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Abstract

Faced with the challenges associated with sustainably feeding the world’s growing population, the food industry is
increasingly relying on operations research (OR) techniques to achieve economic, environmental, and social sustainability. It
is therefore important to understand the context-specific model-oriented applications of OR techniques in the sustainable
food supply chain (SFSC) domain. While existing food supply chain (FSC) reviews provide an excellent basis for this process,
the explicit consideration of sustainability from a model-oriented perspective along with a structured outline of relevant SFSC
research techniques are missing in extant literature. We attempt to fill this gap by reviewing 83 related scientific journal
publications that utilize mathematical modeling techniques to address issues in SFSC. To this end, we first identify the salient
dimensions that include economic, environmental, and social issues in SFSC. We then review the models and methods that
use these dimensions to solve issues that arise in SFSC. We identify some of the main challenges in analytical modeling of
SFSC as well as future
research directions.

Key words: Sustainable supply chain; Food industry; Operations research; Models; Review

! Corresponding author.

Email addresses: Zhanguo.Zhu@ibisc.univ-evry.fr (Zhanguo Zhu), feng.chu@univ-evry.fr (Feng Chu),
alexandre.dolgui@imt-atlantique.fr (Alexandre Dolgui), chengbin.chu@ecp.fr (Chengbin Chu), wzhou@escpeurope.eu (Wei
Zhou), selwyn@ufl.edu (Selwyn Piramuthu).


https://doi.org/10.1080/00207543.2018.1425014

1 Introduction

The food and beverage industry, with direct impacts on the daily lives of the entire society, plays a vital role in
both regional and global economies. The EU (European Union) food and beverage industry, for example,
accounted for almost 8% of EU Gross Domestic Product (GDP) [44]. China’s food industry accounted for 15.8% of
its GDP in 2010, and France contributed 10.7% in 2011[45]. Increasing demand for food, fueled primarily by
growth in population and wealth, not only leads to higher prices and increased market volatility (Dobbs et al.,
2011 [36]) but also places a higher burden on scarce natural resources such as clean water, land, and energy
(Dobbs et al., 2011; Parfittet al., 2011[77]). It poses a major threat to sustainable development (Brundtland,
1987[102]) and urgently calls for new modes of food supply chain (FSC) that develops a sustainable balance
through the triple bottom line by simultaneously considering economic, environmental, and social issues

(Elkington(1998) [40]).

Involving all collaborating partners from farmers, food processors, distributers and retailers, today’s global FSC
provides end consumers with a wide variety of food options that include fresh produce, meat, and a large variety
of processed food products. Food products can be categorized as two main types: 1. “fresh” agricultural produce
(such as fresh vegetables and fruits) and 2. “processed” food products (such as snacks, desserts, and canned
food) [105]. The management of food supply chains of both types are generally very different from that of
industrial supply chain because of food products’ unique properties such as perishability, strict governmental
regulations on food safety, consumers’ high variation on tastes and processes, and consequential operational
constraints on their storage, processing, and distribution. Today’s FSC faces issues such as high energy
consumption, greenhouse gas (GHG) emissions, and other economic and social concerns. First of all, energy plays
a large role in the life cycle of a food product. Food-related energy usage as a percentage of the national energy
budget grew from 14.4% in 2002 to 15.7% in 2007 in the U.S. (USDA, 2010 [23]). Energy consumption for
temperature control is necessary to guarantee food quality and safety. Temperature control can greatly affect
food quality by influencing the level of food deterioration over time (e.g., spoilage of perishable products) and
product safety by influencing the growth of potentially harmful bacteria (e.g., Salmonella and Escherichia coli).
Secondly, FSC is often accompanied by GHG emissions. A regional analysis in Europe finds that food accounts for

31% of the EU-25s total GHG impact (European Commission, 2006 [39]). Thirdly, food products with short shelf



lives require a more efficient distribution system due to their high quality-deterioration risk. Lastly, social

responsibility initiatives such as fair trade and localism may affect the way any given FSC operates.

Sustainable food production is becoming popular due to increased awareness and visibility of the environmental,
economic and social issues in the general FSC. As van der Vorst et al. (2009) [106] has observed, consumers place
higher expectations on food sustainability with specific emphasis on facets related to energy, emissions, food
quality and safety, and social responsibility. This trend has profoundly changed the configuration and mode of
current food supply systems, resulting in more efficient operational technologies that are designed to optimize
sustainable food supply chains. These newly introduced technologies have clearly resulted in corresponding
sustainable benefits with respect to the three main dimensions (economic, environmental, and social).
Consumers’ high expectations for sustainably produced food along with the recent advances in OR techniques
have stimulated/facilitated companies in the food supply chain to pursue more effective model-oriented
methods to explicitly address those unique problems in SFSC. Consequently, the application of OR-based
methods, especially model-oriented methods in sustainable food supply chain, have increased in recent years.
To the best of our knowledge, existing published reviews on food supply chain models have not explicitly
considered sustainability issues. We attempt to fill this gap, and present a comprehensive review of published
model-oriented papers on sustainable food supply chain. Based on our review, we identify potential future
research directions along with associated modeling techniques to help facilitate progress and thereby benefit

both the industry and researchers in this important domain.

The rest of this paper is organized as follows. In Section 2, we provide a brief overview of previous literature
reviews related to this work and our contributions. In Section 3, we introduce the methodological approach
undertaken. In Section 4, we review and evaluate the main research problems of SFSC in existing published
literature and relevant models that have been used to solve these problems. We discuss challenges, future

research directions, and opportunities in Section 5. We conclude with a brief discussion in Section 6.

2 Existing Reviews & Our Contribution

Related extant published literature reviews can be placed in three categories: 1) sustainable supply chain (SSC),
2) food supply chain (FSC), and 3) sustainable food supply chain (SFSC), as in Table 1. The first category includes
two review papers that address general SSCissues and creates a foundation for the analysis of SFSC. For example,
we apply the sustainability dimension framework that includes economic, environmental, and social aspects, and

modeling dimension for SSC as identified by Seuring (2013)[87] and Brandenburg et al. (2014)[21] to help analyze



SFSC issues, disregarding the application domain of prior SSC studies. The second category gathers nine review
papers on FSC, but the sustainability aspect is not considered as a main characteristic in these papers. Almost all
of these review papers discuss the research contribution of FSC modeling methods, such as one stage of crop
production (Glen (1987)[47], Lowe and Preckel (2004)[65], Zhang and Wilhelm (2009) [116], Kusumastuti et al.
(2016)[60]) with the intent to provide insights for growers, and multiple stages across the chain (Ahumada and
Villalobos (2009)[5], Rodrguez et al. (2014)[82], Soto-Silva et al. (2015)[93], and Borodin et al. (2016)[17]) aiming
to stimulate interest in food processing and distribution, among others. An exclusion is that of Shukla and
Jharkharia (2012)[90], who review papers involving not only analytical modeling but also empirical studies. The
third category includes three review papers on SFSC (Akkerman et al. (2010) [8], Li et al. (2014)[64], and Beske
et al. (2014)[15]), however all of them are different from our current work. Akkerman et al. (2010)[8] review
papers on food quality, food safety, and sustainability in food distribution management and observe that very
limited attention in literature is paid to designing sustainable food distribution network. Their work focuses on
food distribution networks and considers papers that were published before 2010, with most of the considered
papers not explicitly modeling sustainability issues. In contrast, all 83 papers that we consider deal with
sustainability as a main characteristic of the problem under study, and only one reviewed paper (Van der Vorst
et al. 2009[106]) appears in both Akkerman et al. (2010)[8] and our work. Beske et al. (2014)[15] consider SSCM
practices and dynamic capabilities (DC) in the food industry and observe that sustainability practices and DCs in
the supply chain are used among others to enhance traceability and tracking and to fulfill customer demands in
the food industry. Moreover, modeling methodology plays a subordinate role in the papers that were reviewed
in Beske et al. (2014)[15]. Their main focus is limited to DC and the stages after farming, which ignores key issues
such as agricultural production. Li et al. (2014)[64] provide a detailed editorial introduction on existing and future
challenges in research on SFSC management for a special issue on SFSC. Since this is not a formal literature

review, it lacks a comprehensive analysis of the agricultural production stage of the food supply chain.

