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Abstract

This work addresses the research problem of quantitative support for decision-making in sustainable supply
chain network design (SSCND). We first identify the common key indicators utilized to assess
sustainability in supply chain design applications. We propose both (i) a single-objective and (ii) a multi-
objective modeling approaches to deal with environmental and social criteria to the design of a supply chain
network from a company perspective. Considering a broader perspective of sustainability in supply chains,
the unit of analysis is extended from a company perspective to consider a wide-industry perspective for the
sector. We specifically consider the effects of policy application on encompassing the sector towards
sustainable development and its impacts in the supply network structure.

The purpose of this work is to propose an efficient assessment procedure for the joint assessment of
economic, environmental, and social performance for the design or redesign of supply chain network. A
mathematical formulation considering the evolution of the supply chain and the construction of capacities
in the long term is presented. To this regard, we define sustainability objectives according to the current
conditions of the sector and the country. We compare the supply chain structure changes over a time horizon
following an ex-ante sustainability assessment approach. Moreover, sustainability key performance
indicators are chosen considering current sustainability challenges of the sector. The performance of the
model is tested with an application in the dairy industry in a developing-economy country. It illustrates the
utility of the model to evaluate national mitigation and adaptation activities in the design of supply chain
networks. The need of setting targets when measuring sustainability in the supply chain field is highlighted.
Results offer meaningful decision support to policymakers in evaluating implementation of policies and
actions, and in the definition of strategical paths towards sustainability.

Keywords: sustainable supply chain, supply chain network design, sustainable development policy,
optimization, sustainability assessment, dairy supply chain



Résumeé

Cette thése s’inscrit dans les recherches sur I'aide quantitative a la prise de décision dans la conception de
réseaux de chaines d'approvisionnement durables (SSCND). Dans un premier temp, nous identifions les
indicateurs clés communs utilisés dans des publications scientifiques pour évaluer la durabilité dans les
applications de conception de chaines d'approvisionnement. Nous proposons ensuite (i) une approche de
modélisation a objectif unique et (ii) une approche de modélisation multi-objectifs pour inclure les critéres
environnementaux et sociaux dans la conception d'un réseau de chaine d'approvisionnement du point de
vue de I'entreprise. En considérant la perspective plus large de la durabilité dans les chaines
d'approvisionnement, I'unité d'analyse est étendue d'une perspective d'entreprise pour considérer I’ensemble
d’une filiére au sein des différentes régions d’un pays donné. En particulier, nous étudions les effets de la
mise en ceuvre des politiques de développement durable sur la structure du réseau d’approvisionnement
pour I’industrie laitiére en Colombie.

L'objectif de ce travail est de proposer une procédure efficace d'évaluation conjointe des performances
économiques, environnementales et sociales pour la conception ou la reconception d'un réseau de chaines
d'approvisionnement. Une formulation mathématique est présentée, qui tient compte de I'évolution de la
chaine d'approvisionnement et du renforcement des capacités a long terme. Nous proposons une approche
d'évaluation ex ante de la durabilité pour comparer les changements dans la structure du réseau de la chaine
d'approvisionnement en vue d’atteindre les objectifs de durabilité. En outre, les indicateurs clés de
performance en matiére de durabilité sont choisis en tenant compte des défis actuels du secteur en matiére
de durabilité. La performance du modele est testée avec une application dans I'industrie laitiere d'un pays a
économie en développement. Elle illustre l'utilit¢ du modele pour évaluer les activités nationales
d'atténuation et d'adaptation dans la conception des réseaux de chaines d'approvisionnement. La nécessité
de fixer des objectifs pour mesurer la durabilité dans le domaine de la chaine d'approvisionnement est
soulignée. Les résultats offrent une aide a la décision significative aux décideurs politiques dans I'évaluation
de la mise en ceuvre des actions et la définition des voies stratégiques vers la durabilité.

Mots clés : conception de réseaux de supply chains, politique de développement durable, supply chain
durable, optimisation, évaluation de la durabilité, industrie laitiere.
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Introduction (en francais)

En 1987, la publication "Notre avenir a tous" de la Commission mondiale sur I'environnement et le
développement des Nations unies a ouvert, au niveau mondial, le débat sur le développement durable et la
durabilité (CMED, 1987). A ce moment-Ia, le document définissait le développement durable comme "un
développement qui répond aux besoins du présent sans compromettre la capacité des générations futures a
répondre a leurs propres besoins." Selon (Ferrer, 2008), la simplicité de cette définition et son caractére
inspirant ont permis l'utilisation généralisée de ce concept par les universitaires, les praticiens et les
contextes politiques. De légeres variations de cette définition sont couramment utilisées pour définir la
durabilité. Par exemple, I'appropriation du concept de développement durable dans le milieu des affaires a
conduit John Elkington a inventer le terme Triple Bottom Line (TBL) (Elkington, 1994, 2013). L'auteur
souligne comment les stratégies durables peuvent bénéficier simultanément aux entreprises et aux clients,
ainsi qu'a I'environnement, ce qui incite les entreprises a comptabiliser leurs gains et leurs pertes non
seulement en termes économiques, mais aussi en termes environnementaux et sociaux.

Comme indiqué par Allaoui, Guo, Choudhary, & Bloemhof (2018), les décisions concernant I'emplacement
des installations, la détermination de la capacité, la sélection de la technologie, la sélection du mode de
transport qui sont, entre autres, impliquées dans le probléme de conception de réseau de chaine
d'approvisionnement correspondent a I'une des principales décisions au niveau stratégique ayant un impact
sur la performance économique, environnementale et sociale d'une chaine d'approvisionnement a long
terme. Par exemple, d'une part, la construction d'une usine de fabrication dans une région spécifique peut
générer de nouvelles opportunités de travail, promouvoir le développement de l'infrastructure routiére,
déclencher l'arrivée d'habitants dans la région et encourager le développement de services sociaux. D'autre
part, elle peut menacer I'écosystéme de la région, en raison de la consommation d'eau, de I'utilisation des
terres, de la pollution, de I'élimination des déchets et, d'une maniere générale, de la pression accrue sur les
ressources naturelles et les services sociaux, ce qui a des répercussions sur I'environnement et entraine une
diminution du bien-étre social.

En raison de la multiplicité des contextes et des caractéristiques de I'environnement des entreprises, des
marchés et des parties prenantes, le probléme de I'évaluation de la performance de durabilité d'un réseau de
chaines d'approvisionnement ne peut pas étre abordé de maniére générique (Brandenburg, Govindan,
Sarkis, & Seuring, 2014). Pour le dire autrement, puisque les défis du développement durable ne sont pas
les mémes pour toutes les industries, il apparait fondamental de développer des études personnalisées
considérant les particularités de I'industrie et de son territoire. Par exemple, la consommation d'eau peut ne
pas étre aussi pertinente dans le secteur bancaire que dans les systémes alimentaires. ,De plus, tous les
secteurs d’activités n’ont pas fait I’objet de la méme attention dans la littérature scientifique. Par exemple
Grant, D. B., Trautrims, A. et Wong (2017), ont montré que, dans la littérature, il existe de nombreuses
études développées dans les cas de I'industrie manufacturiere, tandis que le secteur agricole a regu moins
d'attention, malgré les caractéristiques sociales documentées des moyens de subsistance des agriculteurs et
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la contribution représentative du secteur dans les émissions totales de gaz a effet de serre (GES) au niveau
mondial.

Dans de nombreux pays, notamment dans les pays en développement, le secteur agroalimentaire joue un
role essentiel dans I'économie en étant un contributeur important au produit intérieur brut (PIB)
(Gebresenbet & Boso, 2012) et il constitue un agent essentiel du développement économique, social et
environnemental durable des communautés rurales (Naik & Suresh, 2018). Selon la Banque mondiale, ce
secteur représentait prés d'un tiers du PIB mondial en 2014 (World Bank Group, 2015). De plus, en raison
de la croissance démographique, des progres des transports, des technologies de l'information et de la
communication, le secteur agricole a connu un taux de croissance annuel de plus de 6% au cours de la
derniere décennie, et sa production devrait &tre multipliée par deux d'ici 2050 (FAO, 2018). Dans son sens
le plus large, I'industrie agricole comprend un large ensemble de procédures et services connexes, dans
lequel les ressources naturelles sont utilisées pour produire des produits de base tels que les aliments, les
fibres, les carburants et les produits forestiers, entre autres. Plus précisément, les chaines
d'approvisionnement agroalimentaires comprennent une série d'activités allant de la production a la
distribution pour amener les produits agricoles de la ferme au marché. Les chaines d'approvisionnement
agroalimentaires ont des impacts environnementaux spécifiques qui influent sur l'atteinte des limites
planétaires, telles que les émissions de gaz a effet de serre, I’impact sur la biodiversité, le changement
d'utilisation des sols, la consommation d'eau, les effets sur les cycles du phosphore et de I'azote (Boutaud
et Gondran, 2020), I'élimination des déchets, le développement social, entre autres, qui deviennent des
facteurs pertinents dans la configuration du réseau.

A ce stade, trois aspects ressortent du champ de recherche sur la conception des réseaux de chaines
d'approvisionnement. Premiérement, bien que I'évaluation de la durabilité revendique une vision holistique
de la chaine d'approvisionnement, elle se concentre parfois sur les opérations en aval et les impacts
provenant des fournisseurs en amont sont souvent omis, y compris lorsque des activités agricoles ont lieu
a ce niveau. Ce phénoméne peut conduire a des solutions superficielles ayant un faible impact sur la
durabilité de la chaine d'approvisionnement. Deuxiemement, la plupart des travaux considérent une
perspective de durabilité centrée sur I'entreprise ; les approches du développement durable a I'échelle de la
filiere sont rares. Des études récentes ont suggéré que les améliorations environnementales progressives
apportées par les entreprises individuelles peuvent étre inadéquates pour faire face aux problémes
environnementaux mondiaux. A cet égard, les organismes publics sont appelés a étre les points de
connexion entre les objectifs de développement durable et les stratégies de gestion de la chaine
d'approvisionnement des entreprises, afin de transposer les aspirations mondiales dans les contextes
régionaux et locaux (Paletta, Foschi, Alimehmeti, & Bonoli, 2021).

En fonction de ces considérations, ce travail présente un modele intégré pour évaluer les dimensions
économiques, environnementales et sociales, tout en tenant compte des politiques sectorielles et nationales
en matiere d'environnement et de développement. Au lieu d'avoir une perspective de chaine
d'approvisionnement d'entreprise, le modele est destiné a travailler dans la macro localisation des capacités
dans une perspective de large industrie. Le présent travail envisage plusieurs approches de formulation pour
traiter la conception de la chaine d'approvisionnement lorsque les facteurs environnementaux et sociaux
sont pris en compte dans le processus de prise de décision. Il explore les formulations a objectif unique et
multi-objectifs. Le travail souligne l'impact des critéres de durabilité sur la structure de la chaine
d'approvisionnement, et discute de la nécessité de définir des objectifs pour évaluer la durabilité au niveau
de la chaine d'approvisionnement. Enfin, il présente un modele mathématique visant a effectuer une
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évaluation ex ante de la durabilité au niveau de I'ensemble de la filiére pour la définition de la structure de
la chaine d'approvisionnement, dans le cadre du développement de politiques ou d'actions. Le modele
représente la structure de la chaine d'approvisionnement, au cours de I'horizon temporel jusqu'a ce qu'elle
atteigne les objectifs spécifiés a atteindre. Bien que le modéle puisse étre appliqué a plusieurs secteurs, ce
travail présente un cas spécifique pour I'industrie laitiere en Colombie.

