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Supply chains and supply chain management are an inseparable part of all business
areas, and they are a part of a local, regional, or global economy. Nowadays, many
companies are challenged and pressured by their governments, stakeholders, and NGOs
to operate their businesses sustainably. While there is no alternative path to
sustainability and taking the green and sustainable approach to business ideas is the way
of the future. However, there are still challenges and open questions that need to be
addressed to meet all the sustainable development criteria. There are still open
questions, issues studied in this dissertation, and those issues through economic,
environmental, and social aspects of sustainability.
This dissertation's main objective and aim were to show and investigate possible ways
of making supply chains more sustainable from economic, environmental, and social
aspects. In this dissertation, we use optimization techniques to achieve sustainability of
SCs based on operational, tactical, and strategic decisions. We applied graphical and
analytical optimization techniques to show how supplier selection, consumer purchasing
behavior, and recycling can impact sustainability.
Furthermore, the study aims to identify problems and give some solutions to the
identified issues. These issues are related to a circular economy, supplier selection, and
consumer impact on the sustainability of SCs. Finally, this dissertation's results suggest
that there are still several challenges in SCs management and sustainability. One of the
main challenges is the lack of understanding and inclusion of social aspects of
sustainability.
Keywords: supply chain, sustainability, mathematical modeling, optimization
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1. Introduction
In this chapter, this dissertation’s scope is described together with research gaps,
motivation, objectives, and research questions. The first part deals with the research
background. The second part gives the motivation for conducting research related to the
optimization of supply chains. The third part describes the research gaps and objectives.
The fourth part provides the research questions, and the last part provides the
dissertation outline.

1.1

Background

The terminology ―supply chain management‖ has been the focus of research since its
inception in the 1980s (Harland, 1997). The focus of any supply chain management is to
produce goods, offer services, and deliver them down the stream to consumers. The
whole process is done within the boundaries of a supply chain network structure.
Because there are many entities within a supply chain, the network structure is complex
rather than linear (Winter and Knemeyer, 2013a). One of the ways to describe supply
chain management, according to Christopher (1999), is ―a network of organizations that
are linked through upstream and downstream relationships in the different processes and
activities that produce value in the form of products and services in the hands of the
ultimate customer.‖
Supply chain management (SCM) dictates network structures and monitors the
transformation of goods from raw materials to intermediate and final products and the
delivery to consumers (Ganeshan et al., 1999). The activities related to the
transformation of raw materials to final products and the decision-making process that
manages those activates can be divided into three levels: strategic, tactical, and
operational (Eskandarpour et al., 2015). The decisions made on a strategic level are
related to location-allocation, demand, distribution, outsourcing, product development,
on a tactical level: inventory management, production, material handling, equipment
selection, and on an operational level: vehicle routing, workforce scheduling, packaging
(Meindl, 2016).
Because of the complexity and size of supply chains (SC), it is crucial to measure and
manage their performance (Beamon, 1999). Performance measurement of SC in the
literature is done through various metrics from economic, social, and environmental
aspects (Agami et al., 2012). Those three aspects in the literature are referred as
sustainability (Beske and Seuring, 2014, Rajeev et al., 2017). One of the most crucial
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steps to measure SC’s performance and improve it is integrating sustainability and SCM
(Kleindorfer et al., 2005). It is evident from the literature that the progress and
development of SCs in terms of economic and environmental sustainability has been
made, while the social aspects of sustainability is to some degree less researched and
developed (Linton et al., 2007, Dubey et al., 2017, Winter and Knemeyer, 2013b).
To mitigate some of the impacts SCs have on the environment and society, many
different tools and techniques are used to measure and improve sustainability. One of
the widely used methods is optimization, and it has become widespread in the literature
and practice in areas such as; chemical, process engineering, SCM, and logistics
(Sahinidis, 2004). The design and optimization of SCs network structure and the
decisions made on strategic, tactical, and operational levels usually involve trade-offs
between different conflicting objectives. From a sustainability perspective, optimization
techniques in practice and the literature are used to find different optimal trade-offs
between economic, environmental, and social objectives. In recent years, the focus is
shifting from economic objectives to the inclusion of environmental and social
objectives (Wang et al., 2011). When an optimization problem has several objectives,
mathematical models are formulated as multi-objective optimization problems. They are
applied in a wide variety of decision-making problems in SCM. Consequently, the
multi-objective optimization of SCs has seen growing interest in recent years (Jamshidi
et al., 2012).
According to Papageorgiou (2009), SCs and optimization problems can be formulated
as mathematical models or simulation-based approaches. The formulation depends on
the application. In this dissertation, the main focus is on optimization and mathematical
modeling. In the literature, optimization techniques can be analytical and graphical. The
analytical methods (mathematical modeling) was applied in papers II and V, while the
graphical technique (pinch analysis) was used in paper III.
In the past, the design, planning, and optimization of SCs have been based exclusively
on economic benefits (Kantas et al., 2015). However, due to the increased pressure from
governments and growing consumer awareness regarding the impact of SCs, companies
started to adopt green and sustainable practices (Babazadeh et al., 2017a, Barbier and
Burgess, 2019, Jeronen, 2013). In the 1990s, the concept of sustainability started to
appear (Wang et al., 2011), together with concepts such as green SCs (Tognetti et al.,
2015) and sustainable SCs (Varsei and Polyakovskiy, 2017). While, in the literature,
optimization problems most of the time include trends like: green and sustainable SCs
(Seuring, 2013), it is not feasible to take into account all potential issues. Therefore, this
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research is stressing the importance of the following topics: the inclusion of social
benefits (Pedram et al., 2017a), supplier selection (Mujkic et al., 2019), closed-loop
supply chain (CLSC) (Özceylan and Paksoy, 2013), and consumer impact on the
sustainability of SCs (Beitzen-Heineke et al., 2017) in optimization models.
As mentioned earlier, the three decision-making process levels involve different topics
that can be optimized on strategic, tactical, and operational levels. One of the primary
decision-making trends is related to sustainability aspects: economic benefits (Timpe
and Kallrath, 2000), environmental impact (Tognetti et al., 2015), and social benefits
(Mota et al., 2015). The decisions on what to incorporate in SC design and optimization
are made on strategic level and are part of most optimization problems. Furthermore, SC
network design includes forward logistics, referred to as open-loop SC (Elhedhli and
Merrick, 2012), and reverse logistics, called CLSC (Özceylan and Paksoy, 2013). In
publication III, environmental aspects are incorporated together with recycling, which
are decisions made on an operational and tactical level. Publications II and V deal with
decisions regarding supplier selection and consumer awareness on strategic and tactical
levels, together with economic, environmental, and social benefits of SCs. Furthermore,
sustainability aspects are incorporated into all five publications related to this
dissertation.
Those listed issues are trending research direction and research gaps in the field of SCs
sustainability and optimization. Addressing, measuring, and optimizing multiple SCM
issues at the same time presents a challenging task. Therefore, complex issues like the
integration of sustainability with SCM need to be analyzed from different perspectives.
The integration of topics only relevant for a given SC is recommended. This can lead to
reduced complexity of SCs and increased optimization efficiency.
This dissertation discusses optimization of SCM and sustainability, and the research
related to this dissertation is divided into two stages (see Figure 2). In the first stage,
two literature reviews (publications I and IV) are conducted and are used as a base for
findings, research trends, and gaps for publications II, III, and V. In the second stage,
the findings from first stage are used to formulated as optimization problems and
solved. The research trends and gaps identified in the first stage are recycling as a part
of CLSC, consumer awareness and its impact on sustainability, and supplier selection
based on sustainability. Those three research trends are studied in publications II, III,
and V.
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Therefore, the mentioned trends in SCM, together with optimization of SCs and
performance measurement of SCs, are given in the following chapter as a brief literature
review. The importance of these issues is crucial, and more researchers should study it
from different perspectives - e.g., SCM, optimization, and sustainability. Literature
review carried out in the following chapter will give the background and importance of
sustainable supply chain management, optimization of SCs, and performance
measurement of SCs, and this can be summarized:
-

Sustainability: the pursuit of sustainability in SCM is becoming the main
focus of researchers and academics, and it is hailed as an efficient strategy
to deal with SCM issues. It can improve economic benefits and long-term
stability (Wang and Sarkis, 2013). Sustainability can be seen as today’s
actions with tomorrow’s benefits from economic, environmental, and
social aspects (Giannakis and Papadopoulos, 2016). One of the first steps
in archiving sustainability and one of SCM’s core objectives is to seek
continuous improvement and development through internal and external
links. In practice and literature, this is done by measuring the performance
of SCs and improving the areas that underperformed. Because of the
complexity and impact SCs have, it is critical to measure the performance
of SCs from different perspectives (Maestrini et al., 2017). The importance
of performance measurement of SCs is presented in more details in
chapter 2.

-

Sustainable supply chain management: while sustainability and SCM can
be viewed as different concepts, in recent years, there are often integrated
(Ahi and Searcy, 2013). Therefore, to investigate the importance and how
to incorporate sustainability in SCM and solve them as optimization
problems, we studied three following SCM trends: supplier selection
(Kheljani et al., 2009), consumer awareness (Liu et al., 2012), and CLSC
(Govindan et al., 2015b). More details about those trends are given in the
following chapter.

-

Optimization of SCs: As mentioned earlier, the principle of sustainability
is one of the significant SCM trends, and it is widely popular among
academics and researchers. It has been studied in numerous papers both in
qualitative and quantitative disciplines (Eskandarpour et al., 2015). To
integrate sustainability and SCM in this dissertation, graphical (pinch
analysis) and analytical (mathematical modeling) optimization techniques
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are adopted, which are explained in more detail in Chapter 3. Furthermore,
optimization of SCs is given in Chapter 2, together with the importance of
single and multi-objective optimization.
Accordingly, this dissertation’s overall objective is to use optimization techniques to
integrate sustainability of SCs with other trending issues mentioned earlier. The focus is
on the inclusion of economic, environmental, and social aspects of sustainability with
decision-making issues on a strategic, tactical, and operational level in single and multiobjective optimization problems. The integration of sustainability, optimization, and
SCM leads to long-lasting and sustainable SCM, and it’s presented in Figure 1.

Figure 1: Positioning of the research

1.2

Motivation of the Study

In today’s global and competitive environment (Banutu-Gomez and Banutu-Gomez,
2007), companies are challenged and pressured by governments, non-governmental
organizations, and consumers to shift away from economy-centric policies and business
models to adopt more environmentally and socially friendly standards (Namada, 2018).
Even though sustainability is a relatively new idea in the business world, it can help
develop as SC from economic, environmental, and social aspects. Most businesses
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within a SC seek to improve some aspects of sustainability, especially economic aspects
(Hazen et al., 2016). This trend needs to be extended to include environmental and
social benefits (Green et al., 2012)
In today’s competitive business environment, operations in SCM are important
economic activities. As those activities are growing in size, so does the impact SCs have
on everyday life (Wang et al., 2011). The impact SCs have along the way from raw
materials to finished goods on society needs to be an important factor in the decisionmaking process (Wang et al., 2011). If SCs aren’t considered a single entity, it is
difficult to capture all aspects of sustainability and optimize them efficiently. Therefore,
it is important to measure and optimize the objectives that significantly impact SCs
sustainability (Min and Zhou, 2002).
This dissertation's motivation and research reflected through the sustainability trends
and growing interest in SCM literature and its impact on economic, environmental, and
social development. The dissertation is divided into two stages (see Figure 2). In the
first stage, the methods, tools, and techniques used to measure performance and
optimize SCs have been explored. The second stage of the research gives several
scenarios regarding how sustainability of SCs can be integrated with other SC trends
into optimization problems and solved efficiently.

1.3

Research Gaps and Objectives

As mentioned in the introductory section, SCs are the primary focus of any business
activities. The impact SCs have on economy, environment, and society makes them an
essential part of sustainable development. Therefore, it is crucial to measure
performance of SC and optimize SCs in a sustainable way. Based on that, in this study,
the following research gaps are identified:
First research gap, in the literature, most research articles are dealing with economic
and environmental aspect of sustainability, while social aspect is somewhat neglected.
Beyond doubt, the inclusion of social aspect of sustainability and making SCs more
balanced is one of the leading research agendas (Eskandarpour et al., 2015) that needs to
be addressed. The inclusion of social aspect of sustainability needs to be done in all
decision-making processes and optimization problems (publication I). Furthermore, this
trend needs to be extended to the tools, methods, and techniques used to measure
performance of SCs (publication IV).
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Second research gap, While there are optimization problems (Jenkins and Schröder,
2013, Mota et al., 2015, Trisna et al., 2016) that have implemented various
sustainability aspects in their models. There are still unanswered research questions
regarding SCs network structure and the importance of various elements of CLSC. For
example, the implementation of reverse logistics and recycling within a CLSC
(Publication III) has positive impacts on the environmental and economic aspects of
SCs because recycling can directly reduce waste and the need for raw materials.
Third research gap, most research is focused on the direct impact of SCs related to
sustainability (Ageron et al., 2012). This is the case for most research trends. Research
focus needs to be shifted to the inclusion of indirect impacts on sustainability like
consumer awareness (Bask et al., 2013) and supplier selection (Grunert, 2011).
Publications II and V studied the impacts consumers and supplier selections have on the
sustainability of SCs.
To reduce the research gaps listed above, this research dissertation investigates issues
and challenges in the field of sustainable development of SCs by using optimization
techniques. Furthermore, it gives answers to the research questions given in the next
sub-chapter. This work focuses on sustainability of SCs on operational, tactical, and
strategic levels of decision-making. This dissertation's overall research can be used as a
guide and support for any party involved in a SCs decision-making process. The three
following research objectives can summarize the dissertation's focus:


Objective I: To show the research trends and direction in the areas of performance
measurement of SCs and optimization of SCs. Publications I and IV fulfills this
objective.



Objective II: was to incorporate economic, environmental, and social aspects of
sustainability with other optimization problems. Publications II, III, and V fulfill this
objective.



Objective III: To show that research trends like consumer awareness and supplier
selection can positively impact SC sustainability and be successfully implemented in
optimization problems. Publications II and V fulfill this objective.

The scope of this dissertation was thereby to contribute to the growing interest in
sustainability of SCs. The explicit focus is to provide insights between the interaction of
sustainability and the decision-making process on strategic, tactical, and operational
levels by using optimization techniques.
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The dissertation overview is given in Figure 2, together with the research questions and
each publication's main contribution.

Figure 2: Dissertation overview
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1.4

Research Questions

To address the research gaps listed above, this dissertation's main objective is to narrow
the gaps between the integration of sustainability trends (Eskandarpour et al., 2015,
Seuring, 2013) and aspects in optimization models. The question guiding this research
is:
What can be done using various decision-making tools on operation, tactical or
strategic level to improve the sustainability level of supply chains?
Given that the research question is complex and broad, a set of three research questions
has been developed. To give answers to those research questions, a set of five
publications are addressing them gradually.
To fulfill consumer demand for goods and services, SCs are ever-growing and evolving
entities, and SCs performance needs to be measured and managed (Bulsara et al., 2016).
Therefore, managing business models and decision-making process within SCM is a
highly demanding and challenging task (Srivastava and Singh, 2020). From previous
research (Beske-Janssen et al., 2015, Bulsara et al., 2016, Mani et al., 2020), we know
that measuring SC performance is one of the key factors that can help to reach
sustainability of SCs (Shepherd and Günter, 2010). Measuring performance of SCs is
the first step toward sustainability, after which optimization is one of the most used
techniques to improve environmental, social, and economic aspects (Seuring and
Müller, 2008). Based on those two critical steps in achieving sustainability of SCs, the
aim of publication I and publication IV was to answer the following research question:
How does performance measurement and optimization impacts sustainability of SC
from environmental, social, and economic aspects, and what tools and techniques are
used to achieve it?
Publication I deal with SC optimization from economic, environmental, and social
aspects of sustainability and investigates the techniques used to formulate mathematical
modeling problems.
The result of publication I show that optimization can be used in an efficient way to
improve and increase sustainability of SCs. However, optimizing a SC involves tradeoffs between two or more conflicting objectives. The objectives are determined in the
decision-making process (Zhou et al., 2000). For example, most previous empirical
studies (Tognetti et al., 2015, Wang et al., 2011) and literature reviews (Barbosa-Póvoa,
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2012, Papageorgiou, 2009) deals only with environmental and economic objectives.
Hence, the focus and motive of publication I was to include and balance all three
aspects of sustainability.
Guided by the previous research on performance measurement of SCs (Agami et al.,
2012, Chan, 2003) and the scarcity of literature related to performance measure
performance of SCs, the objective of publication IV was to classify and categorize tools,
methods, and techniques and give a framework for measuring performance of SCs.
How does supplier selection and consumer awareness impacts sustainable development
of supply chains?
Publications II and V aims to investigate the impact of consumer purchasing behavior
and the impact supplier selection has on sustainable development of SCs.
The idea behind publication II was to shift some of the focus from focal companies to
consumers and to show how consumer purchasing behavior impacts sustainability of
SCs (Eskandarpour et al., 2015). Since consumers are an essential player in SCs, they
can play a more prominent role in sustainable development of SCs (de Barcellos et al.,
2011, Schäufele and Hamm, 2017). Previous research (Bai and Sarkis, 2010, de
Barcellos et al., 2011) has demonstrated that there is a positive outcome between
consumer purchasing behavior and sustainable development of SCs. Hence, publication
II applies this and investigates the impacts consumer behavior has on sustainability of
SCs.
The correlation between supplier selection and sustainability of SCs has a positive
impact, according to previous research by Ehrgott et al. (2011). Therefore, publication
V aimed to address the issue of supplier selection and integrate it with economic,
environmental, and social aspects of sustainability and integrate them into an
optimization problem.
Can reverse logistics as a part of closed-loop supply chain be sustainable?
Unlike the rest of the publications, publication III uses pinches analysis, which is a
graphical optimization technique. Over the year, pinches analysis has been applied in
many different research areas: heat integration (Linnhoff and Flower, 1978a, Linnhoff
and Flower, 1978b), wastewater minimization (Wang and Smith, 1994), hydrogen
network management (Towler et al., 1996), and the attempt (Singhvi et al., 2003) to
apply PA in SC planning and production. Publication III was one of the first attempts to
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use pinch analysis in the recycling of critical materials. The publication addresses
recycling as a part of CLSC and the possibility of implementing PA as a methodology
to assess the amount of scrap and raw materials required in a CLSC. This publication
deals with environmental issues of critical materials.
An overview and research questions of the dissertation and the information about the
methodology are given in Table 1.
Table 1: Research questions, methods, and chapters related to the publications.
Publication no.
Title of the publication
Chapter Research method
Main research question:
What can be done using optimization techniques on operation, tactical, and strategic
level to improve sustainability of supply chains?
Research questions 1:
How does performance measurement and optimization impacts sustainability of SC
from environmental, social, and economic aspects, and what tools and techniques are
used to achieve it?
Sustainability and Optimization
Literature review
1
of Supply Chains: a Literature
4.1
Review
A Conceptual Framework for
Literature review
4
Measuring Sustainability
4.4
Performance of Supply Chains
Research questions 2:
How does supplier selection and consumer awareness impacts sustainable
development of supply chains?
Consumer Choice and
Mathematical
2
Sustainable Development of
4.2
modeling
Supply Chains
Supplier Selection and
Mathematical
5
4.5
Optimization of Supply Chains
modeling
Research questions 3:
Can reverse logistics as a part of closed-loop supply chain be sustainable?
Material Pinch Location and
Pinch analysis
3
4.3
Critical Materials Recycling
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1.5

Dissertation Outline

This dissertation is divided into two parts: an overview of the dissertation is presented in
part I, and in part II, five publications related to the dissertation are presented. Part I
introduces the reader to the overall topic studied in the dissertation and can be briefly
summarized as follows:
- Chapter 1: presents the research background, the motivation of the study, research
gaps and objectives, and research questions. The chapter presents the research
background and highlights how the dissertation's publications are linked to the existing
literature and research trends, and gives the overall results.
- Chapter 2: provide a literature review of the studied areas and research trends
mentioned in the introductory part.
- Chapter 3: deals with research design, methodology, and methods and gives
information about how we collected the data.
- Chapter 4: highlights the objectives and main contributions of publications used in the
dissertation.
- Chapter 5: overall discussion, contribution, limitations, and future research directions
related to this dissertation are given. Furthermore, the answers to the research questions,
theoretical and practical implications are highlighted.
- Chapter 6: in the last chapter, the overall conclusions of the study are given.
In part II, the mentioned publications related to this dissertation are presented.
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2 Literature Review
The second chapter's focus is to provide a brief literature review on the relevant topics
and issues mentioned in the previous chapter. The chapter starts with sustainability and
gives the three aspects of it: economic, environmental, and social it finishes with the
performance measurement of SC and highlights how and why it is important. The
chapter continues with sustainable supply chain management and the three main trends
studied in the publications recycling, supplier selection, and consumer awareness. It
continues with the optimization of supply chains and explains how single and multiobjective optimization is applied.

2.1

Sustainability

In the literature, most researchers identify three main sustainability pillars: economic,
environmental, and social (Beske and Seuring, 2014, Rajeev et al., 2017). Depending on
the decision-making process, the different dimensions can have higher or lower
priorities (see Figure 3). The three sustainability aspects listed in Figure 3. are sometimes
referred to as triple bottom lines, a term coined by (Elkington, 1998, Elkington, 2013). The
overlapping economic, environmental, and social aspects are the goals and objectives of
sustainability.
The Vern diagram presents give the area where one, two, or all aspects are overlapped. The
objective of sustainability is for all aspects to be in balance (overlap).

Figure 3 Three different sustainability aspects
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-

Economic sustainability: is defined as the state in which economic production is
maintained indefinitely (Spangenberg, 2005). The main objective of economic
sustainability is to protect the flow of money, goods and keep a business
sustainable. In the literature, economic aspects of sustainability are applied in
most research papers. The integration of economic aspect and optimization
techniques is done through different indicators, for example: minimization of
total costs (Liu and Papageorgiou, 2013), maximization of sales (Timpe and
Kallrath, 2000), maximization of net present value (Tognetti et al., 2015),
minimize carbon trading costs (Diabat et al., 2012). It is evident that most
economic optimization problems are studied through monetary values.

-

Environmental sustainability: is the balance and condition in which human needs
are satisfied without damaging and preventing the ecosystem from regenerating
and recovering (Morelli, 2011). Environmental aspects of sustainability are
sometimes referred to as green sustainability (Green et al., 2012). In the
literature, green SC trends are divided into green design and green operation
(Srivastava, 2007). Environmental issues are studied through many different
optimization objectives. Some of the examples are minimization of CO2
emission (Elhedhli and Merrick, 2012), minimization of GHG emission
(Chaabane et al., 2012), maximization of water quality (Lira- arrag n et al.,
2011), minimization of global warming potential (Ruiz-Femenia et al., 2013).

-

Social sustainability: can be defined as living conditions of communities and
conditions within these communities that are stable and long-lasting (McKenzie,
2004). In the literature, we found only a few papers dealing with social aspect of
SC sustainability. Furthermore, optimization problems are studied through
maximization of created jobs or employment (Mota et al., 2015, SantibañezAguilar et al., 2014, You et al., 2012), and we found that (Chen and Andresen,
2014) implemented social aspect trough minimization of the number of injuries.
Similarly, (Dehghanian and Mansour, 2009, Varsei and Polyakovskiy, 2017)
studied social issues without explicitly stating the indicators used, instead the
emphasis was the maximization of social benefits.
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The three independent aspects of suitability are sometimes referred to as “triple bottom
line” a term coined by Elkington (1998). The Venn diagram of sustainability (see
Figure 3) can have seven possible scenarios, depending on what aspects of sustainability
are considered. If only one aspect is considered: economy, environment, or society. If
two aspects are considered: green-economy, social-economy, and green-society, and if
all three aspects are taken into account, there is sustainability. In the literature, most
optimization problems are dealing with green-economy and sustainability
(Eskandarpour et al., 2015, Seuring, 2013).

2.1.1 Measuring Sustainability of Supply Chains
In a broad way, performance measurement can be defined as; a process of measuring
and quantifying effectiveness and efficiency of activities within SCM (Neely et al.,
1995). Effectiveness can be defined as the level to which the customer's requirements
are fulfilled, while efficiency is the measurement of how well a company's resources are
utilized to meet customer's satisfaction level (Agami et al., 2012). Neely (2005) argues
that if something is quantifiable and expressible in numbers, it can be understood and
have a good background about it. Otherwise, the information about it is limited and
unacceptable. Performance measurement from a managerial perspective is the provision
of critical information that is used as feedback in the decision-making process. It is
fundamental for monitoring performance, enhancing decisions, diagnosing problems
(Chan, 2003). As stated by Sink and Tuttle (1989), "you can't manage what you can't
measure."
As businesses evolve and grow, so does the impact on SCs, and it is becoming
increasingly necessary to measure and manage their impacts. Since the traditional
methods used for measuring SCs performance can’t address all issues of development,
the interest in finding new ways to measure performance of SCs is increasing (Chopra
& Meindl, 2007). Therefore, it is important to develop new tools, techniques, and
methods to measure performance of SCs (Qorri et al, 2018a).
According to (Bhagwat & Sharma, 2007), performance measurement of SCs can be
described as consumer feedback based on operations directed towards consumer
satisfaction. Performance measurement can also be described as a process that
efficiency can be quantified and measured (Olugu & Wong, 2009). According to Neely
et al (1995), there are several ways to measure performance of SCs: balanced scorecard,
the performance measurement matrix, performance measurement questionnaires, criteria
for measurement system design, and computer-aided manufacturing approaches
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Performance measurement can be divided into qualitative and quantitative. Quantitative
performance measures cost and resources and optimization can reduce cost, time and
increase utilization (Chan, 2003). On the other hand, qualitative performance measures
quality, trust, innovation, flexibility, and visibility.
-

Measuring green SCs: generally speaking, green SCM is perceived as an
efficient way of promoting synergy among SC players, which helps to increase
environmental performance, minimize waste produced, and achieve cost savings
in a SC (Rao and Holt, 2005). One of the most used methods to measure
performance of green SCs is life-cycle assessment (Guinee et al., 2011) and
ISO-14001 (Curkovic and Sroufe, 2011), analytical hierarchy process (Bhagwat
and Sharma, 2007), analytical network process (Agarwal and Shankar, 2002)

-

Measuring sustainable SCs: unlike economic and environmental aspects of
sustainability, the inclusion of social aspects, and measuring it present a
challenging task (Popovic et al., 2018). This is mostly due to the qualitative
nature of social indicators (Wolf, 2011). In the literature and in practice, social
aspects of sustainability can be measured using global reporting initiative (GRI,
2014), ISO 26000 (Castka and Balzarova, 2008), and social- life-cycle
assessment (Kühnen and Hahn, 2017).

In this dissertation, job creation/employment was used as a social indicator in the
formulation of optimization problems.

