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Abstract

The global concern to ensure the availability of food for the growing world’s population
draws urgent attention towards the inefficiencies in agri-food supply chains. Agri-food sup-
ply chains are inherently complex to manage than other supply chains mainly because of
their multi-echelon structure, deteriorating product quality with time and changes in storage
conditions which leads to significant amount of food loss and wastage. Additionally, any
natural or man-made disaster further disrupts the chain and leads to high food loss, high
supply chain costs, reduced food availability and poor food quality. Hence, there is a need
to design resilient and efficient agri-food supply chain network for optimal multi-echelon
storage and distribution to reduce food loss and quality degradation. For this purpose, a
Fuzzy Multi Objective Linear Program (FMOLP) is proposed in this paper for integrated
food procurement, storage and distribution under cost, resilience and quality considerations.
The proposed model integrates the short-term operational objective of cost optimization with
the long-term sustainable objectives of food loss minimization and resilience maximization.
The proposed FMOLP is illustrated using a realistic case of Public Distribution System
using the data benchmarked with the numbers reported by the Food corporation of India. The
detailed computational analysis carried out in the paper in investigates three categories of
problem sizes to compare and contrast the decisions using different strategies and to provide
organizational, operational and policy insights on the trade-off between cost, food loss and
resilience.
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1 Introduction

It is one of the fundamental responsibilities of every government to ensure food availability
for its people. Along with ensuring that enough food is being produced to feed the growing
population (Smil, 2001), it is also equally important to ensure that the food distribution is
transparent and efficient so that food loss/wastage can be minimized (Parfitt et al. 2010).
Currently, agri-food supply chains are facing a lot of challenges related to food wastage,
food quality and efficient use of resources (Yakovleva et al. 2012). Agricultural produce is
highly perishable in nature. The quality of such products continuously deteriorates with time
and depends on the conditions maintained while storage and transportation activities. This is
the key reason for huge amount of food loss and wastage witnessed in agri-food supply chains
(Musavi & Bozorgi-Amiri, 2017). The multi-echelon structure of supply chains, operation
inefficiencies within these echelon and lack of information sharing in agri-food supply chains
further adds complexity (Gokarn & Kuthambalayan, 2017). The inadequate temperature
controlled and safe storage infrastructure at various stages of agri-food supply chains caused
deterioration of food quality which results in high amount of food losses (Rajendran, 2003;
Rong et al. 2011). Moreover, lack of coordination among various supply chain partners
increases the risk of food contamination at various stages of supply chain which further
raises the concern about the food quality and health of end consumers (Song & Zhuang,
2017). Therefore, there is a need to develop effective and efficient storage and transportation
networks for highly complex multi echelon food supply chains which minimizes the food
loss and wastage and ensure the demand of each member of the supply chain is met without
any delay (Manders et al. 2016; Zhu et al. 2018).

Agri-food Supply chains today are vulnerable to disruptions caused by many natural
and man-made causes such as weather volatility, energy price fluctuations and logistics
restrictions (Dani & Deep, 2010; Diabat et al. 2012). It is especially important for food supply
chains to be able to react to such disruptions ensuring that demand is met as it is the matter
of sustenance for life (Barroso et al. 2011). The recent outbreak of COVID-19 pandemic
which led to strict lockdown in various countries and disrupted manufacturing and logistics
activities also raised concern on the resilience and responsiveness of food supply chains
(Singh et al. 2021). In view of this, many researchers have attempted to combine different
concepts of resilience from various disciplines and have proposed a resilience framework for
food supply chains (Umar et al. 2017). However, it has been observed that most of the work
done is on conceptualizing the resilience and identifying the potential risks in food supply
chains. There is little work is done on modelling resilience in food supply chain networks
(Manning & Soon, 2016; Stone & Rahimifard, 2018). It is important that the organization
must consider strategic resilience as an important parameter while designing the food supply
chain network.

It has been observed that most of the researchers have developed the models in order to
optimize to optimize cost, carbon emissions and quality in the food distribution networks
(Meneghetti & Monti, 2015; Rossi et al. 2021; Sgarbossa & Russo, 2017). Researchers have
mainly focussed on short term operational decision while optimizing the network. However,
in order to design resilient, responsive and well-coordinated agri-food supply chain networks,
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the strategic decisions such as location of storage and processing facilities plays a critical
role. Therefore, it is important to integrate strategic and operational decisions.

To address the above-mentioned issues in the agri-food supply chain design, this paper
proposes a two-stage approach. In the first stage, the strategic decision making for locat-
ing the suitable and resilient storage facilities by considering multiple criteria such as risk
proneness, accessibility and operational ease is proposed using TOPSIS (The Technique for
Order of Preference by Similarity to Ideal Solution). The resilience score is obtained for each
potential site is taken as an input to the second stage for selecting the resilient locations to
construct new storage facilities. In the second stage, strategic decision regarding selection
of the location of new storage facilities for augmenting existing capacity in the supply chain
is made along with the tactical and operational decisions of procuring and transporting the
agricultural produce from markets to end customers in a multi-echelon complex network.
For this purpose, the paper proposes a Fuzzy Multi-objective Linear Program (FMOLP) for
joint storage facility site selection, determination of appropriate storage conditions and trans-
portation of agricultural produce between different sites to meet demand over a multi-period
time horizon. The problem is formulated as a multi-objective linear program to evaluate the
alternatives on the three objectives namely cost minimization, food loss minimization and
resilience maximization. Since these objectives are conflicting and non-commensurable in
nature, a holistic solution is obtained with the help of fuzzy multiple objective programming
problem. The proposed methodology is illustrated using the realistic case study of Public
Distribution System (PDS) using the data adapted from Food Corporation of India’s (FCI)
website. In order to further understand the trade-offs between the objectives and implications
of the proposed methodology, numerical trials are conducted on different problem instances
with varying size. This approach leads to more sustainable decisions on PDS by simulta-
neously balancing short term operational objectives of minimizing the cost with long term
strategic objectives of controlling food loss and enhancing resilience of the supply chain.