La structure du document

Cette thése est organisée en huit chapitres comme présenté dans la Figure 0.1. Le chapitre 1 énonce notre
problématique de recherche, les objectifs de la recherche et décrit la méthodologie de I'étude. Le chapitre 2
présente la revue de la littérature, la réflexion, les paramétres d'évaluation de la durabilité, les approches de
solutions et les applications. Le chapitre 3 présente un modeéle de programmation linéaire en nombres
entiers mixtes (MILP) avec une approche de solution axée sur les dimensions. Ici, trois objectifs différents
portant sur les dimensions économigues, environnementales et sociales sont évalués pour comparer l'impact
sur la structure du réseau lorsque la décision est guidée par un seul critére d'évaluation. Les résultats
montrent comment la structure du réseau affecte les facteurs économiques, environnementaux et sociaux.
Ils montrent également comment les préférences dans une dimension représentent des compromis dans les
deux autres ou au moins dans I'une d'entre elles.

Chapitre 1.
Introduction

Chapitre 2. . — =) -
Revue de littérature | Objectifs spécifiques I & 2

- Perspective de l'entreprise ——————————————

| |
|

|

I Chapitre 3. Chapitre 4. :

| Modéle PLNE Modéle PLNE MO |

: Modéle a objectif unique Programmation des objectifs |
|

b e J

| Objectifs spécifiques 3 & 4

Analyse des résultats

| |
| Chapitre 5. Chapitre6 &7. |
I Time to sustainability Time to sustainability
| Approche de modélisation ~ Description de Itude de cas |
I Formulation mathématique Expériences numériques :
|

Chapitre 8.
Conclusions et
perspectives de recherche

Figure 0.1. Structure du document

Le chapitre 4 présente une approche de modélisation multi-objectifs pour la conception de chaines
d'approvisionnement durables. Contrairement a d'autres approches dans lesquelles les préférences du
décideur sont incluses, ce chapitre présente une approche de programmation d'objectifs de Chebyshev sans
préférence. Au lieu d'attribuer des pondérations a chaque objectif ou de limiter leur aggravation, I'approche
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de Chebyshev estime la meilleure solution possible en minimisant la distance maximale & la solution idéale
pour chague objectif. L'idée derriére cette approche était d'inclure les critéres dans une modélisation
mathématique en évitant d'adopter une mentalité de compromis ou une approche de durabilité faible.

Le chapitre 5 présente une description générale de I'étude de cas et de son importance dans le contexte
écologique et le développement social du pays. Il présente également une définition de la durabilité pour le
secteur a partir de laquelle les indicateurs de durabilité proposés sont dérivés. Le chapitre 6 présente un
modele mathématique pour la conception d'une chaine d'approvisionnement dans une perspective
industrielle large, tout en considérant I'exécution de politiques et d'actions. Au lieu de considérer des
objectifs multiples, I'approche considére le temps nécessaire pour atteindre des valeurs définies pour un
ensemble d'indicateurs clés dans les trois dimensions de la durabilité. La performance du modele est évaluée
a l'aide d'une étude de cas dans l'industrie laitiére de la Colombie au chapitre 7. Les résultats du modele
sont utiles pour la définition des capacités et de la localisation des installations de production, de
transformation et de distribution, dans tout le pays. Les conclusions et les perspectives de recherche sur le
lien entre la durabilité et la conception de la chaine d'approvisionnement sont discutées au chapitre 8.

Les conclusions

Cette these aborde le probléme de la conception d'un réseau de chaines d'approvisionnement en tenant
compte des facteurs sociaux, environnementaux et économiques. Pour traiter ce probleme, différentes
approches de modélisation sont proposées au cours du développement du projet. En effet, cette thése
explore des approches de modélisation mono-objectif et multi-objectifs, en utilisant des indicateurs
individuels et composites pour représenter les critéres de durabilité au niveau de la chaine
d'approvisionnement et discuter de leurs applications, opportunités et défauts. Contrairement a d'autres
études sur le sujet, qui se concentrent principalement sur le développement d'algorithmes efficaces sur le
plan informatique, ce travail est en outre centré sur la discussion de la durabilité et du lien entre la gestion
de la chaine d'approvisionnement et I'évaluation de la durabilité. En particulier, ce travail s'intéresse
spécialement a I'évaluation de la durabilité dans les décisions stratégiques de la chaine d'approvisionnement
sous I'application de politiques.

Reconnaissant le lien entre le développement durable et I'évaluation de la durabilité, cette these commence
par présenter une revue sur le probléme de conception de réseaux de chaines d'approvisionnement, avec un
intérét intentionnel pour la compilation des métriques incluses dans le probleme & traiter avec des critéres
économiques, environnementaux et sociaux. Le travail a été principalement axé sur I'évaluation des
indicateurs utilisés dans I'application réelle du probleme de conception de réseaux. La revue présente les
critéres les plus courants utilisés pour représenter les différentes catégories dans les trois dimensions de la
durabilité. En bref, elle identifie la performance financiere comme étant la catégorie la plus prédominante
dans la gestion de la chaine d'approvisionnement pour évaluer la durabilité au niveau économique, la
pollution atmosphérique dans la dimension environnementale, et dans la dimension sociale, les catégories
les plus influentes sont les conditions de travail et le développement social.

Ce travail considere I'évaluation de la durabilité au niveau de la chaine d'approvisionnement sous deux
angles différents. D'une part, il considere une vision de la durabilité de I'entreprise au niveau de
I'optimisation de la planification de I'approvisionnement. Dans le chapitre 3, nous présentons une approche
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axee sur les dimensions, un MILP pour la conception d'un réseau de chaine d'approvisionnement générique.
Le modele est résolu en considérant trois objectifs différents, un pour chaque dimension de la durabiliteé.
Les résultats montrent I'effet des critéres de décision sur la structure de la chaine d'approvisionnement. Il
est utile de reconnaitre la capacité d'amélioration de la chaine d'approvisionnement en calculant des valeurs
idéales pour chaque dimension considérée. En outre, il expose I'impossibilité de les atteindre toutes en
méme temps en raison de la nature conflictuelle des objectifs. Le chapitre 4 présente une approche multi-
objectifs pour traiter I'inclusion synchronisée des criteres de durabilité. Nous discutons des différentes
approches multi-objectifs dans la littérature académique et de leurs fagons de traiter les préférences des
décideurs. En outre, nous discutons de certaines lacunes liées a I'absence d'objectifs définis pour chaque
dimension de I'évaluation de la durabilité. Le modele est résolu a l'aide d'une approche de programmation
par objectifs de type Tchebychev. L'approche de la solution sans préférence a conduit a une solution faisable
sans établir de préférences biaisées sur les objectifs. Mais, plus important encore, elle ouvre la discussion
sur les objectifs et I'horizon temporel en considérant le développement durable dans les chaines
d'approvisionnement.

D'autre part, ce travail aborde la durabilité dans une perspective industrielle au sens large. Ce travail discute
de la nécessité d'une vision holistique de la durabilité dans les décisions a long terme au niveau de la chaine
d'approvisionnement, étant donné que les efforts séparés et individuels des entreprises pourraient ne pas
entrainer la réduction des émissions qui est nécessaire pour atteindre les engagements nationaux et
mondiaux en matiére de changement climatique et de développement durable. Par conséquent, ce travail
contribue a la définition d'un modele d'évaluation ex ante de la durabilité pour la conception du réseau
d'approvisionnement dans le secteur laitier en Colombie présenté au chapitre 6. Le modéle multi-période
traite de la méga-localisation des installations de production, de transformation et de distribution pour
atteindre un ensemble d'objectifs de durabilité sous I'application de politiques et d'actions. Contrairement
aux travaux antérieurs adoptant une recherche de compromis sur les performances économigues,
environnementales et sociales, le modéle vise a atteindre un objectif défini pour les indicateurs clés définis
dans chaque dimension de la durabilité, en modifiant la structure de la chaine d'approvisionnement sur un
horizon temporel. En tant qu'aspect novateur de la modélisation, I'évaluation inclut I'utilisation des terres
pour les activités agricoles et leur transformation en pratiques durables.

Cette these contribue a la discussion sur I'évaluation de la durabilité et sur la nécessité d'établir des objectifs
de durabilité lors de la prise de décisions relatives a la gestion de la chaine d'approvisionnement, en
particulier lors de la conception de la chaine d'approvisionnement. Comme indiqué par (Pope, Annandale,
& Morrison-Saunders, 2004), I'évaluation de la durabilité nécessite un concept de durabilité bien défini.
Les efforts risquent d'échouer a présenter des solutions alternatives lorsque les objectifs ne sont pas définis.
A cet égard, ce travail souligne la pertinence de I'évaluation des améliorations dans un contexte ou les cibles
ou les objectifs souhaités sont discutés. En outre, il examine la définition des indicateurs clés de
performance de la durabilité en fonction de ce que la durabilité signifie pour les parties prenantes dans le
cas d'étude spécifique présenté ici.

La performance du modéle d'évaluation de la durabilité ex-ante est testée sur une étude de cas en Colombie,
une économie en développement, avec des données réalistes provenant des syndicats et des entités
publiques du pays. Peu de travaux ont pris en compte une perspective industrielle large pour I'évaluation
de la durabilité dans la conception des chaines d'approvisionnement et, & notre connaissance, aucun travail
n'a présenté un modele de durabilité ex ante pour I'évaluation des politiques a long terme et ses impacts sur
la structure industrielle. Les résultats de ce travail mettent en évidence le lien entre la durabilité et les outils
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de mesure de la durabilité au niveau de la chaine d'approvisionnement. Il est possible de travailler au
développement de modéles non génériques qui évaluent la durabilité tout en considérant des objectifs
réalisables dans chaque dimension observée.
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Chapter I  Introduction

In 1987, the publication “Our common future,” from the World Commission on Environment and
Development of the United Nations opened, at the global level, the discussion about sustainable
development and sustainability as a final goal (WCED, 1987). To that moment, the document defined
sustainable development as “development that meets the needs of the present without compromising the
ability of future generations to meet their own needs.” In accordance with (Ferrer, 2008), the simplicity of
this definition and its inspirational character have permitted the widespread use of that concept by
academics, practitioners, and political contexts. Slight variations of this definition are commonly used to
define sustainability. For instance, Kannegiesser & Giinther (2014) refers a definition of sustainability in
the business context that was previously presented by the International Institute for Sustainable
Development (IISD) as “-adopting business strategies and activities that meet the needs of the enterprise
and its stakeholders today while protecting, sustaining and enhancing the human and natural resources
that will be needed in the future.” However, as pointed out by (Bryceson & Ross, 2020), the concept of
sustainability has way different meanings when it is addressed by environmentalists, business managers,
social scientists, and other fields (Daly, 2006). There are so many definitions that it is necessary to define
the concept in every context it is used.

For instance, the appropriation of the sustainable development concept in the business environment took
John Elkington to coin the term Triple Bottom Line (TBL) (Elkington, 1994, 2013). The author emphasizes
how sustainable strategies may benefit companies and customers simultaneously and the environment,
motivating companies to account for its gain and losses in economic terms and to measure their gains and
losses in environmental and social terms. Over the last years, the TBL concept has rapidly spread out in the
supply chain management research field as reflected in the increasing number of papers addressing
sustainability in general supply chain management. It addresses issues at operational, tactical and strategical
level, such as sourcing, production, inventory, transportation management, and network design (Anvari &
Turkay, 2017; Devika et al., 2014; Montoya-Torres, 2015; Moreno-Camacho et al., 2019; Mota et al.,
2015).