All considered, no prior published literature review has focused on the model-oriented perspective of SFSC.
However, the various mathematical methodologies that have been used to solve the environmental, social and
economic problems in SFSC are uniquely positioned and deserve a systematic review that could help pave the
way for future research. We are therefore motivated to fill this gap by reviewing research problems in SFSC from

a model-oriented perspective, as the last row of Table 1, and covering the entire FSC.

Table 1
Previous Literature Reviews

Type of SC Article Approach focusTime horizon Scope Number of papers Journal




SSC Brandenburg et al. (2014)[21] Modeling 1994-2012 Entire SC 134 EJOR
SSC Seuring (2013)[87] Modeling 1997-2010 Entire SC 36 DSS
FSC Borodin et al. (2016)[17] Modeling Until 2015 Unspecified 111 EJOR
FSC Soto-Silva et al. (2015)[93] Modeling 1976-2015 Fresh fruit 28 EJOR
FSC Kusumastuti et al. (2016)[60] Modeling 1983-2013 Harvesting/ processing 76 IJPE
FSC Glen (1987)[47] Modeling Until 1987 Agri-production - OR
FSC Rodrguez et al. (2014)[82] Modeling Until 2013 Pork 31 AOR
FSC Shukla and Jharkharia (2012)[90] General 1991-2011  Agri-fresh produce 86 1JOPM
FSC Zhang and Wilhelm (2009) [116] Modeling Until 2009 Specialty crops 27 AOR
FSC  Ahumada and Villalobos (2009)[5] Modeling Until 2007 Unspecified - EJOR
FSC Lowe and Preckel (2004)[65] Modeling Until 2004 Agribusiness <34 MSOM
SFSC Akkerman et al. (2010) [8] Modeling Until 2010  Distribution network - OR-Spec
SFSC Li et al. (2014)[64] General Until 2014 Without agri-production - IJPE
SFSC Beske et al. (2014)[15] Not modeling 2002-2011 Dynamic capabilities 52 IJPE
SFSC Current study Modeling Until 2017 Entire FSC 83 -

3 Material Selection

To obtain a synthesis of published literature, we collected relevant papers by first performing online literature
search in main electronic bibliographical sources (web of science, science direct, etc.) using phrases such as

n o« T

“sustainable(ility)” and “food (agri-food) supply chain”. Then “environment(al)”, “society(al)”, “agriculture(al)
supply chain”, “vegetable supply chain”, “meat supply chain”, “dairy (milk) supply chain”, “fruit supply chain”,

“food product”, and “agri-fresh produce”. Invariably, our search results included many irrelevant papers. Second,

we restricted the papers from the above collection according to the following rules.

(1) Papers written in English and published in peer-reviewed journals.

(2) Because the focus of this review is on model-oriented methods in SFSC, only those with quantitative models
are retained. Therefore, the selected papers are limited to the field of management science, operations
research, decision science, food technology and engineering, agricultural economics, mathematics, and

computer science.

We found very few model-oriented papers on SFSC before the year 2000. Therefore, most of the selected papers

were published during the period from 2000 to 2016.

In total, we selected 83 papers. The distribution of papers over journals (Fig. 1) shows that the papers are from
journals in operations management (about 90%) and food/agricultural economics (about 10%). Moreover, about

70% of the papers appear in four specific journals including International Journal of Production Research, In-



International Journal of Pr ion Research 21

International Journal of Production i 17

Journal of Cleaner Production 9

European Journal of Operational Research 8
Annals of Operations Research I
Computers & Chemical Engineering N
Food Policy = >
Journal of Food Engineering IS )
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American Journal of Agricultural Economics HEEE 1
British Food Journal HEEEE 3
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Production and Operations Management HEEEE ;
Resources, Conservation and Recycling Tl 1

Transportation Research Part D-Transport and Environment T 1

Fig. 1. Number of Papers Published in Different Journals
ternational Journal of Production Economics, Journal of Cleaner Production, European Journal of Operational
Research, showing that a majority of the reviewed papers address the SFSC issues from an operations

perspective.

From the 83 selected papers, the annual publication frequency shows steady growth since 2010. The number of
relevant papers was less than two per year from 2002 to 2010 and more than 10 per year from 2014 to 2016.
There are 26 papers in just one year (2016). The increasing number of published papers in this domain indicates
the increasing attention attracted by SFSC in recent years. Unlike FSC and SSC, model-based SFSC research is a

relatively new field (Borodin et al. (2016)[17], and Ahumada and Villalobos (2009)[5]).

4 Evaluation of SFSC Research

As in Fig. 2, a sustainable food supply chain involves different segments that collaborate to provide end
consumers with plant-based and/or animal-based products comprising agricultural production, food processing,
distributing, retailing, consuming, etc. that correspond to actors such as farmers, processors, food distributors,

retailers, and consumers. While each actor in the sustainable food supply chain uses natural resources that



include water, soil, air, and energy as input, the ideal goal is to create a reverse food supply chain through a
feedback loop throughout the procedure. Through its production and consumption activities, SFSC generates
major environmental, social and economic issues (Ahumada and Villalobos (2009)[5], Soto-Silva et al. (2015)[93],
and Brandenburg et al. (2014)[21]), as in Table 2. To solve optimization problems that are associated with
sustainability including economic, environmental and social parameters, modeling approaches and solution

methods are often used to draw insights and to reach conclusions.

In general, the major environmental issues include GHG emission, energy consumption, ecological issues, and
natural resources consumption including water and land, etc., as in Table 3. The main social issues of SFSC include
food safety, animal welfare, fairness, and employment/training, as in Table 4, which are very different from those
of general supply chain (Brandenburg et al. (2014)[21]). The economic issues are often linked with the
environmental and social issues, including profitability, efficiency, pricing on quality, consumer preferences, cost
optimization and revenue management. Existing studies that aim to solve these three major issues very often
utilize quantitative models, including life cycle assessment (LCA), game theory, linear programming (LP),
stochastic programming (SP), mixed integer programming (MIP), non-linear programming (NLP), mixed integer
non-linear programming model (MINLP), multi-objective programming (MOP), simulation, and corresponding
solution methods. Moreover, SFSC is very context-based due to the variability of food system in defferent

countries.

Therefore, we evaluate existing SFSC research in more detail based on the following dimensions: sustainability,
SC actors, modeling approaches and solution methods, the application in different countries, and types of food

products.

4.1 Sustainability

4.1.1 The dimensions of sustainability

In our considered list of papers, 62 papers spend much effort on environment issues while only 28 papers involve
social isues, as in Table 2. Most SFSC studies have multiple dimensions with environmental and economic
dimensions or social and economic ones, accounting for near 80% of the reviewed papers. Among them, forty-

four
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Fig. 2. Framework of SFSC Research

papers cover environmental-economic issues, almost triple that on social-economic issues. Although
simultaneous decision in three dimensions of environmental, social, and economic issues is more realistic due to
the interdependencies among these dimensions, the number of SFSC models focusing on the interplay of all three
dimensions remain small. However, they receive more attention than general SSC since there are only two papers
integrating all three dimensions of sustainability and no paper that exclusively addresses social issues for general
sustainable supply chain claimed by Seuring (2013) [87] in a review of modeling approaches for general
sustainable supply chain. A possible reason may be consumers’ increasing concerns on typical issues in FSC such
as food safety, animal welfare, and food donation operations, etc. that belong to the social metric. The economic
issues with respect to total cost or profit are closely linked to the environmental and social issues in SFSC,

therefore, we only analyze the environment and social problems in the following subsections.