The rest of paper is structured as follows. Section 2 reviews the literature on grain
movement & storage problem. The proposed mathematical model and solution approach
are discussed in Sect. 3. Section 4 illustrates the proposed framework with the help of an
example. In Sect. 5, experiments are conducted to understand the trade-offs between dif-
ferent objectives under single focussed and fuzzy multiple objectives approach for different
categories of the problem. The theoretical contributions and implications for policymakers
are discussed in Sect. 6. Section 7 presents conclusions, limitations and future scope of work.

2 Literature review

Agri food supply chains plays a critical role in providing the basic necessities to the people
(Smil, 2001). It is important that the food supply chain networks are transparent and efficient
so that food loss/wastage can be minimized (Parfitt et al. 2010). Moreover, the food quality
must be maintained during storage and transportation activities by ensuring proper infras-
tructure (Rajendran, 2003). In view of this, the literature is reviewed for food supply chain
models in Sect. 2.1. Section 2.2 identifies the research gaps and research objectives for this

paper.
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2.1 Review of agri-food supply chain models

This Section reviews the literature on agri-food supply chain models from two broad per-
spectives. Section 2.1.1 reviews the strategic planning and conceptual models which broadly
focuses on studying the interplay of various supply chain actors and development of theory.
Section 2.1.2 reviews the operational planning and analytical models for agri-food supply
chain networks focussing mainly on optimization of short-term objectives.

2.1.1 strategic planning models in agri-food supply chains

Taylor (2006) proposed the use of lean principles in the strategic design of integrated food
supply chain in order to improve overall chain performance. As agri-food supply chains are
very unstable and dynamic, Matthews et al. (2007) have proposed the integrating of strate-
gic management in supply chain decisions by analysing the markets and interrelationships
among the companies. The collaboration among supply chain partners is of significant impor-
tance to agri-food industry. In this direction, Matopoulos et al. (2007) proposed a conceptual
framework for collaboration development in agri-food supply chain and have linked the col-
laboration benefits to specific activities. Aramyan et al. (2007) have proposed a conceptual
model to identify the dimensions for performance management in agri-food supply chains.
However, it is important to understand the attitudes and circumstances of various supply chain
partners while developing collaborative chains. Leat and Revoredo-Giha (2008) carried out
an empirical study to highlight issues which hamper the collaboration in agri-food supply
chains. Understanding and overcoming these issues can increase overall chain performance.
Ahumada and Villalobos (2009) have reviewed the planning models used in agriculture pro-
duction and supply chain and have expressed the concerns over limited research on integrated
supply chain models leading to a gap in production and distribution activities. The outsourc-
ing of certain supply chain functions can help in improving cost and reducing the waste.
In context of agri-food supply chains, Hsiao et al. (2010) have proposed a decision-making
framework to identify the determinants of outsourcing food logistics activities.

As the global population is increasing, the demand for food products is also increasing.
Food supply chains are facing a major challenge to reduce the food loss and wastage at
various stages. Highlighting the importance of agri-food supply chain management in order
to ensure food availability, Kusumastuti et al. (2016) have reviewed the literature for com-
plexities in ASC such as yield uncertainties, inventory, resource limitations, time windows
and coordination between several supply chain entities. Manders et al. (2016) have iden-
tified various dimensions of supply chain flexibility which is essential in maintaining cost
and quality in agri-food supply chains. Chaboud (2017) emphasized on the need to assess
and report the food loss and wastage in agri-food supply chains. It is important to locate
the major areas responsible for food loss so that efficient supply chains can be designed in
an attempt to reduce the food wastage and maintain the food quality. Gokarn and Kutham-
balayan (2017) have identified key inhibitors to manage food wastage in Indian agri-food
supply chains and have established the inter-relationships among these inhibitors. Govindan
(2018) emphasized on the importance of coordinating the multi echelon food supply chain
in order to minimize the food loss and ensure sustainability. In agri-food supply chains, the
functions such as storage and transportation are inherently more energy intensive due to the
need for refrigeration in order to maintain quality. Therefore, the design of supply networks
must consider the emissions caused. Awad et al. (2020) have reviewed the research in cold
food supply chain and emphasized on the need for integration of quality and environmental
consideration in vehicle and route planning. Esteso et al. (2018) reviews the literature in
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Agri-food supply chain with a special focus on the inherent characteristics of agricultural
produce and the sources of uncertainty. It is important to consider these two important factors
while designing food supply chain networks in order to improve the chain performance and
maintain food quality.