Decisions related to location, capacity, operation technology of facilities, and transportation mode are
involved in the supply chain network design problem (SCND). It corresponds to one of the most
determining decision at strategic level. As stated by Allaoui, Guo, Choudhary, & Bloemhof (2018), these
decision affect economic performane of the company. Also, they have a larger impact on the company's
environmental and social performance in the long term. For instance, on one hand, the construction of a
manufacturing plant in a specific region can generate new labor opportunities, promote the development of
road infrastructure, trigger the arrival of inhabitants into the region and encourage the development of social
services facilities. On another hand, it might result in a threat to the region’s ecosystem, due to consumption
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of water, use of land, pollution, waste disposal, and in general, amplified pressure on natural resources and
social services, which results in environmental impacts and decreasing of social well-being.

Supply chain network design problem has received increasing attention over the last decades, as shown by
multiples review on this issue (Barbosa-Pdvoa et al., 2018; Bubicz et al., 2019; Eskandarpour et al., 2015;
Xu et al., 2019). Having the current complexity of worldwide production-distribution network, sustainable
development is not narrowed to a focal company perspective. Instead, a holistic view of the entire network
is needed. Consequently, action planning having impact on financial resources, natural resources and
stakeholders involves each actor in the supply chain, from the initial producers of raw material to the end-
user customers, to design or redesign their processes (Montoya-Torres et al., 2015; Touboulic & Walker,
2015; Wolff et al., 2017). Moreover, due to the multiplicity of contexts and characteristics of businesses
environment, markets, and stakeholders, the problem of assessing sustainability performance of a supply
chain network cannot be addressed in a generic way (Brandenburg et al., 2014). To put it differently, since
challenges to sustainable development are not equal in every industry, it results fundamental to develop
customized studies considering the particularities of the industry and its territory. For instance, water
consumption might not be that relevant in banking as it is for food systems.

In this regard, it is observed that bioenergy is one of the sectors receiving more interest from academics.
Notably, most of the case studies published in academic literature focus on the “biomass to bioenergy”
industry, which links the agricultural and the industrial sectors seeking to partially replace fossil fuels by
more sustainable energy sources (Eskandarpour et al., 2015). Findings of these research highlight that most
of the studies focus on generic environmental impacts coming from the distribution process and facilities
location, but factors in both environmental and social dimensions in the agricultural sector are scarcely
involved into the decision-making process. Indeed, Grant, D. B., Trautrims, A. and Wong (2017) stated
that, in the literature, there are numerous studies developed in the manufacturing industry , while the
agricultural sector has received less attention. Despite the documented social characteristics of farm
livelihood and the representative contribution of the sector in the total greenhouse gas (GHG) emissions at
global level.

In many countries, especially in developing countries, agri-food sector plays an essential role in the
economy by being a significant contributor to gross domestic product (GDP) (Gebresenbet & Boso, 2012).
It constitutes an essential agent in the economic, social and environmentally sustainable development of
rural communities (Naik & Suresh, 2018). According to the World Bank, this sector accounted for almost
one-third of global GDP in 2014 (World Bank Group, 2015). Moreover, due to population growth, advances
in transport, information, and communication technology, the agricultural sector has an annual growth rate
of over 6% during the last decade. Its production is expected to twofold by 2050 (FAO, 2018). The sector
is especially important in Latin America and the Caribbean region. It represents 14.1% of total generated
employees in the region in 2018 (OECD/FAO, 2019), meanwhile in the European Union it accounted about
4.4% of total employment by 2017 (Eurostat, 2019). Despite the economic growth of agri-food sector in
the last years, rural areas still tending to lag in social and economic conditions. For instance, according to
the European Comission (2007), incomes in rural areas are near 20% lower than in urban areas, and rural
areas present higher unemployment rates. Agri-food sector also plays a significant role in the environment.
Agriculture, forestry and land-use change account for 25% of GHG emissions. Part of the solution to climate
change is therefore in the mitigation in the agriculture sector.
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In its broadest sense, the agricultural industry comprises a width set of procedures and its related services.
Natural resources are used to produce commodities such as food, fiber, fuels, and forest products, among
others. Specifically, agri-food supply chains comprise a series of activities from production to distribution
to bring farm products from farms to markets. There are unique characteristics of agri-food supply chains
affecting sustainability such as soil use change, water consumption, effects on the phosphorus and nitrogen
cycles, waste disposal, and social development. These become relevant factors at determining location for
production facilities and en up affecting the configuration of network.

At this far, three aspects stand out on the SCND research field. First, although sustainability assessment
claims for a holistic view of the supply chain, it focuses sometimes on downstream operations and impacts
coming from upstream suppliers might be sidelined, especially when agricultural activities occur at this
level. This phenomenon might lead to superficial solutions with low impacts in supply chain sustainability.
Second, most works consider a focal corporate sustainability perspective; wide-industry approaches to
sustainable development are scarce. Recent studies have suggested that incremental environmental
improvements carried out by individual companies may be inadequate to contend with global environmental
issues. In this regard, public organizations are called to be the connecting points between the sustainable
development goals and corporate supply chain management strategies, to bring global aspirations into
regional and local contexts (Paletta et al., 2021).

Last but not least, surprisingly, few studies consider goals and targets at defining sustainable alternative
solutions (Robert et al., 2005). Most of the works focus on developing models to the design of more eco-
friendly or socio-friendly structures. Although clearly the new yielded solution represents an improvement
compared with the first state, no further analyses are done to confirm that the new solution meets some
requirements in the context to be considered sustainable. Therefore, an integrated perspective of supply
chain design is needed. In order to assess sustainability criteria into the SC, (i) suitable metrics for the three
dimensions of sustainability must be appropriately defined; (ii) it is required the definition of sustainability
objectives and indicators to compare performance from different configurations; and (iii) suitable models
need to be developed to optimize the multi-dimensional performance of sustainable supply chains (Beske-
Janssen et al., 2015).

According to these considerations, this work presents an integrated model to assess economic,
environmental, and social dimensions, while considering environmental and development sectorial and
national policies. Instead of having a corporate supply chain perspective, the model is intended to work in
the macro location of capacities in a wide-industry perspective. The present work considers multiple
formulation approaches to deal with supply chain design when environmental and social factors are
considered into the decision-making process. It explores single-objective and multi-objectives
formulations. The work highlights the impact of sustainability criteria on supply chain structure and discuss
the urge to define targets at assessing sustainability at supple chain level. Finally, it presents a mathematical
model useful to carry out an ex-ante sustainability assessment at the wide industry level to define the supply
chain structure, under development of policies or actions. The model defines the evolution of the supply
chain structure during the time-horizon until it reaches the specified targets. Although the model could be
applied to several sectors, this work presents a specific case in the dairy industry in Colombia.

This work contributes to developing mathematical models to the design of supply chain network structures
under the evaluation of policies or actions. Moreover, it presents a way to define targets for assessing
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sustainability in the long-term within the supply chain context, based on global commitments. This work
also presents an application of the model to a case study in the agri-food industry considering a wide-
industry perspective.

1. Research objectives

The main objective of this research work is to present a support decision-making model for the evaluation
of policies and its impacts in supply chain network design in the agri-food industry, while accounting for
economic, environmental, and social factors. The objectives formulated for this research project are as
follows:

General objective

To propose an efficient assessment procedure to the joint evaluation of the economic, environmental, and
social performance of supply chain network design for agri-food based products.

Specific Objectives

1. To identify the more relevant attributes and strategic decisions affecting sustainable development
in the agri-food based product supply chain.

2. Toidentify accurate assessment methodologies either quantitative or qualitative for assessing social
and environmental impacts of agri-food based products supply chain.

3. To propose a solution method based on quantitative tools for the design of agri-food based products
supply chain network when considering criteria within the three dimensions of sustainability

4. To validate the proposed solution methods through numerical experiments from a case study in
Colombia to compare and analyze its business and societal impacts.

2. Journey description

This thesis is organized into eight chapters as presented in Figure 1.1. Document structure

. Chapter 1 (this chapter) stated the general problem to be studied and the objectives. It also includes the
methodological approach of the study (see next Section). Initially, four research questions guided the
development of the project. The following is a description of how these questions were addressed and how
the development of the research work responds to them. It should be noted that additional questions
appeared during the research development and were useful in defining the scope and limitation of this work.

As mentioned before, plenty of work has been developed to link sustainability and supply chain network
design (SCND). Sustainability has become a cornerstone to the development of supply chain management
research field. In the first instance, our objective was to get to know better that works and to find:

(i) What are the relevant sustainability factors to address when designing agri-food based product supply
chain network?

(if) How can those factors be accurately measured to assess the performance of the supply chain and its
environmental and social impacts?
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To this purpose a systematic literature review was carried out with a specific scope in metrics and
measurement methods for sustainability assessment in SCND. In the academic literature, reviews in the
field of sustainability and supply chain management might be classified according to its scope in five
categories (a) Summary of progress and trends in SSCM, (b) Tracking sustainability concept and its
evolution in the SC field, (c) Solution methodologies for SSCM, (d) Review on specific supply chain
activities with sustainability purpose, and (e) Sustainability performance measurement and identification
of metrics. The literature review on this project belongs to category (e) and it is presented in Chapter 2. For
presenting a complete state of the art in the matter, other relevant articles have been added to the literature
review chapter in this document, since they might be excluded from the intended scope of the initial review.

The main objective of the review is to identify both, the common indicators to assess sustainability in supply
chain design in different sectors, and how they can be assessed (Moreno-Camacho et al., 2019). The review
was also useful to confirm that the lowest attention has been given to the agricultural sector. Therefore the
definition of specific metrics for agricultural sector needed deeper inquire. Remaining two questions were:

(iii) How can these metrics or performance indexes be involved in analytical models to better decision-
making in the supply chain network design problem? and

(iv) What are the differences in outcomes when sustainability metrics are involved in the design of a supply
chain network?

Models in Operations Research dealing with sustainability might be classified as single-objective models
and multi-objectives models. Those two approaches were addressed in this thesis. Chapter 3 presents a
mixed-integer linear programming (MILP) model with a dimension-driven solution approach. Here, three
different objectives addressing economic, environmental, and social dimensions are evaluated to compare
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the impact on the network structure when the decision is guided by only one evaluation criterion. The results
show how network structure affects economic, environmental and social factors. It also shows how
preferences in one dimension represent compromises in the remaining two or at least one of them. From
this work, new questions arise, for instance, facing different configurations, which one is sustainable? how
to define targets to these criteria? among others.

Classical approach to the inclusion of preferences in mathematical model is addressed by multi-objective
optimization. Chapter 4 presents a multi-objective modeling approach to sustainable supply chain design.
Unlike other approaches where decision-maker preferences are included, this chapter presents a non-
preference Chebyshev goal programming approach. Instead of receiving weights to each objective or to
limit worsening to them, Chebyshev approach calculates the best possible solution at minimizing the
maximum distance to the ideal solution for each objective. The idea behind the approach was to include the
criteria into a mathematical modeling avoiding adopting a trade-off mentality or a weak sustainability
approach. As mentioned by (Elkington, 2018), TBL term might get misinterpreted by early adopters, as
long as, instead of encouraging business to track and manage economic social and environmental value
added, application fell short by adopting a trade-mentality, considering it as an accounting tool. Here new
questions came out: how long it takes to get from the initial structure of the supply chain to the new
recommended structure? Is it a sustainable configuration? Isolated improvements by one company are
enough to reach sustainable development? Other questions related to measurement methodologies
appeared as well, for example: what are the advantages or disadvantages of using composite criteria to
assess sustainability? Or how to define challenging enough and realistic targets for assessing sustainable
development?