Table 2
Sustainability



Article
Jones (2002) [56]
Sonesson and Berlin (2003) [92]
Roy et al. (2008)[85]
Vanek and Sun (2008)[107]
Virtanen et al. (2011)[108]
Meneses et al.(2012)[70]
Abeliotis et al. (2013)[2]
Webb et al. (2013)[112]
Alfandari et al. (2014)[9]
Tasca et al. (2016)[99]
Kulak et al. (2016)[59]

Van der Gaag et al. (2004)[104]
Manning et al. (2006)[68]
Stringer and Hall (2007)[97]
Wang et al. (2012)[111]
Chebolu and Gaukler (2015)[25]
Davis et al. (2016)[33]
Krieter (2002)[58]
Oglethorpe(2010)[75]
Yakovleva et al. (2012)[114]
Azadnia et al. (2014)[12]
Lee and Tongarlak (2016)[62]
Miret et al. (2016)[71]
Tang et al. (2016)[98]
Broek et al. (2006)[22]
Schutz et al. (2008)[86]"
Wang et al. (2009)[110]
Akkerman et al. (2010)[7]
Resende-Filho and Hurley 2012[80]
Chen et al. (2013)[26]
Mohan et al. (2013)[72]
Piramuthu et al. (2013)[78]
Chen et al. (2014)[27]
Ting et al. (2014)[100]

Dai et al. (2015)[32]
Ghezavati et al. (2015)[46]
Orgut et al. (2016)[76]
Banasik et al. (2016a)[13]
Wang et al. (2016)[109]

Others (44 papers)

Env

Soc

Env+Soc+Eco

Soc+Eco

Env+Eco
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4.1.2 Main Environmental Research Problems

The specific environmental issues in SFSC involve the GHG emission, energy consumption, ecological issues,
natural resources (water/land), other issues such as agricultural production related pollution as well as the use

of fertilizers and pesticides, as in Table 3.

As a key aspect among all environmental issues in SFSC, GHG emission has attracted the most attention. Many
studies investigate and model the GHG emission generated in the food distribution system in the similar way as
the studies on general SSC (Govindan et al. (2014)[49], Soysal et al. (2014)[94], Validi et al. (2014)[103], Bortolini
et al. (2016)[18], etc). They consider the energy consumption related GHG emission from food distribution but
ignore the GHG emission from refrigerant leakage into the environment and from agricultural production. Most
energy consumption related studies involve GHG emission since GHG emission can usually be calculated based
on energy consumption., e.g., Van der Vorst et al. (2009)[106], Cholette (2011)[29], Meneses et al. (2012)[70],

and Soysal et al. (2015)[95].

Facing the challenge of an intensive use of pesticides, synthetic fertilizers, and other polluting resources in
conventional agricultural system, ecologically-based agricultural production gains increasing concerns. However,
the related studies are very limited. Only three papers deal with it (dos Santos et al. (2010)[37], Costa et al.
(2011)[31], Alfandari et al. (2015)[9]) and all of them belong to the class of crop rotation planning problems. For
example, dos Santos et al. (2010)[37] analyze a vegetable crop rotation planning problem that is subject to
ecology-based constraints, e.g., the interdiction of certain crop successions as well as the regular insertion of

fallow and the use of green manure.

Although the natural resources such as water/land play significant role in SFSC, especially the stage of agricultural
production, the environmental effects of water/land use are addressed relatively little. Only eight papers
investigate them and many of them are analyzed with LCA. For example, Del Borghi et al. (2014)[34] use LCA to
discuss the environmental impacts of 13 tomato-based products produced in Italy, where water consumption
and land occupation are both considered. Krieter (2002)[58] investigates a vertically integrated production
system for pig farming that involves environmental aspects measured by nitrogen (N) and phosphorus (P)
excretion. In a study analyzing the sustainability of agri-food supply chain (endive) through LCA, the intensity of
fertilizer and pesticide use are considered as important aspects to measure environmental sustainability by Tasca
et al. 2016[99]. Sgarbossa and Russo (2016)[88] develop a new sustainable model of closed-loop food supply

chain using and recovering slaughtering waste from meat processing to realize food waste reduction.
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Other important aspects of environmental effects in SFSC due to the characteristics of food production include
food waste reduction, biological factors (Abedi and Zhu (2016)[1]), meteorological conditions (Borodin et al.

(2014)[16]), and food waste (Sgarbossa-Russo (2016)[88]), etc.

4.1.3 Main Social Research Problems

The differences with respect to social dimension in SFSC and general SSC are readily observed. Most of the social
issues in SFSC are typical such as food safety, animal welfare, and food donation, as in Table 4. Food safety has
been investigated the most, accounting for nearly half of the reviewed papers involving social issues. Food recall
caused by food product contamination is particularly critical for food safety. Almost all these studies discuss how
to model contaminated food product recall in food supply networks. On one hand, many papers are concerned
with minimizing food product recalls, risk transmission, etc. using mathematical programming optimization
models. Dupuy et al. (2005)[38] propose a mixed integer linear programming model to minimize the quantity of
recalls in a sausage manufacturing process. Rong and Grunow (2010)[84] present a multi-period production and
distribution planning model to improve food safety based on the concept of chain dispersion and the risk
attitudes of the decision maker. On the other hand, with analytical models, some papers provide general insights
on the liability and interests for different actors in food supply networks with respect to food safety issues. For
example, Piramuthu et al. (2013)[78] consider the contaminated perishable food product recall problem based
on RFID-generated traceability. In their work, recall as well as liability allocation among different actors in the

supply network are studied.

Animal welfare that includes humane approaches to handling, housing, transport, and slaughter [66] is another
important social issue that has received increasing public concerns in recent years, but studies from the
perspective of modeling are few. Although four papers discuss animal welfare, only one paper integrates it in a
mathematical model. Broek et al. (2006)[22] address animal welfare by incorporating restriction on the livestock

transport in EU as a constraint in a mathematical programming model.

Food donation significantly contributes to relieve food insecurity that occurs when the individual’s access to safe
and nutritious food for healthy life are limited. Food donation-driven supply chains place particular emphasis on
the role of food banks, and are very different from that of general commercial supply chains due to their non-
profit nature (Dai et al. (2015)[32]). From our collected papers, only two papers have that focus. Dai et al.
(2015)[32] analyze supply uncertainty associated with food donations and propose predictive models to estimate
the quantity

Table 3
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Main SESC Environmental Research Problems

Article GHG emission Energy consumption Ecological issues Resource(Water/Land, etc.) Others

Krieter (2002)[58] - - - -

Jones (2002) [56] . . - -
Sonesson and Berlin (2003) [92] . . - -
Roy et al. (2008)[85] . - - -
Vanek and Sun (2008)[107] - . - -
Van der Vorst et al. (2009)[106] . . - -
dos Santos et al. (2010)[37] - - . -
Oglethorpe (2010)[75] . - - .
Costa et al. (2011)[31] - - . -
Cholette (2011)[29] . . -

Nicholson et al. (2011)[74] - - - -

Rong et al. (2011)[83] - . - -
Virtanen et al. (2011)[108] . - - -
Amorim et al. (2012)[10] - . - -
Meneses et al. (2012)[70] . . - .
Zanoni and Zavanella (2012)[115] - . - -
Yakovleva et al. (2012)[114] - . - .