Different kinds of disruptions require different strategies to recover. Dani and Deep (2010)
have identified the factors required for effective response to the food supply chain risks and
have applied the conceptual model to different cases of supply chain risks. Manning and
Soon (2016) introduced the concept of building strategic resilience in food supply chains
and have proposed a resilience indicator to assess and improve supply chain risk. Umar
et al. (2017) emphasized on the need for more research in food supply chain resilience. The
quantification and modelling of risk and resilience in food supply chains is identified as major
research gap. The conceptual framework for food supply chain resilience in proposed. Stone
and Rahimifard (2018) proposed a resilience framework and have identified the elements
of resilience in order to handle disruptions in agri-food supply chains. Song and Zhuang
(2017) proposed a game theory-based framework to control the risk of food contamination at
various stages of the supply chain considering the interactions between governments, farmers
and other supply chain actors. Shareef et al. (2020) have identified the lack of coordination
between multiple echelons of a supply chain is one of the key reasons for the failure of supply
chains to respond in emergency situations. Therefore, in order to have a resilient food supply
chain network, proper coordination among multiple stages of the chain starting from farm
to the end customer is required. Esteso et al. (2021) argued that the product perishability in
agri-food supply chain must be considered as a strategic decision rather than considering it
to be an operational or tactical decision. Therefore, the network design of agri-food supply
chains must consider the perishable nature of produce. Recently, Khan et al. (2021) have
studied the impact of food supply chain disruption due to Covid-19 on the undernourishment
of population and crime in Asian countries. This study clearly outlines the need to design
resilient and more transparent food supply chains in order to have a better society.

2.1.2 Operational planning models in agri-food supply chains

In agri-food supply chains, end to end supply chain integration is required to monitor the
food quality and reduce the food loss/wastage. There are some papers attempting to model
various operational activities and decisions in agri-food supply chains. In this direction, Nardi
et al. (2007) have proposed a mathematical program to optimize the storage and transporta-
tion of soybean in Argentina considering geographical data. Bilgen and Ozkarahan (2007)
have proposed a model for grain blending and transportation using maritime transportation
in order to optimize the number of vessels to be hired for the bulk movement. Van Der Vorst
et al. (2009) have proposed a simulation-based approach to model flexibility into food supply
chain subject to uncertainties and food quality changes. Hu and Wu (2010) have modelled
and compared the different agri-food supply chain models in China and have proposed the
integration of all supply chain functions to ensure food safety and competitiveness. Deteri-
oration of food quality leading to high amount of food loss is a major concern in agri-food
supply chains. To address this, Rong et al. (2011) have integrated the food quality degra-
dation function in designing the food distribution to jointly optimize food quality as well
as cost of distribution. Paksov et al. (2012) have proposed a fuzzy multi objective model
to optimize the total transportation cost across multiple echelons of a supply chain. Agsari
et al. (2013) have proposed the supply chain network model for movement of wheat from
farms to end customers located either in same province or separate province. Since agri-food
supply chains are highly energy intensive, there is also a growing concern over sustainability
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of the network design. In this direction, Soysal et al. (2014) have proposed a multi-objective
mixed integer model to optimally plan food logistics in order to optimize carbon emissions
and cost considering a variety of factors such as road infrastructure, vehicle & fuel types,
distance travelled etc. Meneghetti and Monti (2015) have modelled an automated storage
and retrieval system for refrigerated items such that quality degradation as well as energy
consumption is minimized. The model can aid in the reconfiguration of food supply chains.
Soto-Silva et al. (2016) have reviewed the application of operations research models in fresh
fruit supply chain. In an attempt to minimize the high amount of wastage in food supply
chains, Banasik et al. (2017) proposed a multi objective production planning model to estab-
lish trade-off between economic objectives and environmental objectives for a processed food
supply chain. Sgarbossa and Russo (2017) have proposed a sustainable closed loop model to
recover waste from a meat processing industry.

Supply chain models need to be designed in such a way that there is a coordinated flow
of material not just with in an enterprise but also across all supply chain partners. Therefore,
Gholamian and Taghanzadeh (2017) have proposed an integrated network model for wheat
supply chain in Iran by addressing supplier selection, silo storage decisions and distribution of
wheat and wheat products to end customers. Mohammed and Wang (2017) developed a fuzzy
multi-objective program to simultaneously optimize carbon emissions, cost, distribution time
and delivery rate. Soysal et al. (2018) have explored the horizontal collaboration between the
suppliers for inventory routing to jointly optimize the energy usage, carbon emissions and
total cost which also includes the wastage cost. It is observed that horizontal collaboration
leads to less cost and carbon emissions. Stellingweft et al. (2018) studied the effects of
logistics cooperation models i.e. vendor managed inventory and joint route planning on the
performance of temperature controlled fresh food supply chain. It was observed that the
multi echelon cooperation among supply chain partners lead to substantial cost and carbon
emission savings as compared to individual route planning. Recently, Jouzdani and Govindan
(2021) have proposed a multi-objective model to design sustainable supply chain networks
for perishable items by studying interactions between three aspects of sustainability.