2.2

Sustainable Supply Chain Management

The term sustainability (sometimes referred to as sustainable development) was first
time used on the UN-sponsored World Commission on Environment and Development.
The definition was coined in the report "our common future" and the definition states:
"development that meets the needs of the present without compromising the ability of
future generations to meet their own needs‖ (Brundtland, 1987). This definition is
widely used (Sneddon et al., 2006), and in the literature, it is widely recognized that
companies along SCs play an important role in sustainable development. With that in
mind, companies are becoming concerned and stared to implement sustainability trends
in their operational, tactical, and strategic business decisions (Matos & Hall, 2007).
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While the concept of sustainable supply chain management (SSCM) is changed and
evolved over the years, there are several common directions it has (Seuring and Müller,
2008). The integration and collaboration of key players on economic, environmental,
and social aspects along a SC can be defined as SSCM (Genovese et al., 2017). The
three aspects economic, environmental, and social are fundamental in the definition and
development of sustainability (Khan et al., 2020). The theory development of SSCM has
been done through several review papers: (Seuring and Müller, 2008, Barbosa-Póvoa,
2012, Seuring, 2013, Eskandarpour et al., 2015, Khan et al., 2020).
The use of mathematical optimization techniques in the field of SSCM has been very
popular over the years (Seuring, 2013). To incorporate sustainability in optimization
problems, mathematical models are formulated, and trade-offs are made between
economic, environmental, and social aspects of sustainability (Eskandarpour et al.,
2015). In recent years most mathematical models are formulated as multi-objective
optimization problems (Sawik, 2020). Since multi-objective optimization has two or
more objective functions, solving them requires the use of Pareto optimal solution.
Pareto optimal is a set of non-dominate multi-objective solutions, meaning that
improvement to objective functions can’t be made without worsening the other ones
(Wang et al., 2011)

2.2.1 Closed-loop Supply Chain
To ensure the flow of material in a CLSC, new materials need to be introduced to
replace the material that wasn’t recovered in the process (Bloemhof-Ruwaard et al.,
2004). As mentioned earlier, a CLSC network structure is made of two parts: forward
and reverse movement of materials. In forward movement, raw materials are extracted,
products are finalized and sold to the consumer, and in reverse movement collected,
resold, disassembled, or recycled. It is worth mentioning that the consumer plays a
significant role in the recovery of used products (Gaur et al., 2017). The decisionmaking process and the design of CLSC need to be done on strategic and tactical levels
so that the total costs and the environmental impacts can be minimized (Özceylan et al.,
2014). The importance of CLSC is highlighted with several recent literature reviews:
(Govindan et al., 2015, Braz et al., 2018, Islam and Huda, 2018).
One of the first optimization model papers dealing with CLSC network design was
proposed by Fleischmann et al. (1997). The focus of the study is on three main areas of
SC design: production planning, inventory control, and distribution planning. The same
author, Fleischmann et al. (2001), developed a mixed-integer linear programming model
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on two cases of paper recycling and copier remanufacturing. The models include both
forward and reverse logistics, and the results show a positive correlation between cost
reduction and reverse logistics. Krikke et al. (2003) proposed a mixed-integer linear
programming model for a CLSC network design with several different scenarios:
alternative product designs, varying return quality and quantity, and potential
environmental legislation. The objective function includes minimization of cost and
environmental impacts. A model Yang et al. (2009) was tested on several examples to
describe the effects on return ratio, the transformation rates of raw materials, and the
transformation rates of recyclable products. A multi-objective mixed-integer linear
programming model Govindan et al. (2016) with economic, environmental, and social
aspects was proposed. The objective functions were set to maximize revenue, saving
costs of CLSC, impact on society, and to minimize the harmful impact on the
environment. Similarly, a mixed-integer linear programming CLSC model was
proposed by Santander et al. (2020). The objective functions are expressed in terms of
economic and environmental aspects.

2.2.2 Supplier Selection
With globalization and technological development, today's modern businesses are
shifting from being a single entity to more complex and interconnected entities within
SCs (Lambert and Cooper, 2000). Modern SCs are networks with interconnected and
integrated businesses and management, with the goal of maintaining and improving
relationships and competitiveness (Tan, 2002, Li et al., 2006). In SCM, it is vital to
work together with the supplier and allocate the resources in a sustainable way
(Vonderembse and Tracey, 1999). Choosing the right supplier can have a positive
impact on economic, environmental, and social aspect of sustainability (Huang and
Keskar, 2007). The theoretical development and directions of supplier selection in SCM
are studied through several recent publications (Chai et al., 2013, Igarashi et al., 2013,
Luthra et al., 2017).
In the dissertation, the supplier selection process is part of SCM activities, and it was
studied together with other sustainability aspects. The vendor and buyer optimization
problem was first considered by Goyal (1977). Later Banerjee (1986) introduced a
single buyer-supplier model to reduce the total relevant costs. Li and O'Brien (1999)
presented a model to improve SCM criteria: profit, lead time performance, delivery
time, and waste elimination. Xu and Nozick (2009) proposed a linear programming
model Xu and Nozick (2009)Xu and Nozick (2009)to find trade-offs between costs and
risk, supporting an improved decision-making process in a global SC design. Paydar et
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al. (2014) developed a mixed-integer linear programming model to integrate production
planning with procurement as well as consumer demand and machinery capacity.

2.2.3 Consumer Awareness
Consumer awareness towards environmental and social issues and the tendency to buy
green and sustainable products and services is the key factor of sustainable policies in
SCM (Heydari et al., 2020). According to Liu et al. (2012), the main issue is, does the
consumer wants to pay a premium price to cover the costs of making the products
greener or sustainable. Otherwise, the governments would have to subsidize the costs.
As a consequence, companies have a response to the growing consumer green and
sustainable awareness. As more consumers are becoming aware of the impact they can
have and the increase in government subsidies, companies are willing to increase the
quantity and quality of their green products (Su et al., 2020).
There has been a growing literature on green, sustainable products and the impact
consumer awareness has on SCs. The literature on green and sustainable products is
mainly focused on the policies and certificates related to the products (Yu et al., 2016).
A model to determine consumer awareness on prices, product characteristics, and
market shares of the competing firms was proposed by Conrad (2005). Liu et al. (2012)
studied the impact of competition and consumer green awareness on SC players. They
found that if consumer awareness increases the manufacturers with greener products
will benefit. In contrast, the profits of less greener manufacturers will increase if there is
little to no competition. Das and Dutta (2015) proposed a framework to return used
products from consumers. The framework was integrated with an optimization model
into a CLSC to maximize the overall profit of SCs. The framework aimed to determine
the ideal discount by optimal manufacturing, remanufacturing, and disposal quantity. A
conceptual framework for measuring how consumer behavior impacts the economic and
socio-environmental performance of SCs was developed by Taghikhah et al. (2019).
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2.3

Optimization of Supply Chains

When talking about SC design problems, they can be defined with three, four, or five
echelons. In this dissertation and the related papers, the three and five echelons models
are studied. Five echelons SCs include raw materials, factories, warehouses,
distribution, and consumers. While, three echelons SCs include: raw materials, factories,
consumers. Applying mathematical models has been widely used to assess and optimize
performance of SCM (Nurjanni et al., 2017). In the literature, SC optimization design
problems are classified on single-objective and multi-objective optimization
(Mastrocinque et al., 2013).
Optimization of SCs is related to the selection of an optimal solution based on the
objective function or functions for single or multi-objective optimization (Amiri, 2006).
Single-objective models are mostly based on the optimization of economic aspects
(Timpe and Kallrath, 2000), environmental aspects (Linares and Romero, 2000). As far
as we know, no paper has considered only social aspects of sustainability. It is evident
from the literature that single-objective optimization is less frequently used, especially
in recent years (Kocaoğlu et al., 2018). In multi-objective optimization, the objective
functions are most of the time conflicting, and the aim is to find a trade-off solution to
satisfy those objectives (Brandenburg et al., 2014).
In the literature, different optimization techniques are used to formulate models: linear
programming (Nozick and Turnquist, 2001), non-linear programing (Tsao and Lu,
2012), mixed-integer linear programming (Liu and Papageorgiou, 2013), mixed-integer
non-linear programming (Lira- arrag n et al., 2011), fuzzy approach (Selim et al.,
2008), genetic algorithm (Chen and Paulraj, 2004) and hybrid approach (GarciaHerreros et al., 2014). This dissertation's focus is on linear and mixed-integer linear only
papers that formulated their optimization models in linear or mixed-integer linear
programming are listed below.

2.3.1 Single-Objective Optimization
The easiest way to express economic or environmental criteria’s in SC design is through
the use of single-objective optimization. The goal of single-objective optimization is to
minimize or maximize one objective function. The objective function can be expressed
with single or multi-criteria. In recent years, the use of single-objective optimization is
becoming less popular because most SCM problems are complex and require the use of
multi-objective optimization.
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As mentioned earlier, only a few papers studied SCM problems through single-objective
optimization. A mixed-integer linear programming model was developed by Timpe and
Kallrath (2000). The model was formulated with sales maximization as an objective
function. A mixed-integer non-linear programming model and a genetic algorithm were
proposed by Min et al. (2006) to minimize the total costs of reverse logistics. A mixedinteger non-linear programming model with the Lagrangean relaxation algorithm was
developed by You and Grossmann (2008). The objective function was to minimize total
cost. Elhedhli and Merrick (2012) studied a single-objective optimization model with
fixed and variable location and production costs together with CO2 emissions costs.
Garcia-Herreros et al. (2014) developed an optimization model with the objective to
minimize total investment costs.

2.3.2 Multi-Objective Optimization
Unlike single-objective optimization, multi-objective optimization is solved differently.
There isn’t a single global solution, but there are sets of several Pareto optimal
solutions. Pareto optimal solutions are trade-offs between two or more conflicting
objectives (most of the time economic and environmental). The solution can’t be
improved without worsening other objectives (Trisna et al., 2016). Optimization
problems in SCM are mostly formulated as multi-objective linear models, and
traditionally most of them include economic and environmental objective functions
(Eskandarpour et al., 2015). The extension of optimization problems and the inclusion
of social issues are done mostly with job creation/employment (Cambero and Sowlati,
2016, Mota et al., 2015, You et al., 2012).
A mixed-integer linear programming model was developed by Sabri and Beamon
(2000). The multi-objective model includes total costs, fill rates and delivery rates as
objective functions. Pareto optimal solution was found using the e-constraint method.
Similarly, Luo et al. (2001) developed an optimization model with four objective
functions to minimize total cost, energy consumption, cycle time, and CO2 emissions. A
mixed-integer linear programming model with the inclusion of life cycle assessment as
an environmental impact assessment tool was developed by Hugo and Pistikopoulos
(2005). The model solved three objective functions; maximization of net present value,
minimization of plant emissions, and minimization of resources depleted. To solve the
optimization problem of SC design and planning with environmental and economic
consideration, Bojarski et al. (2009) developed a mixed-integer linear programming
model. As objective functions, net-present value and environmental impact were set. A
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linear programming model to study the impact of SCs on economic and environmental
performance was developed by Wang et al. (2011). In the economic objective setup,
cost, environmental protection investment cost, transportation cost, and handling cost
are calculated, and CO2 emissions were set as an environmental objective function.
A mixed-integer programming model to minimize fixed costs, distribution costs,
procurement costs, and carbon emissions costs were given by Abdallah et al. (2012).
Three different scenarios were developed in the model carbon emission without
penalties, carbon emission with high penalties, and minimum carbon emission with
penalties. Mota et al. (2015) proposed a mixed-integer linear programming model with
economic, environmental, and social aspects. The objective functions are set so that the
total costs of SCs are to be minimized, while the number of jobs is maximized, and the
ReCiPe was used as a tool for environmental assessment.
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3 Research Goals and Methodology
In this chapter, the approach to research design, methodologies, and the collected data
are outlined and explained. Research methodologies (Creswell and Creswell, 2017) are
most commonly divided into quantitative, qualitative, and mixed methods. In this
dissertation, publications I and IV, which are literature reviews, and publications II, III,
and V, adopted optimization techniques. All of the research stages are similar in all five
publications. They follow a general guideline: designing the research topic, collecting
and reviewing the literature, designing the research, data collection, analyzing the
collected data, and writing the paper (Saunders, 2011).

3.1

Research Design

This dissertation, like any other relevant research project, follows a general guideline
for empirical research. Saunders (2011) outlined the general approach once the
problems are identified, and previous research on the relevant topic is collected,
reviewed, and categorized. Based on it, research gaps are identified, which are used as
the foundation for the formulation of research questions. Following it is the research
design, where research methods are assigned for each research question. The objective
of the research design was to provide answers to the research questions outlined in
chapter 1.4. The main research question from chapter 1.4 is further divided into three
research questions because of the complexity. This resulted in five publications. Each of
the research questions is addressed with two publications, except for the third research
question addressed with publication III. The five publications' focus was on
optimization tools and techniques used to integrate sustainability of SCs with different
aspects of SCM. Each of the publication was based on previously established research
directions and publications. To ensure that the publication is within the established
theoretical framework, we conducted a literature review to keep the publications up to
date and fit them in the current research agenda.
Publications used in this dissertation are using several different methods and approaches
for research. The research design, data collection, and analysis have been done within
the research questions' scope. A quantitative research approach is recommended based
on the problem studied and data collected (Williams, 2007).
Based on the research questions and the data collected, different research methods are
adopted. Hence, publications I and IV are used as the foundation for publications II, III,
and V. Figure 4 gives the overview of used methods. This allowed us to build a
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substantial foundation for the research question and to provide answers to them. A
detailed description of the methods used in the five publications follows in chapter 3.2.

Figure 4. Research methods used in the dissertation

3.2

Method Description

The selection of research methods was based on the problems and research questions used
for each publication. Several research methods were used in this dissertation. The
publications are based on the following methods illustrated in Figure 4. The five
publications used in this dissertation are based on the following methods: (I) literature
review; (II) mathematical modeling (optimization); (III) pinch analysis (optimization); (IV)
literature review; (V) mathematical modeling (optimization).
Each of the methods was explained with greater detail and the correlation between papers
and SCs sustainability. In this dissertation, in publications II, III, and V, quantitative data
has been applied, and in publications I and IV, a literature review has been adopted.
More specifically, the quantitative methods used are both optimization techniques. In
publications II and V, mathematical modeling (Aris, 2012) was used, and pinch analysis
(Kemp, 2011) was implemented in publication III.
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3.2.1 Literature Review (Publications I and IV)
In its initial stage, any academic project has to conduct a review of previous literature
for the project to facilitate research gaps and ideas (Webster and Watson, 2002). In
other words, a literature review is a presentation, clarification, and evaluation of work
that have been conducted in a specific scientific area (Randolph, 2009). Fink (2019)
states that a literature review is “a systematic, explicit, and reproducible method for
identifying, evaluating, and synthesizing the existing body of completed and recorded
work produced by researchers, scholars, and practitioners.”
To conduct a literature review, Tranfield et al. (2003) suggest the following next stages:
- Stage I: Planning the review.
Identification, preparation, and development of a review.
- Stage II: Conducting the review
Identification and selection of papers, quality selection, data extraction, and
synthesis.
- Stage III: Reporting
Reporting and getting the study into practice.
Planning the review: In publications I, we applied the Boolean search with the
following terms in the database ScienceDirect: mathematical modeling, green supply
chain, sustainability, environmental sustainability, and social sustainability. To find
relevant papers dealing with the integration of sustainable SCs and mathematical
modeling. The literature review results suggest several research gaps. There is a lack of
or review papers dealing with the integration of mathematical modeling and all three
aspects of sustainability. There are limited numbers of papers dealing with the social
aspect of sustainability. For the second literature review (publication IV), we applied the
following search terms: Sustainable, sustainability, green, environmental, social, supply
chain, performance, management, measurement, assessment, evaluation, framework,
system, method, tool, concept, standard. To find and categorize the tools and methods
used to measure SCs performance. For this publication, the results highlight a lack of
papers that give a framework for how to measure and group tools and methods used to
measure green and sustainable SCs.
Conducting a review: This phase has been carried out in a similar fashion for
publications I and IV. Namely, the ScienceDirect database has been used in publication
I, while SCOPUS has been used in publication IV. Both publications had similar
approaches regarding the paper selection process. All articles are written in English,
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Only journal articles published in peer review journals are included. Initial screening
was done by reading papers abstracts and eliminating those that don't fit in the search
category.
Reporting the review: The results of publications I and IV are built up from selected
relevant articles, described and presented in the form of tables, graphs, and illustrations,
and accompanied with analysis of relevant papers.

3.2.2 Mathematical Modeling (Publications II and V)
Mathematical programming/modeling is the most developed approach used in
operational research. The objective of mathematical modeling is to minimize or
maximize objective function with sets of variables and constraints (Atashbar et al.,
2016). There are several approaches to classify mathematical modeling approaches in
correlation to SCs and SCM (Huang et al., 2003), namely:
1) Decision level: as mentioned earlier, SCM's decision process is based on
three levels operational, tactical, and strategic.
2) SC structure: (Beamon and Chen, 2001) divided SC structure into four
categories. A convergent structure is a network in which each node has one
successor and one or more predecessor. A divergent structure is a network
in which each node has one or more successor and one predecessor. A
conjoined structure is a network in which there is both convergent and
divergent structure present and connected. General structure is the type of
network that doesn’t fall in any categories listed above.
3) Modeling approaches are divided into several categories: linear
programming, mixed-integer linear programming, non-linear programming,
mixed-integer non-linear programming, fuzzy programming, stochastic
programming, heuristic, and metaheuristic programming, and genetic
programming. The vast majority of models in the literature are formulated
as mixed-integer linear problems, and in the papers used in this dissertation,
the same approach has been adopted.
Based on how mathematical models are formulated, they can be divided as follows:
deterministic and non-deterministic (random). For models that have the same output for
the same initial input data are deterministic and can be linear, mixed-integer linear, non-
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linear, and mixed-integer non-linear. In contrast, non-deterministic with uncertain
outcomes are divided into fuzzy and stochastic models (Trisna et al., 2016).
Linear programming – is the simplest and one of the most advanced mathematical
modeling techniques. Linear programming is characterized by a linear objective
function, subject to linear equalities, inequalities, and constraints. Chen and Wang
(1997) developed a linear programming model to integrate production and distribution
planning of a steel SC. Kanyalkar and Adil (2005) prosed a linear programming model
with multi-site production.
Mixed-integer linear programming – is a mathematical optimization technique with
some or all of the variables bound to integer variables. Which is usually a binary
variable (0 or 1), while the objective function and constraints are linear. The following
papers formulated their models as mixed-integer linear programming: Van Dyken et al.
(2010) presented a MILP for a biofuel SC to find the best economic and environmental
network configuration. Similarly, Özceylan and Paksoy (2013) developed a mixedinteger linear programming for a CLSC with a configurable network structure. The
objective was to minimize configuration, purchasing, and refurbishing costs together
with fixed costs of potential plants and retailers. Sharifzadeh et al. (2015) propose a
mixed-integer linear model for optimization operation and design of biofuel SC. The
objective function of the models was to maximize net present value.
In this dissertation and the papers related to it, optimization problems are mostly solved
using GAMS. However, optimization techniques and models are becoming widely
accessible and used in different areas of SC and with different tools and software like
Excel and MATLAB (Ferris, 1999).

3.2.3 Pinch Analysis (Publication III)
The foundation for the pinch analysis method have been paled by Hohmann (1972), and
later expanded by Linnhoff and Flower (1978a) and (Linnhoff and Flower, 1978b).
pinch analysis has been used in many industrial applications over the years with positive
results. A brief overview and development of pinch (Aspelund et al., 2007) is as
follows: mass exchanger networks (El‐Halwagi and Manousiouthakis, 1989),
wastewater minimization (Wang and Smith, 1994), hydrogen management (Towler et
al., 1996), minimization of carbon footprint (Lam et al., 2010). It is important to notice
that graphical techniques applied in pinch analysis have survived and are still used to
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this day despite the appearance of mathematical modeling and its advantages over pinch
analysis (Tan and Foo, 2007).
Even though it is possible to use mathematical modeling techniques, graphical
optimization techniques applied in pinch analysis are still widely available and used
(Klemeš and Kravanja, 2013). This demonstrated that pinch analysis is still useful and
can be used to solve real-life problems. To take advantage of each approach, it is
recommended to use pinch analysis with some of the mathematical modeling techniques
(Tan and Foo, 2007).

3.3

Data Collection and Analysis

As this research is focused on the operational, tactical, and strategic decision level and
performance of SCs, the data for this dissertation was collected from different sources.
Apart from publications I and IV, the collected data was in quantitative shape.
The data collected and used in the five mentioned publications was taken from openly
available sources. In other words, the data used comes from secondary sources, and it is
defined as ― the use of datasets, which were not collected for the purpose of the
scientific hypothesis being tested‖ (Trinh, 2018). In recent years, secondary data usage
has increased, and it is encouraged to be used by many entities (Windle, 2010). One of
the main advantages of secondary data is its wide availability, and its accessible quickly
and with little resources (Johnston, 2017). Secondary data can be analyzed and based on
new ideas, theories, frameworks, and models that can be developed and proposed
(Cheng and Phillips, 2014).
For the collection and validation of secondary data, some rules need to be followed. The
rules have to ensure that the data fits in the topic, is available in an international
language, and is readily available (Hox and Boeije, 2005)
-

The data for publication I was gathered from a secondary source for a literature
review, the papers collected have studied sustainability of SCs and used
optimization as a methodology. The collected papers used in publication I were
from the ScienceDirect database. The total number of papers used was 50, and
the papers were analyzed and categorized based on different sustainability and
optimization criteria. The categorization was done based on sustainability
aspects studied in the papers, objective functions, and how mathematical models
were formulated.
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-

For publication II, the collected data was from secondary sources (published
papers and webpages). The collected data used in the publication was
quantitative, and it was related to the environmental impacts of different
computer parts. The data collected was used to formulate a mathematical
modeling problem of a computer parts SC. The data was related to the
environmental aspects of three different computer monitor types: cathode ray
tube, liquid crystal display, and light-emitting display. The environmental
indicators used are climate change impact, CO2 emissions, and energy
consumption.

-

Similarly, for publication III the collected quantitative data was for secondary
sources. The main focus was on critical materials (European Commission (EC),
2017). The collected data is related to the global SC, production, and supply
levels of niobium. Based on the collected data and the application of pinch
analysis. With the application of pinch-analysis in a closed-loop SC, the current
production level and waste can be reduced. The reduction of raw material would
involve the recovery of scrap.

-

Publication IV the data was collected from secondary sources and used for a
literature review. We collected 104 papers, all of which are in the field of green
SC and sustainable SC management performance measurement. We analyzed
the papers from the content, context, and process framework perspective. As a
result, several categories were generated, from years and journals to tools,
techniques, and methods to measure performance. Based on the data, a
framework was proposed which can be used as a starting point in the
performance measurement of SCs.

-

For publication V, we collected quantitative from secondary sources. The
collected data was related to the environmental, social, and economic aspects of
sustainability. The data was used to develop a mathematical model of bio-fuels
SC. Based on the mathematical model and the obtained result highlight that it is
possible to integrate supplier selection and sustainability of SCs.
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Quantitative data used for five publications are given in Table 2, and details are
given below:
Table 2. Data collection and analysis.
Publication I Publication
II
Sustainability
Consumer
Title

Data
collection

Data
analysis
and
methods

Publication
III

Publication
IV

Publication V

A conceptual
framework for
measuring
sustainability
performance
of supply
chains
-Secondary
sources
-SCOPUS
-104 papers
-Green supply
chains
- Sustainable
supply chains
- tools,
-techniques
and methods
Systematic
literature
review

Supplier
Selection and
Optimization
of Supply
Chains

and
Optimization
of Supply
Chains: a
Literature
Review
-Secondary
sources
-ScienceDirect
-50 papers
-Sustainability
aspects
-Indicators
used

Choice and
Sustainable
Development
of Supply
Chains

Material
Pinch
Location and
Critical
Materials
Recycling

Case study,
secondary
source

Case study,
secondary
source

Systematic
literature
review

Quantitative
research,
Mathematical
modeling,
optimization

Quantitative
research,
Pinch
analysis,
optimization

An illustrative
example,
secondary
source

Quantitative
research,
Mathematical
modeling,
optimization
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4 Summary of Publications
In this section results of five publications used in the dissertation are presented. This
chapter aims to cover research questions, objectives, methodology used, and presents
the findings.

4.1

Publication I: Sustainability and Optimization of Supply
Chains: a Literature Review

Overall objective:
The paper addresses the concept of sustainable development and optimization of SCs. It
focuses on sustainability from economic, environmental, and social aspects and how it
was integrated into optimization models. Furthermore, it addresses decision-making and
its impact on sustainable development from an operational, tactical, and strategic
perspective. The paper is inspired by the recent development of research topics related
to sustainable development of SCs and the application of optimization techniques
(Eskandarpour et al., 2015). Prior to this paper, few review papers deal with
relationships between economic, environmental, social sustainability, and optimization
techniques.
Main contribution:
First publication (Mujkic et al., 2018a) and its main contribution are reflected and
highlighted by the categorization of relevant papers in the area of SC sustainability. The
categorization of peer review papers is based on the following questions: 1) which
sustainability dimensions are considered in each article? 2) Which sustainability aspects
of SC are covered by mathematical models? 3) What objectives and how mathematical
models for sustainable SCs are formulated? Based on those questions, 50 papers have
been narrowed. All of the papers are in the field of sustainable development of SCs and
use optimization as a technique. The selected papers are organized and categorized
based on different criteria presented in publication I. The paper shows how SCs are
optimized from economic, environmental, and social aspects of sustainability.
Furthermore, it presents what objective functions are optimized and how optimization
models are formulated.
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4.2

Publication II: Consumer Choice and Sustainable
Development of Supply Chains

Overall objective:
This publication's objective was to address consumer awareness and its impact on
sustainability of SCs. It addresses the potential impact consumer have on the sustainable
development of SCM by their purchasing decision. The objective was to determine the
total environmental impact of computer parts and how consumers perceive the same
characteristics with different environmental impacts; this was based on three proposed
optimization scenarios. Environmental aspect was set as the objective function. The
paper investigates and gives some insight into the impact of consumer awareness and
purchasing choice on sustainable development of SCs.
Main contribution:
Second publication (Mujkić et al., 2018b) uses mathematical modeling to show how
consumer purchasing decisions impact SCM sustainability. In this publication, three
different optimization scenarios are formulated. The different scenarios include several
consumer monitors. In the first two scenarios, cathode ray tube (CRT), liquid crystal
display (LCD), and light-emitting diode (LED) are used to determine the total
environmental impact each display has. While in the third scenario, computers with
similar performance are used to assess their minimal environmental footprint by
different environmental metrics: climate change of display in kg of CO2, acidification
potential in kg of SO2, ionizing radiation daily value, O3 Depletion in kg of CF-11,
Energy consumption per unit, CO2 emission per unit. The results highlight the
importance of consumers and the role they can play in sustainable development of SCs.
The paper shows how consumers may prefer greener and sustainable products based on
different environmental performance.

4.3

Publication III: Material Pinch Location and Critical
Materials Recycling

Overall objective:
The objective of third publication (Mujkić, 2019) was to show the impact recycling as a
part of CLSC has on sustainability of SCs. In the publication, niobium was used as an
example, which is an important element in the steel industry. We implemented pinch
analysis to determine the minimal theoretical requirement of raw niobium. The EU
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Commission (2017) lists niobium as one of the 27 critical materials, defined by their
economic importance and supply risk. Therefore, this work's objective was to apply PA
in the SC of niobium and determine the amount of raw niobium required based on
different recycling rates. We integrated pinch analysis with material recovery and
recycling of critical materials with CLSC. Critical materials need to be collected mostly
in the form of scrap and returned in the SCs to be used in the recycling process. The
creation of material flows in PA is done similarly to pinch in water recuperation. Input
data is given with flow rates, inlet, and outlet fraction rates to calculate fresh and
recovered material necessary.
Main contribution:
The paper's main contribution is given by applying pinch analysis in the recycling
process of critical material. The recycling and scrap recovery is part of CLSC, and pinch
analysis was first applied in critical material recycling. To show the maximum
theoretical recovery rates of niobium scrap, two case studies are given, one illustrative
and the other global SC of niobium. According to Graedel et al. (2011), niobium
recovery rates can be as high as 50%. Niobium is mostly used in stainless steel and
contains 0,04 - 0,08 wt. % and 94% is used for steel production (Froehlich et al., 2017).
Since the amount of niobium is relatively low in the steel products and recovery is not
economically viable, its recovery has to come from other sources like computer parts
(Montero et al., 2012). From the second example, there is good evidence that recycling
critical material (in our case niobium) and applying PA can help the decision-makers
improve and have theoretical requirements for raw material from scrap.