Diabat et al. (2012)[35] - - - -
Hasani et al. (2012)[53] - - - -

Abeliotis et al. (2013)[2] . . - .
Webb et al. (2013)[112] . . - .
Accorsi et al. (2014)[3] . - - -
Alfandari et al. (2015)[9] - - . -

Atallah et al. (2014)[11] - - - .
Azadnia et al. (2015)[12] - - - R
Borodin et al. (2014)[16] - - - -

Del Borghi et al. (2014)[34] . - - .
Govindan et al. (2014)[49] . - - R
Manfredi and Vignali (2014)[67] . - - R
Soysal et al. (2014)[94] . - - -
Validi et al. (2014)[103] . - - .
Chen and Hsu (2015)[28] . . - R
Gonela et al. (2015)[48] . . - o

Li and Wang (2015)[63] - . . .
Meneghetti-Monti et al. (2015)[69] . . - R
Soysal et al. (2015)[95] . . - R
Abedi and Zhu (2016)[1] - - - -
Accorsi et al. (2016)[4] . . - -

Ai et al. (2016)[6] - - . .
Banasik et al. (2016a)[13] - - - -

Banasik et al. (2016b)[14] . o - -
Bortolini et al. (2016)[19] . - - -
Bortolini et al. (2016)[18] . - - -
Bozorgi (2016)[20] . - - R
Chang et al. (2016)[24] - - - R
Colicchia et al. (2016)[30] . - - R

Guo et al. (2016)[50] . o - R
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Hu et al. (2016)[54] - - - -

Ivanov et al. (2016)[55] - - - -
of in-kind food donations. They also discuss the relationships among forecast accuracy, donation behavior, and

data uncertainty, and provide insights on how to affect operational decisions of the food bank. Orgut et al.
(2016)[76] investigate the distribution problem of donated food among people exposed to food insecurity. The
objective is to balance the equity and effectiveness of distributing food to the counties in the food bank’s service
area with the aid of mathematical models.

Table 4
Main SFSC Social Research Problems

Article Fairness  Food safety = Animal welfare Employment/training  Others

Krieter (2002)[58] - - o - -

Van der Gaag et al. (2004)[104] - . - - -
Manning et al. (2006)[68] . - . - .
Broek et al. (2006)[22] - - . - -
Schutz et al. (2008)[86]" - - . - -
Wang et al. (2009)[110] - . - - -
Akkerman et al. (2010)[7] - - - - .
Oglethorpe(2010)[75] - - - . -
Resende-Filho and Hurley (2012)[80] - . - R .
Wang et al. (2012)[111] - . - - -
Yakovleva et al. (2012)[114] - - - . .
Chen et al. (2013)[26] - - - . -
Piramuthu et al. (2013)[78] - . - - -
Azadnia et al. (2014)[12] - - - - .
Chen et al. (2014)[27] - . - - -
Ting et al. (2014)[100] - - - - .
Chebolu and Gaukler (2015)[25] - . - - -
Dai et al. (2015)[32] - . - - -
Davis et al. (2016)[33] . - - - -
Ghezavati et al. (2015)[46] . - - - -
Lee and Tongarlak (2016)[62] . - - - -
Miret et al. (2016)[71] - - - . .
Orgut et al. (2016)[76] . - - - -
Tang et al. (2016)[98] - - - - .

Wang et al. (2016)[109] . - - - -

In summary, first, the studies to combine environmental and social issues as well as economic issues to achieve
the best trade-off among different sustainable dimensions are very limited. Second, there is still a lack of focuses
on social dimension although it attracts growing public concerns. Third, GHG emission and energy consumption
are the most popular environmental topics while ecological and natural resources related issues are focused

relatively little. Fourth, among the social dimension, food safety is the most investigated aspect while animal
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welfare and fairness are addressed little although they are closely associated with the typical characteristics of
SFSC. In addition, food safety is closely related to temperature controled by energy use that is usually

accompanied by GHG emission, but rare papers address them simultaneously.

4.2 SCActors

Different SC actors including farmers, processors, distributors, non-profit-organizations, and industry sectors or
macro-economy (Ind./macro-ecom) involve in SFSC (Table 5). The analysis of industry sectors attracts the most
attention although processors and distributors also play important roles in the focus of the studies. AlImost all of
the papers on industry sectors consider environmental issues except one while many papers focusing on
processors address problems relevant to social issues. Non-profit organizations are relatively seldom of interest
in the literature. All papers on agricultural producers involve the environmental dimension, especially ecological
issues. Three of four papers on non-profit organizations mainly analyze how various non-profit organizations
provide the food to needy families through sustainable supply chain. Mohan et al. (2013)[72] detail how the
organization is able to improve the efficiency and effectiveness of its operations that resulted in more food
reaching the food insecure by partnering with a local university. Orgut et al. (2016) [76] address equitable and
effective distribution of donated food under capacity constraints. S"onmez et al. (2016)[96] proposed a model to

derive general operational insights and applied the model to the food bank of the Southern Tier in New York.

Our review shows that studies on processors, distributors, as well as industry section are very popular while
important actors in SFSC such as customers, farmers and non-profit organizations are rarely considered. Frist,
there is no paper discussing the consumers’ preference for sustainable attributes of food production and
consumption, especially consumer social responsibility, which may significantly affect the optimization of SFSC.
Second, all reviewed literature on farmers mainly focuses on their agricultural production decisions, however,
there is no work on how to protect their fair profit in the entire food supply network. Third, the number of studies
on non-profit organizations operations (only three papers) is still very small despite their emergence and rapid
development in

many coutries.

Table 5
Number of Papers Published by SC Actors

Article Env Soc Env+Soc+Eco Soc+Eco Env+Eco Total
Agricultural Producers 0 0 1 1 4 6
Food Processors 0 0 1 8 5 14

Distributers 0 0 0 2 9 11
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Non-profit organizations 0 1 0 3 0 4

Ind./macro-ecom 10 1 1 0 8 20

4.3 Modeling Approaches and Solution Methods

4.3.1 Mathematical Programming Models

A variety of modeling approaches have been used to solve research problems in SFSC. In general, we can divide
related literature in three main categories: mathematical programming models, analytical models and simulation
models. Mathematical programming is the preferred choice to address SFSC environmental, social and economic

problems, accounting for almost a half of our considered list of papers, as in Table 6.

For models with a single objective, many papers take cost/revenue as the objective and model the environment
or social issues as a constraint. The objective functions in Broek et al. 2006[22] and Schutz et al. 2008[86] min-"
imize the total cost of locating slaughterhouses and allocating animals in the different farming districts to these
slaughterhouses. They consider animal welfare by limiting a maximum trip time for animals in eight hours
accoring to EU regulations for aminal transportation. The objective function in Orgut et al. (2016)[76] minimizes
the amount of undistributed food at a food bank suject to a user-specified constraint on the magnitude of each
country’s deviation from perfect equity to for the equitable and effective distribution of food donations. The
objective functions in dos Santos et al. (2010)[37] and Costa et al. (2011)[31] maximize the profit subject to
ecologically-based constraints. Some papers directly address a pure environmental objective. For example, the
objective function in Alfandari et al. (2014)[9] minimizes the total surface area of land used to satisfy crop
demands during every period in a multi-period production planning problem. Accorsi et al. (2016)[4] optimize
infrastructure, agriculture, and logistics costs in the objective function with carbon emissions as a constraint.
However, no paper models social issues directly in the objective function, and no paper considers two or three
different sustainable dimensions as a weighted objective, unlike that in the general SSC literature (Eskandarpour

et al. (2015)[42]).