With increased risk of supply chain disruptions due to any natural or manmade disaster, the
evaluation and assessment of risk in agri-food supply chains is getting a lot of attention from
researchers. Diabat et al. (2012) have developed a structural model to analyse various types
of risks in food industry and have discussed the mitigation strategies for the same. Bi and
Zhang (2016) have proposed the emergency food storage model to facilitate relief operations.
Similarly, Fan and Zhang (2016) have developed models for locating emergency grain depots
and for the allocation of grains against uncertain demand establishing a trade-off between the
budget and the desired service level. Kaveh and Mesgari (2019) have proposed a GIS based
location-allocation model for location of emergency centres enabling maximum coverage
in any disaster event. Kaveh et al. (2020) have proposed a multi-criteria decision-making
model for the site location of hospital emergency centres. Recently, Yakavenka et al. (2020)
have proposed a multi objective model to optimally design a perishable food supply chain
network by establishing trade-offs between three dimensions of sustainability. However,
many models do not consider the need to incorporate resilience into the network design.
Mohammed et al. (2019, 2021) have emphasized on the designing the sustainable as well
as resilient supply chain networks in order to maximize the chain performance. Bhottani
et al. (2019) modelled resilient supply chain network considering raw material disruptions
in order to ensure business continuity of operations. It is important that food supply chain
networks are resilient so that the supply of food items is not disrupted under any unforeseen
natural or manmade disaster. The performance of a supply chain is dependent on the ability
of the chain to handle uncertainties occurring at the various stages. Mohebalizadehgashti
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et al. (2020) have proposed a multi-objective model to focus on environmental concerns
and effective utilization of resources while optimizing food supply chain networks under
uncertainty. In order to address uncertainty, decision trees are used.

2.2 Research gaps and research objectives

This Section identifies the research gaps from the reviewed literature and presents the research
objectives for this paper.

2.2.1 Research gaps

Following are the research gaps identified from the reviewed literature which the paper
attempts to address by developing the proposed methodology.

e Many papers focus on optimizing the cost, quality and carbon emissions in the agri-
food supply chain networks. Most of the frameworks or models proposed in literature are
operational and tactical planning. There is a little research on the strategic design of agri-
food supply chains for better coordination among multi-echelon supply chain structures.

e There is very limited research on the resilience in agri-food supply chain networks. A
very few papers talk about the need of building strategic resilience, however, there is very
limited work on modelling the resilience in agri-food supply chain networks.

e The researchers have worked independently on developing strategic frameworks and oper-
ational models. There is very little attempt made to jointly address long term strategic
objectives such as resilience along with short term operational objectives such as cost and
quality in a single framework.

Considering the research gaps stated above, it is evident that there is a need to design
resilient and efficient agri-food supply chain networks which allows well-coordinated storage
and movement across multiple echelons of the chain. The network design must jointly address
the short-term objectives of cost and waste minimization along with the long-term objective
of developing the resilience in the supply chain.

2.2.2 Research objectives

Following are the research objectives framed to address the gap areas.

e To obtain the resilience score of potential sites for storage facilities at various levels of a
multi-echelon agri-food supply chain considering both quantitative and qualitative criteria

e To propose a Fuzzy Multi objective Mixed Integer Program (FMOLP) for integrated and
well-coordinated decision making in procurement, storage and transportation in a multi-
echelon agri-food supply chain by simultaneously minimizing operational objectives of
cost and wastage and strategic objective of maximizing resilience in the chain.

e To propose a solution methodology to obtain an optimal trade-off between three conflict-
ing objectives (operational & strategic) and carry out detailed computational analysis to
compare the decisions using different strategies
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Demand

Stage -I storage of multi-echelon supply chain Stage II storage of multi-echelon supply chain

Godowns [ | Existing Silos A New Silos X

Fig. 1 Multi-echelon agri-food supply chain structure

3 Problem statement and proposed methodology
3.1 Problem statement

In this paper, a multi-echelon agri-food supply chain problem is considered. There is a need
to identify the storage capacities at various levels of multi-echelon supply chain and locate
additional storage facilities (if necessary) at suitable locations which maximizes network
resilience. In additional, there is also a need to design well-coordinated procurement, storage
and distribution decisions which minimizes the overall cost and food loss in the chain along
with maximizing the resilience. The multi-echelon supply chain structure is shown in Fig. 1.
The proposed problem statement attempts to address short-term operational objectives i.e.
cost and waste minimization and the long-term strategic objective i.e. maximizing the network
resilience using a single framework.

3.2 Proposed methodology

In order to address the problem described in Sect. 3.1, the paper proposes a Fuzzy Multi-
ple Objective Linear Model (FMOLP) for integrated procurement, storage and distribution
across a multi-echelon agri-food supply chain. The proposed framework addresses the long-
term strategic objective of locating the storage facilities in such a way that it maximizes the
overall network resilience as shown in Fig. 2. The resilience of the potential site is assessed
from multiple perspectives using a multi criteria decision making (MCDM) method (dis-
cussed in Sect. 3.2.1). Further, in the Sect. 3.2.2, the relationship between food wastage
and sub-optimal storage temperature is established using a quality degradation function. The
integrated decision on procurement, storage and transportation is formulated as a fuzzy multi-
objective linear programming problem in Sect. 3.2.3 considering operational objectives of
cost and waste minimization and strategic objective of network resilience maximization. In
order to solve the proposed FMOLP considering multiple conflicting objectives, a fuzzy goal
programming-based solution methodology is discussed in Sect. 3.2.4
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Identification of criteria for resilient
storage site selection at different
stages of a multi-echelon agri-food
supply chain

