap in this body of knowledge in
terms of addressing the three pillars of sustainability in conjunction with maximizing the value

of sustainable purchasing in order to solve a supplier selection and order allocation problem.



This requires substantial improvement in supplier selection research to improve social
performance rather than focusing on economic and environmental aspects. Furthermore, this
study aims to integrate the relative weight of sustainability criteria and suppliers into the order
allocation plan. This further support decision makers to order products from suppliers
considering their sustainable performance with respect to the importance of each sustainability
criterion from decision makers’ perspective. In the context of food supply chain management,
no research has been presented to improve the sustainable supplier selection and order

allocation problem by considering the objectives considered in this work.
3. Preliminaries
3.1 Supplier rating

The supplier rating includes two steps: alternatives ranking and criteria ranking. Alternatives
ranking refers to a group of suppliers that need to be rated. Criteria ranking refers to the main
factors that are used to rate the alternatives. The weight given to each criterion refers to its
relative significance. In this paper, linguistic variables are used to cope with the vagueness in
the decision-making process. These variables are transformed into numbers using the form of
x = (a, n, m) (Dubois and Prade, 1978) where a, n and m are the three prominent points (the
most likely, the most pessimistic and the most optimistic values). For instance, an important
weight of an aspect can be defined using this form and referred as (0.7, 0.9, 1). This form can
also be applied to present the quantitative terms. For instance, ‘=40’ can be denoted as (39, 40,

41) and ‘= between 60 and 90’ can be denoted as (60, 75, 90).
3.2 TOPSIS

Hwang and Yoon (1981) first proposed TOPSIS, which has been applied often since then. This
approach can be used to select a solution that is nearest to the ideal solution, but also the farthest
from the negative ideal solution. However, it is criticised for being insufficient at coping with
the dynamic nature of decision makers’ preferences. Thus, Chen (2006) extended TOPSIS into
fuzzy TOPSIS to overcome this problem. In current work, TOPSIS is used to help decision
makers select the final Pareto solution from a set of Pareto solutions derived from optimising
the developed fuzzy multi-objective model. The steps applied in this study are as follows

(Ramesh et al., 2012):

Assume

PR-{PR,

o =1, 2, ..., x (number of pareto solutions); p =1, 2, ..., y (number of criteria)}



*
refers the * Y decision matrix, where PR is the performance rating of alternative Pareto
solutions with respect to criterion function values. Thus, the normalised selection formula is

presented as follows:

PR, )

The amount of decision information can be measured by the entropy value as:

e 2)
E =——>» PR In(PR
p In x ; op ( op)

The degree of divergence D, from the average intrinsic information under p = 1, 2, 3, 4 can be

calculated as follows:

D =1-FE 3)

p p
The weight for each criterion function value is given by:

D 4)

p

D

k

Wp:

Y
k=1
Thus, the criterion-weighted normalised value is given by:

v, =W,PR, Q)

where w, refers to the weight of alternatives, which are normally assigned by the decision

maker.

The positive ideal solution (47") and the negative ideal solution (47") are used to generate an

overall performance matrix for each Pareto solution. These values can be expressed as:

AT" = (max(v,)) max(v,,) max(v,))=,v;,..,V)) (6)

AT™ =(min(v,;) min(v,,) min(v,))=,v,,...,V,)

A distance between alternative solutions can be measured by the n-dimensional Euclidean
distance. Thus, the distance of each alternative from the positive and negative ideal

solutions is given as:



(7)
D= 1) (v, -Vt ., o=12..x
p=1

(8)

Y
DUI\/{Z(VUP—VP)Z} , 0=12,...,x
p=1

The relative closeness of the values of solutions to the value of the ideal solution is expressed

as follows:
- 9
re, =L, o=12,...,x ©)
D’ +D,

where D, >0 and D] > 0. Therefore, rc, €[1,0].

The solution with the highest rc, is selected as the final solution.
3.3 Fuzzy TOPSIS

This work uses Fuzzy TOPSIS to rank the suppliers based on conventional criteria, green
criteria and social criteria. Table 1 presents the linguistic variables that are used to rank the
alternatives considering each criterion. The fuzzy number listed in Table 1 correspond to the
crisp evaluation number (Chen, 2000; 2006). For instance, the linguistic variable ‘‘Medium
(M)”’ can be represented as (3, 5, 7). However, for simplicity, in this study we have used
trapezoidal fuzzy numbers rather trapezoidal. Decision makers need to allocate a weight to
every alternative with respect to each criterion in each of the three sets of criteria (i.e.,

conventional, green and social). Fuzzy TOPSIS was implemented as follows:

Eq. (11) is used to normalise the fuzzy decision matrix (1%) to get the normalised decision

matrix (r, ) (Wang, 2014);

(10)

(ai,l’ni,lﬁmi,l) (1,L1)
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(11)

~ n

i a; i m;

i 2’ 2’ Z 2
Zmz«j m; m;
i i i

Where a, n and m correspond to the fuzzy number presented in Table 1. Also, / refers to the
number of suppliers and J refers to the number of criteria.

The weights of the criteria (W) need to be multiplied by the elements of the normalised

decision matrix (R ) to form the weighted normalised decision matrix (7).

20

where 7 is obtained using the following equation:

\N/ij :I:,‘/'X \:Vj (13)

The fuzzy positive and negative ideal solutions are determined using Eqgs. 14 and 15 (Roy et
al., 2004).

y {} (14)
y {} (15)

The distance of supplier ‘I’ from the fuzzy positive ideal solution (d" ) and the fuzzy negative

ideal solution (df_) are calculated as follows:

=Tt (i)

jen jen

N -
where ¥/ and "7 are fuzzy positive and negative ideal points for criterion ‘j°, respectively.