Multi-objective models have been extensively used in SFSC. Twelve papers use economic and environmental bi-
objective with GHG emission as the environmental objective in ten of them. For example, Govindan et al.
(2014)[49] deal with a two-echelon location-routing problem with time-windows for SFSC network design by
proposing a multi-objective programming model that simultaneously minimizes logistics cost and environmental
impacts of CO2 emissions. Soysal et al. (2014)[94] discuss a beef logistics network problem by proposing a multi-

objective programming model to minimize total logistics cost and total amount of GHG from transportation
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operations. Validi et al. (2014)[103] propose a case analysis of a sustainable food supply chain distribution system
in the dairy industry by minimizing GHG emissions and total distribution cost. Bortolini et al. (2016)[19] develop

a three-objective programming model for fresh food sustainable distribution, however, only two sustainable

dimen-
Table 6
Mathematical Programming Models
Article Dimension Single-Objective  Multi-Objective  LP NLP MIP  SP
Broek et al. (2006)[22] Soc+Eco . - - . . -
Schutz et al. (2008)[86]" Soc+Eco . - - . . .
Wang et al. (2009)[110] Soc+Eco . - - . - -
Akkerman et al. (2010)[7] Soc+Eco . - . - . -
dos Santos et al. (2010)[37] Env+Eco . - . - o -
Costa et al. (2011)[31] Env+Eco . - . - - .
Nicholson et al. (2011)[74] Env+Eco . - - . - -
Cholette (2011)[29] Env+Eco . - - - . -
Rong et al. (2011)[83] Env+Eco . - o - . -
Alfandari et al. (2014)[9] Env . - . - - -
Atallah et al. (2014)[11] Env+Eco . - . - - -
Borodin et al. (2014)[16] Env+Eco . - . - . .
Ghezavati et al. (2015)[46] Soc+Eco . - . - . -
Gonela et al. (2015)[48] Env+Eco . - . - . .
Meneghetti-Monti et al. (2015)[69] Env+Eco . - - - - R
Abedi and Zhu (2016)[1] Env+Eco . - . - . -
Accorsi et al. (2016)[4] Env+Eco . - o - - -
Hu et al. (2016)[54] Env+Eco . - o - . -
Orgut et al. (2016)[76] Soc+Eco . - . - - -
Rocco and Morabito (2016)[81] Env+Eco . - . - - -
Oglethorpe (2010)[75] Env+Soc+Eco - . - - - -
Amorim et al. (2012)[10] Env+Eco - . . - - -
Govindan et al. (2014)[49] Env+Eco - . . - - -
Validi et al. (2014)[103] Env+Eco - . - - . -
Azadnia et al. (2014)[12] Env+Soc+Eco - . - - - -
Soysal et al. (2014)[94] Env+Eco - . o - - -
Soysal et al. (2015)[95] Env+Eco - . - - - -
Bortolini et al. (2016)[19] Env+Eco - . o - - -
Bozorgi (2016)[20] Env+Eco - . . - . -
Guo et al. (2016)[50] Env+Eco - . . - . -
Miret et al. (2016)[71] Env+Soc+Eco - . - - - -
Banasik et al. (2016a)[13] Env+Eco - . . - . -

Banasik et al. (2016b)[14] Env+Eco - . . - . -
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Bortolini et al. (2016)[18] Env+Eco - . . - - -

Colicchia et al. (2016)[30] Env+Eco - . o - - -

sions of operating cost and carbon footprint are modeled in the objective function. Bozorgi (2016)[20] investigate
a multi-product inventory problem for cold items to determine the inventory levels that minimize either the cost
or carbon-equivalent emissions. However, no paper considers social objective in their bi-objective models. Only
three papers integrate all three sustainable dimensions in their objective function. Oglethorpe (2010)[75] use a
goal programming approach to optimize economic, environmental and social objectives in the food industry.
Azadnia et al. (2015)[12] develop an integrated approach with multi-objective mathematical programming for
sustainable supplier selection and lot-sizing order determination problem, that simultaneously minimizes total

cost and maximizes total social score, total environmental score and total economic qualitative score.

Across all single- or multi- objective models, LP and MIP are the most frequently used. However, only four papers
use stochastic programming (SP) for SFSC although handling uncertainty plays an important role in FSC. Schutz
et al. (2008)[86] provide a two-stage stochastic programming formulation for facility location with general” long-
run costs and convex short-run costs based on a real-life case from the Norwegian meat industry, where the
short-run costs and demand are considered as uncertain parameters. Costa et al. (2011)[31] develop a two-stage
SP with uncertain demands for sustainable vegetable crop supply problem with perishable stocks. Gonela et al.
(2015)[48] develop a stochastic mixed integer linear programming model for a bioethanol supply chain under

different sustainability standards considering uncertainties in demand, price and biomass yield.

4.3.2 Analytical Models and Simulation Models

Among the analytical approaches, as in Table 7, life cycle assessment (LCA) is exclusively used to analyze
environment-related issues. Nine of the papers consider the environmental dimension while three of the papers
address both environmental and economic dimensions. Most LCA-based papers focus on a specific context or
case application (Seuring (2013)[87]), such as fresh tomato distribution (Roy et al. (2008)[85]), a case study on
food catering supply chain (Accorsi et al. (2014)[3]), packaged tomato puree (Manfredi and Vignali (2014)[67]),
and production and distribution of endive (Tasca et al. (2016)[99]). In the analytical models category, four papers
use game theory to address social issues. Simulation models chosen by seven papers are less often employed
than mathematical programming and analytical models. Other models include forecast models (Davis et al.

(2016)[33]), and analytic hierarchy process (AHP) (Yakovleva et al. (2012)[114]).



18

4.3.3 Solution Methods

This subsection discusses the solution methods used to solve SFSC models, as in Table 8. Since most of the
analytical models and simulation models for SFSC are solved with similar solution methods (for example,
KarushKuhn-Tucker (KKT) conditions), we mainly focus on methods solving mathematical programming models.

We analyze the methods for singe-objective models followed by those for multi-objective models.

Heuristics and column-generation are the most used methods because of the NP-hard property of the problems

for single objective models. Eight papers directly use commercial solvers such as CPLEX, Gurobi, Lingo etc. Other

Table 7
Analytical and Simulation Models
Article Dimension LCA Game theory AM-other Simulation
Sonesson and Berlin (2003) [92] Env J - - -
Roy et al. (2008)[85] Env . - - -
Vanek and Sun (2008)[107] Env o - - -
Virtanen et al. (2011)[108] Env o - - -
Meneses et al. (2012)[70] Env . - - -
Abeliotis et al. (2013)[2] Env o - - -
Webb et al. (2013)[112] Env . - - -
Accorsi et al. (2014)[3] Env+Eco o - - -
Del Borghi et al. (2014)[34] Env+Eco o - - -
Manfredi and Vignali (2014)[67] Env+Eco o - - -
Kulak et al. (2016)[59] Env . - - -
Tasca et al. (2016)[99] Env o - - -
Resende-Filho and Hurley (2012)[80] Soc+Eco - o - -
Chen et al. (2013)[26] Soc+Eco - o - -
Chen et al. (2014)[27] Soc+Eco - o - -
Tang et al. (2016)[98] Env+Soc+Eco - o - -
Yakovleva et al. (2012)[114] Env+Soc+Eco - - o -
Zanoni and Zavanella (2012)[115] Env+Eco - - o -
Piramuthu et al. (2013)[78] Soc+Eco - - o -
Dai et al. (2015)[32] Soc+Eco - - . -
Li and Wang (2015)[63] Env+Eco - - o -
Ai et al. (2016)[6] Env+Eco - - . -
Lee and Tongarlak (2016)[62] Env+Soc+Eco - - o -
Sgarbossa-Russo (2016)[88] Env+Eco - - o -
Wang et al. (2016)[109] Env+Soc - - o -
Krieter (2002)[58] Env+Soc+Eco - - - 3

Van der Gaag et al. (2004)[104] Soc - - - .
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Van der Vorst et al. (2009)[106] Env+Eco - - - .
Mohan et al. (2013)[72] Soc+Eco - - - .
Chebolu and Gaukler (2015)[25] Soc - - - .
Chang et al. (2016)[24] Env+Eco - - - .
Ivanov et al. (2016)[55] Env+Eco - - - .

methods include Benders decomposition, sampling average approximation, constraint programming, branch-

andprice-and-cut combined with column-generation, and approximative scenario reduction algorithms.