4.4

Publication IV: A Conceptual Framework for
Measuring Sustainability Performance of Supply Chains

Overall objective:
The importance of performance measurement of SCs is evident from the literature.
However, literature dealing with performance measurement of green and sustainable
SCs is somewhat scares and fragmented. Therefore, this paper's objective was to
categorize tools, techniques, and methods to measure performance of SCs. Furthermore,
a framework on how to measure performance was proposed. This paper was organized
in a similar way as publication I. In other words, it is a literature review, and the main
objective was to analyze methods and tools for performance measurement used in
sustainable SCs and green SCs. This work is an extension of previous literature review
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in the field of SC performance measurement and metrics (Cuthbertson and Piotrowicz,
2011, Tajbakhsh and Hassini, 2015), green SC and performance measurement (Bulsara
et al., 2016), a framework for measuring SC performance (Gunasekaran et al., 2004).
Main contribution:
The main contribution of fourth publication (Qorri et al., 2018) is threefold, namely: (I)
the focus of this papers shifted from measuring only metrics to the inclusion of tools and
methods used for performance measurement of SC; (II) it included up to date relevant
paper and studies that addressed performance measurement and sustainability of SCs;
(III) it gives a comprehensive framework that includes and measures all three aspects of
sustainability. To meet the paper's objectives, 104 peer review articles published from
2005 to March 2018 are analyzed. Articles have been analyzed and categorized based
on content, context, and process framework; all analyzed papers are in the fields of
green and sustainable SCs. Besides the contributions mentioned earlier, this work is
significant for several reasons: First, it summarizes and categorizes performance
measurement papers in green and sustainable SCs. It can be used as a good starting
point for any manager or researcher interested in performance measurement of SCs.
Second, it gives a new and up to date framework for measuring sustainable performance
measurement of SCs. The framework includes and focuses on relationships between
performance measurement, sustainable development, SC network structure design, and
selection of metrics. Third, the proposed framework can be used as a guideline for
measuring sustainability performance of SCs. Fourth, the papers and framework
highlight that the standardization of metrics selection, data collection and sharing, and
collaboration among all members are some of the most important challenges on
improving performance measurement of green and sustainable SCs. In short, the papers
present an extension of current understanding of tools, techniques, and methods used to
measure sustainability performance of SCs, which is supplemented with a framework.
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4.5

Publication V: Supplier Selection and Optimization of
Supply Chains

Overall objective:
In recent years supplier selection in SCs has gained attention as an important decisionmaking criterion, which can improve sustainable development of SCs given the
importance of supplier (Kumar et al., 2014). Supplier selection can be extended and
incorporated together with economic, environmental, and social aspects of sustainability
with SCM (Bai and Sarkis, 2010) in optimization models. The integration of supplier
selection and sustainability can lead to a more complex SC network structure and
decision-making process. However, it inevitably will lead to more sustainable and better
performance of SCs (Luthra et al., 2017). Based on that, this work's objective was to
create a mixed-integer linear programming model of a bio-fuels SC, which integrates
supplier selection and sustainability of SCM. The model incorporates economic,
environmental, and social dimensions of sustainable development and supplier selection
as decision-making criteria. The proposed model is formulated as a multi-objective
biofuel SC problem. The goals and objective functions of the model are minimization of
transportation and purchasing costs (economic aspects), minimization of CO2 emissions
(environmental aspect), and maximization of jobs created (social aspect). Additionally,
the model supplier selection criteria are incorporated, and the selection is based on
economic, environmental, and social sustainability scores.
Main contribution:
The main contribution of publication five (Mujkic et al., 2019) is reflected and
highlighted by implementing several different decision-making criteria. The integration
of supplier selection and sustainable development of bio-fuels SC has been done
through 13 different scenarios by changing the weight values of economic,
environmental, and social criteria. The values are in the interval 0-1, and the sum of all
values is 1. Based on the obtained results, we can draw several conclusions and
contributions to the work. Incorporating supplier selection with sustainable development
of SCs can easily be done, and it can have a positive impact SCs. The scenarios on the
paper show that depending on the weight of different aspects of sustainability.
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4.6

Overview of the Publications

Table 3 listed the objectives and main findings, and results of the publications used in
this dissertation. The objectives are the consequences of the research gaps and questions
raised in chapters 1.3 and 1.4.
Table 3. Research questions, methods, and chapters related to publications.
Research question 1: How does performance measurement and optimization impacts
sustainability of SC from environmental, social, and economic aspects, and what
tools and techniques are used to achieve it?
Publication I: Sustainability and Optimization of Supply Chains: a Literature Review
 A comprehensive literature review of mathematical modeling
Objectives
techniques used in SCM and sustainability.
and

Identification of sustainability aspects and objective functions
background
(indicators) used to improve sustainability.
 50 papers reviewed.
 The finding suggests that there is a lack of research that
Findings
involves all three aspects of sustainability.
and results
 The paper categorized papers based on sustainability aspects
and optimization model used.
Publication IV: A conceptual framework for measuring sustainability performance of
supply chains
 A comprehensive literature review of tools, techniques, and
Objectives
methods used to measure performance of SCs.
and
 Identification types of metrics are used to measure performance
background
of SCs.
 104 papers reviewed.
Findings
 Categorized tools, techniques, and methods used to measure
and results
performance of SCs.
 We proposed a framework to measure performance of SCs.
Research question 2: How does supplier selection and consumer awareness impacts
sustainable development of supply chains?
Publication II: Consumer Choice and Sustainable Development of Supply Chains
Objectives
 Show if consumer awareness has a positive impact on
and
sustainability.
background
 The finding suggests that there is a positive correlation between
consumer awareness and sustainability.
Findings
 Formulated a mathematical model and integrated
and results
environmental aspects of sustainability with consumer
awareness
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Publication V: Supplier Selection and Optimization of Supply Chains
Objectives
 Show if supplier selection has a positive impact on
and
sustainability.
background
 Selecting a supplier with green and sustainable practices has a
positive impact on SC sustainability.
Findings
 We have formulated a mathematical model and integrated
and results
economic, environmental, and social aspects of sustainability
with supplier selection.
Research question 3: Can reverse logistics as a part of a closed-loop supply chain be
sustainable?
Publication III: Material Pinch Location and Critical Materials Recycling
Objectives
and
 Show if pinch analysis can be used in the niobium CLSC.
background
 The finding suggests that there is a positive correlation between
Findings
recycling and sustainability.
and results
 We applied pinch analysis in the niobium SC.
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5 Discussion
This dissertation aims to narrow the gaps given in chapter 1.3 and provide answers to
the research questions from chapter 1.4. This chapter is divided into the following parts:
Answering the research questions (chapter 5.1), theoretical implications (chapter 5.2),
practical and managerial implications (chapter 5.3), limitations of the study (chapter
5.4), and suggestions for future research (chapter 5.5)

5.1

Answering the Research Questions

Sustainable development of SCs and the usage of optimization techniques have a longlasting tradition. To follow up to this tradition, this thesis uses mathematical modeling
and pinch analysis methods to answer the following main research question:
What can be done using various decision-making tools on operation, tactical or
strategic level to improve the sustainability level of supply chains?
Based on the main research question, three sub-questions are given, and the five
publications used in this dissertation gives the answers to those questions.
The first research question was defined as follows: “How does performance
measurement and optimization impacts sustainability of SC from environmental, social
and economic aspects and what tools and techniques are used to achieve it?”.
Publication I present a comprehensive review of relevant literature in the field of SC
sustainability and optimization. The paper is based on and extends the works of
(Beamon, 1998) and Eskandarpour et al. (2015). It summarizes peer-review papers
highlighting several directions for future research on optimization and sustainable
development of SCs. Accordingly, the publication clusters the peer review papers in
three categories based on sustainability dimensions, formulation of mathematical
models, and objective functions. Furthermore, the publication highlights the need for the
inclusion and balance of all aspects of sustainability, especially social benefits. The
outcome of publication I demonstrate the progress made in the of SCs optimization in
two decades. Based on the findings, it is easy to conclude that sustainability and SCM's
economic, environmental, and social aspects are gaining traction and becoming the
primary norm of current and future business and industrial directions.
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Given the importance of SC performance, publication IV's focus was to categorize
different techniques, tools, and methods used to measure performance of SCs.
Additionally, the paper gives a framework on how to measure performance of green and
sustainable SCs. The publication demonstrates and highlights several trends and issues.
It provides a better understanding of current studies in green and sustainable SCs from
operational, tactical, and strategic levels. Next, the publication's framework offers new
insights into the relationship between sustainability and the decision-making process
from operational, tactical, and strategic levels. Lastly, the publication highlights the
importance of collaboration and data sharing among all SC players and all decisionmaking levels.
The second research question was defined as follows: “How does supplier selection and
consumer awareness impacts sustainable development of supply chains?” we
investigate it in publications II and V. Most activities along a SC have some impact on
sustainability. The impacts from those activates can impact sustainability directly or
indirectly. The objectives of publications II and V were to show how indirect impacts
like consumer purchasing behavior and supplier selection impact SCM sustainability.
Publication II highlights the importance of consumers in SCM's sustainable
development and shows how consumers can have a more prominent SCM sustainability
role. Furthermore, the paper showed that the impact SCs have could be mitigated from
focal companies to consumers. This can be done by selecting and preferring products
and services with a better sustainability footprint. This trend can serve as an incentive
for companies in SCM to become more sustainable. On the other hand, Publication V
deals with the whole SCs and the impact every player has on sustainability by selecting
different suppliers. Most of the time, the supplier selection process is made based on
economic criteria. In the long-term, this trend is unsustainable. To tackle this problem,
we showed how supplier selection could positively impact all aspects of sustainability.
It can serve as an incentive for companies to think more sustainably. Besides,
integrating supplier selection with
with any business model and sustainability aspect in optimization problems is
achievable.
The third, research question was defined as follows: “Can reverse logistics as a part of
closed-loop supply chain be sustainable?” Publication III deals with this research
question. In the publication, pinch analysis was used to determine the amount of raw
and scrap niobium necessary in the recycling process. Based on publication III results, it
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is evident that recycling and closing the loop can have a significant role in SC
sustainability, especially from an environmental point of view.

5.2

Theoretical Implications of the Study

In recent years, sustainability of SCs is moving from economic and environmental
aspects of SCs (Green Jr et al., 2012) to more balanced and inclusive practices and
business models (Carter and Liane Easton, 2011). Accordingly, most papers in the field
of sustainable SCs consider economic and environmental benefits of SCs and less social
aspects. Hence, publication I add to this gap and extend the understanding and
knowledge about social practices of SCs from the perspective of optimization of SCs.
The literature reviews available do not entirely cover social sustainability and how it is
incorporated in the optimization problems. Thus, publication I. points to the gaps in
sustainable development of SCs and the methods used to achieve it. For example, it
highlights the need for balance between various aspects of sustainability. Furthermore, it
highlights how different sustainability indicators are selected and how they are
incorporated into optimization problems.
Publication IV gives a theoretical understanding of performance of SCs as measurement
by providing a framework that can be used in the theory or practice. The framework
includes green and sustainable aspects of SCM, together with key indicators that must
be measured. The majority of literature (Beske-Janssen et al., 2015, Taticchi et al.,
2013) reports a lack of papers that deal with performance measurement and lack the
inclusion of all three sustainability dimensions. Therefore, publication IV provides a
theoretical framework on how different sustainability aspects need to be included with
key performance indicators in SCM.
Most recent research (Van Dyken et al., 2010, Özceylan and Paksoy, 2013, Mota et al.,
2015) has focused on the impacts focal companies have on SCs. To mitigate these
issues, publications II and V investigated the relationship between supplier selection,
consumer awareness, and sustainability of SCs. The results show a positive correlation
and that the understanding of links between supplier selection, consumer awareness, and
sustainability is somewhat limited (Luthra et al., 2017). Supplier selection can be easily
implemented with sustainability of SCM (Bai and Sarkis, 2010), green SCM (Albino et
al., 2009), and CLSC (Amin and Zhang, 2012). This is in line with the current research
agenda, and in order to develop theories about sustainability and supplier selection,
more research needs to be done. Similarly, publication II demonstrated that the
understanding and the role of the consumer in sustainability of SCs could play a

58
significant role. Consumers are at the end of SCs, and their purchasing behavior in SCM
has little impact on SCM's decision-making process. However, the impact they can have
on sustainability is significant, as shown in publication II. Publication V deals with
supplier selection from a broader perspective and its impact on sustainability. The idea
of supplier selection isn't novel, and it was build based on previous research (Bai and
Sarkis, 2010) and the integration of sustainability and supplier selection.
Publication III deals with the concept of CLSC and recycling as a part of it. The main
theoretical contribution is in the fields of critical materials and the potential of niobium
recycling (Tkaczyk et al., 2018). Because there is supply scarcity of niobium,
publication III used pinch analysis to show that there is a potential for niobium
recycling. The publication demonstrated that there is a potential on a theoretical level to
improve the niobium SC by closing the loop.
To summarize, the findings listed above suggest that the research done in sustainability
of SCM is still in the development stage and that more research needs to be done to
understand better and grasp the whole picture of SSCM (Dubey et al., 2017).
Companies along the SC are major players, and activities related to their business
practices significantly impact the environment and society. However, companies are
resilient to change, and the adoption of new ideas and business models that are more
sustainable is a slow process (Barbosa-Póvoa, 2014). There are also issues with
collaboration among SC players and the lack of understanding of how to be more
manageable and sustainable. The research and understanding should be directed towards
more open and environmentally friendly SC. Like the consumer, this would include all
players, which can play a more prominent role than it is now.

5.3

Practical and Managerial Contribution of the Study

Answering the research questions and narrowing the gaps raised in chapter I of the
dissertation gives some practical contributions that can be highlighted through
optimization of SCs sustainability. Above all, five publications used in this dissertation
demonstrated the importance of sustainability and different aspects of it.
Publication I give some practical insights into the industry types, indicators, and the
direction optimization of SCs is going. Furthermore, the publication gave some
indication of current and future research direction, similarly as reported by BarbosaPóvoa (2014) and Eskandarpour et al. (2015). Furthermore, it highlights what has been
done so far, and what are the challenges in the field of SCs sustainability and
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optimization. Similarly, publication IV gave insights into what tools, techniques, and
methods are used to measure performance of SCs and gave a framework that can be
used by managers and practitioners to measure SCM performance.
The importance of sustainability (Beske and Seuring, 2014, Bonini and Görner, 2011,
Jeronen, 2013) and supplier selection and consumer awareness (Amin and Zhang, 2012,
Bai and Sarkis, 2010, Kumar et al., 2014) has been demonstrated many times over the
years. Similarly, publication II showed how consumer awareness and purchasing
behavior could directly impact business models and sustainable development. Based on
that, companies can use consumer purchasing behavior as input to become and adopt
more sustainable business models. Publications V demonstrated the importance of
supplier selection and its impact on sustainability within the decision-making process.
Supplier selection can be easily incorporated into optimization models SSCM, which
increases overall performance of SCs.
Publication III showed how to achieve sustainability by recycling (Froehlich et al.,
2017) and by closing the loop of SCs (Amin and Zhang, 2012). It demonstrated that
recycling as a part of CLSC could positively impact economic aspect by reducing the
required raw material and environment by using scrap in the recycling process.

5.4

Limitations of the Study

Although this dissertation fulfills most of the aims, some limitations are related to the
methodology, data, and sustainability aspects. The application of optimization
techniques and methods in the development of SC has its evident advantages, as
demonstrated by the publications. However, there are several reasons which prevent the
complete utilization of optimization techniques. Some of these issues are not only
presented in this study but also in the broader literature. First, the methodology used is
related to optimization techniques, and some of the drawbacks are related to the
complexity of the studied problems. The issues explored are mostly simplified cases that
reflect real like scenarios to some extent. However, there are some objectives and
aspects of real-life SCM that are difficult to consider. Second, the data collected was
from a secondary source. Because of that, the models and described SC scenarios might
be somewhat different than a real-life case. Third, it is still a challenge to incorporate
social aspect of sustainability completely. The main challenge with social aspect is the
lack of available data, and social aspects are difficult to quantify.
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5.5

Suggestions for Future Research

The authors would like to stress the need for further research, especially with the
inclusion of social aspects of sustainability in mathematical models. In the dissertation,
only some ideas related to sustainable development of SCM have been investigated.
There are many more potential ideas that could be incorporated into mathematical
models. The inclusion of different indicators doesn't only focus on the money flow,
pollution, or jobs created.
This dissertation is based on quantitative techniques that can be used to measure and
improve sustainability aspects of SCM. This study's contribution is reflected through
case studies (real-life and illustrative) that tackle SCM's economic, environmental, and
social issues. This study was focused on some industries, and issues and challenges
depend extensively on the industry types. Therefore, there is a need to extend the
industry type and the indicators used to measure and improve sustainability.
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6 Conclusions
While sustainability is researched extensively, the most studied aspect remains
economic, and it is evident from the literature. However, the importance of
environmental and social issues is recognized in the literature. One of the challenges
related to social aspects of SCM is that there is a lack of data related to it. This can be
partially attributed to the difficulty on how to quantify and measure social aspects of
SCM. On the positive side, social aspects are gaining interest from academia and
industry and are becoming integrated with SCM and optimization problems.
Environmental aspects of sustainability are studied mostly through the direct impacts of
SCs (CO2 and GHG emissions, land, resource depletion, etc.). This trend can be
extended and included in the design of SCs (e.g., closing the loop), and we
demonstrated in this dissertation, and we showed how to solve those issues efficiently.
The importance of SCM's decision-making process on operational, tactical, and strategic
levels is essential and evident from the literature. This was also demonstrated with the
five publications. Furthermore, we showed how optimization techniques could be used
in an efficient way to integrated different aspects of SCM with sustainability. The
importance of CLSC, supplier selection, consumer awareness, and the integration with
SCM in optimization models were demonstrated in the publications used in this
dissertation.
In sum, a large number of optimization approaches are used to address sustainability
problems (economic, environmental, and social) in SCs and on different decisionmaking levels. This dissertation showed that optimization could be used to integrate
different issues with sustainability aspects.
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ABSTRACT
Sustainability of supply chains (SCs) and supply chain
optimization is a topic of increasing interest in academia and
industry. Although several authors have studied various
aspects optimization and sustainability of SC, there is still a
gap in understanding sustainable development of SCs. The
aim of this study is to bridge this gap and to better understand
interdependencies between economic, environmental and
social dimensions of sustainability. To fulfill the research
objective, this study examines 50 peer-reviewed articles
published literature in the field of sustainable SCs and SC
optimization. Selected papers used mathematical modeling
techniques (optimization) as research methodology combined
with one or more dimensions of sustainability. Findings of this
work indicate that there are several SC optimization models
addressing
all
three
dimensions
of
sustainability
simultaneously, and social dimension of sustainability is the
least studied aspect. Furthermore, an application taxonomy of
mathematical modeling approaches used in sustainable SCs is
provided. Future research should shift the focus from models
dealing primarily with economic and environmental
dimensions towards more balanced models that include all
three sustainability aspects. This paper enhances
understanding how was sustainability principles are
incorporated into mathematical models for SC optimization,
and provides SC optimization models with pertinent
sustainability indicators.
Keywords: sustainability, supply chains, mathematical modeling,
optimization, literature review

1. INTRODUCTION
Increased globalization and fierce competition are
forcing companies to be more efficient and flexible.
Companies should match demanding economic objectives
and at the same time operating in a sustainable manner as
well as they should meet consumer needs (Barbosa-Póvoa,

2012). Sustainable development of SCs is a crucial part of
any business and efficient SCs are imperative for highquality products and for on-time delivery. Therefore,
operating SCs in a sustainable manner is a complex
endeavor, whose complexity depends on the number of
echelons, materials, and services within SCs (BarbosaPóvoa, 2014). According to Papageorgiou (2009), modern
industrial enterprises consist of multiple operations, sites
and facilities, which can be located in different countries,
regions, or parts of the world. The author further argues that
different activities of SCs including planning, cooperation
and coordination, and responsiveness to customer demands
need to be considered to ensure effectiveness,
competitiveness, sustainability, and growth of SCs.
Supply chain management (SCM) involves movement of
material and services from upstream to downstream
operations of SCs. In today’s global and competitive
environment, SCM and decision-making process arises both
from strategic and operational standpoints (Papageorgiou,
2009).
According
to
Ganeshan
and
Harrison
(1995),decision-making process and SCM can be divided
into:1) location, 2) manufacturing, 3) backlog, and 4)
logistics while operational, tactical and strategic decisions
are present in all these levels. The goal of SCM is to
systematically integrate suppliers, manufacturers and
consumers for goods and services to be manufactured and
distributed in the correct place, accurate time, and in the
right amount, while simultaneously ensuring maximum SC
performance (Ruiz-Femenia et al., 2013). A simplified SC
network structure is presented in Figure 1. Usually, SCs
are characterized by five levels (echelons): 1) raw material
extraction, 2) processing of raw material into final products,
3) storing products, 4) delivery of products to retailers, and
5) purchasing of final products at retail outlets by
consumers.
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Figure 1 Simplified Representation of a Supply Chain Network Structure.

SCs players’interest in sustainability is growing and is
becoming a major focus of SCM. Sustainable development
research of SCs is based on principles, which include
economic, environmental and social aspects. Many research
papers have been published on the topic of sustainable SCs
and SCM including qualitative and quantitative research
approaches. While there are several published review
papers dealing with economic and environmental aspects of
sustainability, there are few review papers dealing explicitly
with all three dimensions of sustainability. Furthermore,
there is lack of review papers, where sustainability and
optimization of SCs is integrated with SCM and decision
making from economy, environment and society
standpoint. Therefore, the objective of this paper is to
bridge this gap.
In other words, the main idea of this paper is to review
scientific papers dealing with issues in SCs and SCM that
encompass either one or more dimensions of sustainability,
namely: economic, environmental or social. All reviewed
papers incorporated mathematical models including linear
and nonlinear with integer and mixed-integer variations,
and binary decision variables for selection of SCs network
structure topology. Papers selection process is based on
following research questions: 1) which sustainability
dimensions are considered in each article? 2) Which
sustainability aspects of SC are covered by mathematical
models? 3) What objectives and how mathematical models
for sustainable SCs are formulated?
This paper is structured as follows:Section2describes
the methodology and criteria used for selection of articles;
Section 3,discussesdimensions of sustainability and their
integration in SCs; Section 4 depicts different methods and
mathematical modeling formulation used in SC
optimization. Material reviewed is divided based on singlecriteria and multi-criteria decision-making models. In
addition, applications of mathematical models in different
areas of sustainable SCs and are provided. Finally, Sections
5 and 6 discuss the findings, future research directions and
conclusions of this paper.

2. REVIEW METHODOLOGY
2.1 Paper Selection Process
This study follows the guidelines proposed by Rowley
and Slack (2004), which include following steps:
 Searching and selection of papers
 Extraction of relevant information
 Organizing literature review

 Building and expanding the bibliography and
 Writing literature review.
An extensive search of relevant literature between
2000 and 2017 was done to gather relevant peer-review
papers on literature of sustainable SCs and SC optimization.
This time period was selected as most papers have been
published after 2000(Seuring and Müller, 2008).
The searching process for peer-reviewed papers was
initiated from the scientific research database–Science
Direct (http://www.sciencedirect.com). Science Direct was
selected as main source of peer-review papers for two
reasons. First, Science Direct database is indexing majority
of influential scientific journals, especially technical
journals. Second, Papers covering sustainability and
optimization of SCs are mostly published in technical
journals.
The following keywords were used in searching
process: supply chain, supply chain optimization, and
sustainable supply chain. These keywords were used in a
Boolean search in combination with following terms:
mathematical modeling, green supply chain, sustainability,
environmental sustainability, and social sustainability.
Backtracking of papers for earlier sources and forwardtracking for relevant sources to find papers that we could
not locate using keywords search, were also implemented.
Papers that did not fulfill all following criteria were
not selected for this review: 1) article should be written in
English and published in a peer-reviewed journal; 2) paper
should use mathematical modeling (optimization) as
research methodology for decision making; 3) objective
functions or constrains of the models should consider
explicitly economic, environmental, or social aspects of
sustainable SCs.
Based on this process we selected 50 articles, which
consist the final sample of this study. After this phase, we
extracted relevant information from each selected study.
This information is broadly divided into two main
categories: SC sustainability (Section 3)and mathematical
modeling (optimization) (Section 4), and these categories
are further divided into several sub-categories.

2.2 Distribution of papers by publication source
and year
The selected papers were organized into several
different categories according to research questions of this
study. First categorization was done based on the
sustainability
dimensions,
namely
economic,
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environmental, and social sustainability. Second
categorization classified papers based on the indicators
and/or objective functions of given mathematical models.
Third categorization was done based on the mathematical
modeling formulation used in the reviewed papers, and
fourth categorization classified papers based on applications
of optimization models in different areas of SCs.
Several review papers are published in the last two
decades that address various aspects of SCs, e.g., SC
management Croom et al. (2000), green aspects of SCs
Srivastava (2007), global SC models and design Meixell
and Gargeya (2005),and multi-objective optimization
Trisna et al. (2016).Besides, review papers related to SC
optimization and sustainability are listed in Table 1.
From Table 1 it is evident that there has been
extensive research interest in SC optimization and various
topics connected with SCs and sustainability. Based on that,
it is noticeable that SCs have received significant attention
from research community, and research interest on this area
seems to continue in the future, as the next figure indicates.
Figure 2 presents distribution of reviewed papers over the
time period of seventeen years. Clearly, there search
interest in the field of sustainable SCs has been increasing
steadily over the years, and this trend is notably oriented
towards environmentally and socially sustainable SCs. In
addition, there is also increasing interest on optimization
related problems of SCs.
Publication source of selected articles is shown in
Figure 3. It is clear that there are many journals publishing
papers related to sustainability and optimization of SCs.
The highest number of papers per journal is in “Journal of

Cleaner Productions” and “Computer and Industrial
Engineering”. While the total number of journals is 22,
around half of them have published only one paper included
in our sample.
Furthermore, from Figure 3 it is evident that the
reviewed papers are published in wide variety of journals,
which indicated that sustainability and SCM has gained
attention from wide variety of research fields.

3. SUSTAINABILITY OF SUPPLY
CHAINS
3.1 Dimensions of Sustainability
Sustainable development of SCs includes economic,
environmental and social aspects of sustainability within
SCs (Giddings et al., 2002), while keeping SC partner
communications at high level at any given moment (Burritt
and Schaltegger, 2014). The term three dimensions of
sustainability, sometimes referred to as the triple bottom
line, was first used by Elkington (2001). In recent years,
sustainability is becoming an important part of everyday
decision-making process of enterprises within local and
global SCs. Furthermore, as mentioned before sustainability
is generally divided into three different aspects, based on
the area of interest: economic sustainability, deals with
costs and financial stability of SCs; environmental
sustainability, deals with the impact of the SCs on the
environment; and social sustainability, studies the impacts
of SCs on societies, human well-being, and stakeholders
(Bhinge et al., 2015).