Based on d; and d; , the fuzzy closeness coefficient (CC) for each supplier is then determined

using Eq. 17 (Krohling et al., 2011). The supplier with the highest CC (varies between 0 and
1) is selected as the best alternative.
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coo_ 4 (17)

d’+d;

Table 1. Linguistic variables for rating alternatives

Linguistic Variable Crisp number Fuzzy number

Very low (VL) 1 ©,1,3)

Low (L) 3 (1,3,5)

Medium (M) 5 3,57

High (H) 7 5,7,9)

Very high (VH) 9 (7,9, 10)
3.4 Fuzzy AHP

Fuzzy AHP is a decision-making algorithm that incorporates Saaty’s (2000) AHP, which was
developed in the 1970s using fuzzy set theory (Zimmermann, 2010). In this algorithm, fuzzy
numbers are presented by a membership function that is a real number between 0 and 1. Several
studies have proven its applicability in solving supplier selection problems (Lee, 2009; Kilincci
and Onal, 2011; Shaw et al., 2012; Kannan et al., 2013; Li et al., 2013; Viswanadham and
Samvedi, 2013; Junior et al., 2014). This paper uses fuzzy AHP to allocate the relative weights
for each sub-criterion for each of the three sets of criteria (i.e., conventional, green and social).
Table 2 presents the linguistic variables used to weight the criteria (Chen, 2000; 2006). The
fuzzy number listed in Table 2 correspond to the crisp evaluation number defined by Saaty
(Saaty, 2000). For instance, the linguistic variable ‘‘Weakly Important (WI)’> can be
represented as (0.1, 0.3, 0.5). Decision makers need to allocate a weight to every sub-criterion
in each of the three sets of criteria. The fuzzy AHP was implemented in slight different steps,

as mentioned in the literature review. This paper follows Wang et al.’s (2008) procedure:

1. Use a decision maker’s preference to build a fuzzy pair-wise comparison matrix:

where [ and J refers to the criteria to perform the pairwise comparison among them.

2. Build the crisp matrix as follows:

12



Ao =(4®L6n+m) (18)

Where a, n and m correspond to the fuzzy number presented in Table 2.

3. Use the crisp AHP to determine the consistency index.

4. Sum each row of 4 as follows:

RowsS, :(Zay,Zny,Zmy);j =123 ..,J (19)

iel iel iel

5. Normalise the rows by the row sums as follows:

RowS 2.4 2 dm, (20)

-~ _ . _ icl icl icl .

e ic A . =Ll
S koS, | Tt 2 Im S5 Tm L
iel iel iel jeJ iel jeJ iel iel jeJ

6. Determine the degree of possibility of LS:i > S: ;

1 if n2n, 21)

1

~ n n,
V(S. >S.)= rJ ifa.<m;i,j=1l.n;j#i
($;25)) (o) +(n ) if a;<m; i, ] J

0 others

7. Determine the degree of possibility of 5 over all other fuzzy numbers as follows:

S L (22)
V(S, 28 |j=1...Ji#j)= min  V(S28),i=1..1

Jellnd ), j#j

8. Construct the priority vector W =(w,...,w, )T of the fuzzy comparison matrix as

follows:

) and (23)
V(S 28, |j=1...J,j#i)
w, = Jd=1,...,1.
VS, 28, |j= 1, j# k)

kec
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Table 2. Linguistic variables for rating criteria and sub-criteria.

Linguistic variable Crisp number Fuzzy number (a, n, m)
Equally important (EI) 1 (0,0.1,0.3)
Weakly important (WI) 3 (0.1,0.3,0.5)
Strongly more important (SMI) 5 (0.3,0.5,0.7)
Very strongly important (VSI) 7 (0.5,0.7,0.9)
Extremely important (EI) 9 (0.7, 0.9, 0.10)

4. Methodology for sustainable performance evaluation

In this paper, the meat supply chain consists of three levels, including farms, abattoirs and
retailers. Figure 1 shows the schematic illustration of the meat supply chain under investigation.
Farms supply livestock of quantity of g; to abattoirs along a travel distance of d;; to be
slaughtered and then transported along a travel distance of d;; with quantity of g, to retailers as
packed meat. This research proposes an integrated methodology that uses fuzzy TOPSIS, fuzzy
AHP, a developed FMOPM and TOPSIS to help decision makers with two types of decisions:
(1) strategically selecting sustainable suppliers of livestock suppliers (LSs) and meat packets
suppliers (MPs); and (2) deciding on the optimal quantity of LSs and MPs at the relevant stage
of the chain as tactical decisions. Figure 3 presents a flow chart for the proposed sustainable

supplier selection and order allocation methodology which was developed as follows:

Phase 1: the fuzzy AHP was employed to assign relative weights to each supplier selection
criteria. Figure 2 illustrates the related sub-criteria for each set. As shown in Figure 2, there are

four economic criteria, three green criteria and three social criteria.

Phase 2: the fuzzy TOPSIS was employed to allocate three preference weights for each

potential supplier based on three sets of criteria: conventional, green and social.

Phase 3: the calculated weights of the criteria and rates of suppliers were incorporated into a
developed multi-objective model to allocate the optimal order quantity from each supplier (e.g.,
livestock from farms and meat packets from abattoirs) with respect to some resource
constraints. The multi-objective aims to simultaneously minimise the expected cost (EC),
travel time (TT) and environmental impacts (EI) while maximising the total purchasing value
(TPV) and value of social impacts (SI). To come closer to reality, the uncertainties in some of
the input data are treated in a fuzzy environment by transforming the multi-objective model
into a FMOPM. The e-constraint method and the LP-metrics method were used to reveal two

sets of Pareto solutions.
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Phase 4: TOPSIS was used to help decision makers select the final Pareto solution.