¥

Evaluation of resilience score of each
site using TOPSIS

|

Proposed Fuzzy Multi-Objective
Linear Program (FMOLP)for
integrated procurement, storage and
distribution

L 2

Fuzzy Goal Programming approach
to obtain optimal tradeoff between
three conflicting objectives

: 2

Realistic case study on Public Distribution
System in India using data adapted from Food
Corporation of India’s website

Maximize
network resilience

Food waste
minimization

Problem instances generated for
small, medium and large data
sets

Numerical Experiments

! &

Results are obtained

Fig. 2 Proposed Research Methodology

3.2.1 Calculation of resilience index

Any supply chain network should have capability to reduce the vulnerability against disrup-
tions, absorb disaster impact and quickly recover from disruption to ensure desired level of
food availability following a disaster (Sheffi & Rice, 2015). In agri-food supply chains, the
main reason for high food loss & wastage is the lack of proper storage infrastructure (Tanksale
& Jha, 2015). It is necessary that multi-echelon agri-food supply chains should evaluate the
existing storage capacities available in the network and new facilities must be located in such
a manner that it augments the overall resilience of the entire network. To comprehensively
evaluate the location and select the optimal one, diverse factors are needed to be taken into
consideration. The considered criteria take care of the operational ease of the potential sites
by assessing the utilities and railway siding available at the site. The geographical features of
the proposed sites are also considered in order to access the disaster resilience of the proposed
site. A summary of the relevant variables from the literature is given in Table 1 below.

The sites are evaluated in this Section based on the list of criteria and are prioritized using
the TOPSIS. TOPSIS (Technique for preference by similarity to ideal solution) proposed by
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Table 2 Criteria for Site selection

Criteria

Description

References

Availability of Rail siding (Cy)

Space (Cp)
Proximity to mandis (C3)

Frequency of cyclones &

flooding, and overall Terrain

(Cs)
Seismicity (Cs)

Surrounding population density

(Co)

Utility supply at the site (C7)

Local government policies (Cg)

Whether the site has a railway siding
adjacent to it? Or construction of
separate railway siding is required

What is the space availability at the site?

Total distance of the site from various
mandis must be minimum and accessible

The site must be chosen carefully to avoid
disruptions from disaster occurrences,
higher terrain

The silo must be constructed in regions of
low seismicity

The population density around the silo
location must not be very high

The availability of utilities such as
electricity, water and gas supply etc. at
the site

The level of support extended by the local
government bodies

Tanksale and Jha (2015)

Ozcan et al. (2011)
Demirel et al. (2010)

Roh et al. (2013), Zhang
and Chen (2016)
Storage Mannual (FCI)

Storage Manual (FCI)

Raut et al. (2017), Zhang
and Chen (2016)

Demirel et al. (2010)

Roh et al. (2013), Raut
etal. (2017)

Hwang and Yoon (1981) is a well-established and widely used multi criteria decision making
method to rank a set of alternatives i.e. sites in this case. Following are the steps involved in

TOPSIS.

Step-1: Data is obtained for all potential sites j against the considered criteria i as shown

in Eq. (1)

dn doy di
aij = |diz dy din
dij daj dij

Step-1I: A standardized matrix Sj; is obtained by using Eq. (2)

dij

Sij = (Z d2)1/2

Vi, j

ey

(@)

Step I1I: Weights are developed for each criterion as (w;) and weighted normalized matrix

is constructed using Eq. (3)

Vij = ij,‘j Vi,j

3

However, if all the criteria are equally weighted than it will be exactly same matrix as step

1L

Step-1V: The ideal solution is identified using Eq. (4)

IdealsolutionV* =

{max(V;;) Vi}

“

Step V: Similarly, the negative-ideal solution is identified using (5).
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Step VI: The Separation Measure (S;”) is calculated for each potential site from the ideal
solutions as shown in Eq. (6)

SF =Y (V= VipH)'/? Vi ©)
J

Step VII': Similarly, the separation measure (S; ) is calculated for each potential site from
negative ideal solution as shown in Eq. (7)

Si=2 (V' =VpH' Vi ™
J

Step VIII: The closeness index is computed using Eq. (8) and the potential sites are ranked
in descending order of the index value.

/

S:
Cl = m Vi 8)
] L
The site having highest closeness index is most resilient and is more preferred for silo
construction. The resilience of the sites become input to the mixed integer linear programming
model discussed in Sect. 3.2.3.

3.2.2 Integration of grain wastage and temperature control

It is usually observed that the storage facilities in multi-echelon agri-food supply chain net-
works are old fashioned and don’t use modern or temperature control storage technology. In
order to sustain the quality of agricultural produce and minimize the degradation in product
quality during the storage, the supply chain partners must enhance effectiveness of its storage
capacity by introducing temperature-controlled storage at various stages of the chain. The
proposed modernized storage facility provides temperature-controlled environment that aids
in controlling food quality degradation during storage. The proposed model assumes that the
silo type of storage system (both existing and new) provides a temperature-controlled envi-
ronment for agricultural produce. There are different temperatures which can be maintained
which helps in significantly reducing the food loss during storage. This study conceptualizes
the food loss during storage as a function of temperature at the storage facility. At each
temperature point, there is a corresponding operational cost and a degradation rate. Let TP;
to TPs be five temperature points such that 7P; < TP, < ... < TPs at which agricultural
produce could be stored with the observed degradation rates are d; to ds such thatd; > d,....
> ds. The degradation rate observed at silo storage is less than the degradation happening
in traditional storage facilities i.e. godowns. For instance, if the agricultural inventory ‘T’
is stored at a temperature TP, at any silo in a particular time period, the food loss would
amount to be I*d; during the time period. Therefore, the remaining agricultural inventory in
the next time period would be equal to /*(1-d>) units. The controlling of temperature at the
lower value incurs additional operational cost, therefore, the cost of holding increases with
the decrease in temperature i.e. ¢; > ¢2 > ¢3 > ¢4 > C5.