Going forward from that point, represented a challenge to bring to this work insights and perspectives of
sustainability from other several disciplines. For example, to give a satisfactory answer to question (i) and
(i), a specific research of criteria for assessing sustainability in agriculture was carried out. At that point,
the inspiring work of (de Olde et al., 2016) takes us to a completely new world in which we were introduced
to a full variety of sustainability assessment tools, including the efforts of (Bélanger et al., 2015; Djekic et
al., 2014; Elsaesser et al., 2015; Grenz et al., 2009; Lebacq et al., 2013; Paracchini et al., 2015; van Calker
et al., 2006; VVan Cauwenbergh et al., 2007; Zahm et al., 2008). The influence of these works is reflected in
Chapter 5. It presents a wide context of the case study, at defining what sustainability means for
stakeholders and participants in the dairy supply chain in Colombia. It also presents the key performance
indicators for the evaluation of sustainability considering supply chain network design. Till that point on,
the scope of the research goes from corporate perspective to a sectorial perspective.

During the development of this project, relevant political actions, related with sustainable development and
climate change, have taken place. Particularly, in the context of the United Nations Framework Convention
on Climate Change, and specifically COP21 in Paris. The Intended National determined contributions
reports have been in construction and the initial version of National determined contribution (NDC) have
been submitted by December 2020, following the Paris Agreement. NDC’s present the auto-imposed
compromises of the parties to transform their development trajectories to set the world on a course towards
sustainable development. It displays each country's strategy, plans, and actions to reduce national emissions
and adapt to the impacts of climate change providing numerical mitigation targets for 2025 and/or 2030
(United Nations, 2015). For more details the interested reader is referred to the NDC Registry, hosted in
https://www4.unfccc.int/sites/NDCStaging/Pages/Home.aspx.
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The NDC’s time horizon is compatible with the proposed Agenda for Sustainable Development but more
important it is useful to determine a framework for the definition of goals in the seeking of sustainable
development. Based on this, Chapter 6 presents a mathematical model to the design of a supply chain with
a wide-industry perspective, while considering the execution or policies and actions. Instead of considering
multiple objectives, the approach considers the required time to reach defined values for a set of key
indicators in the three dimensions of sustainability. The performance of the model is evaluated using a case
study in the dairy industry of Colombia in Chapter 7. The model results are useful to the definition of
capacities and location for production, processing, and distribution facilities throughout the country. To
close this thesis, conclusions and further research on the link between sustainability and supply chain design
are discussed in Chapter 8.

3. Methodology approach

In general terms, several types of research methodologies are available: qualitative, quantitative and mixed,
this last combining the two previous ones (Gomez, 2006). The present research work is a quantitative study
that involves collecting and qualitative data analysis to answer the research question and the analysis of
results to describe and explain part of the problem under study. This research can also be classified as
descriptive-explanatory. It is descriptive because it identifies relevant aspects of the research universe,
pointing out alternatives that promote the enhancement of decision-making processes for the actors
involved in the design of a sustainable supply chains through the implementation of a practical methodology
for its design and the evaluation of economic, social and environmental indicators.

Descriptive research works on realities, aiming at the description, registration, analysis, and interpretation
of the current nature of a process or phenomenon to provide a correct interpretation (Rodriguez Moguel,
2005). This research aims to characterize the problem of sustainable design of supply chains in the agri-
food sector, the impact of these indicators on the chain's strategic decisions, and, based on these
descriptions, a solution model is proposed. Based on the latter, this study is also explanatory since it explains
the variables and parameters that intervene in the problem, under a strategic approach for the design of
logistics chains.

This research provides new insights for the solution of this problem at considering public policies and
national development targets in the definition of supply chain structures. Finally, the objective is that future
research on the subject will allow the concepts and approaches formulated in the new approach proposed
in this work to be deepened. It is worth noting that this research is not intended to study the social behaviors,
attitudes, beliefs, ways of thinking and acting of a group or collectivity. The approaches made to the
developed model to support the decision making process in the design of sustainable supply chains will not
be related to individual beings (e.g., administrative staff, clients, etc.), but to the technical aspects associated
with the design of the chain and its impact at strategic level on decision making and on the economic, social
and environmental indicators evaluated.

The addressed research problem also corresponds to the type of applied research. Indeed, since applied
research is oriented towards solving practical problems in the delineated area (Eyssautier de la Mora, 2006),
this research seeks to propose a model for a specific problem, in specific circumstances. It should be noted
that the direct application of the models and methods of the proposed solution in this research was for the
dairy industry, in Colombia. To validate the model, it is proposed to use the case study methodology. Case
study research has been widely used to validate decision support models in Operations Research (Voss et
al., 2002). As it has been established in the academic literature, a case study can be taken as the unit of
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analysis in specific research processes mainly of exploratory type, in which the variables are still unknown
and the phenomenon studied is not fully understood, facilitating the case study to reach a higher level of

understanding (\Voss et al., 2002).

4. Overview of publication outputs

The outputs of this research have been presented at three international conferences, two works have been
published and two more are submitted to review in academic journals by the time this manuscript was
written. Table 1.1 gives an overview of publications and presentations, and their link with the different

chapters of this manuscript.

Table 1.1. Publication outputs of this research

Reference Publication type Indexed Related chapter
C.A. Moreno-Camacho, J.R. Montoya-Torres,  Journal paper JCR: Q1 Ch. 2
A. Jaegler, N. Gondran, “Sustainability metrics  (published) Scopus: Q1
for real case applications of the supply chain 19 citations in
network design problem: A systematic Scopus up to
literature review”, Journal of Cleaner March 29, 2021
Production, Vol. 231, September 2019, pp.
600-618.
C.A. Moreno-Camacho, J.R. Montoya-Torres,  Journal paper JCR: Q2 Ch. 4
A. Jaegler, “Sustainable supply chain network  (submitted, under ~ Scopus: Q1
design: a study of the Colombian dairy sector”, second review)
Annals of Operations Research. Submitted (2™
rev.)
C.A. Moreno-Camacho, A. Jaegler, J.R. Journal paper JCR: Q1 Ch.5,6,7
Montoya-Torres, N. Gondran, “Agrifood (submitted) Scopus: Q1
Supply Chain  Network Design  Under
Sustainable Development Policies”. European
Journal of Operational Research. Submitted
C.A. Moreno-Camacho, J.R. Montoya-Torres,  Book chapter of Scopus: Q4 Ch.3
A. Jaegler, “Designing a Sustainable Supply conference
Chain”, Studies in Computational Intelligence, proceedings
vol 853, pp. 15-26.
(In: Borangiu T., Trentesaux D., Leitdo P.,
Giret Boggino A., Botti V. (eds) Service
Oriented, Holonic and Multi-agent
Manufacturing Systems for Industry of the
Future. SOHOMA 2019)
C.A. Moreno-Camacho, J.R. Montoya-Torres,  Conference n.a. Ch. 2

A. Jaegler, N. Gondran, “Identifying
sustainability metrics at real applications of the
Supply Chain Network Design problem: A
systematic Literature review”, Conference on
Sustainability Science 2018: Ecology and
Sustainability Science from Theory to Practice,
Java, Indonesia

presentation
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Table 1.1. Publication outputs of this research (continued)

Reference

Publication type Indexed

Related chapter

C.A. Moreno-Camacho, J.R. Montoya-Torres,
A. Jaegler, N. Gondran, “Sustainable Supply
Chain Network Design in the Dairy Industry”,
9™ International Workshop on Advances in
Cleaner Production, (On line), Melbourne,
Australia

C.A. Moreno-Camacho, J.R. Montoya-Torres,
A. Jaegler, N. Gondran, “Evaluating economic,
environmental and social criteria in supply
chain network design”, XXIII Ibero Latin
America Summer School of Operational
Research (ELAVIO’19), Lleida, Spain.

On-line Workshop  n.a.
Proceedings-Book

Poster at doctoral n.a.
school

Ch.6

Ch.3
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Chapter 2 Literature Review

Partial content of this chapter is published in Moreno-Camacho, C. A., Montoya-Torres, J. R., Jaegler, A.,
& Gondran, N. (2019). Sustainability metrics for real case applications of the supply chain network design
problem: A systematic literature review. Journal of Cleaner Production, 231, 600-618.
https://doi.org/10.1016/j.jclepro.2019.05.278

The current chapter presents a review of academic literature related to sustainable supply chain network
design (SSCND). It includes a review of modeling strategies and solution methods for decision making
when the three pilar of sustainability, or at least two of them, are considered in order to define the location
of facilities within a supply network (e.g., economy and environment). Besides, it presents a report of
metrics and sustainability assessment tools included in analytical methods for supply chain design.
Considering the object of study of the present work, a particular emphasis is placed on reviewing
methodologies for measuring sustainability in the agricultural sector. Figure 2.1 presents an overview of
the content of the chapter.

Supply Chain
' Network Design

Sustainable Supply
Chain Network Design

Key performance Modelling

indicators | | approaches
‘ Uncertainty } I :r J

‘ Applications " _______ |

‘ Sustainability in agri-food supply chains ‘

Figure 2.1. Overview of the chapter

1. Supply chain network design

Supply chain network design (SCND) encompasses multiple decisions at the tactical and strategic levels in
the supply chain management context. Indeed, as is stated by (Eskandarpour et al., 2015; Pourhejazy &
Kwon, 2016), different disciplines such as management, logistics, and Operations Research are interrelated
with in this topic, which presents a challenge to consolidate and synthesize a definition for the field. Figure

11
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2.2 presents a framework of the problems addressed within the SCND field at different decision levels and
corresponding with different activities in the supply chain.

In the scientific literature, SCND is often understood as part of the supply chain planning process at the
strategic level. Mainly, decisions aiming to shape the structure of the distribution network, such as
determining the number of tiers, the number of facilities at each tier, their geographical location, their
capacity, and technology, as well as determining the flow of material from one location to another.
According to (Govindan et al., 2017; Mangiaracina et al., 2015), SCND also comprises the definition of
strategic policies concerning inventory and transportation modes. Indeed, during the last decades, SCND
has been one of the most active application fields of Operation Research and the Management Sciences
(Barbosa-Povoa et al., 2018; Calleja et al., 2018; Garcia & You, 2015). Even though the design of an
entirely new network is not very frequent, the redesign of existent supply chains, as a consequence of
political decisions, new suppliers, and new technologies, pose the same challenges.

Usually, in the classical literature of Supply Chain Management (SCM), the problem of determining the
structure of the network of a supply chain is addressed from an economic perspective. Models frequently
establish the minimum total operational cost as a decision criterion; meanwhile, the objective of profit
maximization has received less attention (Mangiaracina et al., 2015). However, over the last few years,
with the growing global concern about environmental and social impacts derived from supply chain
operations, both practitioners and academics have seen the need to incorporate additional factors allowing
a broader assessment of the supply chain in the three dimensions of sustainability.

Purchase & o
Production Distribution Supply
- Supplier selection - Configuration of the - Strategic sales and

distribution network,
number of distributors,
levels; number, location and
capacity of the entities for
each level (DCs,
distributors, branches, etc.)

- Transportation modes
(road, rail, maritime)

- Number and capacity of
production plants

- Production
location

forecasting planning

- Sales channels selection

- Single sourcing/multi
sourcing

Strategic decision facilities

Long term

Tactical planning
Medium term

Operational planning
Short term

- Facilities capacity decision

- Master production planning
- Purchase planning master

- Source allocation

- Multi facilities MRP

- Assignment and Scheduling

- Production quantity
decision and scheduling
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(cycle stock and safety
stock) for each distributor
entity
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planning and scheduling
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- Customers demand
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- Customer/consumer
service level optimization

- Transportation modes

- Single sourcing/multi
sourcing

- Trips and shipments
planning

- Shipments, trips and routes
planning and to customers

- Vehicle routing adopting
groupage mode

Figure 2.2. Supply chain network design activities by decision level
(Manzini et al., 2011)

In fact, during the last decades, the integration of the triple-bottom-line (TBL) dimension in classical
Operations Management problems has attracted an increasing number of researchers and practitioners,
making sustainability one of the most active supply chain management topics. This fact is reflected by the
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growing number of original papers addressing this issue like in (Ansari & Kant, 2017; Gupta & Palsule-
Desai, 2011; Rajeev et al., 2017; Seuring & Muiller, 2008; Touboulic & Walker, 2015) and also, by the
increasing number of review papers aiming to synthesize the progress in the area (Ansari & Kant, 2017
Carter & Washispack, 2018; Rajeev et al., 2017).