Table 1 Chronological List of Previous Literature Reviews on Various Topics in SCs.
Authors
Focus
Min and Zhou (2002)
Challenges and difficulties associated with supply chain design and modeling.
Industry trends in supply chains including product discovery and design, supply chain
Grossmann (2004)
optimization and global life cycle assessment.
Shah (2005)
Supply chain network design, planning and scheduling with industrial applications and modeling.
Mathematical modeling for advance decision making at strategic and operational level of process
Papageorgiou (2009)
industries.
Barbosa-Póvoa (2012)
Optimization and sustainability in supply chains of process industries.
Deterministic and non-deterministic models, economic and environmental impacts of supply
Grossmann (2012)
chains.
Basnet and Seuring (2014)
Supply chain strategies of product demand.
Design of supply chains in process industry with consideration of uncertainties, risk and
Barbosa-Póvoa (2014)
sustainability.
Eskandarpour et al. (2015)
Multi-objective optimization of supply chain network design and sustainability.
Trisna et al. (2016)
Techniques and modeling approaches used for multi-objective optimization of supply chains.
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Figure 2 Number of Reviewed Papers Published per Year for the Period Covered by the Study.
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Figure 4 Distribution of Sustainability Dimensions by Reviewed Papers.

In Figure 4 dimensions of sustainability are presented,
where the blue, green and red colors represent economic,
environmental and social dimensions of sustainability,
respectively. Half of the reviewed papers studied both
environmental and economic dimensions of sustainability.
While none of the articles selected have studied explicitly
social and economic dimension. Reason for this is because
most papers studied sustainability issues related to industry,
which has enormous environmental impact. The rest of the
papers (11) have included all three dimensions of
sustainability into their models. The economic dimension is
studied in all aspect of SC sustainability (Garcia-Herreros et
al., 2014; Lababidi et al., 2004; Oliveira et al., 2013) while
environmental dimension of sustainability is addressed in
half of the papers reviewed (Hugo and Pistikopoulos, 2005;
Lee et al., 2009; Varsei and Polyakovskiy, 2017). The least
studied subject is social sustainability, although,

interestingly, when the social dimension is studied, this is
done together with other two dimensions (Alçada-Almeida
et al., 2009; Mota et al., 2015; Varsei and Polyakovskiy,
2017).
Table 2 presents different SC mathematical models
and formulations applied in sustainability dimensions. Most
authors adopted mixed MILP as the modeling approach.
While NLP and mixed integer nonlinear programming are
the least used approaches.
Table 2 SC Modeling Approaches Used in Different
Sustainability Aspects.
Modeling
approach LP MILP NLP MINLP GA FA HA
Sustainability
Economic
3
24
1
3
7
4
8
Environmental
2
22
2
5
3
2
Social
9
2
-
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* Notes: LP - linear programming; MILP - mixed integer
linear programming; NLP - nonlinear programming;
MINLP - mixed integer nonlinear programming; GA generic algorithm; FA – fuzzy algorithm; HA - hybrid
algorithm.
3.1.1 Economic Dimension of Sustainability
According to Harris (2000), economic sustainability
can be defined as: “An economically sustainable system
must be able to produce goods and services on a continuing
basis, to maintain manageable levels of government and
external debt, and to avoid extreme sector imbalances

which damage agricultural or industrial production. ”While
economic sustainability has inherently positive impacts,
growth requires an increased flow of materials and energy.
Therefore, growth tend negatively contributes to depletions
of resources, making balancing between economic and
other aspects of sustainability an imperative (Al Ansari,
2012). Economic growth and SC sustainability generally
involve design and operation of complex networks of SC
structures, which include the cost of investment, logistics,
storing, and distribution of goods(Garcia-Herreros et al.,
2014).

Table 3 Indicators Used for Economic Sustainability of SCs.
Sustainability
Decision level

Strategic
Economic
Tactical
Operational

Indicators
Profit b
Cash flow a, b
Delivery lead time a, b
Customer satisfaction b
Trade level a, b
Budget variance a, b
Total costs a, b
Capacity utilization b
Production effectiveness a, b
Demand uncertainty a
Product quality b
Percentage of defects b

Number of times used
7
6
5
2
1
1
32
3
1
5
1
1

Source: aGunasekaran et al. (2001); bTajbakhsh and Hassini (2015)
Table 4 Indicators Used for Environmental Sustainability of SCs.
Sustainability
Indicators
Categories
Damage to human health
Damage to eco-system quality
Eco-indicator 99
Damage to resources
Global warming potential
CO2 emission
Resource Depleted
ReCiPe 2008
Pollution
Human health
Ecosystem quality
Impact 2002+
Climate change
Resources
Depletion of natural resources
Effect on ecosystem
EcoCosts
Effect on Human health
Environmental
Global warming potential
GHG emission
Global Warming Potential
Carbon footprint
Pollution
CO2 emission
NO2 emission
CO emission
Volatile organic compounds
Water usage
Non-aggregated Indicators
Green appraisal scores
Carbon trading
New technologies
New material for products
Water quality
Fossil fuel consumption

Number of times used
4
3
2
1
2
1
1
2
2
2
2
1
1
1
1
4
1
1
7
1
1
1
1
1
2
1
1
1
1
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Economic indicators, shown in Table 3, are
categorized based on decision impact and they are divided
into three levels (Tajbakhsh and Hassini, 2015).
 Strategic decision in SCs deal with long-term impacts
of SCs (e.g., network structure, facility location,
supplier selection).
 Tactical decisions in SCs deal with production,
logistics, and suppliers.
 Operational decisions in SCs are focused on material,
energy flow and operation, fulfilling the demand.
In this work, we identified 14 papers dealing
exclusively with economic sustainability. However, in
recent years there is a tendency, where scholars and
researchers are shifting focus from purely economic
sustainability models towards green and sustainable SCs.
Furthermore, there are many review papers focusing only
on economic sustainability modeling in SCs (Meixell and
Gargeya, 2005; Melo et al., 2009; Vidal and Goetschalckx,
1997).
While many economic performance measurement
indicators are available (see Table 3), the majority of
papers used cost minimization as an objective function.
Furthermore, it is commonly presented as a single objective
function with various cost incorporated into it. Most papers
that incorporated exclusively economic objective functions
into mathematical models are done through network
structure design. In contrast, profit and cash flow
maximization have received less attention from researchers.
This is surprising since businesses are mostly oriented
towards profit maximization.
3.1.2 Environmental Dimension of Sustainability
During the last two decades, environmental
sustainability has gained wide attention from society and
this changed context also within academic circles.
Environmental sustainability is usually considered within
economic aspects of SC through multi-objective
optimization (Ruiz-Femenia et al., 2013). Although many
attempts over the years have been made, a consensus on the
potential environmental impacts that need to be considered
for minimization is lacking. Therefore, in best-case
scenarios, mathematical models should optimize multiple
impact categories. However, due to the nonlinearity and
increased complexity of such models, these problems are
hard to solve in reasonable computer time (Kostin et al.,
2015).
According to Tognetti et al. (2015) implementation of
environmental sustainability in SCs has been done in two
ways: green design and green operation. Green design in
corporate eco-design principles into network structures such
as: closing the SC loop, and reverse logistics. Green
operation involves recycling, waste management, green
manufacturing, and remanufacturing. Table 4 shows that
there is a wide variety of environmental indicators used in
the reviewed literature.
Furthermore, most indicators are measuring direct
impact of SC activities to the environment (e.g., gases
emission, global warming, climate change), while fewer
indicators measure long-term impacts (e.g., resource
depleted, effect on ecosystem, water quality).
Environmental indicators are commonly combined with
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economic and sometimes with social indicators in multiobjective mathematical models.
3.1.3 Social Dimension of Sustainability
Our results show that less research has been done on
social dimension of sustainability, primarily due to the
difficulty of quantifying social indicators (Mota et al.,
2015). The integration of social sustainability with two
other dimensions in SCs, leads to complex decision-making
problems (Miret et al., 2016).
The GRI reporting guideline (GRI, 2014) divides
social dimension into four categories: labor practices and
decent work, human rights, society, and product
responsibility. These categories are further divided into subcategories: labor practice and decent work is divided into
16 sub-categories, human rights into12 sub-categories,
society into 11 sub-categories, and product responsibility
into 9 sub-categories. Table 5 divides social indicators into
two categories: indicators based on GRI, and non-GRI
indicators. The majority of authors studied indicators
related to employment (e.g., job created), while human
rights, society and product responsibility are less
investigated.

3.2 Sustainable
Assessment

SCs

Measurement

and

According to Ness et al. (2007), to develop
sustainability, goals have to be identified and SC
performance has to be measured. They further claim that
there are many challenges facing the scientific community
that hamper the development of reliable and efficient
assessment tools. However, over time, the number of tools
for measurement and assessment of sustainability has
steadily grown. Some of the most used tools are Life Cycle
Cost (LCC), Life Cycle Assessment (LCA) and Social Life
Cycle Assessment (S-LCA), which can be used for
measuring and assessing economic, environmental and
social sustainability performance of SCs.
LCC is a method, which can be used to measure
investment, operating costs etc., during a product’s
lifecycle. Economic sustainability is considered mostly for
minimizing investment costs at distribution centers,
transportation costs from distribution centers to the
consumer, other costs (e.g., transportation, investment)
from factories to distribution centers, and costs of storing
materials in distribution centers (Garcia-Herreros et al.,
2014).
The most commonly used and most developed tool for
measuring environmental impact is LCA, which has been
used in various forms to evaluate the impact of goods or
services on the environment (Ness et al., 2007). Over the
life cycle, products (goods and services) not only serve
various purposes but also have different impacts upon raw
material depletion and environmental pollution. The LCA
method was created to help assess impacts on raw material
depletion and environmental pollution (Wolf et al., 2012).
There is still no consensus as to which indicators should be
used, but it is generally accepted that environmental impact
should be evaluated over the entire lifecycle of a product.
Furthermore, LCA can be described as a quantitative
method/tool for environmental assessment of goods,
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services or activities related to goods or services, “from
cradle to grave” and in closed loop SCs–from cradle to
grave and to cradle. Likewise, LCA can be used to assess
the impacts on land, water, and air over the entire life cycle
of goods and services (Ruiz-Femenia et al., 2013).
S-LCA is a similar method to LCA, which is used for
assessment of the social and socio-economic impacts of
goods and services, which can have positive or negative
impacts on society, during their life cycle, and the approach
consists of impact evaluation at every SC level: material
extraction, processing and delivery of final product for open
loop SC, reuse and recycling for closed loop SC and at the
end of life cycle disposal (Benoît, 2010).

4. SUPPLY CHAIN OPTIMIZATION
AND SUSTAINABILITY
According to Papageorgiou (2009), many different
formulations and approaches of mathematical models are
used in SC optimization. The most common approaches are
mathematical programming, simulation, or a combination
of both methods. Their application depends on the problem
to be solved. Mathematical programming and mathematical
modeling is usually used for optimization of decisions that
involve new configurations, with combined aspect of
dynamics and structure of operations such as SC network
structure design. Whereas simulation models consider

detailed dynamic operations of a known network structure
with an operation uncertainty. Simulation modeling can be
used to assess SC performance for a known configuration.
In the second half of the 20th century, optimization has
become a widespread technique, in areas such as chemical
and process engineering, logistics, economics, and SC
design (Sahinidis, 2004). Any “design” of a SC usually
involves tradeoffs between conflicting objectives and, from
the sustainability perspective, between economic,
environmental and social objectives. Consequently,
sustainable development and multi-criteria optimization in
SC network design is an interesting topic worthy of study
(Wang et al., 2011). Multi-objective optimization is widely
applied to different decision-making problems and the
implementation of optimization in decision making has
seen growing interest in recent years (Jamshidi et al., 2012).
SC network design can be divided into two design types,
namely, open loop networks and closed loop networks
where the reverse flow is incorporated (Nurjanni et al.,
2017).
The following sections 4.1 and 4.2 describe the main
contributions of the reviewed papers. These contributions
are grouped into several categories in Table 6, Table 7.
Table 6 presents papers that cover single criteria
optimization models. Table 7 presents articles that use
multi-criteria optimization models.

Table 5 Indicators used for social sustainability of SCs.
Sustainability
Indicators level
Indicators
Labor Practices and Decent Employment
Work
Occupational health and safety
Human Rights
Freedom of association and collective bargaining
Society
Local communities
Social
Product Responsibility
Food to energy competition
Jobs created
Non-GRI indicators
Job opportunities created
Social benefits
Table 6 Single Criteria Optimization Approaches Used in Reviewed Papers.
Article:
Sustainability
Indicators
min. inventory cost
Nozick and Turnquist (2001)
Eco
min. transportation cost
Timpe and Kallrath (2000)
Eco
max. sales
Tsao and Lu (2012)
Eco
min. total network cost
min. facility location cost
min. transportation costs
You and Grossmann (2008)
Eco
min. replenishment costs
min. safety stock costs
min. production cost
Lababidi et al. (2004)
Eco
min. raw material ordering
min. investment costs min. distribution
Garcia-Herreros et al. (2014)
Eco
cost
min. investment cost
Oliveira et al. (2013)
Eco
min. logistics cost
min. total costs
S. Liu and Papageorgiou (2013)
Eco
min. delivery lead time min. lost sales
min. total cost
Chan and Chung (2004)
Eco
min. delivery lead time
min. capacity utilization
min. total cost
Altiparmak et al. (2006)
Eco
min. delivery lead time min. capacity
utilization
Selim et al. (2008)
Eco
min. total cost

Time used
3
3
1
1
1
4
2
1

Modeling approach
LP
MILP
NLP
MINLP
HA
HA
HA
MILP
GA
GA
FA
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Article:

Sustainability

Min et al. (2006)

Eco

Nekooghadirli et al. (2014)

Eco

Azaron et al. (2008)

Eco

Indicators
min. backlog level
max. profit
min. total costs
min. total costs
min. delivery lead time
min. total cost
min. cost variance

* Notes: LP - linear programming; MILP - mixed integer
linear programming; NLP - nonlinear programming;
MINLP - mixed integer nonlinear programming; GA generic algorithm; FA – fuzzy algorithm; HA - hybrid
algorithm.
Eco – economic dimension of sustainability
Recently, companies have been pressured by governments
and non-governmental organizations to reconsider their
current business models and to endorse more sustainable
Table 7 Multi-criteria Optimization Models Used in Reviewed Papers.
Article:
Sustainability
Wang et al. (2011)
Eco-Env
Eco-Env
Tognetti et al. (2015)
Mir Saman Pishvaee et al. (2011)
Alçada-Almeida et al. (2009)

Eco-Env
Eco-Env-Soc

Abdallah et al. (2012)

Eco-Env

Diabat et al. (2013)

Eco-Env

Elhedhli and Merrick (2012)

Eco-Env

Nurjanni et al. (2017)

Eco-Env

Varsei and Polyakovskiy (2017)
Kantas et al. (2015)
Chen and Andresen (2014)

Eco-Env-Soc
Eco-Env
Eco-Env-Soc

Chaabane et al. (2012)

Eco-Env

Kostin et al. (2015)

Eco-Env

Zhang et al. (2014)

Eco-Env

Babazadeh et al. (2017)

Eco-Env

Mota et al. (2015)

Eco-Env-Soc

Miret et al. (2016)

Eco-Env-Soc

Santibañez-Aguilar et al. (2014)

Eco-Env-Soc

Z. Liu et al. (2014)

Eco-Env

Hugo and Pistikopoulos (2005)

Eco-Env

Bojarski et al. (2009)

Eco-Env
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Modeling approach
HA
HA
HA

and environmentally friendly SCs and business models. As
a result, there is a growing interest and awareness of more
environmentally and social friendly models among
researchers and practitioners. As stated by Papageorgiou
(2009) there is a need for an integrated economic,
environmental and recently social (Eskandarpour et al.,
2015) framework for sustainable SCs, which leads to multicriteria optimization and decision making models.

Indicators
min. total cost
max. NPV
min. CO2 emission
min. total cost
min. total cost
min. total costs
min. carbon trading cost
min. total costs
min. carbon trading cost
min. total costs
min. CO2 emission
min. total costs
min. CO2 emission
min. total costs
min. CO2 emission
max. social benefits
min. total cost
min. CO2 emission
min. water usage
min. total cost
min. CO2 emission
min. number of injuries
min. total cost
min. GHG emission
min. total cost
min. GHG emission
min. total costs
min. lead time
min. GHG emission
min. total costs
min. environmental impact
min. total cost
min. environmental impact
max. jobs created
max. profit
min. environmental impact
max. profit
min. environmental impact
max. jobs created
max. profit
min. GHG emission
min. fuel consumption
max. NPV
min. environmental impact
max. NPV

Approach
LP
LP
MILP
MILP
MILP
MILP
MILP
MILP
MILP
MILP
MILP
MILP
MILP
MILP
MILP
MILP
MILP
MILP
MILP
MILP
MILP
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Article:

Sustainability

Pérez-Fortes et al. (2012)

Eco-Env-Soc

You et al. (2012)

Eco-Env-Soc

Cambero and Sowlati (2016)

Eco-Env-Soc

Lira-Barragán et al. (2010)

Eco-Env

Garg et al. (2015)

Eco-Env

Lee et al. (2009)

Eco-Env

Yeh and Chuang (2011)

Eco-Env

Amin and Zhang (2012)

Eco-Env

Saffari et al. (2015)

Eco-Env-Soc

Dehghanian and Mansour (2009)

Eco-Env-Soc

M. S. Pishvaee et al. (2012)

Eco-Env

Özkır and Başlıgil (2013)

Eco-Env

Chibeles-Martins et al. (2016)

Eco-Env

Amin and Zhang (2013)

Eco-Env
Eco-Env

Ruiz-Femenia et al. (2013)

* Notes: LP - linear programming; MILP - mixed integer
linear programming; NLP - nonlinear programming;
MINLP - mixed integer nonlinear programming; GA generic algorithm; FA – fuzzy algorithm; HA - hybrid
algorithm.
Eco – economic dimension of sustainability, Env environmental dimension of sustainability, Soc – social
dimension of sustainability
Papers reviewed in this work and their application in
sustainable SCs are divided into four categories, shown in
Table 8. The first category, sustainability–includes all three
dimensions; Second category, network structure–covers and
closed loops SCs dealing with both forward and reverse
Table 8 Application of mathematical modeling approaches in SCs.
Modeling approach
LP
Application
Sustainability
Network structure
Logistic in SC
Uncertainty

Economic
Environmental
Social
Open loop SC
Closed loop SC
Facility location
Transportation
Inventory management
Demand
Returned products
Supplies
Costs

●
●

Indicators
min. environmental impact
max. NPV
min. environmental impact
max. NPV
max. GHG emission saving
max. jobs created
max. NPV
max. GHG emission saving
max. jobs created
min. total costs
max. water quality
max. profit
min. environmental impact
min. total costs
min. total costs
min. environmental impact
max. profit
min. products defect
min. total costs
min. CO2 emission
max. jobs created
max. profit
min. environmental impact
max. social benefits
min. total cost
min. CO2 emission
max. profit,
consumer satisfaction
and trade level
max. profit
min. environmental impact
min. total costs
max. NPV
min. GWP

Approach
MILP
MILP
MILP
MINLP
MINLP
GA
GA
GA
GA
GA
FA
FA
FA
HA
HA

flow respectively; Third category, logistics–includes
transportation and inventory management issues; Fourth
category, uncertainties–covers SC management issues.
* Notes: LP - linear programming; MILP - mixed integer
linear programming; NLP - nonlinear programming;
MINLP - mixed integer nonlinear programming; GA generic algorithm; FA – fuzzy algorithm; HA - hybrid
algorithm.
While sustainability is the focus of this paper, the reviewed
articles studied other aspects of SCs besides sustainability. It can
be seen that network structure, logistics, and uncertainties in SCs
are commonly studied areas.

MILP

NLP

MINLP

GA

FA

HA

●
●
●
●
●

●

●
●
●

●
●
●

●
●

●
●

●

●
●

●
●

●
●
●
●

●
●
●

●

●
●
●

●
●
●
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5. DISCUSSION AND FUTURE
RESEARCH DIRECTIONS
The objective of this study was to analyze literature of
optimization techniques in sustainable SCs published in
peer-reviewed journals. The present study was organized
along three research questions: 1) which sustainability
dimensions are considered in each article? 2) Which
sustainability aspects of SC are covered by mathematical
models? 3) What objectives and how mathematical models
for sustainable SCs are formulated?
As shown in Figure 2 and Figure 3, the number of
papers published in peer-reviewed journals is increasing.
Therefore, we can conclude that the interest of scholars in
SCs sustainability, SCM and SC optimization is growing.
Furthermore, Table 1 shows that a wide range of topics
have been covered in reviewed papers, during past 17 years.

5.1 Sustainable Supply Chains
Sustainable SCs and SCM have received a great deal
of interest from scholars (see Figure 2 and Figure 3).
Sustainability is commonly represented with three aspects,
namely: Economic sustainable development is the ability to
support a positive wealth system over time. Environmental
friendliness is the capability to live and acquire resources
from nature, with minimal negative impacts. Social equality
is the long-term goal of gap reduction including wealth,
health, and human rights between different groups of
people within the society.
From Figure 4 it is evident that economic
development and economic indicators have received most
attention from scholars and managers. This is a
consequence of traditional SCs being business oriented
(economic development is prioritized). However, in recent
years there is a strong tendency towards more
environmentally
and
socially
responsible
SC.
Environmental sustainability is often incorporated with
economic aspect of SCs into multi-objective models or as
variable constraint (e.g., CO2 emission, GHG footprint).
While there are numerous environmental indicators used,
they are mostly combined with cost minimization. Cost is
often used because SCs involve material flow within a
network structure, which involves various costs (e.g.,
logistics, operating). Incorporating environmental and
economic sustainability can bring operating benefits and
strategic benefits such as higher profits, reduced waste
(recycling and remanufacturing), increased brand and
image awareness. Social sustainability is mostly combined
with economic and environmental sustainability into multiobjective mathematical models, and mostly employment
and job creation indicators are used as the objective
function. While social aspect is the least studied it can have
significant benefits (e.g., improved human rights,
unemployment reduction, and improved working
conditions). Future research should include other social
indicators beyond employment and job creation.
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5.2 Supply
Chain
Optimization

Sustainability

and

A large number of optimization techniques are used to
address different SC sustainability issues, where mostly
reviewed papers used mixed-integer programming either as
linear or nonlinear problems. In this work, we reviewed 50
papers, among which 14 have studied only economic
aspects of SCs. Other 25 papers studied a combination of
economic and environmental aspects of sustainability as an
aggregated objective. The remaining 11 papers considered
all three dimensions of sustainability.
All reviewed papers are grouped based on decision
criteria. Some models consider only economic aspects of
SCs, either as single or multi-objective problems and they
are classified under single criterion models (see Table 6).
However, most models consider two or more sustainability
dimensions aggregating single or multi-objective models
(see Table 7).

5.3 Limitation and Future Research Directions
It is important to point out some of the limitations of
this study. First, this study was carried out using Science
Direct database, which may have limited the search results.
However, most SC and SCM journals and published papers
are indexed by this database. Second, the search included
only papers published in peer-reviewed journals, while
extending the search to include conference papers, books,
and dissertations might change the specific results.
However, we believe that the overall trends and results
would remain the same. Third, the search timeframe is from
2000 until 2017, which excluded earlier papers. This
limited search for papers deals especially with economic
sustainability. However, this is evident only in case of
papers dealing with economic sustainability, while papers
dealing with environmental and social aspects of
sustainability are thoughtfully included.
Based on the limitations and findings in this paper, we
suggest some research directions for future research within
the field of sustainable SCs and SC optimization. Firstly,
although there are papers dealing with all the three
dimensions of sustainability, there is a lack of models
dealing with social sustainability beyond employment
indicators. Even though economic and environmental
sustainability is extensively studied, most mathematical
models used direct environmental impact (GHG emission,
climate change, resources depletion) and economic models
mostly used money flows as objective functions. However,
future research should incorporate indicators such as green
technology, carbon trading and closing the loop of SCs,
which can have enormous environmental and economic
impacts.

6. CONCLUSION
The interest in economic sustainability is a reflection
of traditional business values as they stand for profit
maximization. Furthermore, most economic indicators are
related to profit growth and cost reduction, which are longterm decision-making goals. Integration of environmental
criteria in SC sustainability into mathematical models is
mostly done through aggregated indicators, among which
Eco-indicator 99 is the most commonly used. Additionally,
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most indicators measure direct impact on environment and
are linked to long term decisions. Social sustainability is far
less present in quantitative research than economic and
environmental dimensions. One reason that can explain this
lack of papers in social aspect, is that most social indicators
are difficult to quantify, and it is challenging to incorporate
them into mathematical models. Another reason is that
there is lack of data related to social development and
human rights. This might be due to the sensitivity of social
indicators, which further increases difficulties in collecting
and implementing social indicators into mathematical
models. Currently, most reviewed papers used employment
metrics with slight variations as a social indicator, while
impacts on human rights, society and products still remain
less commonly used. However, interest in social
sustainability is growing.
In sum, a large number of modeling approaches are
used to address sustainability problems in SCs and the most
used techniques are MIP with linear and non-linear
variations. Certain models address only economic
sustainability, either as a single or multi-objective models.
The rest of papers have incorporated either two or three
dimensions of sustainability into mathematical models.
Numerous optimization techniques are used in wide variety
of issues including sustainability, network structure,
logistics, and uncertainties in SCs.
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Introduction
Increased production of PCs and components are rapidly driving energy consumption and costs up, and as results
there is increased environmental impact [1]. To increase the awareness and importance of environmental impacts
associated with extraction, manufacturing, distribution and consumption of products companies and consumers need
to lean toward more sustainable activities [2]. To assess the impact of computer and its components on the
environment, life cycle assessment was developed [3]. However, life cycle assessment measures only environmental
impact, and other methods need to implemented to measure economic, and social aspects of sustainability [4].
In recent years, there is increasing trend for consumer choice as major strategy for sustainable development of SCs
[5]. This includes several certifications standards in areas such as: agriculture [6], bio-fuels [7], raw material extraction
and mining [8]. Shifting from some responsibilities from focal companies to consumer can drive companies to be
more competitive and take more sustainable business actions [9].
The objective of this paper is to determine environmental impact of computer and its components, more precisely,
in first and second scenario environmental impacts of CRT, LCD and LED display are used to determine display with
least negative environmental impact. In third scenario several computer units with similar performance are used
determine which has lowest energy consumption and CO2 emission.
The remainder of the paper is organized as follows: Section 2 presents relevant literature in the studied area,
Section 3 describes problem and methodology used in the paper, data and findings are given in section 4 and 5, and
finally in Section 6 conclusions are presented.
Literature review
Even though, the literature in multi-criteria optimization of SCs from economic and environmental is vast [10],
the number of papers dealing with SCs of IT sector is somewhat limited [11]. A fuzzy multi-objective model for
suppler selection was proposed by Amid, et al. [12]. A mixed-integer model Kheljani, et al. [13] for minimizing total
cost of buyer and supplier within SC is presented. A multi-objective mixed integer nonlinear model was proposed Yeh
and Chuang [14], where four objective functions are considered: (1) minimization of product and transportation costs,
(2) minimization of product and transportation time, (3) maximization of product quality, (4) maximization of
environmental impact. A multi-objective linear model Amin and Zhang [15] for profit maximization, minimizing
defect rates and supplier importance. Recently, Sawik [16] presented a stochastic to minimize cost and maximize
consumer service level under SC disruption risk. A mixed-integer nonlinear model was proposed Adeinat and Ventura
[17] to determine the number of orders placed and to maximize profit.
Problem definition
A SC can be described as follows: there is predefined number of supply units (𝑖𝑖) = 1,2, … , 𝑁𝑁 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢, and
demand units (𝑗𝑗) = 1,2, … , 𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 . For every supply and demand there is a defined flow 𝐹𝐹𝑖𝑖 , with
environmental impacts: climate change 𝐶𝐶𝐶𝐶, acidification potential 𝐴𝐴𝐴𝐴, ionizing radiation 𝐼𝐼𝐼𝐼, O3 Depletion 𝑂𝑂𝑂𝑂 ,
energy consumption 𝐸𝐸𝐸𝐸, CO2 emission 𝐶𝐶𝐶𝐶. Given the information the objective is to determine three scenarios:
I)
Level of environmental impact of CRT, LCD and LED displays.
II)
Display with minimal environmental impact, using same data from first scenario.
III)
Determine which computer has least environmental impact, all computer have similar performance.