3.2.3 Fuzzy multi objective linear program (FMOLP)

This Section proposes a Fuzzy Multi Objective Linear Program (FMOLP) to jointly optimize
the procurement, storage location & transportation in a multi-echelon agri-food supply chain.
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The agricultural produce is procured at various procurement centres and are transported
to the storage facilities at stage -1 of a multi-echelon supply chain. The model assumes that
procurement is one-time activity and is conducted within a period during harvest. There are
two type of storage facilities considered to be already functional i.e. traditional godowns
and existing temperature-controlled silos. At godowns, the temperature is not controlled and
hence, the degradation rate of the agricultural produce is higher here than in the silo storage.
At silos, agricultural produce is stored at different temperature points and are transported to
storage facilities at stage -1I of a multi-echelon supply chain. The agricultural produce is then
transported to demand centres to meet their demand over the planning horizon. There can be
a scenario that the storage facilities at stage I & stage II of multi-echelon supply chain are
inadequate, therefore, there is a need to identify the potential sites for the construction of new
temperature-controlled storage facilities such that resilience of the site and overall operating
expenses can be simultaneously optimized. Therefore, the stated problem is formulated as
multi objective joint location-transportation model that aids in deciding the quantities of
agricultural produce transported and stored within several stages of a multi-echelon supply
chain i.e. from procurement centres to storage facilities and to demand centres, and also
identify the location of new storage silos required at the different stages.

The list of assumptions, indices, variables and parameters used to model the problem are
shown below:

List of assumptions

e The quantity of agricultural produce procured at each procurement centre is known with
certainty.

e The procurement centres procure all the agricultural produce and send it for storage in
godowns or silos at stage I of a multi-echelon supply chain.

e There are already functional godowns and silos being used for storage. However, in case
of lack of storage capacity, new temperature-controlled silos need to be built and used.

e At each stage of a multi-echelon supply chain, there are several sites under consideration
for new silo construction

e Each site under consideration for silo construction is having a “Resilience Index”

e The godowns are not temperature controlled. However, silo structures store food grains at
a particular temperature in a time period

Indices

m Index for procurement centres

g Index for godowns at stage I of a multi-echelon supply chain

g Index for godowns at stage II of a multi-echelon supply chain

e Index for existing silos at stage I of a multi-echelon supply chain

e’ Index for existing silos in stage II of a multi-echelon supply chain

K Index for Site for new silos at stage I of a multi-echelon supply chain
s’ Index for site for new silo in stage II of a multi-echelon supply chain
q size of silos to be constructed

r Index for retail or demand points

-

Index for time period

Index for temperature
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Decision variables

Ume

Ums

Qolrt

Qelrt

Og/yt

Ing,
T
Ing,
T
Ing,

Ing/t

Quantity of food grains to be transported from mandi m to godown g at stage I of a
multi-echelon supply chain

Quantity of food grains to be transported from mandi m to existing silo e at stage I of a
multi-echelon supply chain

Quantity of food grains to be transported from mandi m to potential silo s at stage I of a
multi-echelon supply chain

The quantity of food grains transferred from godown g at stage I to the godown g’ at stage II in
time period t

The quantity of food grains transferred from existing silo e stage I to the godown g’ at stage II in
time period t

The quantity of food grains transferred from potential silo s at stage I to the godown g’ at stage
II in time period t

The quantity of food grains transferred from godown g at stage I to the existing silo e’ at stage II
in time period t

The quantity of food grains transferred from existing silo e at stage I to the existing silo e’ at
stage II in time period t

The quantity of food grains transferred from potential silo s at stage I to the existing silo e’ at
stage II in time period t

The quantity of food grains transferred from godown g at stage I to the potential silo s’at stage II
in time period t

The quantity of food grains transferred from existing silo e at stage I to the potential silo s’ at
stage II in time period t

The quantity of food grains transferred from potential silo s at stage I to the potential silo s at
stage II in time period t

The quantity of food grains transferred from godown g’ at stage II to the retail point r in time
period t

The quantity of food grains transferred from existing silo e’ at stage II to the retail point r in
time period t

The quantity of food grains transferred from potential silo s’ at stage II to the retail point r in
time period t

Binary variable which take value 1 if a silo is constructed at location s of size ¢ in at stage I
ELSE 0

Binary variable which take value 1 if a silo is constructed at location s’ of size ¢q at stage II
ELSE 0

The inventory at godown g at stage I in time period ¢

The inventory at existing silo e at stage I in time period ¢ at temperature T
The inventory at potential silo s at stage I in time period ¢ at temperature T
The inventory at godown g’ at stage II in time period ¢

The inventory at existing silo e’ at stage II in time period t at temperature T

The inventory at potential silo s’ at stage II in time period ¢ at temperature T
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Parameters