Farm sites Abattoir sites Retailer sites
4y
1 \:‘1::: 1 1
2 2 2
3F 3F 3
| J K
dii d Jk
Livestock Meat packets

» »
» »

Figure 1. A schematic illustration of the three-level meat supply chain under study.

Eco-enviro and social criteria
and relevant sub-criteria

cC GC SC
Costs Environnent Safety, rights and health

. . management system of employees
Livestock healthiness

or meat freshness Waste management Staff development
Technology capability Pollution production Information disclosure

Delivery reliability

LSs MSs

Figure 2. Criteria and sub-criteria for a sustainable supplier selection.
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Identify suppliers and sub-criteria for the three sets of
criteria, e.g., conventional, green and social

% Use fuzzy AHP to rate the conventional, green
= and social criteria
v
o Use fuzzy TOPSIS to rate suppliers based on
2 conventional, green and social criteria .
= Min EC
[=» + .
Min EI
Formulate the FMOPM » Max SI
Min TT
v v Max TPV
% Assign e-values Determine objective
v .
= l weights
= v
Solve the model Solve the model
using the e-constraint using LP-metrics
< . .
) Rate the solutions using TOPSIS
n:_:‘:‘ to select the final solution

Optimal sustainable supplier
selection and order allocation

Figure 3. Flow chart of the proposed methodology.
5. Developing the fuzzy multi-objective model

This section discusses the development of the MOPM that was used to solve the sustainable
supplier selection and order allocation problem for the three-level chain that is under
investigation. This model aims to allocate the quantities of products (e.g., livestock and meat
packages) to be ordered from each supplier (e.g., farms and abattoirs). The MOPM includes
five objectives, including minimisation of expected costs (EC), environmental impacts (EI),

travel time (TT) and maximisation of total purchasing value (TPV) and value of social impact
(SD.

The MOPM was formulated based on the following sets, parameters and decision variables.

Sets

I set of livestock suppliers (farms) (d..i.1T)
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J' set of meat packets suppliers (abattoirs) (L jur J)

K set of retailers (.. k.. K)

Parameters

p
= purchasing cost per unit of livestock ordered from supplier i

P
/ purchasing cost per unit of meat packets ordered from supplier j

t
7 unit of transportation cost (GBP) per mile from supplier i to abattoir j

t
% unit of transportation cost (GBP) per mile from supplier j to retailer &

= administration cost per order from supplier i

a

/- administration cost per order from supplier j
d; transportation distance (mile) for livestock from supplier i to supplier ;
d; transportation distance (mile) for meat packets from supplier ; to retailer &
T'C transportation capacity (units) per lorry
V- velocity (m/h) of lorry

I maximum supply capacity (units) of supplier i

/ maximum supply capacity (units) of supplier j

D, minimum quantity (units) of livestock to be ordered by supplier /

D, minimum quantity (units) of meat packets to be ordered by retailer &

CO,;; CO, emission in grams per mile driven by each lorry travelling from supplier i to supplier
J
CO,j CO, emission in grams per mile driven by each lorry travelling from supplier  to retailer

k

Cw, weight of conventional set of criteria obtained from the fuzzy AHP from the perspective

of decision makers at abattoirs

v, Weight of the set of conventional criteria obtained from the fuzzy AHP from the

perspective of decision makers at retailers

Gw, Weight of the set of green criteria obtained from the fuzzy AHP from the perspective of

decision makers at abattoirs

17



GW, Weight of the set of green criteria obtained from fuzzy AHP from the perspective of

decision makers at retailers

S, Weight of the set of social criteria obtained from the fuzzy AHP from the perspective of

decision makers at retailers

W Weight of the set of social criteria obtained from fuzzy AHP from the perspective of

decision makers at abattoirs

Wi Closeness coefficient for supplier i obtained from the fuzzy TOPSIS with respect to the

conventional criteria under consideration

Wi Closeness coefficient for supplier j obtained from the fuzzy TOPSIS with respect to the

conventional criteria under consideration

g
Wi Closeness coefficient for supplier i obtained from the fuzzy TOPSIS with respect to the

green criteria under consideration

g
Wi’ Closeness coefficient for supplier j obtained from the fuzzy TOPSIS with respect to the

green criteria under consideration

Wi Closeness coefficient for supplier i obtained from the fuzzy TOPSIS with respect to the

social criteria under consideration

w . . . .
7 Closeness coefficient for supplier j obtained from the fuzzy TOPSIS with respect to the
social criteria under consideration

Decision variables
gy . . I oo
quantity of livestock ordered from supplier i to supplier j

q .
" quantity of meat packets ordered from supplier j to retailer &

Binary decision variables

Ui = | 1:if supplier i is selected
0: otherwise

Vi T | I:if supplier j is selected
0: otherwise
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Objective function 1: minimum EC

This objective function aims to minimise the sum of the purchasing cost, administration cost
(e.g., ordering and documentation) and transportation cost. The minimisation of EC can be

expressed as follows:

Min EC=YF g, + Y3 Crq, + 3 Couy +3 € (4
iel jeJ jeJ keK i€l jeJ
ql
T\ 0 Era |,
iel jeJ jeJkeK

Objective function 2: minimum EI

This objective function aims to minimise the EI in terms of CO, emissions throughout the
transportation process from farms to abattoirs and from abattoirs to retailers. The minimisation

of EI can be expressed as follows:

25
Min EI = ZZCOJ%P +ZZCOM{%—| \ )

iel jeJ jeJ keK

Objective function 3: maximum SI

This objective function aims to maximise the value of the social impact of suppliers (e.g., farms
and abattoirs). To achieve this aim, suppliers’ weights in social criteria obtained by the fuzzy
AHP are used as a coefficient for all livestock ordered from farm i to abattoir j and for all meat
packages ordered from abattoir j to retailer &. The maximisation of SI can be expressed as
follows:

Max ST =2 Wiy +2, > wid (26)

iel jeJ jedJ kekK
Objective function 4: minimum TT

This objective function aims to minimise the travel time of all livestock from farms to abattoirs
and of all meat packages from abattoirs to retailers. The minimisation of EI can be expressed

as follows:

19



27)

d. d.
Min TT:ZZ#%‘ +ZZ7’kqjk

iel jeJ jeJ keK

Objective function 5: maximum TPV

This objective function aims to maximise the weights of the conventional criteria, green criteria
and sustainable criteria of all selected suppliers. To achieve this aim, the criteria weights
obtained from the fuzzy AHP are multiplied by the weights (closeness coefficient) of the
alternatives obtained from the fuzzy TOPSIS. To reflect the impact of the products ordered
based on the performance of abattoirs and retailers, they are then multiplied by all products to
be ordered from supplier i and suppliers j. The maximisation of TPV can be expressed as

follows:

28
MaxTPV:CW,.[ZZWfqyj+CWj[Zijqjkj+GVK{Zwaql_jj 29

iel jeJ jedJ keK iel jeJ
v S 3w, || TS o5, [ 33 |
jeJ kekK iel jeJ jeJ kekK

This five-objective model was optimised with respect to the following constraints:
Supply capacity constraints

These constraints ensure that all quantities of livestock ordered from supplier i and of meat
packets ordered from supplier j should be equal to or less than the capacity of both farms and

abattoirs. These constraints, which apply to suppliers 7 and j, can be expressed as follows:

<S8 u. (29)
S,
Zq./k <§v, Vkek (30)
jeJ

Demand constraints

These constraints ensure that the demands of abattoir j and retailer & are fulfilled by supplier i

and supplier j, respectively. These constraints can be expressed as follows:

>D, 31)
Zq?] J V]EJ

iel
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4,2 D, (32)

jeJ VkeK

224k yiey (33)

keK
Non-negativity and binary constraints

These constraints ensure that (1) the quantity of all products throughout the meat supply chain
is non-negative and (2) the decision variables u; and v; are binary. These constraints can be

expressed as follows:

9;:9; 20 Vi, j.k (34)

U ,v; € {1,0}, Vi, j (35)

5.1 Treating uncertainty

As mentioned above, several parameters are subject to uncertainty in the real world. Therefore,
to cope with the dynamic nature of the input data in transportation and purchase costs, demands,
CO, emissions and capacity levels, the MOPM formulated in the previous section was re-
formulated in FMOPM. The equivalent crisp model can be expressed as follows (Jiménez et

al., 2007; Mohammed and Wang, 2017; Nujoom et al., 2017):

es mos opt ppes pmos popt (36)
i EC=ZZ(C‘” +2CP" + CP j +ZZ(C +2C7" 4. C! ]qjk

iel jeJ 4 JjeJ kekK 4

t pes t mos t opt
+2Ci“ui+ZC”vj+ZZ(C r2GT G ]L‘{_Jd

iel jeJ iel jeJ
. zz ij_kpes + 2C;kmos + Cjt_kopt qi d

. 4 rc |

jeJkek

CO,," +2C0,," +CO,," \| ¢, 37
Min EI=7 % | — = 2| g,

iel jeJ 4 TC
3 CO, ™ +2C0,,™ +CO,™ \[ 4, |
jeJ kekK 4 TC "
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Max SI=2 D wig;+2 >, W, (38)

iel jeJ jeJ keK

(39)
Min TT = ZZ_% Zz_qjk
iel JEJ jeJ keK
(40)
Max TPV = CW,| "> wigq, |[+CW,| > > wiq, |+GW,| D D wig,
iel jeJ jedJ keK iel jeJ
SAPXTEET PN Dbt
jedJ keK iel jeJ jeJ kekK
Subject to:
S, < F S, +8,, J{l_gjsiﬁsﬂ}l (41)
iel v 2 2 2 l \V/] eJ
a S, +5, S +8S, (42)
O LR (R LSS A S
- 2 2 2
R D,+D, +(1_g] D,+D,, (43)
iel i 2 2 2 v_] eJ
T {a D,d+Dk2+[1 jDk3+Dk4} (44)
L 3 it 53 T3 k4
jeJ ’ 2 2 2 VkeK
|:K_Dkl +Dk2 +£1_ JDM +Dk4i| Zq (45)
27 2 2 S VjieJ
9.9, 20 Vi, jk (46)
u;,v; €{l,0}, Vi, j (47)

Based on this fuzzy formulation, the constraints in the MOPM should be satisfied with a
confidence value that is denoted as o and is normally determined by decision makers.
Furthermore, mos, pes and opt are the three prominent points (the most likely, most pessimistic

and most optimistic values), respectively (Jiménez et al., 2007).
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Each objective function (Eqgs. 36—40) corresponds to an equivalent linear membership function,
which can be determined using Eq. 48. Figure 4 further illustrates the membership functions

for each objective.

1 if 4, < Max, (48)
Max, -4, .. . .
=y————— if Min, < A4, < Max
Hy Max, — Min, if b=y b
0 if A, = Min,

where A, represents the value of the bt objective function and Max, and Min, represent the

maximum and minimum values of 5™ objective function, respectively.

HEC, Elor TT HsI or TPV

1

0.5

: EC,EI or TT | : ‘
(EC.EI or TT)"™  (EC,EI or TT)"" (SI or TVP)"" (St or TPV)™"

(a)EC,Eland TT (b)SIand TPV

b SI or TPV

Figure 4. Membership functions related to the five objectives: (a) EC, EI, TT, (b) SIand TPV.