Zlatan Mujkić et al. / Procedia Manufacturing 17 (2018) 1097–1103
Zlatan Mujkić et al. / Procedia Manufacturing 00 (2018) 000–000

1099
3

Model formulation
The objective of this work is to determine environmental impact from different types of computers and displays.
The problem is formulated as linear programming (LP) problem and was solved through GAMS 24.2.3 and CPLEX
12.6 as solver with intel i7 and 8GB of RAM.
As mentioned, the model is with following information:
Given is:
•

Climate change of display in kg of CO2

•

Acidification potential in kg of SO2

•

Ionizing radiation daily value

•

O3 Depletion in kg of CF-11

•

Energy consumption per unit

•

CO2 emission per unit

Determine:
•

Display with minimum environmental impact (scenario 2)

•

Determine which computer has least environmental impact (scenario 3)

The models for second and third scenarios are listed below, while result for first scenario are obtained from secondary
source.
Second scenario:
Objective function describes total environmental impact of display.
Objective function:

 CC

min Z1 

i

i

ai   APi ai   IRi ai   ODi ai
i

i

i

(1)

i

Total climate change potential is defined by the number of displays pieces and climate change potential.
Climate change potential per piece:


CCT

 CC

i

i

ai ,

i

(2)

Total acidification potential is defined by the number of displays pieces and acidification potential.
climate change potential per piece:


APT

 AP a ,
i

i

i

i

(3)

Total ionizing radiation is defined by the number of displays pieces and ionizing radiation.
climate change potential per piece:


IRT

 IR

i

i

ai ,

i

(4)

Total O3 depletion is defined by the number of displays pieces and O 3 depletion.
climate change potential per piece:


ODT

 OD
i

i

ai ,

i

(5)
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Third scenario:
Total environmental impact is sum of energy consumption, and CO 2 emission.

min Z 2 
 ECi   COi ,
i

i

(6)

i

Total energy consumption is defined by the number of computer pieces and energy consumption.
Total energy consumption:


ECT

 EC

i

i

ai ,

i

(7)

Total CO2 emission is defined by the number of computer pieces and CO 2 emission.
Total CO2 emission:


CET

 CE
i

i

ai ,

i

(8)

Data collection
Data collected in this work for first and second scenario, which includes environmental impacts and types of
displays is obtained from Bhakar, et al. [18], and its presented in Table 1.
Table 1 Environmental footprints of different types of displays.
Display
Climate
Acidification
Ionizing
type
Change*
Potential**
Radiation***
CRT
751.3
3.7404
1.59E-06
LCD
108.94
1.00299
7.69E-07
LED
218.68
0.7536
7.74E-07

Note: *kg of CO2, **kg of SO2, ***daily value, ****kg of CF-11

O3 Depletion****
3.66E-05
1.28E-05
9.47E-07

While, for third scenario data is collected from Andrae and Andersen [19] and is presented in Table 2.
Table 2 Environmental impacts for different type of computers.
Environmental impact
Product
Energy consumption
CO2 Emission
Computer 1
1344
784
Computer 2
644
460.3
Computer 3
1200
3580.1
Computer 4
1870
1441.2
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Results
Table 3 presents the results obtained in first and second scenario, and presented are individual and total
environmental impacts.
Table 3 Obtained result for different scenarios
Scenario 1
Display
CC
AP
IR
OD
type
CRT
751.3
3.7404 1.59E-06 3.66E-05
LCD
108.94 1.0029 7.69E-07 1.28E-05
LED
218.68 0,7536 7.74E-07 9.47E-07
Total 1078.9 5.4969 3.14E-06 5.03E-05

CC
108.94
108.94

Scenario 2
AP
IR
1.0029 7.69E-07
1.0029 7.69E-07

OD
1.28E-05
1.28E-05

First scenario presents environmental impact of each display type, while in second scenario display with minimal
environmental impact is presented. In Table 4 Computer with least environmental impact is presented.
Table 4 Environmental impacts for different type of computers.
Product
Total environmental impact
Computer 1
2128
Computer 2
1104.3
Computer 3
4780,1
Computer 4
3311,2
Limitation and future works
Sustainability of SCs is studied from three different perspectives, namely: economic, environmental and social.
However, in this work only environmental aspect is considered from consumer perspective. The given model can be
expanded to include all three aspects of sustainability of SCs. In this work only, limited number of environmental
indicators and products are used, however this can be expanded to more impact categories and number of products.
Conclusions
In this paper an optimization model of global SC of computer and its components is presented. In first scenario
(see Table 1) three types of displays and their environmental impacts are presented. The objective of second scenario,
was to determine the display with lowest environmental impact for several impact categories (Table 3). For instance,
in second scenario LCD display have lowest impact on environment, this is especially case since LCD displays have
lowest impact on climate change. While the objective of last scenario was to determine which desktop computer with
similar performance has the least impact on the environment. From Table 4 it is evident that computer 2 has energy
consumption 34% compared to the computer with highest energy consumption, similarly in CO 2 emission computer
2 has 13% emission compared to the computer with highest CO2 emission.
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Appendix
Sets:

i, number of pieces

Parameters:

ai , number of units i

CCi , climate change potential i
APi , acidification potential i
IRi , ionizing radiation i
ODi , O3 depletion i
ECi , energy consumption i
CEi , CO2 emission i

Variables;

CCT , total climate change potential
APT , total acidification potential
IRT , total ionizing radiation
ODT , total ozone depletion
ECi , total energy consumption
CEi , total CO2 emission
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Supply of some materials and metals in the World is getting increasingly challenging.
To deal with this issue, several organizations (e.g. European Commission) have
composed a list of materials critical for the economy, in the list, 27 critical materials
(CMs) are included. Furthermore, several actions have been proposed to tackle the
problem, including recycling of CM from secondary sources. Global supply chains of
raw CMs often rely on limited number of suppliers (e.g., China, Russia, Brazil, US).
Since some countries have monopoly and regulate the supply of CMs, they can have big
impact on the prices of CM. Therefore, the objective of this paper is to explore the
possibility of scrap recycling, which can be used to meet some of the demand. To
evaluate the amount of scarp that can be used for recycling, we propose a graphical
optimization technique (pinch analysis). To show the applicability of pinch analysis and
the amount of scrap that can be recycled, two examples are presented.

Contribution/Originality: This paper contributed in the area of supply chains of critical materials. The
methodology used in the paper is Pinch Analysis, which is a graphical optimization method. The methodology used
can be useful to determine the potential recycling rates of scrap within supply chain of critical materials.

1. INTRODUCTION
Nowadays, the demand of CMs has increased significantly, since Hi-tech industry are growing rapidly, and
consumption of CMs is increasing. To meet the growing demand, efficient management of raw materials is essential
to improve economic and environmental performances of supply chains (SCs) and to reduce the consumption of
CMs. Additionally, implementing closed-loop supply chain (CLSC) activities (e.g. recycling) is crucial if this goal is
to be achieved. The integration and optimization of CM network structure and considering its supplies and
demands as whole, can significantly reduce raw material usage.
As of 2017 Blengini et al. (2017) list a report with 27 raw materials, which are considered critical. To determine
criticality, two parameters are used as benchmark and they are; economic importance (for the European Union) and
supply risk. CMs have a wide range of industrial applications (e.g. energy sector, cleaner technologies, electronic
parts, aviation and automotive industry) (Peck et al., 2015). Currently, supply rates of CMs are at similar level as
demand (Gardner and Colwill, 2018). However, the gap between supply and demand is expected to increase in the
near future, and companies are looking into new sources of CMs (Helbig et al., 2017). One of such possible scenarios,
10
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can be implementing reverse management in supply chains (Yao et al., 2018). Even though, there are several
prominent concepts of CLSC (Govindan and Soleimani, 2017). In case of CMs, recycling seems most efficient way to
recover some of the material (Binnemans et al., 2013). The concept of recycling is not a new idea; however, for it to
be successfully implemented in supply chain of CMs, several issues need to be solved (Massari and Ruberti, 2013).
Simplified CLSC and flow of materials are presented in Figure 1. Raw materials are extracted, processed and refined
into usable materials, which are distributed and used in different products. At the end of the life cycle, scrap of
metals are to be collected, stored and prepared for recycling.

Figure-1. Simplified representation of a closed loop supply chain

In similar way as with heat recovery (Deng et al., 2017) integrating material recovery (El‐Halwagi and
Manousiouthakis, 1990) with supply chain network structure of CMs, can be an efficient way to reduce requirement
for fresh material by minimizing waste. Currently, there are several ways to integrate PA and material recovery
into CLSC, namely: graphical (El-Halwagi et al., 2003) algebraic (Almutlaq et al., 2005; Foo et al., 2006) and
mathematical programing (Bandyopadhyay, 2015) methods. In this work, graphical method (pinch analysis) is
presented. In recent years, pinch analysis (PA) used in several areas, including: CO 2 emission reduction (Harkin et
al., 2010) biodiesel production (Sánchez et al., 2011) CO2 capture and storage (Ooi et al., 2013) energy and heat
exchanger networks integration (Gadalla, 2015) sustainable power planning (Priya and Bandyopadhyay, 2017) solid
waste management (Jia et al., 2018).
The objective of this paper is to develop a graphical method (pinch analysis) to integrate material recycling and
CLSC. For CMs to be recycled, is done first by collecting scrap, which can be from various components and with
different fraction ratios. In this way some of the demand can be fulfilled, while the rest can be fulfilled by
introducing fresh flow of CM. Additionally, the proposed graphical PA method can also be solved using
mathematical programing.
The paper is structured as follows: Section 2, the problem is formulated; Section 3, describes the methodology,
In section 4, case studies and numerical results are presented, and finally, in section 5 some findings and conclusions
are presented.

2. PROBLEM DEFINITION
SC of CMs can be described as follows: there is certain set of supply flows (sources)
and a certain set of demand flows (sinks)
with a composition,
composition,

,

. Every source is a stream with a given flow rate,

,

, subject to constrains

and

, and every sink has a given flow rate,

, with a

, and is subject to constrains

and

. Likewise, external source flows (fresh materials)

are available to meet excess demand, and excess waste can be used in recycling process. Given the above description
of PA problem, the objective of this paper is to show the potential of CMs recycling, and theoretical threshold for
recycle rates.
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Figure-2. Network structure of material recovery

In Figure 2. a classical synthesis of mass exchange network is presented. However, in our case instead of mass
exchanger we use echelons of a SC to present the mass transfer (in this case CM recycling). Material is transferred
from source flows to sink flows and the source with the lowest fraction rate is used to meet the requirement of sink
with the lowest fraction rate. Likewise, the source with the highest concentration is used to meet the demand with
the highest concentration (see Figure 5b). The remaining source flows are considered waste flows due to low
fraction of material and can be reused for recycling. While, the remaining sink demand with the highest
concentration is fulfilled with flow of fresh material.

3. METHODOLOGY
Heat integration and PA can be presented with composite curves (see Figure 3). On the graph composite curve are
plotted with hot streams (red) and cold streams (blue). The area where the two curves overlap, heat integration
takes place (heat can be reused). On the left-hand side of the graph, hot streams are to be cooled (cooling) down,
while on the right-hand side of the graph, cold streams need to be heated (heating). The maximum possible heat
recuperation can be calculated based on the minimum temperature difference (

) between hot and cold

streams. Temperature difference is the driving force in heat recuperation (heat integration), and

can be an

optimization variable (see for example (Ravagnani et al., 2005). Pinch Point is the area where hot and cold composite
curves are the closest, which is at the minimal temperature difference

.

Figure-2. Graphical representation of pinch analysis
Source: Klemeš and Kravanja (2013)
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3.1. Graphical Representation of Material Recovery
Similarly, to Heat integration, recycling of CMs can be graphically depicted using PA. In material recovery, hot
and cold streams are replaced with source and sink streams (flows) and are represented with red and blue lines,
respectively (see Figure 4a and Figure 4b). Composite curves are obtained by connecting all flows, starting from the
one with lowest, and ending with the one with highest fraction rate. Furthermore, at source curve the fraction rate
is decreasing from right to left, while at demand curve the fraction rate is increases from left to right.

Figure-4. Graphical representation of composite curves for a) source b) sink

Plotted source and sink curves are presented on Figure 4a and Figure 4b. Combining both source and sink
composite curves Figure 5a is obtained. By shifting the demand curve to the right, we obtain the pinch point (see
Figure 5b). The area where the source and ink curves overlap represents recovery of a material (part of the supply
flows can be used to meet demand), which depends on the material pinch point (difference between fraction rates).
In Figure 5b. We have the maximum recycling rate, if the demand curve is shifted to the right, the recycling rate
decreases.

Figure-5.a. Combining source and sink curves b. shifting the demand curve to the right

Furthermore, on the right-hand side, there is excess demand, fresh material needs to be added to meet the
demand. While, on the left-hand side, there is surplus of material, which is considered waste. However, waste can be
returned to the beginning, combined with scrap and reused.
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4. RESULTS AND DISCUSSION
To illustrate potential applicability of PA in CM recycling, two examples are presented. While the first
example is illustrative, the second one is an empirical case study of Niobium. In Table 1. data for illustrative
example are presented, where ten streams of source and sink are given. Furthermore, flow rates of streams, inlet
and outlet fraction rates are presented. Additionally, fresh and waste materials are variables and need to be
calculated. Moreover, flows of fresh and waste material are directly proportional to the recycling rate, higher
recycling rates reduce the amount of waste produced and fresh material required.
Example 1
The first example is an illustrative case with ten source flows (S1 to S10) and ten sink flows (D1 to D10) and
(see Table 1.). Fresh material is almost pure and has the inlet fraction rate over 99 percent, and its outlet fraction
rate is not given since it can be calculated. In same way like with fresh material, the flow rates and outlet fraction of
waste must be calculated, while the inlet fraction rate is given, because at the beginning of the process there is no
waste. Furthermore, the minimum fraction rate difference (material pinch point) is 0. minimum recycling rate
required raw material is 224,250 t, which equals the sum of all source flows.
Table-1. Source and demand data for CM recycling problem of example 1

Source
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
Fresh

Flow t
5000
10000
15000
20000
25000
30000
35000
40000
45000
50000
-

fraction in
0.90
0.95
0.70
0.80
0.90
0.80
0.75
0.85
0.95
0.75
0.99

fraction out
0.10
0.05
0.15
0.10
0.10
0.05
0.15
0.10
0.05
0.10
0.00

Sink
D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
Waste

Flow t
10000
15000
20000
25000
30000
35000
40000
45000
50000
55000
-

fraction in
0.20
0.15
0.20
0.10
0.10
0.15
0.15
0.10
0.20
0.10
0.00

fraction out
0.90
0.95
0.70
0.80
0.90
0.80
0.75
0.85
0.95
0.75
-

Similarly, required demand is 201,750 t, which presents sum of all demand flows. In the case of maximum
recycle rate, the flow of raw material is 31,750 t, while the flow of waste is 9250 t.
Table-2. Obtained results for different recycling rates of example 1

*Recycling rate %
0
10
20
30
40
50
60
70
80

Fresh material
221500
211000
194500
169250
141750
114250
86750
59250
31750

Waste material
199000
188500
172000
146750
119250
91750
64250
36750
9250

Furthermore, as shown demand for raw material is reduced to 14,15%, comparing to the initial demand of raw
material. Similarly, as with raw material waste produced in the SCs of CM are reduced to 4,5%, compared to initial
requirement. Produced waste (excess material) can be mixed with fresh scrap and reused instead of disposing it.
However, this can be done if the waste meets required criteria such as: economical potential (profitability), the
fraction rate left in the waste is high enough.
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Figure-6. Material pinch point at minimum and maximum recycling rates in example 1

A composite curve diagrams for maximum and minimum recycle rates are presented in Figure 6. For maximum
recycle rate we have a minimum fresh material consumed and waste produced. While, for minimum recycle rate is
there is maximum fresh material consumed and waste produced.
Example 2
Recycling of any kind of material is viewed as sustainable business practice of future (Zhou et al., 2015) and a
potential source of material high in demand (Graedel et al., 2011). Even though, current supply rates of niobium are
in balance with demand (Mackay and Simandl, 2014) low recycle rates and supply uncertainty lead to price increase
of raw and niobium ores (Mancheri et al., 2018). Therefore, increasing the recycling rates of niobium should be
considered in the future (Linnen et al., 2014). Even though, primary producer of niobium is Brazil (Silveira and
Resende, 2017) production rates in the 2010s are at similar production level of 70,000 t/year (Alves and Coutinho,
2015). As secondary sources of niobium electronic scrap are most preeminent (Işıldar et al., 2018). However,
recycling rates of niobium are somewhat smaller compared to some CMs (Alves and Coutinho, 2015).
For second example, global SC of Niobium is considered with all sources and sinks as shown in Table 3. Region
or countries used to present global demand (consumption). Similarly, as with demand, for supply (production)
several potential markets are given where the scrap can be collected, as shown on Figure 7. Fresh material is
available from raw niobium from three different countries, namely: Brazil (90%), Canada (9%) and the rest of the
world (1%) (Nikishina et al., 2014).

Figure-7. Global annual consumption of ferro-niobium
Source: Montero et al. (2012)
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According to Graedel et al. (2011) niobium is mostly used as ferro-niobium, with grading from 60 to 70%.
Furthermore, as reported by Montero et al. (2012) total global consumption (demand) of ferro-niobium amounts to
ca. 80,000 t annually. The amount of recycled niobium could be as much as 50% (Buchert et al., 2012) and the source
of niobium can potentially be wasted electronic components or enriched steel alloys. However, more research needs
to be done in the area (Naumov, 2008). Niobium is mostly used for steel alloy, which contains between 0.1% and
1.25% of niobium (Montero et al., 2012) and this is chosen as source fraction rates of scrap. According to Nikishina
et al. (2014) most of the secondary sources of niobium comes from electronic parts, and reinforced steel containing
niobium.
Table-1. Source and demand data for CM recycling in example 2

Source
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
Fresh 1
Fresh 2
Fresh 3

Flow
4000
6000
8000
10000
1000
15000
5000
2000
17000
7000
9000
11000
58,000
5,750
570

fraction in
0.6100
0.6900
0.6500
0.6800
0.6200
0.6300
0.6700
0.6400
0.7000
0.6900
0.6100
0.6500
0.9000
0.9500
0.9200

fraction out
0.0010
0.0125
0.0100
0.0110
0.0080
0.0030
0.0050
0.0070
0.0020
0.0120
0.0100
0.0040
-

Sink
D1
D2
D3
D4
D5
D6
D7
D8
Waste 1
-

Flow
4000
18400
20800
6400
12000
6400
8800
3200
-

fraction in
0.0110
0.0125
0.0010
0.0100
0.0070
0.0110
0.0030
0.0120
-

fraction out
0.6800
0.6300
0.6900
0.6700
0.6100
0.6200
0.6500
0.6600
-

In Table 4. results are presented for second example, numerically. The obtained results are for recycle rate
from 0 to 100%. Additionally, on Figure 8. results are presented for recycle rates of 100% (left graph), and for 0%
recycle rate (right graph).
Table-4. Obtained results for different recycling rates in example 2

Recycling rate %
0
10
20
30
40
50
60
70

Raw material flow kg
51494
46602
38602
30602
22602
14602
6602
0

Waste flow kg
62037
57145
49145
41145
33145
25145
17145
10543

For recycle rate of 0% total requirement for fresh material is 51,494 t/year of pure niobium, while the demand
is 62037 t/year. Similarly, in the case of 100% recycle rate, required fresh niobium is 0 t/year and waste is 10543
t/year. Graphical representation of results obtained in second example are presented on Figure 8.
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Figure-3. Material pinch point at minimum and maximum recycling rates in example 2

Similarly, as with previous example maximum and minimum recycle rates are presented on Figure 8. In the
case of maximum recycle rate the requirement of fresh material is completely reduced, while produced waste is
reduced to 16.99 % from initial requirement. The produced waste can be mixed with other scrap materials and
recycled, if the amount of niobium in waste is high enough.

5. CONCLUSIONS
Based on the material pinch methodology, we obtained the following results: 1) material pinch point appears at
the point where supply and demand curves cross each other; 2) from the second example it is evident that material
PA can be used to determine the amount of scrap and raw material needed to meet the demand for CM; 3) material
PA can be used in CM supply chain, which can have positive economic, environmental and social aspects.
Material PA can be used to graphically identify pinch location and quantify amounts of waste, fresh and
recycled material. Furthermore, as shown in the first example, PA can be successfully applied in SC and recycling.
While, with the second example we showed that in the case study of niobium, required fresh material is reduced to
zero, which means that demand is met by using scrap only, while produced waste is 16.99% compared to the case
where no scrap is used. Furthermore, if produced waste is justified economically, it can be combined with fresh and
recycled scrap. In this work, we only included material flow criteria. However, in future works it is possible to
develop mathematical models to include economic, environmental and social criteria. Those criteria can be:
optimizing cost of different fresh and scrap material sources (economic criteria), selection of appropriate recycling
technology based on environmental footprint (environmental criteria) and potential social criteria.
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Erasmus Mundus Action 2 scholarship program.
Competing Interests: The authors declare that they have no competing interests.
Contributors/Acknowledgement: All authors contributed equally to the conception and design of the
study.

REFERENCES
Almutlaq, A.M., V. Kazantzi and M.M. El-Halwagi, 2005. An algebraic approach to targeting waste discharge and impure fresh
usage via material recycle/reuse networks. Clean Technologies and Environmental Policy, 7(4): 294-305. Available at:
https://doi.org/10.1007/s10098-005-0005-8.
Alves, A.R. and A.D.R. Coutinho, 2015. The evolution of the niobium production in Brazil. Materials Research, 18(1): 106-112.
Available at: https://doi.org/10.1590/1516-1439.276414.
Bandyopadhyay, S., 2015. Mathematical foundation of pinch analysis. Chemical Engineering Transactions, 45: 1753-1758.

17
© 2019 Conscientia Beam. All Rights Reserved.

International Journal of Management and Sustainability, 2019, 8(1): 10-19

Binnemans, K., P.T. Jones, B. Blanpain, T. Van Gerven, Y. Yang, A. Walton and M. Buchert, 2013. Recycling of rare earths: A
critical review. Journal of Cleaner Production, 51: 1-22. Available at: https://doi.org/10.1016/j.jclepro.2012.12.037.
Blengini, G.A., P. Nuss, J. Dewulf, V. Nita, L.T. Peirò, B. Vidal-Legaz, C. Latunussa, L. Mancini, D. Blagoeva and D.
Pennington, 2017. Eu methodology for critical raw materials assessment: Policy needs and proposed solutions for
incremental

improvements.

Resources

Policy,

53:

12-19.

Available

at:

https://doi.org/10.1016/j.resourpol.2017.05.008.
Buchert, M., A. Manhart, D. Bleher and D. Pingel, 2012. Recycling critical raw materials from waste electronic equipment.
Freiburg: Öko-Institut eV, 49(0): 30-40.
Deng, J., Z. Cao, D. Zhang and X. Feng, 2017. Integration of energy recovery network including recycling residual pressure
energy with pinch technology. Chinese Journal of Chemical Engineering, 25(4): 453-462. Available at:
https://doi.org/10.1016/j.cjche.2016.07.020.
El-Halwagi, M.M., F. Gabriel and D. Harell, 2003. Rigorous graphical targeting for resource conservation via material
recycle/reuse networks. Industrial & Engineering Chemistry Research, 42(19): 4319-4328. Available at:
https://doi.org/10.1021/ie030318a.
El‐Halwagi, M.M. and V. Manousiouthakis, 1990. Simultaneous synthesis of mass exchange and regeneration networks. AIChE
Journal, 36(8): 1209-1219. Available at: https://doi.org/10.1002/aic.690360810.
Foo, D.C.Y., V. Kazantzi, M.M. El-Halwagi and Z.A. Manan, 2006. Surplus diagram and cascade analysis technique for targeting
property-based material reuse network. Chemical Engineering Science, 61(8): 2626-2642. Available at:
https://doi.org/10.1016/j.ces.2005.11.010.
Gadalla, M.A., 2015. A new graphical method for pinch analysis applications: Heat exchanger network retrofit and energy
integration. Energy, 81: 159-174. Available at: https://doi.org/10.1016/j.energy.2014.12.011.
Gardner, L. and J. Colwill, 2018. A framework and decision support tool for improving value chain resilience to critical materials
in

manufacturing.

Production

&

Manufacturing

Research,

6(1):

126-148.

Available

at:

https://doi.org/10.1080/21693277.2018.1432428.
Govindan, K. and H. Soleimani, 2017. A review of reverse logistics and closed-loop supply chains. Journal of Cleaner Production,
142: 371-384. Available at: https://doi.org/10.1016/j.jclepro.2016.03.126.
Graedel, T.E., J. Allwood, J.-P. Birat, M. Buchert, C. Hagelüken, B.K. Reck, S.F. Sibley and G. Sonnemann, 2011. What do we
know about metal recycling rates? Journal of Industrial Ecology, 15(3): 355-366.
Harkin, T., A. Hoadley and B. Hooper, 2010. Reducing the energy penalty of CO2 capture and compression using pinch analysis.
Journal of Cleaner Production, 18(9): 857-866. Available at: https://doi.org/10.1016/j.jclepro.2010.02.011.
Helbig, C., C. Kolotzek, A. Thorenz, A. Reller, A. Tuma, M. Schafnitzel and S. Krohns, 2017. Benefits of resource strategy for
sustainable materials research and development. Sustainable Materials and Technologies, 12: 1-8. Available at:
https://doi.org/10.1016/j.susmat.2017.01.004.
Işıldar, A., E.R. Rene, E.D. van Hullebusch and P.N. Lens, 2018. Electronic waste as a secondary source of critical metals:
Management and recovery technologies. Resources, Conservation and Recycling, 135: 296-312. Available at:
https://doi.org/10.1016/j.resconrec.2017.07.031.
Jia, X., S. Wang, Z. Li, F. Wang, R.R. Tan and Y. Qian, 2018. Pinch analysis of GHG mitigation strategies for municipal solid
waste management: A case study on Qingdao City. Journal of Cleaner Production, 174: 933-944. Available at:
https://doi.org/10.1016/j.jclepro.2017.10.274.
Klemeš, J.J. and Z. Kravanja, 2013. Forty years of heat integration: Pinch analysis (PA) and mathematical programming (MP).
Current Opinion in Chemical Engineering, 2(4): 461-474. Available at: https://doi.org/10.1016/j.coche.2013.10.003.
Linnen, R., D.L. Trueman and R. Burt, 2014. Tantalum and niobium. Crit. Met. Handb, 1(1): 361-384.
Mackay, D.A. and G.J. Simandl, 2014. Geology, market and supply chain of niobium and tantalum—a review. Mineralium
Deposita, 49(8): 1025-1047. Available at: https://doi.org/10.1007/s00126-014-0551-2.