2. Sustainable supply Chain Network Design

During the last three decades, the problem of designing sustainable supply chains has become an issue of
growing interest to the scientific community, which is reflected in the number of published articles related
to the subject (Eskandarpour et al., 2015; Moreno-Camacho et al., 2019). Classical operation research cost-
driven models were extended to consider environmental factors in objectives, constraints, or parameters, in
relation with the involved decisions (i.e., facility location, transport mode selection, technology selection,
among others), making ways to what is known as Green Supply Chain Network Design (GSCND)
(Eskandarpour et al., 2017; Xu et al., 2019). Eskandarpour, Dejax, Miemczyk, & Péton (2015), present a
comprehensive literature review, analyzing 87 papers, published from 1990 to 2014, addressing the design
of sustainable supply chains, with particular emphasis on the optimization methods used to solve the
problem. Noteworthy, about 70% of the reviewed papers were published after 2009. That review highlights
the way in which environmental assessment has progressively gone from partial evaluation of
environmental impacts from one or more operations in supply chain (i.e., manufacturing, inventory,
transportation, etc.) to a more comprehensive methodologies like carbon footprint and life cycle assessment
(LCA) and its inclusion in classical optimization techniques from the field of Operations Research. As
stated by (Blass & Corbett, 2018), there is a potential to build bridges between the industrial ecology and
the Operation Management / Research communities, while the latter increasingly converge around
sustainable supply chains.

On the other hand, previous reviews on sustainable supply chain design also mention how factors assessing
the performance of the supply chain on the social dimension has been included in a less extent (Bubicz et
al., 2019; Eskandarpour et al., 2015; Moreno-Camacho et al., 2019). Certainly, corporate social
responsibility performance is one of the essential assessment challenges in the context of supply chain,
however, it is occasionally misinterpreted. Sometimes, corporate social responsibility is linked with the fact
of companies spending great amount of money in charity or other sort of philanthropic activities, but in
accordance with Grant, D. B., Trautrims, A., and Wong (2017), this is not necessarily related. In fact Carroll
(1979), affirms that corporate social responsibility integrates four not mutually exclusive categories,
namely, economic, legal, ethical, and discretionary responsibilities of business to society. These categories
are useful to conceptualize the key issues in social performance. First, companies are called to be profitable
as the basic economic unit in the society. Second, it is expected of companies to operate within the
framework of legal requirements and regulations. The third category encompasses for additional ethical
behaviors on companies, which are above law, but nevertheless are expected by the society. Finally,
voluntary activities in which companies assume a role of helping society, which not imperative, nor legally
imposed, nor generally expected in an ethical sense either.

From a quantitative point of view, the aforementioned presents a significant challenge to the evaluation of
social performance in the supply chain context, in particular, at the long-term level where supply chain
network decisions are framed. Although some economic and environmental criteria can be modeled as a
cost function (e.g., carbon footprint emissions, production, and transportation costs, etc.), some
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environmental and social issues cannot be represented merely as a cost or flow function. Indeed, some
crucial issues are qualitatively defined (e.g., public responsibility, respect of human rights, etc.) and may
not be transformed as a quantitative function. Not surprisingly, the complexity of representing social
conditions through numerical indicators, the lack of consensus on the accurate criteria for its evaluation,
the lack of appropriate methods to measure social performance at supply chain level, and the scarcity of
available data are the most relevant reasons for the late development of social assessment (Bubicz et al.,
2019; Eriksson & Svensson, 2015; Popovic et al., 2018).

Nevertheless, there is an increasing concern of evaluating social impacts to harmonize practices ensuring
social equity, ecosystems protection, and economic development as is reflected on recent publications
(Messmann et al., 2020). As the concern for developing and managing sustainable supply chains grows,
indicators and assessment tools for social and environmental performance acquire great prominence. The
following section presents an extensive review on sustainability indicators in strategic supply chain
optimization.

3. Sustainability indicators for supply chain optimization

Considering the growing interest in involving environmental and social factors into analytical decision-
making models at supply chain context, there are at least two elements worth to highlight. On the one hand,
sustainability indicators depend heavily on available data and their possibility of being represented as an
element of the model. On the other hand, sustainability assessment tools offer a methodology to quantify
or assess these indicators. The current subsection presents a review of the most common sustainability
indicators in supply chain network design formulations.

Sustainability has a measurable character in the supply chain context that matches the concepts of efficiency
and effectiveness. It involves that sustainability is not just an external standard to satisfy requirements from
stakeholders (effectivity). It must also consider internal standard accomplishment to ensure the profitability
and continuity of business (efficiency). Sustainability addresses the balance of economic, environmental
and social objectives. According to Taticchi, Tonelli, & Pasqualino (2013), the notion of balance in
performance measurements of sustainability implies the necessity of using different metrics and
perspectives that tied together provide a holistic view of the organization. Hence, the use of metrics
constitutes an important element to determine efficiency and effectiveness and letting to compare between
competing alternative solutions (Dekker et al., 2012; Hervani et al., 2005).

Additionally, the sustainability term presupposes a behavior that reaches a steady state wherein established
parameters for each dimension of sustainability (i.e., economic, environmental, and social) can be kept in
the long term (Kannegiesser & Giinther, 2014). It is not by coincidence that academics have become
increasingly interested in sustainability assessment regarding decisions at the strategic level of the supply
chain. Indeed, these decisions have considerable impacts in the long-term, and define action boundaries in
the tactical and operational decision levels (Barbosa-Pévoa et al., 2018).

According to Stindt, Sahamie, Nuss, & Tuma (2016), assessing sustainability in the supply chain field
requires multidisciplinary teams, as the approach extends beyond economic consideration to include
ecological and social factors, which the management researchers are often unfamiliar with. In this sense
transdisciplinary research is encouraged, however, the integration between SCM models and social and
environmental sciences is weak, affecting the quality of the proposed models. The operations research (OR)
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methods commonly used to address problems in SCND can often be criticized for their shortcomings in
fieldwork (Stindt et al., 2016). In some cases, the selection of the metrics is too generic and does not
response to the challenges faced by the specific industry under study; in the economic, environmental, or
social dimensions. This leads to a lack of holistic understanding and shortcomings in the abstraction and its
consequent modeling of real-world problems (Stindt, 2017). Hence, the usefulness of these works as support
for decision making in real applications is often compromised.

Results presented in this section are part of the review paper published in (Moreno-Camacho et al., 2019).
The review was intended to respond to the following questions:

i.  What are the common economic, environmental, and social criteria considered in applied cases of
design or redesign of supply chain networks?
ii.  What solution methods are employed to deal with the problem?
iii.  What real cases are described in the scientific literature?

The work uses an existent framework proposed by Chardine-Baumann & Botta-Genoulaz (2014) to classify
sustainability assessment indicators for supply chain network design. Figure 2.3 presents the model
composed of fifteen sustainable fields, five fields for each dimension (i.e., economy, environment, and
society), each of them is linked to one of the main challenges faces for companies to reach sustainability.
A total of 113 papers were considered in the analysis and the results are presented below.

- Reliability

- Responsiveness
Economy  — -Flexibility

- Financial performance
- Quality

- Environmental management
- Use of resources
Environment — - Pollution

- Dangerousness

« Natural environment

Sustainability
dimensions

- Working conditions

- Human rights
Society — - Societal commitment
- Customer issues
- Business practices

Figure 2.3. Classification scheme for sustainability indicators
(Chardine-Baumann & Botta-Genoulaz, 2014)

3.1. Economic indicators

From the review of the studies, it can be concluded that the evaluation of the economic dimension focuses
primarily on the financial performance category. Although this dimension attends for several different
fields, other fields such as reliability, responsiveness and flexibility has received little attention.
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Three main indicators appear to be related to the economic dimension: minimization of total cost,
maximization of profit (MP), and maximization of net present value (NPV). The last is common when the
problem considers an evaluation over multiple time periods, while the first two appear in both multiple and
single periods evaluation. This condition is not a minor detail as the sustainability may be not seen as a
stationary assessment in one point of time but as a kept state over time.

In line with decisions in the design of the supply network, facility location, and transportation cost are the
most common components of the cost. These cost drivers appear in 62% and 53% of the reviewed papers,
respectively. Other drivers of the cost include production, purchasing and holding costs, with 41%, 37% vy
26%, respectively. About 16% of the studies include fix and variable operational costs, while the cost
caused by carbon emissions is present in about 12% of the works. Taxation over carbon emissions is one
of the worldwide initiatives aiming at reducing GHG emissions in both developed and developing countries
by encouraging the investment on cleaner technologies (Xu, Pokharel, et al., 2017). The most usual carbon
policies include carbon cap, carbon emission tax and carbon cap and trade (Jin et al., 2014). The carbon cap
policy has not a direct affection over the cost since it determines a threshold over the number of allowable
emissions to a company. Meanwhile, carbon tax emissions and carbon cap and trade, enact a relation of
substitution between economic and environmental resources.

Figure 2.4 presents a summary of the relative frequency of use of the set of cost drivers identified during
the review.

70%

60%
m Facility location cost

50% ® Transportation cost
Production cost
0,

40% Purchasing cost

30% ® Holding cost
m Fixed operation cost

20% m Variable operation cost
B GHG Emission taxes

- . . .
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Figure 2.4. Relative frequency of use of cost drivers
(Moreno-Camacho et al., 2019)

% of reviewed papers presenting different
types of cost drivers

Notably, from the 13 papers covering carbon cost, only Rezaee, Dehghanian, Fahimnia, & Beamon, (2017)
state an existing relation; not necessarily linear, but positive between the green design of the chain and both
carbon price and budget availability. This conclusion might open new ways in the design of effective
policies for reducing emissions and consumption of natural resources.

3.2. Environmental indicators

Life cycle assessment (LCA) methodologies offer a complete approach to the evaluation of environmental
impacts through the whole supply chain, however, sometimes due to methodological, technical, or



Literature Review 17

informative barriers an LCA analysis is not possible or would be to costly. Indeed, most of the works opt
for partial evaluation considering the more challenging activities in the supply chains.

An analysis of the assessment of environmental performance within the five fields listed in the used
framework is presented below. The Environmental management field evaluates the impacts derived from
the environmental certification owned by the company, in compliance with the environmental regulation
within a specific sector, as well as the number of resources invested in environmental protection. The last
one is readily convertible into a cost driver, while the others correspond to a qualitative measure, seldom
included into the SCND problem, but broadly evaluated within the partner selection problem.

One of the most significant impacts caused by the company operations comes from the use of raw or
recycled material, water and energy in the surrounding area, those factors are grouped in the use of
resources field. For instance, Feit6-Cespon et al. (2017) consider the environmental impact of using waste
material instead of virgin raw material in a plastic recycling supply chain.

Water consumption appears frequently (for example in Anvari & Turkay(2017), Awad-Nunez, Gonzalez-
Cancelas, Soler-Flores, & Camarero-Orive (2015), Clavijo Buritica & Escobar (2017) and Varsei). Christ,
& Burritt (2017) deal with the availability of water issue at the candidate location. Anvari & Turkay (2017)
also evaluate the consumption in the pre-operational stage of facilities (i.e., during the facility construction
process). Meanwhile, the amount of water used into the production process is an important issue consider
in Fahimnia & Jabbarzadeh (2016), Feit6-Cespdn et al. (2017), Jafari, Seifbarghy, & Omidvari, (2017) and
Miranda-Ackerman et al. (2017). The last one highligthes the relationship with the adopted process
technology.