For multi-objective SFSC models, e-constraint is the most widely employed solution method. More than a quarter
of the papers solve multi-objective models with such a method. Goal programming, the weighted sum of the
objective functions are also frequently used. Similar to single-objective models, several papers apply commercial
solvers such as CPLEX to directly solve the subproblem of multi-objective models.

In summary, first, analytical and simulation models, especially game theory based models, are more popular in

Table 8
Solution Methods for Single and Multiple Objective Problems

Type Article Dimension Solution method Solver tool
Single-objective Broek et al. (2006)[22] Soc+Eco Heuristic based on Lagrangean relaxation -
Schutz et al. (2008)[86]" Soc+Eco Heuristic based on Lagrangean relaxation -
dos Santos et al. (2010)[37] Env+Eco Column-generation With the aid of CPLEX
Akkerman et al. (2010)[7] Soc+Eco - CPLEX
Cholette (2011)[29] Env+Eco Only Gurobi Gurobi
Costa et al. (2011)[31] Env+Eco Column-generation With the aid of CPLEX
Nicholson et al. (2011)[74] Env+Eco Only CPLEX CPLEX
Rong et al. (2011)[83] Env+Eco Only CPLEX CPLEX
Hasani et al. (2012)[53] Env+Eco - Lingo
Atallah et al. (2014)[11] Env+Eco - -
Borodin et al. (2014)[16] Env+Eco  Approximative scenario reduction algorithms CPLEX
Alfandari et al. (2015)[9] Env Branch-and-Price-and-Cut, Column-generation Compared to CPLEX
Ghezavati et al. (2015)[46] Soc+Eco Benders decomposition Compared to CPLEX
Gonela et al. (2015)[48] Env+Eco Sampling average approximation -
Meneghetti-Monti et al. (2015)[69] Env+Eco Constraint programming approach -
Abedi and Zhu (2016)[1] Env+Eco - GAMS

Accorsi et al. (2016)[4] Env+Eco Only Gurobi Gurobi
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Ai et al. (2016)[6] Env+Eco Bound-based heuristic -
Hu et al. (2016)[54] Env+Eco Heuristic CPLEX
Orgut et al. (2016)[76] Soc+Eco Multiple Optima Generation/ILOG ILOG
Rocco and Morabito (2016)[81] Env+Eco - CPLEX
Multi-objective Oglethorpe(2010)[75] Env+Soc+Eco Goal programming MS Excel Solver
Amorim et al. (2012)[10] Env+Eco Cplex Cplex
Govindan et al. (2014)[49] Env+Eco (metaheuristic) MHPV -
Validi et al. (2014)[103] Env+Eco GA-based optimisers ModeFrontier
Soysal et al. (2014)[94] Env+Eco g-constraint The aid of CPLEX
Soysal et al. (2015)[95] Env+Eco CPLEX CPLEX
Azadnia et al.(2015)[12] Env+Soc+Eco g-constraint+ a weighted sum -
Bortolini et al. (2016)[19] Env+Eco Normalized normal constraint method et al. -
Bozorgi (2016)[20] Env+Eco An approximate solution method -
Guo et al. (2016)[50] Env+Eco Using CPLEX CPLEX
Miret et al. (2016)[71] Env+Soc+Eco Goal programming With The aid of CPLEX
Banasik et al. (2016a)[13] Env+Eco e-constraint The aid of CPLEX
Banasik et al. (2016b)[14] Env+Eco g-constraint The aid of Xpress-IVE
Bortolini et al. (2016)[18] Env+Eco The weighted sum of the ratios -
Colicchia et al. (2016)[30] Env+Eco The weighted sum of the objective functions The aid of Lindo

addressing social aspects. Second, single-objective models also involve environmental or social aspects and only

model them as constraints. Third, environmental and economic bi-objective models are widely proposed while

three-objective models are very limited. Moreover, all the environmental objectives are specified only by GHG

emissions. These observations indicate that there is a considerable lack of modeling social aspects as well as

other environmental aspects except GHG emissions. Fourth, the dominance of LCA in dealing with environmental

aspects and game theory in addressing social aspects indicate that the advantage of this two approach in

conresponding sustainable dimensions. Fifth, only four papers use NLP compared to the twenty-four papers that

adopt LP papers may be partially caused by the diffculty to solve NLP models. In addition, SP techniques are

mostly used, but robust programming approaches as well as stability analysis are developed little.

As for solution methods, we have the following findings. First, although heuristics and column-generation

dominate for single-objective models, and e-constraint and the weighted sum methods dominate for multi-
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objective models, commercial solvers as CPLEX, Gurobi, Lindo, and Express play very important roles for both
types of models. Second, metaheuristics are employed relatively rarely although most SFSC problems are NP-
hard. A possible reason is that many of the papers address real-world cases in which the problem sizes are small.
Thus, there is a lack of efficient solution methods for more complex SFSC problems. Third, as the main solution
methods for multi-objective models, e-constraint, the weighted sum methods and goal programming also mainly
rely on the aid of commercial solver to solve the subproblem of multi-objective models, which indicates that the
possible barrier in such methods to solve more large-sized problems. Fourth, although many solution methods
have been applied in our reviewed papers, there are still number of solution methods that have been shown to
be effective in general SC such as convex optimization, dynamic programming, and metaheuristic that are not

generally used to solve SFSC problems.

4.4 Other

In this subsection, we analyze papers on other important dimensions including the countries that the papers have

specifically considered, types of food products as well as uncertainty.

4.4.1 Country context

For the country context, the assessment is based on the countries that the papers have addressed. Table 8 shows
the geographic distribution of the existing model-based SFSC research. A majority of published papers (70%) are
based on individual country-specific issues. There are 46 papers that cover developed countries, including Italy,
USA, UK, Germany, Netherlands, France, Australia, Spain, Greece, Sweden, Ireland, Norway, Finland, and Japan.
There are 9 papers that cover developing countries, including Brazil, China, Turkey, India, and Iran. The
geographical distribution in this domain is clearly imbalanced. One possible reason is that the major FSC research
in developing countries mianly concerns economic objectives such as how to increase food gain to feed the

population igoring the environmental and social dimensions of FSC (Shukla and Jharkharia (2013)[90]).

Consequently, we have the following observations. On one side, developed countries have been popularly
examined while developing countries have not been well-explored, which may lead to the barrier in the
application of the findings and models generated from developed coutries to developing countries due to due to
the differences in income, infrastructure, and consumer preference between these two types of countries. On
the other side, almost all the models that we reviewed focus on domestic SFSC network, signifying that the

decisions considered are within a single country, e.g. USA, Germany, etc. However, the global features play
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increasingly important role in SFSC due to the rapid development of international trade in the world which may
necessitate new sustainable issues to be modeled. For instance, imported fruits and vegetables in USA and China
have increased 9.0% and 20.9% respectively from 2009 to 2015 according to calculation with UN comtrade data.
Water resources, N, and P emission embedded in the food flow in global supply chains are ignored. In addition,
fair trade is also closely associated with global food supply chain. Although there exist some reviews that
investigate global supply chain on industrial products, none of them consider food products or discuss sustainable

issues in global food supply chains.