18
© 2019 Conscientia Beam. All Rights Reserved.

International Journal of Management and Sustainability, 2019, 8(1): 10-19

Mancheri, N.A., B. Sprecher, S. Deetman, S.B. Young, R. Bleischwitz, L. Dong, R. Kleijn and A. Tukker, 2018. Resilience in the
tantalum supply chain. Resources, Conservation and Recycling, 129: 56-69.
Massari, S. and M. Ruberti, 2013. Rare earth elements as critical raw materials: Focus on international markets and future
strategies. Resources Policy, 38(1): 36-43. Available at: https://doi.org/10.1016/j.resourpol.2012.07.001.
Montero, R., A. Guevara and E. De La Torre, 2012. Recovery of gold, silver, copper and niobium from printed circuit boards
using leaching column. J. Earth Sci. Eng, 2(590): 59-595.
Naumov, A., 2008. Review of the world market of rare-earth metals. Russian Journal of Non-Ferrous Metals, 49(1): 14-22.
Nikishina, E., D. Drobot and E. Lebedeva, 2014. Niobium and tantalum: State of the world market, application fields, and sources
of

raw

materials.

Part

2.

Russian

Journal

of

Non-Ferrous

Metals,

55(2):

130-140.

Available

at:

https://doi.org/10.3103/s1067821214020126.
Ooi, R.E., D.C. Foo, D.K. Ng and R.R. Tan, 2013. Planning of carbon capture and storage with pinch analysis techniques.
Chemical

Engineering

Research

and

Design,

91(12):

2721-2731.

Available

at:

https://doi.org/10.1016/j.cherd.2013.04.007.
Peck, D., P. Kandachar and E. Tempelman, 2015. Critical materials from a product design perspective. Materials & Design
(1980-2015), 65: 147-159. Available at: https://doi.org/10.1016/j.matdes.2014.08.042.
Priya, G.K. and S. Bandyopadhyay, 2017. Multi-objective pinch analysis for power system planning. Applied Energy, 202: 335347. Available at: https://doi.org/10.1016/j.apenergy.2017.05.137.
Ravagnani, M., A. Silva, P. Arroyo and A. Constantino, 2005. Heat exchanger network synthesis and optimisation using genetic
algorithm.

Applied

Thermal

Engineering,

25(7):

1003-1017.

Available

at:

https://doi.org/10.1016/j.applthermaleng.2004.06.024.
Sánchez, E., K. Ojeda, M. El-Halwagi and V. Kafarov, 2011. Biodiesel from microalgae oil production in two sequential
esterification/transesterification reactors: Pinch analysis of heat integration. Chemical Engineering Journal, 176: 211216. Available at: https://doi.org/10.1016/j.cej.2011.07.001.
Silveira, J.W. and M. Resende, 2017. Competition in the international niobium market: An econometric study. Working Paper
Series 6715.
Yao, Z., T.-C. Ling, P. Sarker, W. Su, J. Liu, W. Wu and J. Tang, 2018. Recycling difficult-to-treat e-waste cathode-ray-tube
glass as construction and building materials: A critical review. Renewable and Sustainable Energy Reviews, 81: 595604. Available at: https://doi.org/10.1016/j.rser.2017.08.027.
Zhou, C., Z. Gong, J. Hu, A. Cao and H. Liang, 2015. A cost-benefit analysis of landfill mining and material recycling in China.
Waste Management, 35: 191-198. Available at: https://doi.org/10.1016/j.wasman.2014.09.029.

Views and opinions expressed in this article are the views and opinions of the author(s), International Journal of Management and Sustainability shall not be
responsible or answerable for any loss, damage or liability etc. caused in relation to/arising out of the use of the content.

19
© 2019 Conscientia Beam. All Rights Reserved.

Publication IV
Qorri A., Mujkić Z., and Kraslawski A.
A Conceptual Framework for Measuring Sustainability Performance of Supply
Chains
Reprinted with permission from
Journal of Cleaner Production
vol. 189, pp. 570-584, 2018
© Elsevier, 2018

Journal of Cleaner Production 189 (2018) 570e584

Contents lists available at ScienceDirect

Journal of Cleaner Production
journal homepage: www.elsevier.com/locate/jclepro

Review

A conceptual framework for measuring sustainability performance of
supply chains
Ardian Qorri a, *, Zlatan Mujkic a, Andrzej Kraslawski a, b
a

School of Business and Management, Industrial Engineering and Management, Lappeenranta University of Technology, P.O. Box 20, FI-53581
Lappeenranta, Finland
Faculty of Process and Environmental Engineering, Technical University of Lodz, Poland

b

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 30 January 2017
Received in revised form
5 April 2018
Accepted 8 April 2018
Available online 12 April 2018

Supply chains are critical driving forces behind business competitive advantages, hence their sustainability measurement and management is vital. Determining the sustainability performance of supply
chains is challenging. It requires appropriate tools for capturing and analyzing data for every supply
chain activity and for each sustainability aspect. This study analyzes measurement approaches that are
used to assess sustainability performance of supply chains. Using Content, Context and Process framework, we have studied 104 peer-reviewed articles, published in the literature on sustainable supply chain
management (SSCM) and green supply chain management (GSCM). The results show that various
measurement approaches are used to assess sustainability in different sectors and supply chain echelons.
The application of multi-criteria decision-making methods is increasing and several promising measurement frameworks have been proposed. The most used approaches include Life Cycle Assessment,
Analytical Hierarchy Process, Fuzzy set approach, Balance Scorecard, and Data envelopment analysis.
Additionally, this study proposes a novel conceptual framework and provides a concise guideline for
assessing sustainability of supply chains. Key challenges that need to be solved by future measurement
approaches include sustainability data collection and sharing, metrics standardization, and collaboration
among supply chain members per se and stakeholders. This study creates better comprehension of how
existing approaches evaluate sustainability of supply chains and provides new insights into sustainability
performance measurement approaches, supply chain conﬁguration, and metrics selection.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
In today's competitive business environment, many corporations including IBM, Hewlett Packard, Xerox, Walmart, and BMW
have started to integrate sustainability principles into their supply
chains (SCs) (Rajeev et al., 2017). Because of serious misconducts
related to sustainable practices, Walmart stopped working with
suppliers in Uzbekistan and Bangladesh in 2008 and in 2011,
respectively (Varsei et al., 2014). Walmart estimated that over 90
percent of its total emissions are related to SC operations (Birchall,
2010; Dubey et al., 2017). Likewise, Carbon Disclosure Project
(2011) estimated that more than 20 percent of global greenhouse
gases emissions are produced from 2500 largest global companies,
and their SCs are responsible for a large proportion of emissions
(Dubey et al., 2017).
In response to growing concerns about SCs environmental and
social impacts, various stakeholders such as government regulators, consumers, non-governmental organizations (NGOs), the
media, and community activists are putting pressure on organizations to reduce harmful impacts in their SCs (Delai and Takahashi,
2011; Hassini et al., 2012). Several authors (e.g., Seuring and Gold,
2013; Winter and Knemeyer, 2013) argue that sustainability extends beyond the boundaries of any single ﬁrm and harmful impacts occur across all stages of products lifecycle (Linton et al.,
2007). Consequently, companies are now held responsible for
their SCs and are increasingly obliged to measure, control, and
disclose, their own sustainability performance as well as their
entire SC sustainability performance (Rao, 2014; Taticchi et al.,
2013).
Searcy (2017) notes that ﬁve out of six companies listed in the
S&P 500 published a sustainability report in 2015. However, such
sustainability reports often are uncompleted and uncoordinated
due to missing standards (KPMG, 2011; Reefke and Sundaram,
2017). Likewise, Morali and Searcy (2013) emphasize that SC sustainability reporting needs to be reﬁned. Furthermore, several authors (Bai and Sarkis, 2014; Taticchi et al., 2013) highlight that
competition shifted from individual organizations competing
against each other to SCs competing against each other.
To improve the competitive advantages, organizations need to
measure and manage effectively and efﬁciently (Neely et al., 2002;
Shepherd and Günter, 2006) their SC sustainability performance.
Assessing and improving the performance requires the development of the SC performance measurement system. Performance
metrics and measurement methods or tools are an integral part of
the system. Thus, it is important to analyze performance measurement (PM) approaches that can support managers to focus on
core SC sustainability-related decisions (Bai and Sarkis, 2014).
Some of the approaches that have been proposed for evaluating
sustainability performance of the SC include Balanced Scorecard
(BSC) and its modiﬁcations (Duarte and Cruz-Machado, 2015;
Shaﬁee et al., 2014; Thanki and Thakkar, 2018), Life Cycle Assessment (LCA) and its modiﬁcations (Arcese et al., 2017; Cucchiella
et al., 2014; Wang et al., 2016), Fuzzy set approaches
(Chithambaranathan et al., 2015; Sabaghi et al., 2016; Uygun and
Dede, 2016), Data Envelopment Analysis (DEA) (Mirhedayatian

et al., 2014; Tajbakhsh and Hassini, 2015a), Supply Chain Operations Reference (SCOR) model (Bai et al., 2012; Taticchi et al., 2013),
Analytic Hierarchy/Network Process (AHP/ANP) (Agrawal et al.,
€ zkan and Çifçi, 2012), and a few conceptual PM
2016; Büyüko
€ggl et al., 2016; Sloan, 2010).
frameworks (Hassini et al., 2012; Scho
These methods have been criticized for not taking all three
sustainability aspects into consideration (Hassini et al., 2012;
Seuring, 2013) and most of them lack to incorporate all SC members
(Ahi and Searcy, 2015). Another issue is the selection of metrics as
there is a myriad of proposed metrics for SSCM or GSCM (Ahi and
Searcy, 2015; Hassini et al., 2012). Additionally, the majority of
PM approaches have been initially developed for evaluating performance within organizations and not across organizations. For
these reasons various authors highlight the need for further
research in assessment frameworks and analytical models that can
integrate and measure sustainability performance of SCs (Bai and
€ rklund et al., 2012; Bulsara et al., 2016; Matos
Sarkis, 2014; Bjo
and Hall, 2007; Morali and Searcy, 2013; Reefke and Sundaram,
2017; Seuring, 2013; Taticchi et al., 2015; Varsei et al., 2014).
Given the importance of measuring sustainability performance
of SCs and potential tools with their limitations, this study focuses
on the call for investigation of PM systems for advancing GSCM and
SSCM (Bai and Sarkis, 2014; Reefke and Sundaram, 2017). Therefore,
the purpose of this study is to examine PM approaches that have
been published in the peer-reviewed academic literature on SSCM
and GSCM.
To fulﬁll this research objective, the authors analyzed, classiﬁed
and synthesized PM approaches presented in 104 peer-reviewed
articles published from 2005 to the end of March 2018, in the
literature on GSCM and SSCM. The Content, Context, and Process
framework was used for papers content analysis. This article makes
the following contributions to GSCM and SSCM literature. First, by
summarizing and categorizing an extensive number of studies on
PM of SSCM and GSCM, this paper creates better comprehension of
how existing studies assess sustainability of SCs. Second, a novel
conceptual framework for measuring sustainability performance of
SCs is proposed. The framework provides new insights into the
relationships between sustainability PM approaches, SC design, and
metrics selection. Third, it provides a concise guideline for
measuring sustainability performance of SCs. Fourth, this paper
highlights that standardization of metrics, data sharing, and
collaboration among SC members are key challenges to current
measurement approaches in SSCM and GSCM. Thus, this study
extends understanding about methods and tools that have been
used to assess sustainability performance of SCs and draws some
conclusions that can inform practitioners and scholars.
Following the introduction, the study continues with a concise
literature review (2) on sustainability PM of SCs. Next, the methodology (3) applied in the study is presented, followed by the
section of results (4). The study ends with a discussion (5) of results,
further research recommendations, and conclusions (6).

2. Sustainable supply chain performance measurement
The literature on PM of SCs is rich and have been researched
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extensively in last three decades (e.g., Beamon, 1999; Gunasekaran
and Kobu, 2007; Neely et al., 2002; Shepherd and Günter, 2006). In
contrast, literature on PM of SSCM and GSCM is fragmented
(Taticchi et al., 2013) and limited, despite several contributions
(e.g., Ahi et al., 2016a; Ahi and Searcy, 2015; Erol et al., 2011;
Grosvold et al., 2014; Hassini et al., 2012; Izadikhah and Saen, 2017;
Marconi et al., 2017; Varsei et al., 2014; Xing et al., 2016). Some of
the contributions are literature reviews, which will be discussed in
the following section.
2.1. Related reviews and the rationale for this study
To position this study in the literature we analyze previous
literature reviews closely related to the aim of this study. In other
words, only literature reviews on sustainability PM of SCs that
cover at least two sustainability dimensions are considered. Interested readers on literature reviews focused only in economic sustainability of SCs are recommended to read following reviews
(Akyuz and Erkan, 2010; Balfaqih et al., 2016; Gopal and Thakkar,
2012; Gunasekaran and Kobu, 2007; Maestrini et al., 2017;
Shepherd and Günter, 2006).
Existing reviews on sustainability PM of SCs examine different
aspects but none of them study sustainability measurement approaches. Previous reviews are focused either on metrics identiﬁcation (Ahi and Searcy, 2015; Cuthbertson and Piotrowicz, 2011;
Hassini et al., 2012; Tajbakhsh and Hassini, 2015b); bibliometric
and co-citation analysis (Taticchi et al., 2015, 2013); or on a broad
overview on PM of SSCM and GSCM (Beske-Janssen et al., 2015;
€ rklund et al., 2012; Bulsara et al., 2016; Hervani et al., 2005).
Bjo
Table 1 presents previous literature reviews on sustainability PM of
SCs. Some of the limitations of these reviews include (i) they review
some papers that cover only economic dimension of sustainability;
(ii) the majority of the studies focus on identiﬁcation and discussion of metrics or measures and miss the SC context; (iii) article's

selection criteria in some works are unclear; and (iv) methodology
followed to develop the review is not explained or illustrated.
This study aims to overcome previous limitations by reviewing
an extensive number of papers and explaining in detail the research
methodology. Speciﬁcally, this study differs from previous reviews
for the following reasons: (i) it is focused on sustainability measurement tools and not on indicators, measures or metrics; (ii)
includes a comprehensive up-to-date list of studies that assess
sustainability of SCs; and (iii) proposes a comprehensive framework for measuring sustainability performance of SCs.
Since, four previous literature reviews (Ahi and Searcy, 2015;
Hassini et al., 2012; Hervani et al., 2005; Tajbakhsh and Hassini,
2015b) have proposed conceptual PM frameworks for measuring
sustainability of SCs, it's important to analyze in greater detail elements of these frameworks. Speciﬁcally, the framework proposed
by Hervani et al. (2005) does not explicitly mention SC members
but it implies that, at least, can be used to measure economic and
environmental sustainability between suppliers and manufacturers. A list of environmental metrics is provided and a short
discussion about the inﬂuence of stakeholders is reported. There
are no details how to select pertinent metrics and how these
metrics can be aggregated into key performance indicators (KPIs).
In the framework proposed by Hassini et al. (2012) all sustainability
dimensions and SC members including suppliers, manufacturers,
distributors, retailers, and consumers are considered. This framework is supplemented with metrics for each SC member by
Tajbakhsh and Hassini (2015b). However, the aggregation of these
measures into KPIs or composite indicators is scarcely discussed,
and the inﬂuence of stakeholders is not considered. The conceptual
framework proposed by Ahi and Searcy (2015) includes all sustainability dimensions and SC members but it lacks to discuss the
aggregation of individual metrics into KPIs. In other words, it does
not reveal how sustainability of SCs should be measured.
In sum, the main issues with previous sustainability PM

Table 1
Previous literature reviews on measuring sustainability performance of SCs.
Number Article selection/Database
of
papers

Study

Time
range

Hervani et al.
(2005)
Cuthbertson and
Piotrowicz
(2011)
€rklund et al.
Bjo
(2012)

Not
Not
Not speciﬁed
speciﬁed speciﬁed
1998
45
Keyword/database is not
e2009
speciﬁed
1998
e2008

17

Hassini et al.
(2012)

2000
e2010

87

Taticchi et al.
(2013)

1970
e2012

205

Tajbakhsh and
Hassini
(2015b)
Taticchi et al.
(2015)

1994
e2013

140

2000
e2013

384

To the
end of
2012
1995
e2014

445

Ahi and Searcy
(2015)
Beske-Janssen
et al. (2015)
Bulsara et al.
(2016)

To the
end of
2014

149

112

Keyword/database is not
speciﬁed

Sustainability
dimensions

Outcome

Environmental
Economic
Environmental
Economic
Social
Environmental
Economic

Hurdles related to PM of SCs are presented and a framework for planning PM
system is proposed.
Articles are classiﬁed according to their research methodology, a case study is
discussed, and several metrics are listed.

Studies are categorized based on stakeholder perspective, the purpose of
measuring, managerial levels of measuring, measuring across SC, and the
combination of measurements.
Keyword/Scopus
Environmental Papers are classiﬁed based on their research methodology, industry, SC drivers,
and partners. A conceptual PM framework is provided.
Economic
Social
Keyword/Isi Web of Science
Environmental Articles are analyzed using citation and co-citation techniques and a research
agenda is provided.
Economic
Social
Keyword/Google Scholar
Environmental Articles are classiﬁed based on their research methodology, industry, and
sustainability dimensions. The study proposes a framework with focus on metrics.
Economic
Social
Keyword/Isi Web of Science
Environmental Bibliometric analysis such as analysis of publication, citations and research
methods. The focus is in the intersection of decision support tools and
Economic
performance measurement.
Social
Keyword/Scopus
Environmental Frequency analysis of metrics used in the literature of SSCM or GSCM. A
conceptual PM framework is proposed.
Economic
Social
Environmental Bibliometric analysis and qualitative data covering what is measured; who is
Keyword/EBSCO Business
measuring; how is it measured. It is focused on the evolution of PM in SSCM.
Source, Emerald, Science Direct, Economic
Social
and Wiley
Keyword/Database is not
Environmental Articles are categorized into three groups: scope of the study, research
methodology and the sustainability focus of the study.
speciﬁed
Economic
Social
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frameworks are that they partly consider components of sustainability PM of SCs, and they lack to highlight the signiﬁcance of relationships between SC members, sustainability metrics, and
stakeholders. Furthermore, tools for aggregating individual sustainability metrics into KPIs are not provided. These tools are at the
core of this study, and KPIs are critical elements on PM process
because they help SC managers to focus on central activities (Bai
and Sarkis, 2014). Therefore, this paper reviews relevant literature
and proposes a novel conceptual framework for measuring sustainability performance of SCs. Next, we present the beneﬁts and
challenges of measuring sustainability performance of SC and
discuss some relevant measurement approaches.
2.2. The advantages of measuring SC sustainability performance
Previous research reports important outcomes from assessing
the SC sustainability performance. In their review, Beske-Janssen
et al. (2015) emphasize that central elements of SSCM, such as
collaboration, transparency, supplier evaluation are only feasible if
related performance measurement and management tools are
implemented. Additionally, measuring sustainability performance
of SCs urges supply chain innovation (Schaltegger and Burritt,
2014).
On one hand, measuring and managing sustainability of SCs
guides organizations towards eliminating and reducing risks and
conﬁrming compliance with standards and regulations (Bulsara
et al., 2016; Seuring and Müller, 2008; Taticchi et al., 2013), on
the other hand, PM signals organizations for opportunities and
trade-offs (Schaltegger and Burritt, 2014).
Thus, measuring and managing sustainability of SCs is more
than dealing with risk and compliance because organizations
reduce costs, increase efﬁciency, strengthen competitive advantages, facilitate sustainability reporting, sharpen operational performance, and support the implementation of the SC strategy
€rklund et al., 2012; Chithambaranathan et al., 2015; Hervani
(Bjo
et al., 2005; Shepherd and Günter, 2006).
2.3. The challenges of measuring SC sustainability performance
Evaluating sustainability performance of SCs across multiple
members such as suppliers, manufacturers, distributors, and consumers is complex and challenging (Sloan, 2010). In a large set of
existing sustainability metrics (e.g., Ahi and Searcy, 2015; Tajbakhsh
and Hassini, 2015b), SC managers should select and aggregate
metrics into KPIs, in a way that would facilitate decision making in
all managerial levels. Social indicators sometimes are challenging
to be quantiﬁed and are often prone to subjectivity (Schaltegger
and Burritt, 2014). Other problems highlighted by Brewer and
Speh (2000), Hervani et al. (2005), and Wong and Wong (2008)
on PM systems in SCs include:
 Managers lack understanding of metrics applied in multiorganizational context.
 Managers and organizations lack the control of interorganizational metrics.
 Different goals and objectives among organizations in the chain
result with different measures.
 Incompleteness and inconsistencies on PM among SC partners.
 Information systems are incapable of gathering non-traditional
information relating to SC performance.
 Lack of standardized performance measures in terms of units to
use, structure, format etc.
Additionally, existing PM methods and tools should be adjusted
to integrate environmental, social and economic measures (Olugu
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et al., 2011; Reefke and Trocchi, 2013) in a balanced way in order
to create synergetic effects (Beske-Janssen et al., 2015) or triple
win-win solutions (Seuring and Müller, 2008).
2.4. Performance measurement approaches in GSCM and SSCM
Sustainability PM approaches applied in SCs are diverse in nature. They include environmental management standards (e.g., ISO
14001), international reporting standard (e.g., GRI e Global
Reporting Incentive), SCOR framework, BSC, LCA, multi-criteria
decision making (MCDM) tools (e.g., AHP, ANP, DEA), Rough set
theory, Fuzzy-set approach, Composite Indicators, and Conceptual
Frameworks.
AHP is an easy and ﬂexible multi-criteria decision-making
technique that combines subjective managerial inputs and objective factors in multiple criteria decision-making. Selecting KPIs and
ranking metrics in SC is a key to success (Gunasekaran and Kobu,
2007) and AHP can be a good tool to choose and prioritize metrics. It is a technique that helps managers to understand the tradeoffs between sustainability aspects and allows the active participation of decision-makers in making rational decisions and
reaching agreements (Schaltegger and Burritt, 2014). Dey and
Chefﬁ (2013) developed an innovative green supply chain performance measurement framework by integrating SC processes with
organizational decision levels employing AHP. Singh et al. (2007)
proposed a conceptual PM framework using AHP.
LCA is widely used by different authors and often serves as a
background for other modeling approaches (Seuring, 2013). Croes
and Vermeulen (2015) extended LCA to measure product sustainability. In their work, they emphasized that LCA lacks a measuring
standard, does not include the social aspect, is limited to a topdown approach, is based on complex impact data, and has difﬁculties with data maintenance. Matos and Hall (2007) proposed an
analytical framework to analyze the appropriateness of LCA in the
assessment of complex and novel technologies for sustainable
development by considering a rugged landscape as an adequate
approach for high performance. They applied a design structure
matrix to identify parameters and interdependencies between
~o et al. (2016) used European Platsustainability dimensions. Sima
form on Life-Cycle Assessment of European Life-Cycle Database to
evaluate performance postponement strategies in green supply
chain design. Park et al. (2016) using an input-output-based
ecological lifecycle assessment framework evaluated the ecological performance of the US agriculture and food sectors. Acquaye
et al. (2014) developed a systematic benchmarking approach
which combines the Multi-Regional InputeOutput (MRIO) and LCA
as a basis for developing supply chain maps for industrial-level
carbon emissions performance measurement.
SCOR is not speciﬁcally designed for PM but is one of the most
implemented frameworks across industries (Taticchi et al., 2013).
The SCOR divides the supply chain into six phases e plan, source,
make, deliver, return, and enable an added-in version. The generic
performance metrics for every phase are cost, time, quality, ﬂexibility, and innovation (Taticchi et al., 2013). Bai et al. (2012) introduced a seven-step methodology for joint environmental and
business PM and they proposed a core set of essential measures for
sustainable SCs. Two years later, Bai and Sarkis (2014) developed a
methodology for determining and applying sustainable supplier
key performance indicators. They utilized SCOR and neighborhood
rough set theory to identify KPIs and data envelopment analysis to
benchmark and evaluate the relative performance of KPIs.
BSC, developed by Kaplan and Norton (1992), initially was not
designed for SC evaluation. BSC integrates ﬁnancial and nonﬁnancial aspects in the PM process and provides feedback for
continuous improvement. The scorecard measures organizational
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performance from the ﬁnancial perspective, customer perspective,
internal process perspective, and learning and growth perspective.
Several authors have modiﬁed BSC to incorporate sustainability
dimensions and to make it applicable in SCs. Reefke and Trocchi
(2013) customized BSC for SSCM and provided six potential
development steps for implementation in practice, but their model
lacks measures, composite indicators or KPIs for each respective
perspective. Shaw et al. (2010) proposed an aggregated strategic
environmental supply chain performance index incorporated
within BSC. Tseng et al. (2015) developed a hybrid quantitative BSC
to evaluate SSCM in a closed-loop hierarchical structure using
Fuzzy Delphi Method and ANP. They employed ANP to consider
interdependences among measures and to assess the ﬁnal performance score by integrating importance and performance weights.
Nawrocka et al. (2009) highlighted that ISO 14001 is often used
as a proof of environmental performance in supplier selection.
Vermeulen and Metselaar (2015) proposed a methodology for
improving the sustainability performance of SCs by employing
private certiﬁcation standards. Tajbakhsh and Hassini (2015a)
proposed a multi-stage DEA model that simultaneously assesses
the sustainability performance of both the overall efﬁciency score
of the SC and the individual efﬁciency score of its partners.
Mirhedayatian et al. (2014) using DEA suggested an innovative
model for assessing GSCM. Jakhar (2014) developed a model for
green SC performance measures. The model combines the methodologies of structural equation modeling. AHP, and multiobjective linear programming. Hadiguna et al. (2011) discussed
the failure to develop performance measures and metrics for a pan
SC in the automotive industry using the system approach thinking.
Zhang et al. (2016) analyzed green SC performance with cost
learning and operational inefﬁciency effects and found that
forward-looking behavior is preferred to myopic one for channel
members of the SC. Likewise, Erol et al. (2011) developed a model
for measuring sustainability performance of SCs based on fuzzy
approach. Varsei et al. (2014) proposed a conceptual framework
that can be used for initial sustainability assessment of SCs.
In sum, several researchers have tried to combine or modify
existing tools (e.g., Badiezadeh et al., 2017; Bai and Sarkis, 2014;
Bhattacharya et al., 2014; Fornasiero et al., 2017; Lau, 2011; Sahu
et al., 2015; Yakovleva et al., 2012) while other researchers have
proposed new frameworks (e.g., Azevedo et al., 2017, 2013; Goyal
et al., 2018; Lee and Wu, 2014; Santiteerakul et al., 2015; Shokravi
and Kurnia, 2014; Sloan, 2010) to measure sustainability performance of SCs. Next, the methodology of this study is presented,
which describes how some of these articles are analyzed and
classiﬁed into different categories.
3. Research methodology
The research methodology was adopted to provide a contemporary overview of the ﬁeld and to identify articles on PM of sustainable and green SCs. In conducting a literature review, Tranﬁeld
et al. (2003) suggest to follow ﬁve methodological steps:






identiﬁcation of research aim
selection of articles
quality assessment of studies
data extraction and
synthesis of data and reporting

Based on this approach, a database of articles was created,
which was examined to provide answers to the research objective.
Similar approaches utilizing literature reviews have been used in
other studies for data collection and evaluation of SSCM or GSCM
(e.g., Ahi and Searcy, 2015; Beske-Janssen et al., 2015; Hassini et al.,

2012; Tajbakhsh and Hassini, 2015b).
The review process was initiated by searching for titles and
abstracts of documents in SCOPUS database using the following
search string:
(“Sustainable” OR “Sustainability” OR “Green” OR “Environmental”
OR “Social”) AND “Supply Chain” AND “Performance” AND
(“Management” OR “Measurement” OR “Assessment” OR “Evaluation”) AND (“Framework” OR “System” OR “Method” OR “Tool” OR
“Concept” OR “Standard”)
Inclusion criteria were used to narrow down the number of
documents to those relating to the focus of this study and to papers
published in the highest quality peer-reviewed academic journals.
Conference papers, conference reviews, books and book chapters,
sources not written in English, and documents categorized in
subject areas other than business, management and accounting,
and decision sciences were excluded. As most of the documents
relating to sustainability performance measurement were published after 2004 (Ahi and Searcy, 2015; Tajbakhsh and Hassini,
2015b), the publishing period was limited from 2005 until the
end of March 2018. The narrowed-down search resulted in 373
peer-reviewed journal articles.
The review process was continued by reading the abstract of
each paper and skimming its content. Only, articles that cover at
least two dimensions of sustainability and measure performance of
SCs were selected for inclusion in the ﬁnal sample. This procedure
yielded 91 papers. Using snowballing technique or checking
reference lists, we located another 13 relevant studies. Thus, the
total number of reviewed studies is 104, which are marked with an
asterisk symbol (*) in the reference list. To increase the reliability of
the research, individual papers were checked for inclusion in the
study by a second researcher as suggested by Tranﬁeld et al. (2003).
The content, context, and process (CCP) framework which was
ﬁrst developed in strategic management (Pettigrew, 1985), is used
for papers content analysis. The framework, presented in Fig. 1, has
been used on PM of SC by Cuthbertson and Piotrowicz (2011). The
framework considers the context in which measurement takes
place. Examination of context is also suggested by GRI, which states
that organizations should consider their performance in wider
context of sustainability. Furthermore, Cuthbertson and Piotrowicz
(2011) point out that the CCP framework incorporates the following
elements:
 Content e metrics, their levels, categories, and dimensions.
 Context e factors that impact PM of SC, are separated into two
groups:
 organizational factors include strategy, structure, culture,
company size management methods and philosophy, experience and
 SC factors include industry, number of participants, maturity,
products, stakeholders, geographical coverage, and strategic
goals.
 Process e methods, tools, and frameworks used to measure SC
performance; the way that data are captured, presented and
used; as well as the development of the measurement system.
In line with the aim of this study, the research focus is on the
process component of CCP framework. The selected papers are
analyzed and classiﬁed according to the publication year and
source, sustainability aspects studied, the industry investigated and
the measurement approach used or proposed.
The classiﬁcation was implemented in the following way. First,
out of the 104 articles, eight studies are excluded from analysis of
sustainability aspects, industry and measurement approach
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Process
How is the
measurement carried
out (methods/tools)?