The minimum (min) and maximum (max) values for each objective function can be obtained

using the following individual optimisations:

For the minimum values:

Cppes +2Cpmw +Cp0pt (49)
q i

Min EC=Y Z[ A A ] N3
iel jeJ 4 jedJ kekK 4
t pes t mos t opt
X +ZC“VJ+ZZ(C +2G7 + G JL?—J d,

iel JjeJ iel jeJ
Ct pes + 2ct mos + Ct opt )
2 L i
jeJkeK 4 TC .
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CO, " +2C0O,. "™ +CO, " ) (50)
Min EI:ZZ( 20 24 20 J(i} d, +

iel jeJ 4 TC
Ty €O, +2C0,,™ +CO,™ | 4y |
jeJ keK 4 TC :

Min ST =233 w)q,+2. > widy (1)

iel jeJ JjeJ kekK

(52)

Min TT = ZZ—% ZZ f"

iel /eJ jeJ keK

53
Min TPV =CW, [Zwaqy)+CW/[Zijqjk]+GWi [ZZW[gqijj 3)

iel jeJ JjeJ kek iel jeJ
XTI PRI IR ) S
jeJ kekK iel jeJ jeJ kekK
For the maximum values:
CPres 4 oCrmos +CP()pt CPPQS +2CP’"05 C’]?UP’ (54)
Max EC = Z Z ! : : z Z . q;
iel jeJ 4 jeJ keK 4
Ct pes + zct mos C't'opt -
Y+ Y v+ Y A,
iel jeJ iel jeJ TC '
Ct pes +2cl‘ mos Ct opt q
+ AL g,
275 JM :
CO,,** +2C0,,"” +CO,," || q, (55)
Max EI = ZZ 2 = o =8 dij +
iel jeJ 4 TC
5[ GO +2€0,™ + co," 4],
JjeJ kek 4 TC 7
Max SI=2 > wiq;+2,> W, (56)
iel jeJ jedJ kekK

(57)

Max TT = ZZ—qH ZZ

iel jEJ jeJ keK
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8
Max TPV = CW, (Zme‘qij]+cm (Zijqjk]+Gm (Zwaqij] 9

iel jeJ jeJ keK iel jeJ
R XTNEET T Dbl
jeJ keK iel jeJ jeJ keK

5.2.1 Solution method: e-constraint

Based on this method, the FMOPM was transformed into a mono-objective model by
considering one of the objectives as an objective function and shifting the other objective
functions to become a constraint that was subject to the e-value (Ehrgott, 2005). The equivalent

solution formula (Z) can be expressed as follows:

Min Z =Min EC (59)

Subject to Eq. 41-47 and:

Min EI < ¢, (60)
[Min EI|™ <& < [Min EI]™

(61)
Max SI 2 €, (62)
[Max SIT™ <&, < [Max SIT™ (63)
Min TT < ¢, (64)
[Min TT|™ <&, < [Min TT]™ (65)
Max TPV 2 ¢, (66)
[Max TPV]™ <&, < [Max TPV]™ (67)

In this study, the minimisation of EC was kept as an objective function because Eq. 59 and the
minimisation of EI and TT and the maximisation of SI and TPV were considered constraints

(Eq. 60, 62, 64 and 66, respectively).

5.2.2 Solution method: LP-metrics
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Based on this method, the individual optimisation for the five objective functions was applied

to reveal the ideal objective values (EC*’E[ LSILTT and TPV ). The FMOPM was transformed

into a mono-objective model using the following formula (Al-e-hashem et al., 2011):

*

EC—-EC" EI—EI’ SI—SI" T -TT" TPV —TPV" (68)
—+w, +w, -
SI T TPV

Min A =|w, —+Ww, —+t W,
EC EI

Subject to equations 41-47.

6. Application and evaluation

This section applies and evaluates the developed methodology using a real-life meat supply
chain network in the UK as a case study. Table 3 presents the input data used the case study.
Parameters related to the locations, demands and capacities of farms, abattoirs and retailers,
were collected from the Meat Committee in the UK (HMC, 2015). Transportation distances
between farms, abattoirs and retailers were estimated using Google Maps. The reported
demand is the total demand for one-year period of time. The case study consists of 4 livestock
suppliers, 3 meat packets suppliers and 5 retailers, which represents a typical UK meat supply
chain network configuration. It is assumed that any suppliers i may supply any potential
supplier j, which may supply any retailers k. The developed methodology is applied in this case
study to help the decision makers to (1) develop a unified sustainable purchasing strategy and
(2) evaluate their current system sustainability in term of the performance of current suppliers.
The FMOPM was solved using LINGO!! software that ran on a personal computer with a
Corei5 2.5GHz processor and 4GB of RAM.
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Table 3. Data.

f=4 G115 Dizqyo 174 DT 1P0IB0
J—3 Ch_ s TC= 80 Dy= 1100, 1300
K=5s €' nys V'=90-110 COs,=271, 294
G 130 - 150 Cio34s S — 1500, 1800~ COw7 271,294
G = 155175 4~ 43210 S = 1600, 2000

6.1 Weighting sustainable criteria

First, a fuzzy AHP was used to assign the importance weights to the three sets of criteria,
including conventional, green and social criteria based on decision makers ‘experts. The same
algorithm was then reapplied to all of the sub-criteria. Table 4 shows the importance weights
for the main and sub-criteria. The rating of the three pillars of sustainability are presented as
conventional>green>social for the DMs for assessing LSs perspectives compared to
conventional>social>green from DMs for assessing MSs perspectives. Furthermore, according
to the opinions of the DMs for assessing LSs, the criteria of cost, environment management
systems, waste management and information disclosure are the most significant among the
three sets of criteria. According to the opinions of DMs for assessing MPSs, the criteria of cost,
environment management systems and staff development are the most significant among the
three sets of criteria. Consequently, the DMs for MPS selection appreciate the staff
development criterion more than the DMs of LSs. This could result in DMs at the retailer level
giving more attention to the development of staff at abattoirs so they can perform proper

slaughtering and packaging processes.
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Table 4. Weights for the criteria and sub-criteria of sustainable supplier selection using the
fuzzy AHP.