Energy consumption from production process is also considered often as in Azadeh et al. (2017), or from
warehouses activities in Colicchia et al. (2016). Miranda-Ackerman et al. (2017) considers energy
consumption depending of the selection of processing technology. Zhalechian et al. (2016) consider the
waste of energy derived of waiting time for vehicles to be unloaded at collection centers in a reverse supply
chain. Accorsi et al. (2016) address the design of an agri-food supply chain in which the total amount of
energy used in transport and production would be smaller than the amount of energy produced by renewable
sources such as solar fields or wind farms in an agri-food supply chain.

The pollution field has been broadly covered, especially for the air pollution sub-field. Although, there are
multiple sources of contamination along the supply chain, our review shows that, most of the works focus
on GHG emissions assessment at Scope 1 or Scope 2. As defined by the Greenhouse Gas (GHG) Protocol.
Scope 1 embodies direct emissions from owned or controlled sources (e.g., company vehicles and company
facilities). Scope 2 comprehends indirect emissions from the generation of purchased electricity, steam,
heating, and cooling consumed by the company. Finally, Scope 3 includes all others indirect emissions that
occur in the supply chain the company belongs to. Figure 2.5 presents a graphic view of the sources of
emissions included at every scope.
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Figure 2.5. GHG emissions scopes
Source: Greenhouse Gas Protocol

Hence, CO; emissions from transportation activities and facilities operation are the more frequent sources,
considered in real cases. This is not surprising, since transport sector, including the movement of people
and goods produces around 20% of global energy-related CO, emissions, approximately 80% of them
originating from road transportation (Sims et al., 2014). Contribution of CO, emissions for transportation
activities are generally expressed as a product of the distance and the emission factor of fuel consumption.
More sophisticated methodologies to calculate CO emissions for transportation activities are possible but
unconventional on the papers dealing with the SCND problem. Rajkumar & Satheesh Kumar (2015),
calculate CO; emissions as a function of the capacity in weight used of the truck transporting the product
between the different echelons. Additionally, in (C. Chen et al., 2017), the authors include factors affecting
the vehicle emissions depending on vehicle type and shape, road conditions and regional climate. A
sensibility analysis let them conclude about the importance of road conditions over environmental impact
what might result in a critical point for establishing sustainable supply chains in some developing countries
suffering from lack of appropriate highways for both freight transportation and passenger transportation.

Operation of industrial facilities is the second most-common factor used to measure environmental impact
in the supply chain design. In accordance with (Sims et al., 2014), facilities operation also contributes to
about 28% of global energy-related GHG emissions and is therefore a significant factor. At industrial
facilities, GHG direct emissions come mainly from production process involving combustion of fossil fuel
for power or heat. GHG indirect emissions are the result of energy consumption of power industrial
buildings and equipment. Emissions from industrial facilities deteriorate air quality with several polluting
compounds. Several types of atmospheric pollutions can be observed, for example:
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Photochemical air pollution, for instance, is related to the emissions of different types of gas such
as VOC or NOx, that interact with the oxygen of the air to produce ozone, which is a strongly
reactive and it is the cause of several health issues, such as asthma.

The release of sulphuric or nitrous oxides may generate acid rains.

The release of CFC gases contributes to the erosion of the ozone layer.

The release of greenhouse gases (GHG) contributes to climate change, which is today one of the
most studied issues of air pollution

According to (Fischedick et al., 2014) more than 80% of total emissions correspond to CO2, about 8% to
methane, other compounds including hydrofluorocarbons, perfluorocarbons, nitrous oxide and Sulphur
hexafluoride constitute the remaining approximate 10% percentage. Global warming potential values
relatives to CO; permit to convert emissions of different compounds into equivalent CO; units (CO; eq.) to
standardize the unit of measure.

The most common factor to quantify the environmental impact of industrial facilities is direct emissions
from manufacturing process. Some authors also consider emissions from others buildings such as
warehouses, recollection centers, dismantling centers, and so on in (Aalirezaei & Shokouhyar, 2017;
Brandenburg, 2015; Ghaderi et al., 2018; Govindan et al., 2015; Govindan, Jha, et al., 2016). Carbon
footprint, as defined by Wiedmann & Minx, (2008), as the total amount of carbon emissions that is directly
and indirectly caused by an activity is less extended and addressed, among others by (Accorsi et al., 2016;
Azadeh et al., 2017). Furthermore, as an own feature of the SCND problem, some studies consider not just
emissions at the operational phase but also the emission caused during the construction process or pre-
operational phase, air pollution as a result of construction of facilities is considered in Anvari & Turkay
(2017) and Arampantzi & Minis (2017).

Pollutant emissions related to materials are studied in (Zhou et al., 2017). In this work, a computer
manufacturing company has the possibility to choose between different modules to assemble a piece of
equipment. The purchase decision is supposed to be characterized not only by the difference in the cost of
the different modules but also by the amount of emissions derived from the product during the assembly
stage and during its useful life.

Pollution caused by raw materials acquisition or use of final products are less frequently studied
(Kannegiesser et al., 2014). Additionally, since most of the studies focus on a single company rather than
a holistic view of the sector, GHG emissions generated by suppliers is fewer considered. Figure 2.6 presents
the number of studies considering GHG emissions using partial assessment.

Additionally, water pollution and land pollution are scarcely studied in real applications of the SCND
problem. Anvari & Turkay (2017) consider this factor in relation with the waste generated during
construction of the facilities, they consider a sensitive waste factor to the location due to a location with a
higher population, and higher aquifers level are more sensitive to waste. Chavez et al. (2018) evaluate the
positive effect of using agricultural waste from coffee crops to produce biofuel avoiding dumping these
wastes into the water sources. Besides, other types of pollution like noise, smells, visual pollution,
vibrations, and radiations do not take part in the environmental impact assessment of the design of supply
chains.
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Figure 2.6. Driver factor for GHG emissions environmental impact assessment
(Moreno-Camacho et al., 2019)

Finally, no papers were found attending to the consideration in the Dangerousness field. Meanwhile, in the
last field Natural environment, just two papers include considerations over promotion and protection of
biodiversity. Accorsi et al. (2016), consider the use of land in a rural region, including a reforestation
activity. The authors calculate the number of hectares of land devoted to planting trees, in such a way that
ensure a zero-carbon emissions operation in a food supply chain, emissions associated with cultivation and
logistics activities must be equated to emissions captured by the forest. Izadikhah & Saen (2016), consider
a biodiversity factor, calculated like the loss of species caused by building a new facility in the candidate
zone.

3.3. Social indicators

The current section presents the findings regarding the different categories in the social dimension . In the
sub-field work conditions, employment is the most frequent social indicator used in at measuring social
performance at supply chain level. The total number of jobs created is considered by most authors, with
small adjustments. Miret et al., (2016), evaluate the social benefit of the total number of created jobs. They
use an approach to estimate not only the direct jobs created in the transformation echelon but also the
indirect and induced jobs created through the whole set of activities in the life cycle of the product. Anvari
& Turkay, (2017), Arampantzi & Minis (2017), Ghaderi et al., (2018), Varsei & Polyakovskiy (2017),
Zahiri et al. (2017), Zhalechian et al. (2016) and X. Zhu, Wang, & Tang (2017) consider creating jobs with
priority in regions with the highest unemployment rate. Argument here is that the same number of job
opportunities will cause greater social impact in areas with higher rates of unemployment that in more
prosper regions. Mota et al. (2018) also consider the number of jobs created by transportation activities
with different transport mode. Employment due to the construction of new facilities is addressed in Osmani
& Zhang (2017), Roni, Eksioglu, Cafferty, & Jacobson (2017) and Mousavi Ahranjani et al., (2018).

Another factor considered in the working condition field is health and safety of employees. As an example,
Ghaderi et al. (2018) uses the total number of lost days by year caused by injuries to establish an indicator
for employee’s health, the number of occurred injuries during a period time is related to the selection of
technology at each facility. Aalirezaei & Shokouhyar (2017) addressing the design of a reverse supply chain
for waste from electrical and electronic equipment, introduce a parameter quantifying the damage caused
to workers at the collection centers, due to the exposition to hazardous substances. Other aspects related to
working conditions as employee satisfaction and stability are addressed in (Arampantzi & Minis, 2017).
The authors study both idle time and dismissals to serve as indicators.
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Regarding societal commitment, the main factor that is considered is wealth creation and social progress
within host countries, by increasing their gross domestic product (GDP). In this case, regions with lower
economic development have priority for the location of new facilities. This condition is considered in
(Anvari & Turkay, 2017; Arampantzi & Minis, 2017; Babazadeh, Razmi, Rabbani, & Pishvaee, 2017;
Ghaderi et al., 2018; Mota, Carvalho, Gomes, Barbosa-Povoa, et al., 2015; Varsei & Polyakovskiy, 2017;
Zahiri et al., 2017 and Zhalechian et al., 2016). According to Anvari & Turkay (2017), this consideration
promotes fair distribution of development through the regions and, along with creating jobs in regions with
higher unemployment rates, helps reduce immigration and its potential consequences. However, location
in less developed areas considerably affects environmental and economic objectives due to the increase in
the distance between production and consumer sites, the lack of environmental and social regulation, and
the scarcity of skilled workforce.

Regarding the same field, Anvari & Turkay (2017) introduce other conditions affecting community
development such as security level, medical facility access, and educational level at facility location region.
Security at the location is crucial for the operations of the company and the habitat of the employees.
Besides, access to medical services and education offers workers and their families favorable conditions
for settling in the area and provides the company with the opportunity to find skilled workers and deal with
staff turnover.

The field customer issues groups together all the actions carried out by the company and the effects they
have on the consumer. For instance, since some products may have health impacts on consumers,
companies are responsible for providing safe products. That condition is considered by Ghaderi et al. (2018)
and L. Zhu & Hu (2017). The authors consider the number of hazardous products going out of the
production line based on the production technology. Besides, in some works, demand satisfaction is used
as an indicator of social performance because the deprivation of some products could impact the consumer.
This condition is evaluated in Anvari & Turkay (2017), Ashfari, Sharifi, EIMekkawy, and Peng (2014), and
Feitd-Cespon et al. (2017). Y. Zhang et al. (2016) use a similar approach in a reverse supply chain for
recovering waste cooking oil in China. Authors argue that to satisfy the demand helps to reduce the illegal
trade of edible oil in this country, representing a tremendous social benefit.

Inclusion of sustainability factors in the design of supply chains deals with the evaluation of new criteria
and essentially it works with the existence of conflicting objectives. The academic literature presents several
modeling approaches and solution techniques to deal with the evaluation of environmental and social
criteria into the SCND. These models are usually based on classical location-allocation facilities models to
which are added, either new objectives or additional constraints to address the assessment of performance
of environmental and social dimensions. A description of these approaches is presented in the following
section.

4. Sustainable supply chain design modeling approaches

From an Operations Research perspective, SCND comprises the definition of optimal location and capacity
of the facilities at each level of the network, it also allows to define the flow of materials among facilities.
The use of mathematical programming-based methodologies is widespread.

4.1. Single objective formulations

This type of formulation usually considers an economical objective and defines constraints to the fulfillment
of the defined sustainability criteria. This approach enriches the conventional SCND model by adding
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constraints for the social and the environmental dimension. For instance, declaring a cap in the total amount
of GHG emissions or defining a minimum number of created jobs. This approach keeps the focus on
logistics operations in the supply chain, while integrating new concerns into the decision process
Eskandarpour et al. (2015).