Table 9
Number of Papers Published by Countries
Article Env Soc Env+Soc+Eco Soc+Eco Env+Eco Total
Italy 1 0 0 1 8 10
USA 1 0 0 4 5 10
UK 2 2 2 1 2 9
Germany 0 0 1 1 0 2
Netherlands 0 1 0 1 2 4
Brazil 0 0 0 0 3 3
France 1 0 1 0 0 2
Australia 0 0 0 0 2 2
Spain 1 0 0 0 0 1
Greece 1 0 0 0 0 1
Sweden 1 0 0 0 0 1
Ireland 0 0 0 0 1 1
Norway 0 0 0 1 0 1
Finland 1 0 0 0 0 1
Turkey 0 0 0 0 1 1
China 0 0 0 2 0 2
Japan 1 0 0 0 0 1
India 0 0 0 1 1 2
Iran 0 0 0 1 0 1
Multi-national 0 1 0 0 2 3

4.4.2 Types of food products

Type of food product is categorized dependent on animal-based food products such as meat, milk, eggs, sausages,
etc., and plant-based food products such as vegetables, fruits, grains, meals, sauces, and wine. There are 15
papers addressing animal-based food products and 26 papers related to plant-based food products. A majority
of the papers on animal-based food products deal with social issues while most papers on plant-based food

products focus on environment-related issues. The main difference is that the production and supply of animal-
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based food products usually involve more social issues such as animal welfare and food safety risks, while those
of plantbased food products incur more potential environmental problems such as ecological issues, synthetic
fertilizers, as well as emission. These two streams of food supply chain face problems that have their unique
characteristics, and consequently researchers need to consider these details when choosing applicable models.
Research problems that involve both animal- and plant- based products generate further complications and

create challenges in finding solutions.

4.4.3 Uncertainty

A majority of the reviewed papers focus on deterministic issues of SFSC although uncertainty is a key feature of
SFSC. Only four papers consider uncertainty issues, however, none of them deal with social or environmental
sustainability related uncertainty issues. For example, Schutz et al. (2008)[86] study slaughterhouse location
prob-" lem considering the legal restrictions on more than 8 hours of transport for animal welfare. Although
uncertainty is considered in their work, the uncertain components include only demand and cost disregarding
any sustainable issues, e.g., animal welfare is modeled as a deterministic constraint. The sustainable uncertainty
of SFSC involves two sides of demand and supply. On the supply side, the sustainable uncertainty comes from
the risk of adverse weather condition, the disease of livestock or crops and pests, etc. (Borodin et al. (2016)[17]).
On the demand side, sustainable uncertainty comes from the variety of consumers’ preference for sustainable
attribute and willingness to pay for such attribute. For instance, there exist huge differences in consumer’s
preference for organic attribute / fair trade which may affect food production and even the entire FSC. In
addition, food safety risks along the entire chain bring great uncertainty challenges for managerial decision
making. Therefore, knowledge on how to model the food safety risk and recover the supply chain is of paramount
importance.

5 Challenges & Future Research Opportunities

In this section we present potential future research opportunities based on the above analysis. A vast number of
studies address modeling sustainable issues for general supply chain, however there still exists a great need to
deal with SFSC (Brandenburg et al. 2014[21], and Seuring 2013[87]). The specific sustainable dimensions of FSC
are very different from those of a general supply chain, and many new issues related to the characteristics of FSC
are yet to be addressed. Emerging trends and their sources with respect to major perspectives of the sustainable

food supply chain are listed. Overall, from the perspective of sustainability, it is urgent to develop further models
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that are able to integrate economic, environmental, and social issues, as in discussion in consumer preferences,
global sustainable food supply chain, sustainable regional food supply chain considering food hubs, and
temperature controled sustainable distribution. Non-profit supply chain to alleviate food insecurity, farmers
welfare, animal welfare, and highly integrated traceability-driven food supply chain belong the social aspect.
Novel modeling approaches & solution methods, the application in developing countries and of digital

technologies & data analytics, as well as sustainable risk management in SFSC are discussed last.

5.1 Consumer Preferences

Consumer preferences for sustainable food consumption is an important topic in food supply chain. While there
are some empirical studies to this regard, we are not aware of any published FSC modeling studies that consider
consumer preference for sustainable food consumption. With the increase in awareness on sustainability,
consumers consider more sustainable issues (e.g., low energy consumption, low emission, fair trade, etc. ) while
making food choices, and are willing to pay different prices for different sustainable levels of food. Almost all
existing modeling studies on food supply chain consider consumer demand as a monolithic concept with no
regard for differences in consumer preferences toward sustainable food consumption. However, consumer’s
preferences toward sustainable food are closely related to food demand as witnessed through their willingness
to pay and will affect other decisions throughout the entire FSC. Examples of these include farmers’ production
methods (organic or traditional), distributors’ transportation decisions (low vs. high energy
consumption/emission), and manufacturers’ global supply chain network decision (e.g., purchasing coffee from
developing countries considering fair trade). Therefore, incorporating consumers’ sustainable preferences as
well as their willingness to pay into the modeling of FSC is a very promising research direction involving three
sustainable dimensions.

5.2 Global Sustainable Food Supply Chain

The unprecedented and widespread expansion of food supply chains farther into far-flung and international
locations as a result of globalization has resulted in increased complexity of sustainable problems. From an
environmental perspective, water resource use and emissions (e.g., N, P, C) generated by agricultural production
(e.g., water, N, P, C) and global logistics (e.g., emission from shipping liners) are closely tied to food distribution
along the global supply chain. From a social perspective, fair trade initiatives that link small producers (e.g., coffee
farmers) in developing countries with socially-conscious consumers in the developed countries has grown rapidly

during the past decade. For example, the fair trade sector involved over 1.2 million farmers and workers in more
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than sixty countries with about 60 percent of sales related to food products such as coffee, cocoa, wine, sugar,
fresh fruit, and chocolate (Ladhari and Tchetgna 2015[61], Raynolds 2000 [113]). Therefore, designing and
modeling global sustainable food supply chain by integrating features of food (e.g., perishability, the
consumption of natural resources, the emission pollution) and the above sustainable (social) issues into global

supply chain models is an important research topic.

5.3 Sustainable Regional (Local) Food Supply Chain Considering Food Hubs

With a key role in regional food supply chains, food hubs are increasingly seen as vectors for economic growth
and environmental and social change by diverse stakeholders due to consumers’ growing demand for
local/regional foods (Hardy et al 2016) [52]. Food hubs embedded in regional food supply systems include several
sustainable characteristics such as the provision of increased retail market access to outputs from small- and
medium- sized farms, vested interest to improve human health since most farmers and customers are regional
and are located within a 400 mile radius, close association with food donation to food banks, and the
development of initiatives to ensure fair returns to farmers. (Hardy et al. 2016 [52], Fischer et al. 2013[43]).
Regional food supply systems with food hubs have received well-deserved attention from practitioners as well
as policy makers. One such is USDA’s regional “food hub” services to develop regional and local food system
together with farmers, wholesalers, and retailers (Etemadnia et al. 2015[41]). However, such interest from
practitioners and policy makers has not yet successfully transitioned into academia where there are very few
studies that focus on regional food supply chain, especially from the perspectives of sustainability and modeling.
Interesting unanswered research questions can potentially be found in modeling sustainable regional food supply
chain with food hubs.