LSs

Criteria w Sub-criteria Iw Rating

Conventional 0.433 (CW) CCl1 0.138 1
cC2 0.125 2
CC3 0.067 4
Cc4 0.103 3

Green 0.319 (GW)) GC1 0.133 1
GC2 0.133 1
GC3 0.125 2

Social 0.248 (SW)) SC1 0.066 2
SC2 0.051 3
SC3 0.131 1

MSs

Criteria w Sub-criteria Iw

Conventional 0.417 (CW)) CC1 0.130 1
cC2 0.105 2
CC3 0.078 4
Ccc4 0.104 3

Green 0.288 (GW)) GC1 0.103 1
GC2 0.095 2
GC3 0.090 3

Social 0.295 (SW)) SC1 0.086 3
SC2 0.099 1
SC3 0.110 2

*NB: IW = importance weight.
6.2 Rating supplier

Second, a fuzzy TOPSIS was used to rate four potential LSs and three MSs based on the

conventional, green and sustainable criteria to determine the importance weight for each LS
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and MS. Tables 5 and 6 illustrate the inputs used to rate LSs and MPSs based on assessments
of the three sets of criteria, respectively. Two decision makers were asked to rate the potential
LSs, while three decision makers were asked to rate the potential MPSs. The ratings for both
stages were based on the conventional, green and sustainable criteria previously presented in

Figure 3. For instance, the first conventional criterion is the cost.

Table 5. Inputs for ranking potential livestock suppliers.

Conventional criteria Green criteria Social criteria
Criterion CCl CC2 CC3 CC4 GCl G2 GC3 SCl1 SC2 SC3
DM1 H VH M H VH H H H M VH
LS1 H H M M H M M H VH M
LS2 VH VH H H H H M VH H VH
LS3 M H H H H H F M M H
LS4 L H VL L L M L M VL H
DM2 H VH L VH H VH M M M VH
LS1 VH H M M H M M M H H
LS2 H M H M M VH H H H VH
LS3 M H M VH M M M H M VH
LS4 M H VL M L M VL M L H

*NB: CC = conventional criteria; GC = green criteria; SC = social criteria; DM; = decision maker 1; DM, =
decision maker 2.

Table 6. Inputs for ranking potential meat packets suppliers.

Conventional criteria Green criteria Social criteria
Criterion CCl CC2 CC3 CcC4 GCl GC2 GC3 SClI SC2 SC3
DM1 VH VH H M H M M H H VH
MPS1 VH H H H M H M VH H VH
MSP2 M M L H L M L H VL L
MPS3 H M H M M VH H H H VH
DM2 VH VH VH H VH M M H H VH
MPS1 VH VH M L H M H VH VH VH
MPS2 H M L H M H H H M L
MPS3 H H VH H M H VH H H VH
DM3 H VH M VH VH H H M M VH
MPS1 VH VH M H M VH H H H H
MPS2 H M L M L L L M L VL
MPS3 VH H H H VH VH H H H H

*NB: CC = conventional criteria; GC = green criteria; SC = social criteria; DM, = decision maker 1; DM, =
decision maker 2; DM; = decision maker 3.

Table 7 shows the following rating order based on the sustainability performance:
1. LS2>LS3>LS1>LS4 for the LSs.

2. MS1>MS3>MS2 for MPSs.
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Thus, LS2 and MPSI1 are the best sustainable suppliers because they showed the best

sustainable performance based on the results from the fuzzy TOPSIS, as shown in Table 7.

Table 7. Rating sustainable suppliers using Fuzzy TOPSIS.

LS we Wi W' Average Average
' ' ' CcC rating

LS1 0.450 0.566 0.588 0.534 3

LS2 0.676 0.791 0.718 0.728 1

LS3 0.525 0.603 0.577 0.568 2

LS4 0.379 0.499 0.344 0.407 4

M ¥, W ¥,

MPS1 0.707 0.527 0.544 0.592 1

MPS2 0.655 0.459 0.319 0.477 3

MPS3 0.592 0.611 0.400 0.534 2

6.3 Optimal order allocation

Because of the multi-objective nature of the FMOPM developed in Section 5.1, the e-constraint
and LP-metrics methods were employed to optimise the five objectives simultaneously. First,
the min and max values for the five objectives were determined using Egs. (49—58). The values

are ({Min, Max}) = ({334,438, 489,520}, {450814.39, 739901.27}, {1360.5, 1730}, {43.1,

203.7) and {807.37, 1383.02}). Accordingly, the ideal solutions (£CEl,SI",TT" and TPV")
are: EC* = 334,438, EI' = 450814.39, SI" = 1730, TT" = 43.1 and TPV" = 1383.02). Second,
the values between min and max values for objectives 2, 3, 4 and 5 (i.e., related to EI, SI, TT
and TPV) were divided into ten segments. The 10 segment values were assigned individually
to €l- €4 (Table 8) presented in Egs. (60, 62, 64 and 66) respectively. Subsequently, Eq. (59)
was applied to reveal the Pareto solutions because the minimisation of the objective functions
El and TT and the maximisation of SI and TPV, were shifted to become constraints. As
mentioned previously, the FMOPM was also optimised using the LP-metrics method for a
comparison purpose. Subsequently, 10 different combinations of weights were allocated to the

five objectives (Table 9).
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ACCEPTED MANUSCRIPT

Table 8. e—values related to EI, SI, TT and TPV.

g —value

# €1 553 €3 €4

1 450814 1361 43 807
2 479934 1404 61 882
3 506044 1447 78 952
4 538088 1491 96 1022
5 567174 1524 114 1092
6 610174 1567 132 1162
7 630054 1611 150 1232
8 679174 1654 168 1287
9 691174 1697 186 1337
10 739901 1730 204 1383
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Table 9. Assigned weights related to EC, EI, SI, TT and TPV.