Frequently, under this modeling approach, environmental impacts caused through the chain are monetized
under a carbon-taxes schemes. Taxation over carbon emissions is one of the worldwide initiatives aiming
at reducing GHG emissions in both developed and developing countries (Xu, Pokharel, et al., 2017). The
most usual carbon policies include carbon cap, carbon emission tax and carbon cap and trade (Jin et al.,
2014). On the one hand, a carbon cap policy has not a direct impact over the cost since, it determines a
threshold over the number of allowable emissions to a company. In terms of the model, it is expressed as
an additional constraint. On the other hand, carbon tax emissions and carbon cap and trade schemes, enact
a relation of substitution between economic and environmental resources. In this case the emission cost is
an additional driven for the total cost.

As an example, Almansoori & Betancourt-Torcat (2016) address the design of a hydrogen supply chain
network considering both carbon emission cap and carbon emission taxes as a strategy to promote CO;
emissions reductions. Xu, Elomri, et al. (2017) work in the design of a reverse supply chain for solid waste
recycling considering a carbon emission cap. Accorsi et al. (2016) propose a single objective model
considering a zero-carbon supply chain for the design of a regional potato supply chain. The model ensures
that total emission caused by crop and logistics activities in the food supply chain are offset by tree planting
and its potential for carbon sequestration. Quddus et al. (2017) include a carbon trading mechanism that
allow decision makers to sell or buy carbon credits while monitoring emissions from supply chain. D. Zhang
et al. (2017) and Zhou et al. (2017) present an analysis on the structure of a supply chain considering
different tariffs on carbon taxes. The authors conclude that carbon tax ratio influences the structure of the
supply chain and the allocation of demand as well.

4.2. Multi-objective formulations

A second optimization strategy to deal with sustainability assessment in SCND is Multi-objective
optimization (MOOQ). Under this approach, it is assumed the existence of multiple conflicting sustainability
objectives. Generally, the model contains one objective for each evaluated dimension of sustainability.
Broadly speaking, economic objectives consist of a summation of cost from strategical and tactical
decisions. Environmental objectives quantify the environmental impact in the network; in some cases, it is
expressed like sums of the equivalent CO, emissions generated from production and transportation
activities when a partial scope evaluation is considered. Other works using LCA-based approach consider
the sum of environmental impacts through the entire product life cycle to construct an environmental
objective function.

Additionally, since social assessment might involves several factors with different measurement units,
objective functions for the social dimension are frequently constructed as a linear weighting of the deviation
from optimal value of each factor assessed as in Anvari & Turkay (2017) and Zahiri et al. (2017). As an
example (Zahiri et al., 2017) consider two social objectives in only one objective function. It evaluates total
created job opportunities and economic development at the same time. The use of this sort of compound
criteria might lead to overcompensation among the factors. The poor performance of one factor is masked
by the outstanding performance of another factor.
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Depending on the solution approach either a priori or a posteriori method can be utilized. Regarding a
posteriori methods, both exact and heuristic methods are utilized to define the set of non-dominated
solutions that represent the set of “optimal” candidate solutions (Marler & Arora, 2004). The most widely
used generation methods remain the weighted metric method as in Afshari et al. (2016), C. Chen et al.
(2017) Colicchia et al. (2016) and Govindan, Jha, et al. (2016) and the e-constraint method as in Anvari &
Turkay (2017), Arampantzi & Minis (2017), Feit6-Cespon et al. (2017) and Varsei & Polyakovskiy, (2017).
Evolutionary algorithms for multi-objective optimization appears in Afshari et al. (2016), Azadeh et al.
(2017) and Miranda-Ackerman et al. (2017). Hence, the decision maker is provided with a set of equally
optimal solutions to select from them the one what best suits.

4.3. Time to sustainability formulation

Finally, one of the most recently developed strategies to deal with sustainability assessment within the
SCND context is the Time to sustainability (TTS) approach. It might be defined as a single objective
formulation, however, unlike the previous formulation the main objective does not account for money but
for time. In this regard the model accounts for the number of periods of time (e.g., years) until every
sustainability indicator reaches an acceptable pre-defined value. This approach was firstly introduced in
(Kannegiesser & Gilnther, 2014), where an application for the European automotive sector is presented
(Kannegiesser et al., 2014).

TTS optimization strategy overcomes the drawback of multi-objective optimization models since the
weighting of objectives is not required. It means that the decision maker is not faced with defining relative
preferences of conflicting objectives. Furthermore, considering the time dimension confers to sustainability
a dynamic character, based on the observation that in the long-term, conflicting objectives often reach an
acceptable steady state due to technological advances and regulations of external conditions. Variants of
the TTS approach are presented in (Kannegiesser et al., 2015). These new variants overperform the basic
TTS approach previously mentioned in respect to the validity of results and the computational time. To the
best of our knowledge, the TTS optimization strategy has been scarcely studied into the academic literature
despite its advantages, originality, relevance and flexibility to deal with several different sustainability
metrics in parallel.

4.4. Deterministic and non-deterministic considerations

In real scenarios of the supply chain, decisions are rarely made under certainty. Moreover, since SCND
problem implies long-term decisions, there are multiples parameters that might change across the time.
Several works in the literature incorporate uncertainty into their modeling approach. We found demand to
be the most common uncertain parameter considered 13 papers out of 77 address it. Five works consider
uncertainty in supply: including papers considering uncertainty in harvest rate for biofuel conversion.
Uncertainty on recycled products rate as the number of units recovered from the market in a closed-loop
supply chain scenario is addressed in four papers. Finally, other non-deterministic parameters included
corresponding to production and transportation costs and facilities capacity. Table 2.1 presents a list of
some recent works addressing sustainable supply chain design classified by modeling characteristics.
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Table 2.1. Modeling approaches for SSCND

Modeling approach Reference

Single objective
Eco + Env
(Accorsi et al., 2016; Almansoori & Betancourt-Torcat, 2016; Babazadeh, 2018;
Clavijo Buritica et al., 2017; Costa et al., 2018; Duarte et al., 2016; Galvez et al.,
Deterministic ~ 2015; lzadikhah & Saen, 2016; Mohd Idris et al., 2018; Varsei et al., 2017; D. Zhang
etal., 2017; Zhou et al., 2017; Zohal & Soleimani, 2016)

Eco + Soc
(Babazadeh, Razmi, Rabbani, et al., 2017)

Stochastic Eco + Env
(Ahn & Han, 2018; Fahimnia et al., 2018; Ghelichi et al., 2018; Quddus et al., 2017;
Rezaee et al., 2017; Saif & Elhedhli, 2016; Xu, Elomri, et al., 2017)

Multiple objectives
Eco + Env
(Cambero et al., 2016; C. Chen et al., 2017, 2018; Y. W. Chen et al., 2017;
Colicchia et al., 2016; Dominguez-Garcia et al., 2017; Fang et al., 2018; Gao &
You, 2015; Govindan, Garg, et al., 2016; Kuo et al., 2017; Miranda-Ackerman et
al., 2017; Murillo-Alvarado et al., 2015; Nodooshan et al., 2018; Palacio et al.,

L 2015; Tang et al., 2016; Urata et al., 2017)
Deterministic

Eco + Env + Soc
(Aalirezaei & Shokouhyar, 2017; Anvari & Turkay, 2017; Arampantzi & Minis,
2017; Awad-Nunez et al., 2015; Cambero & Sowlati, 2016; Chavez et al., 2018;
Govindan, Jha, et al., 2016; Jafari et al., 2017; X Jiang et al., 2018; Kesharwani et
al., 2018; Miret et al., 2016; Mota et al., 2015; Rabbani et al., 2018; Roni et al.,
2017; Varsei & Polyakovskiy, 2017; L. Zhu & Hu, 2017)

Eco + Env
(Asadi et al., 2018; Azadeh et al., 2017; Brandenburg, 2015; Ebrahimi, 2018;
Fahimnia & Jabbarzadeh, 2016; Fazli-Khalaf et al., 2017; Gargalo et al., 2017
Govindan et al., 2015; Khorasani & Almasifard, 2018; Rahmani Ahranjani et al.,
2017; Rajkumar & Satheesh Kumar, 2015; Tosarkani & Amin, 2018; Yilmaz
Balaman et al., 2018; Zeballos et al., 2018)

Stochastic Eco + Soc
(Afshari et al., 2016)

Eco + Env + Soc
(Fattahi & Govindan, 2018; Feitd-Cespdon et al., 2017; Ghaderi et al., 2018;
Jabbarzadeh et al., 2018; Mota, Gomes, et al., 2018; Mousavi Ahranjani et al., 2018;
Osmani & Zhang, 2017; Zahiri et al., 2017; Zhalechian et al., 2016; Y. Zhang et al.,
2016)

Eco (Economic criteria), Env (Environmental criteria), Soc (Social criteria)
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5. Applications

The current section presents an analysis regarding the origin and the industrial context of the studies in the
review. The goal of the section is to classify and discuss the published works from 2015 to 2018 according
to their application area or economic sector and the continent where the case study took place. The
classification per country has been intentionally divided into OECD and non-OECD countries, since OECD
countries promote the adoption of sustainable energy policies, economic growth, prosperity, and sustainable
development. The classification aims to identify a relation between these national policies and the study on
sustainability at supply chain level.

According to the U.S. Mission to the OECD, the 37 countries belonging to the organization account for
near to 63% of the world gross domestic product (GDP), more than 75% of global trade, are home of about
20% of the population of the world and represent more than half of global energy consumption (U.S
Mission, n.a). In 1990, emissions of CO, from OECD countries represented more than 50% of global
emissions, but because of the increasing global concern about environmental protection, these economies
have made efforts to control and reduce the number of emissions from their industrial activities and
nowadays their emissions represent about 38% percent of global emissions of CO,. However, as mentioned
by (Wiedmann & Lenzen, 2018), this number, rather than a better environmental performance, might
represent a burden shift from developed countries to developing ones. This situation is partially evidenced
by the high number of cases addressing sustainable supply chains in developing economies in non-OECD
countries as shown in Figure 2.7. Number of studies per continent

North America Europe Asia
OECD: 13 OECD: 24 OECD: 3
Non OECD: 0 Non OTD: 0 Non OECD: 65

=

. . % Oceania
Central America OECD: 4
_ Non OECD: 0
OECD: 0 ¢
Non OECD: 1
. v 7
South America ¢
Africa Distribution
OECD: 4 -
Non OECD: 0 OECD: 0
Non OECD: 0 OECD: 40.1% Non OECD: 59.1%

Figure 2.7. Number of studies per continent
(Moreno-Camacho et al., 2019)

Globalization has brought significant changes in supply chains networks, leading to geographical separation
of production and consumption zones (Wiedmann & Lenzen, 2018). Over the last decades, an increasing
offshoring strategy has taken place among manufacturing companies; low labor costs are often the primary
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reason for companies to relocate their operations, considerations like lesser environmental taxes and the
advantages of economies of scale in high volume production result being sensible factors for companies to
move their operations abroad. The industrialization process of these regions results in a change of the scale
of environmental and social impacts.

In the 1990’s, China was the preferred destination to relocate operations from companies, the movement to
other countries in South Asia, Africa, and Latin America took place after (Xuemei Jiang & Green, 2017).
Figure 2.7. Number of studies per continent

shows that about 60% of the total studies addressing sustainability in the SCND problem are cases from
Asia, being Iran, China, and India the countries with the highest contributions. The rising concern about
sustainable development in China and India is influenced by the accelerated growth in both production and
consumption emissions because of the industrialization process. In 2017 while on the one hand some of
the OECD members countries experienced decreases in their total amount of energy-related CO, emissions,
including the United States, the United Kingdom, Japan, and Mexico, on the other hand, Asian economies
accounted for two-thirds of the global increase in carbon emissions, with China and India being the
countries with the most significant growth (IEA, 2017).