Content

Context

What is measured
(metrics)?

Under what condion
does the measurement
take place (factors)?

Fig. 1. The Content, Context, and Process framework for performance measurement in supply chain.
Source: Adapted from Cuthbertson and Piotrowicz (2011).

because six are literature reviews (see Table 1) that do not propose
a framework and two other works (Grosvold et al., 2014;
Schaltegger and Burritt, 2014) are more theoretical in nature. Second, articles that measure economic and environmental dimensions together are classiﬁed under the Environmental category,
while papers that measure social and economic aspects are classiﬁed under the Social category. Third, papers that measure all three
sustainability aspects are classiﬁed under the TBL (triple-bottomline) category. When considering the industry covered, papers that
do not state the speciﬁc industry are classiﬁed under the General
category. Finally, in the measurement approach classiﬁcation, articles are classiﬁed based on the main method used to measure
sustainability of SCs.
4. Results
4.1. Descriptive analysis
The growing interest of scholars on PM of SSCM and GSCM is
evident by the number of publications on a yearly basis, illustrated

in Fig. 2. It is worth noting that increasing trend is steeper in the last
ﬁve years.
Fig. 3 presents the distribution of papers by journal, where three
or more articles are published. The top ﬁve journals contribute with
44 percent or 46 papers, while 31 other studies are published in 31
different journals, and 27 remaining articles are published in nine
different journals. Thus, 104 papers included in our sample are
published in 46 journals. This indicates the heterogeneity and
distribution of the research on measuring sustainability performance of SCs.
4.2. Analysis of studies by industry and sustainability dimension
Table 2 shows the classiﬁcation of papers by industry and sustainability aspect. Each paper is classiﬁed in one industry and in one
sustainability aspect. We believe that classiﬁcation by industry is
important because SC activities and SC conﬁgurations are different
among industries. Therefore, the measurement approach differs,
both in tools and sustainability metrics used. Around one-third of
the reviewed papers do not specify the industry and we found only

20
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Fig. 2. Distributions of papers by publication year (n ¼ 104).
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Fig. 3. Journals where three or more articles are published (n ¼ 104).

Table 2
Distribution of studies by industry and sustainability dimensions.
Environmental
Retail
Steel
Service
Agriculture
Textile-footwear
Automotive
Food and Beverage
Electro-electronic
Manufacturing
General
Total

1
3
1
2
4
8
6
4
8
14
51

a

b

Social

1

2
2
5

c

TBL

Total

1
1
3
2
1
1
4
6
6
15
40

2
4
4
5
5
9
10
12
14
31
96

Notes.
a
Articles that measure economic and environmental dimensions together.
b
Articles that measure economic and social dimensions together.
c
Articles that measure economic, social and environmental dimensions.

four studies (Chithambaranathan et al., 2015; Jauhar et al., 2017;
Tajbakhsh and Hassini, 2015a; Tseng et al., 2018) that cover service
sectors including Banking and Education. Regarding sustainability
aspects, environmental is still leading, followed by TBL. We note
also that in the reviewed literature there is no paper that studies
only social and environmental dimension of sustainability.
Sustainability dimensions studied on yearly basis in reviewed
papers are presented in Fig. 4. The results indicate that the number
of papers that measure TBL and environmental aspects increased in
last ﬁve years. It is worth noting that, in 2015, the number of papers
that cover all three sustainability aspects is higher than the number
of papers that cover environmental and economic aspects.
4.3. Analysis of SC sustainability measurement approaches
Classiﬁcation of the papers based on the measurement approach

12

Number of studies
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8

6

4

2

0
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Environmental

Social

TBL

Fig. 4. Distribution of sustainability aspects covered in the reviewed articles by year (n ¼ 96).
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€ zkan and Çifçi, 2012; Harik et al., 2015; Jakhar, 2015,
2016; Büyüko
2014; Kazancoglu et al., 2018; Rodríguez-Serrano et al., 2017;
Schmidt and Schwegler, 2008; Tsoulfas and Pappis, 2008; Zhang,
2017) and, since 2011, the usage and development of these
methods is rising. In 2005, two works (Hervani et al., 2005;
Labuschagne et al., 2005) proposed conceptual frameworks to
measure sustainability of SCs. After 2005, in the reviewed literature
we did not ﬁnd any framework proposed, until in 2010, when a
framework was proposed by Sloan (2010). However, since 2010, the
interest of scholars To develop such PM frameworks is growing.
From 2005 to 2014, LCA is used in six studies (e.g., Balkau and
Sonnemann, 2010; Brent, 2005; Hutchins and Sutherland, 2008;
Kainuma and Tawara, 2006), whereas from 2015 until 2018 is used
in ten studies (e.g., Egilmez et al., 2016; Kulak et al., 2016; Park et al.,
2016; Tsalis et al., 2017).
Categorization of articles by measurement approach and type of
industry are presented in Table 4. In two studies (Bai et al., 2012; Bai
and Sarkis, 2014) the industry is not speciﬁed, where SCOR with
Rough-set theory are combined to measure sustainability of SCs.
Multi-objective and Goal Programming is used in manufacturing
(Youseﬁ et al., 2017), agriculture (Boukherroub et al., 2015), and in
electronic industry (Tsai and Hung, 2009). Based on MRIO analysis
three studies (Acquaye et al., 2017, 2014; Rodríguez-Serrano et al.,
2017) measure the environmental performance of electroelectronic and steel industries. Several studies combined standard
14001 with interviews or surveys and such studies are applied in
agriculture industry (Vermeulen and Metselaar, 2015), food and
beverages (Vasileiou and Morris, 2006), and in two studies
(Nawrocka et al., 2009; Piotrowicz and Cuthbertson, 2015) the industry was not speciﬁed. The logic of composite performance index
is used in food and beverage (Manning and Soon, 2016), in
manufacturing (Lau, 2011), and in four studies (e.g., Azevedo et al.,
2017; Tsoulfas and Pappis, 2008) the industry was not speciﬁed.
DEA is used in service industries (Jauhar et al., 2017; Tajbakhsh and
Hassini, 2015a), in food and beverage industries (e.g., Kahi et al.,
2017; Mirhedayatian et al., 2014), in electro-electronic industry
(Tavana et al., 2013), in manufacturing (Izadikhah and Saen, 2016),
and in one study (Amini et al., 2016) the industry is not speciﬁed.
Fuzzy-set approach is used in automotive industry (Olugu and
Wong, 2012), in manufacturing (Kazancoglu et al., 2018; Sabaghi
et al., 2016; Sahu et al., 2013), in service industries

Table 3
Distribution of reviewed studies by measurement approach and sustainability
aspects.
Environmentala Socialb TBLc Total
SCOR and Rough set theory
Multi-objective and Goal Programming
Multi-Regional Input-Output (MRIO)
ISO Standards, Surveys, and Interviews
Composite performance index
Data envelopment analysis (DEA)
Fuzzy-set approach
Balanced Scorecard (BSC)
Analytical Hierarchy/Network Process
(AHP/ANP)
Life Cycle Assessment (LCA)
General performance measurement
framework
Total

1
1
2
1
3
5
7
6
4

1
2
1
3
4
4
3
4
7

2
3
3
4
7
9
10
10
11

11
10

4
1

1
10

16
21

51

5

40

96

577

Notes:
a
Articles that measure economic and environmental dimensions together.
b
Articles that measure economic and social dimensions together.
c
Articles that measure economic, social and environmental dimensions.

and sustainability aspects is shown in Table 3. Majority of papers
propose or develop a performance measurement framework, but
the proposed approaches are seldom implemented in real cases.
However, it is interesting to note, the equal number of studies (10)
of proposed PM frameworks that consider all three sustainability
aspects and studies that consider environmental and economic
dimensions. The results also reveal that in the reviewed literature
all PM approaches have been tailored to measure all three sustainability aspects.
Fig. 5 presents the distribution of measurement methods by
year. To improve clarity, AHP and ANP, Composite performance
index, DEA, Fuzzy-set approach, MRIO, Rough set theory, SCOR,
Multi-objective and Goal Programming have been grouped
together under ‘Math focused’ category; BSC, Standards, and Surveys are grouped under one category; and other measurement
approaches are presented individually. SCOR has been grouped
under ‘Math focused’ since is often used with other multi-criteria
methods.
Methods grouped under ‘Math focused’ are used in 47 percent of
the reviewed papers (e.g., Acquaye et al., 2017, 2014; Agrawal et al.,
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Fig. 5. Distribution of measurement approaches by year (“Math focused” groups AHP/ANP, Composite performance index, DEA, Fuzzy set approach, Rough set theory, Multiobjective and goal programming).
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Table 4
Distribution of studies by measurement approach and industry.
Retail Steel Service Agriculture Textilefootwear
SCOR and Rough set theory
Multi-objective and Goal Programming
Multi-Regional Input-Output (MRIO)
ISO Standards, Surveys, and Interviews
Composite performance index
Data envelopment analysis (DEA)
Fuzzy-set approach
Balanced Scorecard (BSC)
Analytic Hierarchy/Network Process (AHP/
ANP)
Life Cycle Assessment (LCA)
General performance measurement
framework
Total

Automotive Food and
Beverage

Electroelectronic

Manufacturing General

1
2

1

2
1
1
1

1

1

2
2

1

2

4

4

1

2
5
1
2
5

1
1
3

1
2

1
1
1

1
1

2
2

4

3

1
1

2
4

1
1

2
2

3
1

4
10

5

5

9

10

12

14

31

1

1

1
1
4

(Chithambaranathan et al., 2015; Tseng et al., 2018), in retail industry (Erol et al., 2011), in steel industry (Zhang, 2017), and in two
papers (Sahu et al., 2015; Uygun and Dede, 2016) the industry is not
speciﬁed. BSC is used in electro-electronic industries (Hsu et al.,
2011; Tseng et al., 2015), automotive (Ferreira et al., 2016), food
and beverage (Shaﬁee et al., 2014), textile and footwear (Thanki and
Thakkar, 2018), and in ﬁve studies (Duarte and Cruz-Machado,
2015; Haghighi et al., 2016; Naini et al., 2011; Reefke and Trocchi,
2013; Shaw et al., 2010) the industry is not speciﬁed. AHP or ANP
is used in electro-electronic industry (Felice et al., 2013), in
manufacturing (e.g., Bhattacharya et al., 2014; Sari, 2017) and in few
other industries. LCA is applied in agriculture (e.g., Park et al., 2016),
textile and footwear (Fornasiero et al., 2017), automotive (Brent,
~o et al., 2016), food and beverage (Kulak et al., 2016),
2005; Sima
electro-electronic (Tsalis et al., 2017; Wang et al., 2016),
manufacturing (e.g., Xing et al., 2016), and in four articles the industry is not speciﬁed (e.g., Hutchins and Sutherland, 2008). Finally,
ten studies (e.g., El Saadany et al., 2011; Hassini et al., 2012;
€ggl et al., 2016) propose PM frameworks
Nikolaou et al., 2013; Scho
for not a speciﬁc industry, four studies (Azevedo et al., 2013;
Hadiguna et al., 2011; Lee and Wu, 2014; Olugu et al., 2011) propose
frameworks in automotive industry, two studies in electroelectronic industries (Hassini et al., 2012; Rao, 2014), one study in
manufacturing (Labuschagne et al., 2005), one in retail (Zhang et al.,
2016), one in food and beverages (Manzini and Accorsi, 2013), one
in steel (Goyal et al., 2018), and one study (Marconi et al., 2017)
proposed a framework for textile and footwear industries.
Table 5 reveals the categorization of articles by measurement
approach and SC level, stakeholders, categories of metrics, data
collection, and implementation of the measurement approach. For

simplicity of illustration, the SC has been divided in upstream
echelon e PM of suppliers and manufacturers, and in downstream
echelon e PM from manufacturers to the reverse logistics (Olugu
et al., 2011). Metrics are classiﬁed into metric categories and in
speciﬁc metrics. The difference between these two groups is that
the ﬁrst category does not provide speciﬁc measures while articles
classiﬁed in the second category list speciﬁc metrics. It is important
to point out that, although, two third of the reviewed studies apply
the measurement approach used in the study, the implementation
is done only for illustrative purposes. Note that each number in
Table 5 shows the number of times a measurement approach is
used in a speciﬁc category and a single study might have been
classiﬁed in more than one category as they are mutually exclusive.
5. Discussion
The objective of this study was to analyze PM approaches
published in peer-reviewed academic literature on SSCM and
GSCM. By categorizing and synthesizing previous articles, this paper has provided a thorough overview of PM methods and tools
used to assess sustainability of SCs. The ﬁndings thus contribute to
a better understanding of PM approaches applied in SSCM and
GSCM both in theory and in practice.
Results presented in Fig. 2 and in Fig. 3, indicate that literature
on sustainability PM of SCs is ﬂourishing but is fragmented, limited
and scattered in many journals. Similar results are reported by
Taticchi et al. (2013) and Beske-Janssen et al. (2015). Searcy (2017)
notes that more than 80 percent of companies listed in the S&P 500
published a sustainability report in 2015. However, results (see
Table 2) show that industry-speciﬁc studies are sparsely present in

Table 5
Distribution of studies by measurement approach and SC echelon, stakeholders, categories of metrics, data collection, and implementation.
Upstream Downstream Stakeholders Categories of metrics Speciﬁc metrics Data collection and sharing Implemented
SCOR and Rough set theory
Multi-objective and Goal Programming
Multi-Regional Input-Output (MRIO)
ISO 14000 Standards, Surveys, and Interviews
Composite performance index
Data envelopment analysis (DEA)
Fuzzy-set approach
Balanced Scorecard (BSC)
Analytic Hierarchy/Network Process (AHP/ANP)
Life Cycle Assessment (LCA)
General performance measurement framework
Total

2a
3
3
4
7
6
8
10
10
15
18
86

2
1
2
3
7
5
5
9
7
14
55

2
1
1
1
3
6
4
5
8
31

Note.
a
It shows how many times a measurement approach is used in a speciﬁc category.

2
2
2
4
6
5
10
10
10
14
17
82

1
1
3
3
4
4
6
8
8
9
13
60

1
2
1
3
2
1
2
2
6
5
25

2
3
4
1
8
8
7
10
11
11
65
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the literature reviewed. This is in contradiction with a large number
of sustainability reports. One explanation might be that practitioners are leading with sustainability reports while scholars are
focused on developing general frameworks to assess SC sustainability performance (see Table 3). Another explanation might be
that sustainability reports published by companies present only
partial information about their companies, and not for their entire
SC. This is supported by KPMG (2011) and Morali and Searcy (2013)
who found that sustainability reports often are uncompleted.
Even though studies that incorporate all three sustainability
dimensions are increasing (see Fig. 4), still the social dimension
lacks behind environmental and economic aspects. Similar results
have been observed at least a decade ago (e.g., Seuring and Müller,
2008). One reason that explains this issue might be that social indicators sometimes are missing and often are challenging to be
quantiﬁed as well as are often prone to subjectivity (Schaltegger
and Burritt, 2014). Another reason is that, in past, there has been
higher attention devoted to environmental aspect by governments
and other stakeholders. However, recent studies (e.g., Popovic et al.,
2018) have proposed speciﬁc measures for assessing social sustainability of supply chains.

indicator calculation. In principle, if the manager is in a situation
where the interactions between decision factors are high, he should
choose ANP over AHP. Likewise, if uncertainty and vagueness of
decision factors are high, then the chosen method (AHP, ANP, DEA
etc.) should be combined with fuzzy set theory. Usually, when
measuring sustainability performance of SCs, both, the interactions
among decision factors and level of uncertainty are high. Therefore,
there is a need to combine the chosen tool(s) with fuzzy logic to
increase the accuracy of the measurement system.
Overall, this study highlights that the selected PM approach
must be compatible with the measurement systems both at the
company level and at the SC level. The selected inter-organizational
metrics must capture sustainability performance data across the
entire SC and any measurement approach should take into account
relationships between SC design, metrics selection, and SC context.
In an attempt to clarify these issues, in next section, this study
proposes a novel framework for evaluating sustainability performance of SCs.

5.1. Performance measurement approaches used to assess
sustainability of SCs

Measuring sustainability performance of SCs is inherently
complex and multi-dimensional (Sloan, 2010). Previous frameworks and tools proposed to measure sustainability performance of
SCs do not consider all elements and complexity of this issue.
Therefore, this study proposes a novel and comprehensive framework to assess SC sustainability. The proposed framework illustrated in Fig. 6, represents an overview of elements and their
interactions that should be considered when developing a PM
system for evaluating sustainability of SCs. In contrast, with the
focus of the majority of the reviewed studies, represented by the
dotted line, the proposed framework has a broader view by incorporating all three dimensions of sustainability, SC members, and
stakeholders.
The ﬁrst element of the framework represents SC members
including raw material extractors, suppliers, focal company, distributors, retailers, consumers and reverse logistics. Each member
has its own goals which inﬂuence and are inﬂuenced by internal
stakeholders such as workers, investors, owners and managers and
external stakeholders such as governments, regulators, competitors, media, and NGOs. The double-headed arrows between SC
members indicate forward and reverse ﬂows. Since all members
belong to the same SC, they should cooperate and share their goals
to formulate SC strategy. In the SC strategy managers need to deﬁne
what is understood by sustainability performance and what has to
be measured (Hervani et al., 2005; Wong and Wong, 2008). The SC
strategy is mostly shaped by the focal company or manufacturer
which usually has higher inﬂuence on other SC members. Thus, the
proposed framework connects sustainability PM with SC strategy
and overcomes this issue identiﬁed by Brewer and Speh (2000) and
Shepherd and Günter (2006).
“What should be measured?” is represented by the second
element of the framework. The double-headed arrow connects this
element with the SC strategy, from where sustainability interorganizational metrics should be derived. On one hand, measures
should include environmental, social and economic dimensions of
sustainability, on the other hand, measures should be able to
overcome existing hurdles (see section 2.3). One way to overcome
obstacles is to select metrics by incorporating a so-called “twin
approach” (Beske-Janssen et al., 2015) which combines an outsidein approach and inside-out approach (Schaltegger and Wagner,
2006). Both approaches are represented in the framework by the
hierarchy of measures. SC strategy should align goals with respective metrics from different SC members (inside-out) and metrics

PM tools used to evaluate sustainability of SCs are diverse (see
Table 3). To help SC managers and scholars, this study has presented and synthesized several methods (e.g., AHP, ANP, DEA, Goal
programming, Fuzzy set approach, Rough sets theory, LCA) with
related articles that measure sustainability performance of SCs. In
planning and designing a PM system, a good starting point is to
read existing publications that are in the same or similar industry,
in which the SC exist. In this direction, this study has classiﬁed PM
methods and tools, both by sustainability dimension and industry.
Thus, interested readers can refer to Tables 3 and 4 for speciﬁc results. Furthermore, Fig. 5 illustrates the trend that ‘Math focused’
methods and tools used to measure sustainability of SCs, is sharply
increasing. Likewise, a considerable attention of scholars is also on
the development of conceptual PM frameworks.
The majority of the studies measure the SC sustainability performance between suppliers and manufacturers (e.g., Brent, 2005;
Lee and Wu, 2014; Singh et al., 2007) while few PM frameworks
(e.g., Ahi and Searcy, 2015; Chardine-Baumann and Botta-Genoulaz,
2014; Hassini et al., 2012; Olugu et al., 2011; Santiteerakul et al.,
2015) have wider focus by including suppliers, manufacturers, retailers, and consumers. Surprisingly, less than one -third of studies
(e.g., Hervani et al., 2005; Labuschagne et al., 2005; Varsei et al.,
2014) incorporate stakeholders (see Table 5) in their measurement approach and even fewer studies list sustainability metrics
per SC member (e.g., Olugu et al., 2011; Tajbakhsh and Hassini,
2015b). Likewise, the reviewed literature barely discuss how
inter-organizational metrics should be developed and selected as
well as how pertinent data should be collected. Furthermore, a
discussion of the relationships between SC conﬁguration and sustainability metrics as well as stakeholder participation are very
sparsely present in the reviewed literature.
However, among many existing methods, a practitioner might
ask “What is the best tool to use?” The answer to this question is
tricky because there is no best method. For a classic discussion
related to the best MCDM method, we recommend reading (Ignizio,
1983). The manager should choose the tool s/he knows the best and
is the most suitable for the characteristics of the problem. In the
case of sustainability PM of SCs, features of the problem include
number of stakeholders, number of SC members and their related
activities, the number of indicators, and the data required for

5.2. A conceptual framework for measuring sustainability
performance of SCs
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Fig. 6. A conceptual framework for measuring sustainability performance of SCs.

resulted from requirements of external stakeholders (outside-in).
When selecting metrics, practitioners and scholars (e.g., Matos and
Hall, 2007; Varsei et al., 2014) are also interested in the interdependencies between environmental, economic and social dimensions to overcome trade-offs and create win-win solutions
(Beske-Janssen et al., 2015; Seuring and Müller, 2008). This is
supported by the broadly integrated approach of the framework.
Thus, the standardization and consistency of inter-organizational
sustainability metrics are ensured, at least to an acceptable degree, which is a necessary requirement for aggregation or conversion of individual metrics into KPIs.
Data required for each metric and who should measure these
metrics are not explicitly mentioned in the reviewed literature.
Beske-Janssen et al. (2015) highlight that the majority of existing
tools imply that the focal company assesses sustainability performance of its SC. Challenges with this approach include difﬁculties
in collecting data from the second or third tier of suppliers as the
inﬂuence of focal company decreases and the reliability of data is
hard to be insured. Another possible approach is that all SC members measure for themselves sustainability performance and then
pass to the next tier. A challenge with this approach is that the
meaning of sustainability for different SC members is not the same
and as a result, different members measure and report different
sustainability aspects and metrics. Consequently, aggregation of
these metrics is difﬁcult or even impossible. A third possible
approach to measure sustainability is by involving an organization
which is not part of the SC. Examples of this approach include the
Sustainable Apparel Coalition for apparel industry, and the Business
Social Compliance Initiative for textile industry (Beske-Janssen
et al., 2015).