Capg Capacity of godown g at stage I
Cap, Capacity of existing silo e at stage I
GP;;Grain procured at procurement centre m at stage I
CCjsq Cost of constructing silo at site s of size g at stage I
CCyq Cost of constructing silo at site s” of size g at stage II
CR; Cost of constructing railway siding at location s at stage I
CT g Cost of unit transportation from procurement centre m to godown g at stage I
CT ;e Cost of unit transportation from procurement centre m to existing silo e at stage I
CT s Cost of unit transportation from procurement centre m to potential silo s at stage I
DS g Distance in Kmts from procurement centre m to godown g at stage |
DSpeDistance in Kmts from procurement centre m to existing silo e at stage I
DS ,sDistance in Kmts from procurement centre m to potential silo site s at stage I
NpMaximum silos that can be constructed at stage I
NcMaximum silos that can be constructed at stage IT
RPs Indicatortake value 1 if rail siding needs to be constructed at location s at stage I
RCslIndicator take value 1 if rail siding needs to be constructed at location s at stage II
T CR The per tonne transportation cost by Road for per unit distance travelled
T CT The per tonne transportation cost by Rail for per unit distance travelled
P;; The proportion of distance travelled by road between nodes i and j where
ie{gte+s}&je {g/ +e/ +s/}
d;j Distance in Kmts between nodes i and j where i € {g +e+s+ g/ +e + s }&j S {g/ + ¢ +5 + r}
HC gy Per unit holding cost at godown g at stage I in time period #
HC g Per unit holding cost at existing silo e at stage I in time period ¢ stored at temperature T
HC STt Per unit holding cost at potential silo s at stage I in time period t stored at temperature T
HC 1y Per unit holding cost at godown g’ at stage II in time period ¢
HC Z, ; Per unit holding cost at existing silo e’ at stage II in time period ¢ stored at temperature T
HC ST, . Per unit holding cost at potential silo s’ at stage II in time period t stored at temperature T
d: Degradation rate of godowns at stage I & II
d; Degradation rate of existing silo at stage I at temperature T
d} Degradation rate of potential silo at stage I at temperature T
'

d; : Degradation rate of existing silo at stage II at temperature T
’

dXT : Degradation rate of potential silo at stage II at temperature T
C{: Resilience Index of potential silo s at stage I

C;‘/: Resilience Index of potential silo s’ at stage II

The constraints for the problem are discussed below:
Capacity constraints at stage I of the multi-echelon agri-food supply chain

Zamgp =< Capgp Vg 9)
m

Y dmep < Cape, Ve (10)
m
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Y ams <Y (Capgs * Uys) Vs (11)
m

q
D mg+ Y me+ Y ams =GPy Vm (12)
g e K

Constraints (9) and (10) enforce that the agricultural produce to be transported from
various procurement centres to the godowns and existing silos at stage I storage must be
less than or equal to their respective available capacity. Constraint (11) states that the total
quantity transported from a procurement centre to a new silo storage, if required, should be
less than its capacity. Constraint (12) ensures that total agricultural produce transported from
various procurement centres to the stage I storage facilities should be equal to their procured
quantities.

D Uygs < 1¥s (13)

q
>3 Uy <N (14)
s q

Constraint (13) restricts that only one size of silo can be constructed at the potential
site at stage I of multi-echelon supply chain. Constraint (14) restricts the total number of
silos constructed at stage-I to maximum number of silos sanctioned to be constructed at that
particular stage of supply chain.

Zaggt+20lggt+2(xvg[fcapg/—(l d)*Ingg_1y Vg'it  (15)
, T
Zagg,—i-Zaeet—i-Za;e,§Cape/—z (1—61,;)*1;16/[_1 Vet (16)
,/ T
Zags, + Zam .+ Zam < (Capy * ZUq ZT(I —d;) win VSt

amn

Constraint (15) restricts the grains transported to godowns at stage II storage from any
storage facility at stage I at a particular time point to be less than or equal to their residual
capacity. The residual capacity is defined as capacity minus inventory carried over from the
last period after deducting for grain loss during storage. Similarly, Constraints (16) and (17),
restrict the transportation of grains to existing and new silos at stage II from any storage
facility at stage I be less than their residual capacities determined by temperature points.

ZU‘]/Y/ <1 VS (18)

ZZU,”/<N (19)

Constraint (18) restricts that only one size of silo can be constructed at the potential site
at stage II storage. Constraint (19) restricts the total number of silos constructed at stage II
to maximum number of silos sanctioned to be constructed at that particular stage.
Inventory balance at producing states

Ing = Zamgp - Zagg/, - Zage/t - Zags/t VT,Vg, Vi =1 (20a)
m g/ e/ v/
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Ing = (1 —d)xIngq ) — Zagg/, — Zozge/t —~ Zag,t Vg,Vt>2  (20b)
Zrln€f Zamep Zaegt Zaeet Za J Ve, Vi=1 (21a)
Yo Ind =) (1—df)*In, Zaeg, Za Z(xe” Ve,Vt =2 (21b)
T
ZTIn” Zamw Zasg/ Zaw ; Zau , Vs, Vi=1 (22a)
ZTIngt:ZT(I—dS *In Zozsgt Zaset Zassrt Vs, Vt > 2
S/

(22b)

Constraint (20a) enforces that inventory level in a godown at stage I in time point t = 1 is
equal to the agricultural produce left after transporting to various storage facilities at stage
II. Constraint (20b) shows the inventory balance at godown at stage I in subsequent time
periods while accounting for the degradation happening on the inventory stored in the last
time period.