As pointed out by (Babazadeh, Razmi, Pishvaee, et al., 2017) the high number of applied cases in Iran is
due to the national concern for fuel production and its consequences for environment and society. Iran has
an abundant source of fossil fuels and is one of the biggest exporters of crude oil around the world.
However, due to the emissions caused by extraction and processing, some cities deal with serious issues
having negative impacts on environmental and socially unsustainable development. Air quality causes
affectations such as skin and respiratory diseases, acid rain, and unacceptable living conditions in these
cities. For this reason, state entities have increased budgets for the promotion of alternatives biofuels, which
has yielded to new research in biomass supply chain design, which apparently has contributed with the
mentioned results.

Surprisingly, from the review, no study cases addressing sustainable supply chain design were found in
African countries. Makan & Heyns (2018) address the implementation of sustainable transport management
practices for South African road freight transport. The work identifies that the main drivers to the adoption
of sustainable activities include pressure from consumers and brand protection, pressure from top
management and cost saving and revenue. Additionally, they point out some of the main barriers to its
adoption that involve lack of government support, lack of understanding of the cost and insufficient
manpower. Similar conclusions are yielded by Agyemang et al. (2018) who also mention initial
implementation cost of green practices, difficulties to assess environmental sustainability performance, and
lack of integrated management information and traceability systems as a barrier to the redesign of green
supply chains mainly in West African countries.

Regarding the sector of application, manufacturing of electronic components and production of energy from
biomass are the most represented sectors applying sustainability criteria in the SCND and partner selection
decision. Notably, most of the cases studied focus on the bioenergy sector, which links the agricultural and
the industrial sectors seeking for partially replacing of fossil fuels for more sustainable energy sources.
However, most of the studies focus on generic environmental impacts coming from the distribution process
and facilities location, but factors in both, environmental and social dimensions in the agricultural sector
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are scarcely involved into the decision-making process. Indeed, Grant, D. B., Trautrims, A. and Wong
(2017), stated that, in the literature, there are numerous studies developed in manufacturing industry cases,
while the agricultural sector has received less attention, despite the known social characteristics of its
participants in the first tier (i.e., farmers) and the representative contribution that it sectors made to the total
GHG emissions at global level.

As far as the electronic component market is concerned, the treatment or disposal of electronic components
at the end of life is one of the most significant threats affecting its sustainable development. The European
directive on waste electrical and electronic equipment (WEEE Directive) and the Restriction of Use of
Certain Hazardous Substances (RoHS Directive) have been promoting the creation of schemes that involve
safe and responsible collection, recovery and recycling procedures for all types of electronic waste. Studies
addressing sustainability in this sector often used an approach of closed loop supply chain. The total
environmental impact from raw materials, assembly, and production process, recovery and disposal are
evaluated, usually, through quantification of CO2 equivalent emissions, or directly by the calculation of
produced waste (Anvari & Turkay, 2017).

The automotive and fashion sectors have gained increasing interest respect to the results in (Eskandarpour
etal., 2015). The textile industry is a high water consumption sector (Jafari et al., 2017) and energy intensive
(Fahimnia & Jabbarzadeh, 2016), hence, those criteria are usually evaluated in this context. Finally, sector
such as construction, information, and communication technology, and e-commerce present a low
frequency of applied cases, although the sectors are getting increasing attention from media and civil
society. Table 2.2 presents a summary of the classification of studies by sector.

Table 2.2. Number of studies by economic sector from 2015 to 2018
(Moreno-Camacho et al., 2019)

Sector Total Sector Total

Bioenergy 25 Commerce 4
Technology 19 Agrobusiness 3
Food & Beverage 12 Pharmaceutical 2
Industrial goods 10 Timber 2
Automotive 9 Mining 2
Fashion 7 Construction 1
Energy 6 Information & Communication 1
Chemicals 5 Steel 1
Home & Office products 4

As displayed in Table 2.2 agricultural supply chains have been received little attention, despite of the
notorious convergence of sustainability issues in the sector. For instance, it is well known that the
advancement of agri-food industry deals with insurance viability and competitiveness while promoting
good environmental practices and improve livelihood and economic conditions in rural areas. The next
section is devoted to explaining the characteristics of agri-food supply chains and its relationship with
sustainable development as part of the description of the study subject of this work.
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6. Sustainability in Agri-food supply chains

Broadly speaking, agricultural industry comprises a width set of procedures and its related services, wherein
natural resources are used to produce commodities such as food, fiber, fuels, and forest products, among
others. Specifically, agri-food supply chains comprise a series of activities from production to distribution
to bring farm products from farm to market (Tsolakis et al., 2014). According the characteristics of the
product these can be classified in supply chains for fresh agricultural products or supply chains for
processed food products (Naik & Suresh, 2018). According to Tsolakis et al. (2014), agri-food supply
chains are differentiated from other types of chains, due to the short life-cycle of goods, the seasonality in
harvesting and production operations, the high product differentiation, the specific requirements in
transportation, storage conditions and material recycling, the need to comply local and international
legislation and regulations regarding food safety and public health, as well as environmental conditions.

In many countries, especially in developing countries, agri-food sector plays an essential role in the
economy by being a significant contributor to GDP (Gebresenbet & Boso, 2012) and it constitutes an
essential agent in the economic, social and environmentally sustainable development of rural communities
(Naik & Suresh, 2018). According to the World Bank, this sector accounted for almost one-third of the
global GDP in 2014. Moreover, due to population growth, advances in transport, information and
communication technology, the agricultural sector has an annual growth rate of over 6% during the last
decade, and its production will be twofold by 2050 (FAO, 2018). The sector is especially important in Latin
America and the Caribbean region where it represents the 14.1% of total generated employees in the region
in 2018 (OECD/FAOQ, 2019), meanwhile in the European Union it accounted about 4.4% of total
employment by 2017 (Eurostat, 2019).

Despite the economic growth of agri-food sector in the last years, rural areas, where it takes place, still
tending to lag as regards in social and economic conditions. For instance, according to the European
Comission (2007), incomes in rural areas is near 20% lower than in urban areas, and rural areas present
higher unemployment rates. Agri-food sector also plays a significant role in the environment. Agriculture,
forestry, and land-use change that account for 25% of greenhouse gas emissions. Sustainability in the food
industry is an issue receiving increasing attention in the last years since growing population generates an
enormous pressure in food supply (Rohmer et al., 2019). The current consumption behavior affects agro-
ecological resources, food security, and health, representing a critical issue for both consumers and
producers (Naik & Suresh, 2018).

There are unique characteristics of agri-food supply chains affecting sustainability such as soil use change,
water consumption, effects on the phosphorus and nitrogen cycles, waste disposal, social development,
among others, that become relevant factors within the configuration of the network. For example, in order
to reduce the wastes generated along the agri-food supply chain, as an indirect approach to address the
environmental impact, (Caicedo Solano, Garcia Llinas, & Montoya-Torres, 2020) proposed an innovative
framework to couple Lean Thinking principles with Operations Research techniques. This framework was
later validated by (Caicedo Solano, Garcia Llinas, Montoya-Torres, et al., 2020). Moreover, one of the
significant social issues affecting sustainability in the sector, is the practical exclusion of primary suppliers
in the chain. Due to the scarcity of resources and limited access to information, smallholders might be
unable to adopt sustainable practices. The situation is even worst in developing countries where the lack of
access to technology threatens the productivity and competitivity of small farmers.
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The issue has been recently addressed by some authors. For instance Accorsi et al. (2016) developed a
linear programming model to the design of a zero-emission supply chain with an application in the potato
farming context. The model considers a land-use assessment for the location of crops, processing facilities,
warehouses, forests, and renewable energy production fields. Overall emissions associated with crops and
logistics activities are compensated by the planting of forests and the use of renewable energies. Escobar et
al. (2017) propose an optimization model for the design of the supply network of the fish industry. The
authors present a single objective model including a penalty cost over the production of fat waters, and
organic solid waste at fish farms. Miranda-Ackerman, Azzaro-Pantel, and Aguilar-Lasserre (2017) present
a non-linear multi-objective model for the green supply chain network design of orange juice. The
environmental objective calculates the CO, equivalent emissions generated by the orchard production,
pasteurization process, bottling, and transportation activities. The model considers four agricultural
practices according to the intensity of the use of agrochemicals, as well as a set of different processing and
bottling technologies, which differ in the associated environmental impacts. The authors present a genetic
algorithm and a multicriteria decision-making tool to solve the model. Fang et al. (2018), address the design
of a cold supply chain network for transportation of fresh products to China from ports to retailers. The
environmental objective aims to minimize the amount of CO2e emissions from distribution centers
operations and freight transportations activities, while to the economic pillar considers minimization of
total costs.

7. Conclusions

This chapter presented a review of the academic literature addressing sustainability and its link with supply
chain network design. The review presented a particular focus on metrics and modelling approaches.
Moreover, a classification regarding sectors and countries of application is done. The review highlighted
how researchers in the supply chain management field have paid more attention to economic and
environmental criteria, than to social criteria. However, there is an increasing interest on dealing with the
three dimensions of sustainability with fairness, therefore, in the incremental inclusion of criteria, social
dimension has becoming a relevant topic. The design of the whole supply chain network is a critical decision
in supply chain management. For example, decisions regarding the number, location, and capacity of
facilities, the selection of suppliers and transportation modes, the allocation of demand, etc. have a strategic
impact on economic, as well as in environmental and social performance.

In this regard, the economic dimension is still mainly represented by criteria in the financial performance
field. Although some authors highlight the dynamical approach of sustainability and the need of inversion
in the long-term to reach steady state in sustainable development, the Net present value (NPV) objective
have been used in a lesser extent (Barbosa-Pdvoa et al., 2018; Kannegiesser et al., 2015). Opportunities
exist to propose solution methodologies evaluating sustainability in the long term and its impacts on
monetary flow, as investment is required to reach sustainable development.

Regarding the environmental dimension, air pollution remains the most common criterion at assessing
environmental impacts. Since the energy sector and the transport sector are greatest contributors to GHG
emissions in developing economies, most of the studies addressing supply chain network design focus on
the partial evaluation of direct emissions coming from operation facilities and transportation activities, even
in studies involving agricultural activities. This consideration might be reevaluated at assessing agricultural
supply chains in which the greater contribution to environmental impacts is caused by production activities
at farms.
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Regarding the sector of application, several advances have been made in bioenergy and electronic
component sectors, to assess environmental and social performance at the strategic level of supply chain
planning, mostly because of regulatory framework in these sectors. There are multiple opportunities to
research on agricultural applications, they start to gain an essential place in the literature, considering the
period of study from 2015 to 2018. Since, different crops required different growing times, different level
of water, different harvesting techniques, and different consideration of distribution also, as in the case of
the cold chain. Besides, there are valuable opportunities for further research in the agricultural and food,
automotive, industrial and textile sectors due to their own characteristics of high-water consumption and
labor-intensive activities. It is even more crucial because with the globalization, environmental and social
footprint spread out affecting, mainly, population of developing countries.

Finally, we can mention that lack of comprehensive supply chain design criteria might drives into partial
solution with low impacts on supply chain sustainability. Therefore, a holistic perspective of supply chain
is required to assess sustainability at supply chain level. In this regard, it is required to work in at least three
paths. First, the definition of suitable indicators for the three dimensions of sustainability, ensuring the
availability of data to measure them. Second, the definition of sustainability objectives to compare
performance from different configurations and desirable states in the future. Last but not