Assigned weights
# Wiy Wy s Wy, Wy, Ws
1 0.9, 0.02, 0.04, 0.02, 0.02
2 0.8, 0.025, 0.1, 0.025, 0.025
3 0.7, 0.05, 0.15, 0.05, 0.05
4 0.64, 0.015, 0.21, 0.015, 0.015
5 0.6, 0.06, 0.22, 0.06, 0.06
6 0.5, 0.025, 0.025, 0.025, 0.025
7 0.4,0.2,0.2,0.1,0.1
8 0.35,0.25,0.25, 0.15, 0.15
9 0.3, 0.28,0.28, 0.12, 0.12
1 0.2,0.28,0.32, 0.1, 0.1
0

Tables 10 and 11 show the values for the five objectives based on ten g-iteration and ten weight
combinations, respectively. For instance, Solution 3 in Table 10 yields an expected cost of
363,001, an environmental impact of 505044, a social impact value of 1447, a travel time of
74 and a total purchasing value of 961. This solution was determined as follows: g; = 506044,

€= 1447, e5="78 and €4 = 952.

It is worth mentioning that 10 a-levels (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1) with an
incremental step of 0.1 were assigned to each solution. Finally, Eq. (48) was used to determine
the respective membership degrees (i) based on the objective values obtained through the -

constraint and LP-metrics methods, as shown in Tables 12 and 13, respectively.
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Table 10. Values related to EC, EI, SI TT and TPV obtained using the e-constraint method.

# a-level Min EC Min EI Max SI Min TT Max TPV Run time (s)
1 0.1 342,001 450814 1369 43 810 5
2 0.2 349,101 478001 1404 61 882 5
3 0.3 363,001 505044 1447 74 961 5
4 0.4 382,151 536000 1507 89 1022 6
5 0.5 405,151 567111 1540 114 1100 7
6 0.6 427,334 609971 1570 128 1171 8
7 0.7 432,329 629771 1611 144 1232 8
8 0.8 440,004 678121 1678 160 1287 12
9 0.9 459,800 690091 1706 185 1338 11
10 1 477,000 711490 1730 192 1383 13

Table 11. Values related to EC, EI, SI TT and TPV obtained using the LP-metrics method.

# a-level Min EC Min EI Max SI Min TT Max TPV Run time (s)
1 0.1 336,777 455652 1362 44 807 5
2 0.2 345,760 479871 1371 60 882 4
3 0.3 361,881 509998 1422 79 899 4
4 0.4 361,881 541771 1498 94 978 5
5 0.5 339,773 570228 1510 122 1091 6
6 0.6 411,009 622220 1523 128 1130 8
7 0.7 431,088 635871 1581 151 1199 8
8 0.8 438,000 685881 1622 161 1220 11
9 0.9 455,127 698666 1676 184 1289 12
10 1 469,998 735771 1700 201 1354 13
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Table 12. Values of membership degree based on objective values obtained using the e-
constraint method.

WEC) | 098 0.83 0.78 0.63 0.76  0.61 04 033 0.19 0.089
W(ED 095 0.89 0.73 0.68 0.52 043 036 03 017 09
u(SH 0.07 0.17 028 035 044 0.56 0.69 0.77 091 097
w(T7) | 095 0.82 0.77 0.66 0.57 047 035 0.28 0.16 0.08

wIPV) | 0.12 0.2 028 035 043 0.55 0.7 0.78 0.82 094

Table 13. Values of membership degree based on objective values obtained using the LP-
metrics method.

wWEC) | 097  0.83 0.77 062 075 0.59 0.39 028 0.15 0.066
W(ED) 0.93 0.87 071 0.66 049 04 0.31 0.28 0.15 0.07
n(shH 0.06 0.15 026 033 044 0.56 0.67 0.77 0091 0.96
w7 092 0.79 0.74 0.64 055 048 034 025 0.16 0.09

w(7Pry| 0.09 0.18 025 032 04 0.51 0.68 0.78 0.8 0.91

The optimisation results demonstrate that considering sustainability aspects in a supplier
selection and order allocation problem can yield a higher cost for the enterprise. At the same
time, this helps to improve the value of sustainable purchasing. It is worth noting that neither
of the two solution methods (e.g., e-constraint and LP-metrics methods) revealed an ideal
solution by considering the five objectives simultaneously. Arguably, the two methods showed

a reasonable performance by revealing Pareto solutions that were close enough to the ideal

solutions (EC*’EI SILTT, and TPV ). Arguably, computational complexity for multi-objective
optimization is normally concerned with the time (e.g., CPUs) required to solve a problem
within particular resources (e.g., computer specifications). In this study, the computational
complexity analysis for the FMOM was evaluated based on the run time required to reveal the
solutions using the two solution methods. As shown in Tables 10 and 11, the complexity
analysis in terms of run time shows a reasonable and almost the same run time for revealing
the solutions by using the two methods. Therefore, the developed FMOM is tractable time-
wise model. However, it is expected to take longer run time to solve large-scaled problems.
Finally, one solution should be selected to determine the optimal order allocation, as illustrated

in the following section.
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6.3.1 Selecting the final solution

DMs should select one solution to allocate the order for each LS and MPS. This selection can
be accomplished according to the DM’s preferences or via a decision-making algorithm.
However, the selection of the final solution, according to the DM’s preferences, is a challenge
due to the little difference found among the values of the five objectives revealed via the two
methods. To help the DMs choose a solution, a TOPSIS algorithm was applied to determine a

final solution that was closest to the ideal solution.