All these three possible approaches are supported by the
framework. However, this study emphasizes that ﬁrst, there is a
need to align intra-organizational metrics within the company, and
then inter-organizational sustainability metrics across SC members
by considering requirements from SC stakeholders. Then every SC
member individually collects related data on intra-organizational
and inter-organizational sustainability metrics. Thus, the collected
data would be standardized. Next, this data should be sent to a
Sustainability Metrics database which might be owned by the focal
company or a third party organization specialized in measuring
sustainability performance. This database might also get data from
existing LCA based database such as Ecoinvent and Gabi. Finally,
these data would be calculated in relevant metrics and aggregated
into KPIs or Composite Indicators. KPIs should be accessible to
every SC member. Consequently, every member can check and
improve its sustainability performance and in turn, the sustainability of entire SC would also be improved.
Methods and tools reviewed in this study including AHP/ANP,
DEA, Goal Programming, Rough Sets and Fuzzy approaches can be
used for weighting, ranking and aggregating individual metrics into
KPIs. The necessity of aggregating individual metrics into KPIs or
composite indicators has also been highlighted by earlier researchers (Bai and Sarkis, 2014; Hassini et al., 2012; Sloan, 2010).
However, in contrast with several authors (e.g., Hassini et al., 2012)
who propose to aggregate all three dimension into a single composite indicator, the framework proposes to have at least one KPI or
a composite indicator per sustainability dimension and one per SC
member. A larger number of KPIs would enable the focal ﬁrm to
have a broader view and a better understanding of its SC. This
would help manufacturers to identify and to take necessary actions
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towards SC members which are causing higher negative and positive impacts. Measuring positive impacts would guide focal companies to intensify collaboration with the ‘best’ suppliers,
distributors and so on. However, a larger number of KPIs would
make it harder to benchmark SCs.
The proposed framework systematically integrates three major
components of the SC sustainability performance assessment e SC
members, sustainability metrics, and stakeholders. A unique
feature of the framework is that explicitly depicts relationships
between these components at a macro level, and provides the variety of PM tools that have been developed to date. It can be used as
a decision-supporting tool and as a design structure at the early
development stages of the sustainability PM system in SCs.
Although the framework does not provide speciﬁc sustainability
metrics, it serves as guidance on how and what needs to be
measured and, thus, can also be used as an initial point for interorganizational sustainability metrics development.
In sum, as Matos and Hall (2007) and Varsei et al. (2014)
emphasize that having a broad integrated approach to examine
interactions among environmental, economic and social dimensions is better than applying deep, but disconnected expertise
in each one. Likewise, this study hopes that the proposed framework, despite its abstraction level, would help practitioners and
scholars to structure thinking and to “provide lens” (Sloan, 2010) on
measuring sustainability performance of SCs.
5.3. A concise guideline for developing the SC sustainability
performance measurement system
The starting point for the PM process is to analyze existing PM
systems inside organizations which are members of the SC. During
this phase, managers should determine what metrics are already in
use and by which department as well as supplement and modify
existing PM systems with environmental and social metrics. Next,
SC practitioners should develop a sustainability policy and determine the scope of measurement, identify major performance processes and decompose them into sub-processes and activities, set
objectives, select sustainability measures, use tools presented in
this paper to aggregate individual metrics into KPIs, measure and
track sustainability performance, report results, and ﬁnally review
and improve sustainability PM system.
Process decomposition can be divided into further sub-steps
(Chan and Qi, 2003; Cuthbertson et al., 2011, pp. 75e76):
1. Identiﬁcation and linkage of all inter- and intra-organizational
processes
2. Deﬁnition of core processes
3. Derivation of missions, responsibilities, and functions of core
processes
4. Sub-processes decomposition
5. Derivation of responsibilities and functions of sub-processes
6. Identiﬁcation and decomposition of main activities
7. Create links between processes, activities and their goals
After this step is ﬁnished for the focal company, the same process can be repeated for other SC members to identify sustainability
measures for the inter-organizational processes by considering
requirements of SC stakeholders (Cuthbertson et al., 2011). The
proposed framework can serve as a design structure for at least
several steps including sustainability metrics development and
selection, creating KPIs, reporting and reviewing PM results.
Furthermore, the framework highlights that all these steps should
be in accordance with SC stakeholders.
Finally, since, measuring SC sustainability performance is
inherently challenging (Sloan, 2010), these steps should be
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implemented in a software according to the proposed framework
and the above listed steps.
5.4. Limitations
There are some limitations to this study that must be borne in
mind. First, the authors only considered peer-reviewed journals in
the SCOPUS database. Important and relevant knowledge may be
found in other sources such as conference papers, books or PhD
dissertations. Second, although the authors tried their best to use
accurate search terms in the search string, there might be other
important terms that were not included. Sometimes articles might
address the topic of this study using different keywords. Third,
although SCOPUS covers a wide range of peer-reviewed journals in
the scientiﬁc, technical, and social sciences, it does not include all
reputable peer-reviewed journals. Fourth, the study period of 13
years was considered valid for this study but other authors may
investigate the ﬁeld over a time-scale longer than a decade. Finally,
the selection of the articles included in the database for review
could be considered subjective, although the papers were reviewed
by two researchers independently.
5.5. Future research recommendations
The main drawback of the proposed framework is that it does
not provide speciﬁc inter-organizational sustainability metrics, but
it highlights that these metrics should incorporate all sustainability
dimensions and their interdependencies, as well as metrics should
be developed and selected by involving SC stakeholders. In this
direction, although, various authors (e.g., Ahi and Searcy, 2015; Bai
et al., 2012; Bai and Sarkis, 2014; Hervani et al., 2005; Tajbakhsh
and Hassini, 2015b) have listed sustainability performance measurement metrics, there is, however, still a lack of consensus on
which metrics should be used in speciﬁc industries and SCs. In
other words, standardized SC sustainability metrics need to be
proposed by future research. Hints on this signiﬁcant component of
PM system can be found in these papers (Ahi et al., 2016b; Delai and
Takahashi, 2011; Piotrowicz and Cuthbertson, 2015; Santiteerakul
et al., 2015; Tajbakhsh and Hassini, 2015b).
Thresholds or limits for speciﬁc sustainability metrics are also
rarely or not present in the reviewed literature. However, GRI
guidelines are probably the best approach to follow (Beske-Janssen
et al., 2015). Likewise, we also found that there is a lack of studies in
the service sectors such as banking, educations or medical services
and the majority of the proposed measurement frameworks are not
tailored to a speciﬁc industry. Therefore, there is a need for more
research on sector-speciﬁc sustainability measures together with
their thresholds, and the validation of the proposed framework.
Future research should also investigate the possibilities to
integrate different measurement tools under a single framework, in
such a way that aggregation of individual metrics into KPIs to be as
precise as possible. Another important aspect when considering
the measurement approach is the conﬁguration of SC itself. However, the majority of the papers reviewed in this study surprisingly
do not discuss the SC design. This is in line with Pagell and Wu
(2009) who highlight that the design structure and function of
the SC are rarely taken into account when measuring sustainability
performance. Thus, future research should investigate relationships
between SC design and PM approach. In this direction, it is
important to develop some guidance which measurement
approach is suitable for a speciﬁc SC conﬁguration.
The success of the measurement system in the SC is dependent
on the ability of information systems of each SC member, to capture
data related to sustainability dimensions for every SC activity.
These data are used to calculate sustainability metrics. How these
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data and metrics should be shared among SC members per se and
SC stakeholders are not present in the reviewed literature. Despite
this, surprisingly, information systems are seldom mentioned in
reviewed papers. Thus, these important issues should be investigated in detail by future research. Consequently, the proposed
framework and outcome of the proposed research would facilitate
inter-organizational sustainability metrics selection and collaboration between SC members and external stakeholders. Furthermore, standardization in data collection is seen as a facilitator for
data exchange along the supply chain (Beske-Janssen et al., 2015).
6. Conclusions
The review of the literature indicates that research on
measuring sustainability performance of SCs is scattered, fragmented, incomplete and relatively new research area. The results
indicate that various PM have been proposed, but their implementation in real life cases is sparsely provided. So far, the majority
of proposed measurement approaches are focused on measuring
sustainability performance between suppliers and manufacturers.
Furthermore, the PM approaches based on MCDM methods and
fuzzy set theory are thriving, and the number of papers that
incorporate all three aspects of sustainability is approximately
equal with the number of studies that incorporate environmental
and economic aspects of sustainability.
To expand sustainability PM across entire SC, and to help focus
attention of practitioners and scholars on key issues of PM, this
study proposes a novel conceptual framework and provides a
concise guideline for measuring sustainability performance of SCs.
The proposed framework systematically integrates SC members,
sustainability metrics, and stakeholders as well as explicitly depicts
their relationships. It can be used as a design structure at the early
development stages of the sustainability PM system in SCs. Additionally, we believe that this study is important and a good starting
point for managers and researchers to familiarize with existing
measurement approaches used to assess sustainability performance of SCs.
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Supplier selection is one of the most important components of supply chain
management. The main objective of this exercise is to select best suppliers based on
different criteria. Those criteria are often closely related with sustainability and are set
by the decision-maker. Hence, the objective of this paper is to integrate sustainability
and decision-making. The sustainability aspect of the model includes economic,
environmental and social dimensions and strategic level of decision-making criteria.
The methodology used in this paper is mathematical modeling and the problem is
formulated as mixed integer linear programming. The integration of sustainability and
supplier selection is presented on an illustrative example of a bio-fuel supply chain. The
best multi-objective solution is obtained using the weighting sum method. The study
indicates that the integration of several sustainability aspects and supplier selection can
be useful for decision making process. The main contribution of this work is the
integration of supplier selection with the sustainability of supply chains.

Contribution/Originality: The main contribution of this paper is in the field of sustainable supply chain
development. The methodology used was mathematical modeling (optimization). The objective was to integrate
supplier selection and sustainability of supply chains.

1. INTRODUCTION
Supply chains (SCs) are considered one of the main part in today‟s economy and business organizations
(Pasandideh et al., 2015) and their goal is to deliver products from front end (supply) to back end (demand) (Tang
and Musa, 2011). Additionally, SCs are characterized by forward (open loop SCs) and reverse movement (closed
loop SCs) of material (Easwaran and Üster, 2010; Govindan et al., 2015; Pedram et al., 2017). SCs are integrated
networks of raw materials suppliers, manufacturers, warehouses, distribution centers, and consumers (Melo et al.,
2009) with various aspects of inter-network (within SCs) competition and relations seen from business
managements perspective (Lambert and Cooper, 2000; Mentzer et al., 2001). The common interest of all SCs players
is most often reflected in terms of economic gains (Carter and Liane Easton, 2011).
The most common measure of a SC performance is its sustainability (Schaltegger and Burritt, 2014) which is
approached at three levels, namely: economic, environmental and social (Beske and Seuring, 2014; Joyce and Paquin,
2016; Rajeev et al., 2017). Although, SCs and sustainability have been defined in many ways over the years, the most
often used definition of sustainability describes it as: ”development thata meets the needs of the present without
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compromising the ability of future generations to meet their own needs” (United Nations General Assembly, 1988).
While sustainable SC management is defined by Seuring and Müller (2008) as: “the management of material,
information and capital flows as well as cooperation among companies along the SC while taking goals from all
three dimensions of sustainable development, i.e., economic, environmental and social, into account which are
derived from customer and stakeholder requirements”. From a decision-making standpoint, balancing out all three
dimensions of sustainability is a real challenge (Seuring, 2013). Additionally, Pagell and Shevchenko (2014) argue
that our current level of understanding the subject at hand is not sufficient to create truly sustainable SCs. They
listed several major issues and solutions to them.
Supplier selection is a challenging task in SC management (Liao and Kao, 2011). Hence, supplier selection is
important and may have a considerable impact on sustainable development and sustainability of SCs (Banaeian et al.,
2018). According to Ayhan (2013) supplier selection, which consists of several different and conflicting objectives,
can be defined as an objective of finding the best supplier with best price at the right quality, at the right time and
quantity.
The aim of this analysis is to address the issues of supplier selection and sustainable development of SCs as an
integrated problem, following the research question: how can SC sustainability be integrated with supplier
selection?
In this work, a mathematical programming model is proposed, which integrates economic, environmental, and
social performance of a SC with supplier selection. The model is tested on an illustrative example of a bio-fuel SC.
The remainder of the paper is structured as follows: in the next Section we provide the background of the
study, i.e., literature review focusing on SC sustainability and supplier selection. Section 3 defines problems and
characteristics of the model, while in Section 4, a detailed model is presented. Results are discussed in Section 5, and
conclusions and future remarks are given in the last Section.

2. LITERATURE REVIEW
There are numerous review papers dealing with the issues studied in this work, some of the most prominent
reviews dealing with supplier selection include: De Boer et al. (2001); Ho et al. (2010) and Govindan et al. (2015).
Amongst papers dealing with sustainable SCs we may mention: Seuring and Müller (2008); Seuring (2013) and
Mujkić et al. (2018). However, for this work we have selected and classified papers based on the criteria listed below.
The papers reviewed in this study are classified based on two categories: (I) papers focused on sustainable
development as an objective which deals with one or more aspects of sustainability (economic, environmental or
social), and (II) papers presenting supplier selection as a decision-making process. Additionally, mathematical
modeling was the methodology used in all papers.
2.1. Supply Chains and Sustainability
The objective of a SC is to organize the flow of raw materials from extraction to the final product and the
delivery to the consumer. However, sustainability has extended it to cover the consideration of product design,
manufacturing, by-products, and product life cycle from cradle to grave (Linton et al., 2007). Table 1 presents
papers classified based on the mathematical model and explored aspects of sustainability.
You and Grossmann (2008) proposed a MINLP optimization model for a SC network design with threeechelons and stochastic inventory management. In the model, the authors consider only the economic dimension of
sustainability, more specifically, minimizing total costs (facilities, distribution centers, and transportation) and
inventory. The model was tested on several examples. Alfonso et al. (2009) developed a model to optimize biomass
facility location as to the costs and CO2 reduction, i.e. with respect to economic and environmental criteria. Elhedhli
and Merrick (2012) studied a SC network design, which takes into account fixed and variable location and
production costs, together with CO2 emissions. Liu and Papageorgiou (2013) proposed a mixed integer linear
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programming (MILP) model in which total cost, flow time and lost demand are set as objective functions. Similarly,
Mota et al. (2015) proposed a multi-objective MILP model to design a SC network structure. The model addressed
all the aspects of sustainability with the focus on newly created jobs as the social aspect. The model was tested on a
Portugal battery factory. A multi-objective linear programming model was proposed by Banasik et al. (2017b) to
minimize the flow of materials in an agri-food mushroom closed loop SC. Varsei and Polyakovskiy (2017a)
simultaneously considered all dimensions of sustainability and developed a multi-objective model to find the best
network configuration, while minimizing costs, greenhouse gas emission and maximizing the social impact.
Table-1. Review of previous literature on supplier selection.

Article
You and Grossmann (2008)
Alfonso et al. (2009)
Elhedhli and Merrick (2012)
Liu and Papageorgiou (2013)
Mota et al. (2015)
Banasik et al. (2017a)
Varsei and Polyakovskiy (2017b)
Chávez et al. (2018)
Alavidoost et al. (2018)
How (2019b)

Methodology
MINLP
LP
LP
MILP
MILP
MILP
MILP
MILP
MINLP
MILP

Sustainability dimension
Eco
Env
Soc
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●

Source: Author‟s Research.

A bio-fuel SC with coffee as raw material was proposed by Chávez et al. (2018) where net present value
(economy), gray water footprint and CO2 emission (environment), jobs created and food security (society) are
considered as objective functions. A three echelon SC model to determine optimal service level and minimize total
costs was proposed by Alavidoost et al. (2018). How (2019a) presented a MILP model of palm biofuel with
simultaneous consideration of economic, environmental and social criteria.
2.2. Supplier Selection and Sustainability
Supplier selection is an important decision-making process in SC management and it presents an effective step
towards more sustainable development of SCs (Kumar et al., 2014). Sustainability aspects should be included in the
supplier selection criteria from economic, environmental and social perspective (Bai and Sarkis, 2010). Integration
of sustainability and supplier selection leads to increased complexity of decision-making process. However,
integration may produce an overall better performance of a SC (Luthra et al., 2017).
Ng (2008) developed a generic linear model for the selection of the best supplier based on different criteria.
The supply chain vs. only buyer‟s benefit was addressed by Kheljani et al. (2009) in terms of several different annual
costs. Rezaei and Davoodi (2011) considered a MINLP model with three objective functions (total cost, quality and
service level) as decision variables. Sawik (2014) proposed a mathematical model with single and dual sourcing as a
decision variable. In the model objective functions are set as the minimization of total costs or maximization of the
service level. An integration of sustainable development of a SC and supplier selection was addressed by Azadnia et
al. (2015). In the model several conflicting objective functions were formulated for total cost minimization and
maximization of economic, environmental and social performance. Hashim et al. (2017) introduced multi-objective
fuzzy model to address several issues including economic, environmental and social aspects. In Table 2 presents
some of the works done in the fields of sustainable development of supply chains.
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Table-2. Review of previous studies on supply chain sustainability.

Article
Ng (2008)
Kheljani et al. (2009)
Rezaei and Davoodi (2011)
Sawik (2014)
Azadnia et al. (2015)
Hashim et al. (2017)
Cheraghalipour and Farsad (2018)
Nourmohamadi et al. (2018)
Rad and Nahavandi (2018)
Tosarkani and Amin (2018)

Methodology
LP
MINLP
MINLP
MILP
FUZZY
FUZZY
MILP
MILP
MILP
MILP

Sustainability dimension
Eco
Env
Soc
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●

Source: Author‟s Research.

A bi-objective model was proposed by Cheraghalipour and Farsad (2018) the aim of the model is to minimize
total costs and maximize total economic, environmental and social scores. Similarly, Nourmohamadi et al. (2018)
developed a MILP model with the intention to meet four objectives: to deal with total costs, economic,
environmental, and social issues. A MILP model was proposed by Rad and Nahavandi (2018) to minimize costs and
emission, to maximize consumer satisfaction rate, and to carry out supplier selection based on several different
criteria. Tosarkani and Amin (2018) considered a MILP to maximize profit, environmental score and on-time
delivery within a closed-loop SCs and minimize defect rates in reverse logistics.

3. PROBLEM DEFINITION
The aim of this work is to develop a MILP optimization model for biofuels SC by considering and integrating
economic, environmental and social aspects of sustainability with supplier selection as decision-making criteria. The
model is formulated as a multi-objective problem with cost minimization (transportation and purchasing costs),
minimization of environmental impact (CO2 emissions) and maximization of social benefits (created jobs).
Furthermore, the model considers sustainable supplier selection, considering economic, environmental and social
scores. The scores are given to the following echelons: raw material extraction, manufacturer, and retailer. The
criteria used here are related to economic, environmental and social performance of the SC. With that in mind, the
objective of this work is to minimize the total cost, while maximizing environmental and social aspects of a biofuel
SC, and considering sustainability aspects of SCs and supplier selection. Based on that the following is given:


Flows of raw material, and final products purchased.



Flows of biofuel produced and capacities of each echelon.



Transportation and purchasing cost of raw material and biofuels.

 CO2 emissions related to transportation and production of biofuels.
The problem and the SC defined above is a multi-echelon structure, which includes: raw material,
manufacturing, retailers and consumers as shown on Figure 1.
3.1. Supplier Selection Criteria
Most often, supplier selection criteria are based on quantitative performance indicators for quality, delivery,
speed and price (Rezaei et al., 2016). However, growing awareness of SC impact on environment and society, is
pressing on organizations to reconsider their business models and include other criteria into sustainability and
supplier selection process (Luthra et al., 2017). This paper covers all three dimensions of sustainability (economic,
environmental and social) (Qorri et al., 2018). Furthermore, the indicators used in this work have been selected and
agreed by the authors as indicators the most commonly used in literature (Mata et al., 2013; Kumar Kar and K. Pani,
2014; Zimmer et al., 2016) and a standard framework (Global Reporting Initiative GRI, 2014). The criteria and subcriteria used in the model are presented in Table 3.
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Figure-1. Simplified representation of the supply chain (adopted from Babazadeh et al. (2017)).
Table-3. Sustainability criteria and sub-criteria used in the model.

Criteria
Sub-criteria
Cost
Environmental impact
Employment

Economic

Environmental

Social

Transportation cost Purchasing cost
-

CO2 Emission
-

Jobs created

Source: Author‟s Research.

3.2. Model Formulation
The indices, parameters and variables used in the model formulation are given and described in Appendix A. While,
the models constrains, equations and objective functions are listed below:
Objective functions:
3.2.1. Economic Objective Function
Economic aspects of supply chain are presented in the Equation 1. The cost objective function of the MILP model
consists of transportation and purchasing cost:

min Z1   Tci , j Qi , j   Tc j ,k Q j ,k   Pci , j Qi , j   Pc j ,k Q j ,k i, j
i

j

i

(1)

j

Environmental objective function:
Environmental aspects of supply chain are presented in the Equation 2. The environmental objective function of the
model is expressed in terms of CO2 emission:

min Z 2   Dij Ee   D jk Ee   Efi Qij   Egi Q jk
i

j

i

i, j

(2)

j

Social objective function:
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Social aspects of supply chain are presented in the Equation 3. The social objective function of the model is
expressed in terms of the number of jobs created:

min Z3   Joi Ri   Jo j R j
i

i, j

(3)

j

Supply constrains:
Total material flow from manufacturer is given in Equation 4. The material flow from manufacturer to retailer is
expressed as:

 Ma  M
i

i

i

(4)

i

Total material flow from retailer is given in Equation 5. The material flow from retailer to consumer is expressed
as:

 Ra

j

 Rj

j

(5)

j

Demand constrains:
Total material demand from retailer is given in Equation 6. The material required by retailer is expressed as:

 Ma  M
i

i

i

(6)

i

Total material demand from consumer is given in Equation 7. The material required by consumer is expressed as:

 Ra

j

 Rj

j

(7)

j

3.3. Weighted Sum Method
The proposed mathematical model has three conflicting objectives, which must be met using a Pareto optimal
set. A solution to the problem is defined as the best possible solution of the conflicting objective functions, which
means that the solution cannot be improved by any other method (Mavrotas, 2009). In this work the Pareto optimal
solution for economic (total cost minimization) environmental (minimization of CO2 emission), and social objective
functions (maximization of jobs created) are proposed.
The weight sum of all the objective function is given in the Equation 8. Sum of weights is expressed as:
m


i 1

m

m

(8)

The multi-objective function is given in Equation 9, and it is expressed as:

Mof  m

low
low
low
Z Mof  Z soc
Z eco  Z eco
Z env  Z env




m 1
m 2
up
low
up
low
up
low
Z eco
 Z eco
Z env
 Z env
Z soc
 Z soc

(9)

4. COMPUTATIONAL RESULTS AND DISCUSSIONS
In this part we discuss the model as illustrated by an example. As mentioned above, the model is formulated as
a MILP problem. The linearity of the model comes from the input (production) and output (delivery) capacity of
each echelon in the SC network structure and the distance between the two mentioned echelons. The mixed integer
part of the model comes from the supplier selection based on different criteria as presented in Table 3. The model is
solved in two scenarios and several sub-scenarios. Scenarios are divided based on the weight of each sustainability
dimension; results of the multi-objective optimization of the problem are presented in Table 4 and Table 4. Results
for multi-objective scenario.
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4.1. Data Description of the Problem
This paper presents a multi-echelon SC network design composed of: suppliers, manufacturers, retailers and
customers, as shown in Figure 1. We assume that material is transported between the echelons using road
transport (trucking) and the cost of transport is expressed in €/km. According to Hooper and Murray (2018)
operational cost of trucking in 2017 was 1.691 $/mile or 0,9198 €/km.
4.2. Multi-Objective Optimization
An illustrative example is presented to analyze the mathematical model. The SC is presented as an open-loop
network structure with four types of echelons, namely; raw material production, biofuel production, retailer, and
consumer. Each echelon in the network structure has a unique role to play in the SC.
Table-4. Results for multi-objective scenario.

Scenario
1
2
3
4
5
6
7
8
9
10
11
12
13

Eco
1.000
0.6000
0.6000
0.6000
0,3333
0.2000
0.2000
0.2000
0.2000
0.2000
0.0000
0.0000

Weights
Env
0.0000
0.4000
0.2000
0.0000
0.3333
0.8000
0.0000
0.4000
0.2000
0.0000
1.0000
0.0000

Soc
0.0000
0.0000
0.2000
0.4000
0.3333
0.0000
0.8000
0.4000
0.6000
0.8000
0.0000
1.0000

Total cost
10208200
10208200
10208200
10208200
10208200
10607200
10607200
10607200
10809700
11961200
10607200
11961200

Objective function values
CO2 emission
Jobs created
102595
8678
102595
8678
102595
8678
102595
8678
102595
8678
98403
8421
98403
8421
98403
8421
100658
8175
112182
7295
98403
8421
112182
7295

Source: Author‟s Research.

Table-5. Optimal network structure scenario of the supply chain.

Scenario
1
6
12
13

Raw material
1,2
1,2
1,2
1,2

Factories
1,2,3
1,2,3
1,2,3
1,2,3

Retailer
1,2,4
1,3,4
1,2,3,4
1,2,3,4

Source: Author‟s Research.

A more detailed analysis of the results from Table 4 and Table 5. Results for multi-objective scenario is
presented below:
The first case (scenario 1) of the multi-objective optimization problem comprises two raw material production
plants, two manufacturing factories, and three retailer units. The total cost is € 10,208,200, CO2 emission is 102,595
and 8,678 jobs created. The second case (scenario 6) of the multi-objective optimization problem includes two raw
material production plants, two manufacturing factories, and three retailer units. The total cost is €10,208,200, CO2
emission is 102,595 and the number of jobs created is 8,678. The third scenario of the multi-objective optimization
problem was developed for two raw material production plants, two manufacturing factories, and four retailer units.
The total cost is €10,607,200, CO2 emission is 98,403 and the number of jobs created is 8,421. The fourth scenario
of the multi-objective optimization problem includes two raw material production plants, two manufacturing
factories, and four retailer units. The total cost for this scenario is €11,961,200, CO2 emission is 112,182 and the
number of jobs created is 7,295.

5. CONCLUSIONS FOR FUTURE RESEARCH DIRECTIONS
The importance of sustainability and supplier selection has gained significant attention from academia and
practitioners in the recent years. Having said that, the objective of this paper was to show how supplier selection
may improve the overall supply chain sustainability The model used in our study was formulated as a multi104
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echelon, multi-supplier and multi-objective MILP model. In the model the weighting sum was used in the decisionmaking process to set the weight of sustainability criteria and sub-criteria. The model considers all three aspects of
sustainability: economic, environmental and social, together with supplier selection. The economic objective
function in the model includes the costs of transportation and purchasing, the environmental objective function is to
minimize CO2 emissions, and the social objective function is to maximize the number of jobs created.
Drawbacks identified while conducting this study indicate several possible future research directions that can
be recommended to go more in-depth into the issue. First, the model was tested on an illustrative example, while a
real-life case would help better demonstrate the combined impact of sustainability and supplier selection. Second,
the model takes account of only six sub-criteria, however, with higher number of sub-criteria the overall impact of
sustainability and supplier selection could lead to deeper implications. Third, the number of objective functions can
be increased to better describe the biofuels SC.
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Appendix A
Indices Description

i index for manufacturer,

j

index for retailer,

k index for consumer,
Parameters

Ecoij Economic score of supplier i (manufacturer),
Envij Environmental score of supplier i (manufacturer),
Socij

Social score of supplier i (manufacturer),
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j

Eco jk Economic score of supplier

(retailer),

Env jk Environmental score of supplier
Soc jk Social score of supplier

j

j

(retailer),

(retailer),

Wi ECO Weight values for economic criteria from the best worst method for i manufacturer,
Wi ENV Weight values for environmental criteria from the best worst method for i manufacturer,
Wi SOC Weight values for social criteria from the best worst method for i manufacturer,
W jECO Weight values for economic criteria from the best worst method for

j

retailer,

W jENV Weight values for environmental criteria from the best worst method for
W jSOC Weight values for social criteria from the best worst method for

retailer,

retailer,

j,

Tcij

Transportation costs from manufacturer i to retailer

Tc jk

Transportation costs from retailer

j

to retailer k ,

Tc jk

Transportation costs from retailer

j

to retailer k ,

Ee

CO2 emission in kg per km for in case of transportation,

Ri

Factor related to job created by manufacturer i ,

Rj

Factor related to job created by retailer

Mi

Material available at manufacturer i for shipped to retailer

Ri

Material available at retailer

j

j

j

j,
j,

for shipped to retailer k

Variables:

j,

Qij

Quantity of items ordered from manufacturer i to retailer

Q jk

Quantity of items ordered from retailer i to consumer k ,

Dij

Distance between manufacturer i and retailer

D jk

Distance between manufacturer

Efi

CO2 emission in kg per kg of martial produced by manufacturer i ,

j

j,

and retailer k ,
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Eg j

CO2 emission in kg per kg of martial stored by retailer

Joi

Number of jobs created by manufacturer i ,

Jo j

Number of jobs created by retailer

Mai

Material shipped from manufacturer i to retailer

Ra j

Material shipped from retailer i to consumer k ,

j,

j,
j,

Appendix B
The above given model was solved using General Algebraic Modeling System (GAMS) version 24.2.3, and
BARON was used as a solver, the problems were solved on an Intel i7 CPU (3.50 GHz) computer with 8 GB of
RAM where the results of single-objective optimization are presented. The model is solved for three scenarios,
namely: economic, environmental and social aspects of SCs. Additionally, Table 4 presents the results of multiobjective optimization.

Views and opinions expressed in this article are the views and opinions of the author(s), International Journal of Management and Sustainability shall not be
responsible or answerable for any loss, damage or liability, etc. caused in relation to/arising out of the use of the content.
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