5.4 Temperature Controled Sustainable Distribution

There are some papers discussing the relationship between temperature and food safety/quality, however, there
is a lack of studies on integrating further energy consumption, emission, and safety/quality into general food
supply chain optimization models. For example, how to balance the goal of energy consumption which is a
fundation to guarantee food safet/quality by controlling the temperature, emission, as well as cost during

distribution including transportation and inventory management, etc.
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5.5 Non-Profit Supply Chain to Alleviate Food Insecurity

There still exist a great number of food-insecure individuals who are at risk for not being able to acquire enough
food, despite increases in global food production. For instance, over 14% of household were estimated by the
USDA (United States Department of Agriculture) in 2013 to be food-insecure in the USA, which is one of the most
developed countries [96]. The cause for such dismal figures is not production shortages but the challenge to get
available food to reach the needy in a timely manner due to the uneven distribution of food resources that
creates wastage in some areas and food insecurity in other areas. Non-profit organizations such as food banks
act as food intermediaries by processing and distributing donated food from organizations or individuals to food-
insecure individuals. Food banks play an increasingly important role in the food supply chain for reducing food
loss and alleviating the effects of food insecurity (Mohan et al. 2013[72]). The dynamic of such SCs are very
different from that in a general supply chain, since their objective is not profit but equity. However, there are
very few published research work that focus on modeling non-profit supply chains to alleviate food insecurity.
Therefore, further research that considers the role and mechanism of the non-profit food supply network

provides an important starting point for related unanswered research questions.

5.6 Farmers Welfare

Although farmers play a significant role in SFSC, they are often neglected in published research studies that
optimize production and supply. Farmers, especially small farmers usually have weak market power compared
to their competitors. Considering farmers’ welfare while modeling food supply chain so that small farmers can
receive fair treatment from the market and the government is an important social question. Sodhi and Tang
(2014)[91] have offered some insights into new avenues for addressing such issues.

5.7 Animal welfare

Animal-based food products account for a large proportion of food, and the supply chain of such products usually
involves animal welfare related issues such as breeding, transporting, slaughtering livestocks, among others.
Extant published research literature only models animal welfare as a constraint rather than as an objective.

Integrating ethics related issues into SFSC modeling has significant potential as a valuable exercise.
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5.8 Highly Integrated Traceability-Driven Food Supply Chain

Traceability, which includes product traceability, process traceability, genetic traceability, inputs traceability,
disease and pest traceability and measurement traceability, plays an important role in controlling various
environmental SFSC problems (Piramuthu and Zhou (2016)[79]). Although several published research papers
have discussed traceability applications in food supply chain, missing elements still abound in food supply chain
traceability models. For example, with the aid of RFID-generated visibility, a food company is able to obtain real-
time stock flow of food products as well as contamination information throughout its (cold) production and
distribution network. Therefore, how to (re)design and optimize the food supply network based on such real-

time information is a valuable problem to be addressed.

5.9 Sustainable Farming

Seasonal planning optimization is an important environmental research problem. Land becomes barren after
several farm seasons with the same crop (livestock). Current practices and state-of-the-art research are
somehow not optimized if not completely very “unsustainable” such as the blanket overuse of fertilizers, pest
control chemicals, and clean water. Long-term planning optimization therefore should become a very
important part of FSC sustainability research. Given that very few studies on this topic are based on OR

methods, there are still numerous open research problems in this domain that beg to be modeled.

5.10 Novel Modeling Approaches & Solution Methods

Many sustainable issues of SFSC especially social topics are indeed difficult to be modeled directly while empirical
research methods provide useful tools for this purpose. Therefore, in line with general SSC (Brandenburg et al.
(2014)[21]), model-oriented method with empirical study is highly recommended to address problems in SFSC.
A recent paper by Sheu (2016)[89] on general green supply chain management provides such an example.

Modeling approaches are generally adopted independently. However, most real-world SFSC problems are very
complex, and a hybrid of the modeling approaches may reveal more significant managerial insights in SFSC.
Linking linear programming with game theory is a potentially better approach to model competitive SFSC
network design problems. Similarly, a hybrid of linear programming and LCA may reveal valuable information
from the SCM level to that of the industry sector. In addition, modeling further complicated real-world SFSC

problems with NLP provides challenging opportunities.
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For stochastic environments, robust programming approaches as well as stability analysis are also interesting
ways and should be developed. Although many solution methods have been applied in our reviewed papers,
there are still many solution methods that have been shown to be effective in general SC such as convex
optimization, dynamic programming, and metaheuristic that are not generally used to solve SFSC problems. This
indicates the possibility to address more complicated SFSC problems with such effective solution methods. In
addition, due to the rapid advances in commercial solvers, further application of solvers in future development

of efficient solution methods for solving complicated SFSC models is also promising.

5.11 Application in Developing Countries

Food supply chain is very context based. More than 70% of the papers we considered for this study concern
specific issues in an individual country, with a significant majority that focus on developed countries. However,
the application of a model-oriented method in SFSC in developing countries is urgently needed since the contexts
of these two types of countries vary widely not only in the level of economic development but also in the food
supply system infrastructure as well as the expectations of the actors such as farmers and consumers. Taking
China as an example, sustainability-consciousness consumers in the eastern urban areas and the large number
of small farmers in western rural areas coexist, which allows for the possibility of modeling FSC considering fair
trade between eastern developed areas and western developing areas. Therefore, modeling important issues
that were already investigated in developed countries such as fair trade, non-profit supply chain, etc. could result

in significant contribution to alleviate poverty and food insecurity in developing countries.

5.12  Application of Digital Technologies & Data Analytics

Novel digital technologies are creating major opportunities for the food industry and have greatly reshaped the
food supply chain. Digital technologies are connecting food producers and consumers in many new ways. Food
production is becoming localized around cities, driven by demand for local food. Digital technologies such as loT
(Internet of Things) can enable localized markets to thrive by sending real-time signals from consumers to
growers and back along the value chain. New digital approaches in the food industry have greatly changed the
business and operational processes, necessitating revisions of existing analytical models in this domain to
accommodate the changes. Another major force in the digital food supply chain transformation is data analytics.
For example, getting close to consumer preferences is vital for businesses in rapidly evolving markets. Nowadays,
a company can leverage digital technology and data to optimize where and what they sell. Transaction data

acquired in realtime empowers the food retail business to sell what consumers want, when and where they want
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it, at competitive prices. They can control their inventory to cut down waste, which also reduces costs. Data
analytics has been found to be invaluable in preventing or at least reducing food wastage throughout the food
supply chain. Recent advances in data analytics research methods, along with the emerging research problems

in this field are challenging and create many future research opportunities.

5.13 Sustainable Risk Management in SFSC

Risk management is critical due to uncertainty in SFSC. However, to our knowledge, there is no published work
that considers risk management in relation to sustainable uncertainty in FSC. How to model the sustainable risks
in SFSC both from the supply side (e.g., livestock diseases, pests) and the demand side (e.g., evolution of changes

in consumer preferences) as well as the food safety risk throughout the whole chain is of great significance.

6 Conclusions

We presented a comprehensive review of published model-oriented research papers in the SFSC domain.
Although the number of publications is not as large as the empirical papers on this topic, it has grown rapidly
especially during the past several years mostly due to the increasing consumers’ concerns on food sustainability.
The applied OR techniques, which are used to specifically address SFSC problems, are mostly model-oriented and
vary from case to case. Despite the significance of a structured outline of SFSC research techniques, existing
reviews of food supply chain (FSC) literature are rather generic and disregards explicit consideration of
sustainability from a model-oriented perspective. We reviewed 83 scientific journal publications, each of which
is based on relevant mathematical modeling techniques. We first identified the three relevant dimensions that
include the economic, environmental and social issues in SFSC. We then reviewed the models and methods that
have been applied to solve SFSC problems. Based on our observations, it is evident that previous researchers
have made important contributions to the field of model-oriented SFSC. There are, however, many significant
challenges and valuable research questions that are worthy of consideration. Through our review of existing

published SFSC literature, we have identified specific areas with high potential for further exploration.
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