Table 14 rates the solutions based on their TOPSIS scores. Subsequently, Solution 4 was rated
as the first solution because it obtained the highest rc, (0.661). This solution was revealed via
the e-constraint method with assignments of €1 = 538088, €2 = 1491, €3 = 96 and &4 = 1022.
This solution leads to an expected cost of 382,151, an environmental impact of 536000, a social
impact value of 1507, a travel time of 89 and a total purchasing value of 1022. Based on the
determined solution, Figure 5 illustrates the optimal order allocation of LSs and MPSs. For
instance, LS1 is demanded to supply 200 livestock to abattoir 1, 160 livestock to abattoir 2 and
190 livestock to abattoir 3. Meanwhile, MPS2 is demanded to supply 130 meat packets to

retailer 1 and 118 meat packets to retailer 4.

Unlike other similar methodologies, integrating the relative weight of sustainable criteria and
rating of suppliers into the multi-objective model helps in (1) further expressing the importance
of sustainability criteria from decision makers’ perspective and (2) ordering products from
suppliers with respect to their sustainable performance. This illustrates the superiority of this
study over similar supplier selection and order allocation methodologies with respect to

sustainability responsibility.
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Table 14. Rating solutions using TOPSIS.

Solution Rate
LP-metrics e-constraint

1 0.498 0.552
2 0.500 0.510
3 0.602 0.617
4 0.631 0.661
5 0.619 0.644
6 0.576 0.599
7 0.569 0.578
8 0.525 0.530
9 0.485 0.508
10 0.529 0.555

Farm sites | =4  Abattoir sites J =3 Retailer sites K =5

200

4 1150

Figure 5. Optimal order allocation.

6.4 Managerial implications
The results demonstrate the following implications from the managerial perspective:
e The methodology developed for solving the sustainable supplier selection and order

allocation problem can be used as an aid for companies by implementing an integrated
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methodology to select the best sustainable suppliers with the optimal quantities of

products to be ordered.

e Arguably, this methodology can also be used as a reference for livestock and processed
meats suppliers for improving sustainability through an evaluation of their current

criteria.

e The three sets of criteria and their sub-criteria related to economic, environmental and
social aspects, can be used in other applications that examine the sustainable supplier

selection and order allocation problem.

e The four-phase methodology can be used to solve other case studies that solve the
sustainable supplier and order allocation problems in conjunction with the optimisation

of several conflicting objectives.

e The quality and safety of food are two major concerns for customers and decision
makers in the food supply chain. In this context, suppliers with high product healthiness
and freshness are preferred. Therefore, the results prove that decision makers place high

value on the freshness of products delivered by LSs and MPSs.
7. Conclusions

Sustainable supplier selection and order allocation has become a key milestone in creating a
robust and sustainable supply chain. Most empirical research considers conventional criteria
and green criteria when aiming to create a sustainable supply chain, thus neglecting the third
pillar of sustainability, which is the social criterion. This paper presents a four-phase
methodology for a two-stage supplier selection and order allocation problem in a meat supply
chain by considering the three pillars of sustainability: economic, environmental and social. In
the first phase, a fuzzy TOPSIS was used to rate the suppliers based on three sets of criteria:
conventional, green and sustainable criteria. Subsequently, the LSs were rated in a high level
based on the conventional criteria and green criteria and in a medium very level based on the
social criterion. On the other hand, the MPSs were rated in a high level based on all three sets
of criteria. In the second phase, the fuzzy AHP was used to assign importance weights to the
sub-criteria within the three sets of criteria. The results showed that the decision makers of
MPSs place higher importance on the social criterion compared to the decision makers of LSs.
In the third phase, a MOPM was developed to obtain the optimal solutions for the order

allocation in quantity. The objectives were to minimise the expected costs of transportation,
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purchasing and administration, as well as environmental impact (particularly CO, emissions)
and the travel time of products and maximising the social impact and the total purchasing
values. To cope with the dynamic nature of the input parameters (e.g., transportation and
purchase costs, demands, CO, emissions and capacity levels), the MOPM was redeveloped into
a fuzzy multi-objective programming model. Two solution methods were used to reveal
solutions and the results were compared. The results proved that both methods were useful for
obtaining solutions. In the fourth phase, the TOPSIS method was used to help decision makers
select the final solution to determine the optimal order allocation. TOPSIS revealed that the e-
constraint method outperformed the LP-metrics method because its solution obtained the
highest rate. The results showed that the proposed four-phase methodology could be used as
an effective integrated framework for supplier stakeholders based on a sustainable supplier

assessment and selection in the food industry.

This research has been focused on meat supply chain. Similar study conducted in different
sector such as manufacturing industry or chemical industry may need some bit different criteria
such as turnover and lead time. This would also further prove the applicability of the developed
approach in solving similar supplier selection and order allocation problems. Also, this study
is limited in considering equal weight for buyers’ opinions. Thus, it was suggested to the
decision makers to consider different weights considering seniority of decision makers into the

upcoming evaluation.

Future work should focus on improving the proposed methodology by considering a multi-
period and multi-product food supply chain and its ability to solve a supplier selection and
order allocation problem for a large-sized case study. The latter would also help in investigating
the computational complexity of the FMOM in terms of run time required to solve a large-

sized problem.
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