Constraints (21a) and (21b) gives the inventory balance constraints for existing silos
at stage I storage in first time period and subsequent periods after accounting for quality
degradation. Similarly, constraints (22a) and (22b) provides the inventory balance constraints
for new silo storage at stage I storage in first time period and subsequent periods after
considering the quality degradation.

(1—d)* Ingq_ 1)+Zaggt+2aeg,+zavg,_1n/ +Zag,, Vet (23)

ZT<1—d§>*In - +Zage,+2aee,+2aw,_z Ingt—i—Zaer, ve',t
(24)
Z(l — d?) *Inl, |+ Z‘ng’t + Zaesr, + ZO‘”” = ZlnST,t + Zasrn Vst
T g e s T r
(25)

In a similar manner Constraints (23), (24) and (25) represents the inventory balance Equa-
tions for godowns, existing silos and new silos at stage II of the multi-echelon supply chain
considering the quality degradation. The equations balance the existing inventory and the
quantity received at any storage facility at stage II to quantity transported to the demand
centres and the remaining inventory left at the storage facility

InZIEM*yZ; Va:S,S/,e,el (26)

D Ya=1 27)

Constraints (26) and (27) enforce that the inventory at both stage I & Stage II storage
facilities can be stored only at one particular temperature in a given time point

Zag’rt + Zae’rt + Zas’rt =Dy Vr,t (28)
g o 5/
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g5t < M % Z U.v’q Vs, 't (29)
q/
Qggry < M % Z Usq Vs, S/,t (30)
q
Qmg, Ume, Ams are continuous variables VYm, g, e,s 31
Ugs: U,y € {0,1} vq,s,s’ (32)

Constraint (28) ensures that the agricultural produce transported from the storage facilities
at stage II storage to the retail centres meets the demand at respective retail points. Constraints
(29) and (30) enforce that agricultural produce can be transported from any potential site at
stage I to the potential site at stage II if these sites are selected for construction of storage
facilities. Constraint (31) and (32) defines the continuous and binary nature of decision
variables.

Objective functions

Minimize(Total Cost)Z) = Z11 + Zi2o + Z13+ Z14 (33)

Minimize(Total Inventory Holding Cost)Z1; = Z Z HCgxIng,
g 1

+Y D Y HCExInL, + Y S S THC xInl, + Y > " HCyuxIng
et T st T g t

+Y Y S HCL L+ Yy HC 1], (33a)
e t T s t T

Minimize cost of constructing infrastructure

ZlZ = Z((Z(Ccvq + CRS * RCS) * qu)) + Z((Z(Ccs’q + CRS’ * RCS’) * US/L]))

s q q
(33b)
Minimize (Cost of Transportation from procurement centres to stage I storage)
Zi3 = Z Z (Cng * DS’"g * a’"g) + Z Z (CT e * DSme * tme)
m g m e
+ Y Y (CT s # DSpy i) (33¢)
m s

Minimize (Cost of Transportation from stage I to stage II storage and to retail points)

Ziy= (DY (TCRxPj) + TCT % (1 - P;j)) DS, x > i (33d)
i t

wherei € {g+e+s+g +e +s5'}jefg +e +s +r}
Minimize the food quantity wasted due to quality degradation

Zo=3"Y dxlng_1+y_ Y Y (df)*Inl_,
g 1 e t T
DAy I+ Y Y Ing
st T g
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SDIPIPY C RV AT D) DY (4 EY o (34)
et T st T

Maximize network resilience

o I

Equation (33) represents the operational objective of minimizing the overall cost. The
problem considers four major cost components which are described in Egs. (33a-33d). Equa-
tion (33a) represents the total cost of storage in different storage facilities i.e. godowns,
existing silos and the new silos at both stage I and stage II of the multi-echelon supply chain.
Equation (33b) is the cost of constructing a new silo and also rail siding (if not present) in both
at both stage I and stage II of the multi-echelon chain. Equation (33c) denotes the total cost
of transportation from procurement centres to the stage I storage facilities. Equation (33d)
denotes the total cost of transportation from stage I storage facilities to the stage II storage
facilities in and then to the retail centres. The cost of transportation in this phase depends on
the proportion of distances travelled by road and rail. Equation (34) shows the food quantity
wasted due to the quality degradation at varying temperature points during different time
periods. Equation (35) represents the strategic objective of maximizing network resilience
while locating the sites for the construction of new silos both at in both stage I and stage II
of the multi-echelon supply chains.

3.2.4 Solution methodology

The proposed problem for integrated procurement, storage and transportation in a multi-
echelon agri-food supply chain comprises of three objectives, i.e., cost minimization, wastage
minimization and resilience maximization. These objectives are conflicting and incommen-
surable in nature. Since it is not possible to optimize all the objectives simultaneously, the
integral part for solving the problem is to establish the trade-offs among these objectives in
such a way that it captures the decision maker’s perspective. Various methods are proposed
in the literature to establish trade-offs among the objectives integrated with the search of
alternatives for multi-objective decision making. The widely used approach is to present a
set of pareto optimal solutions to the decision maker and then rank the solutions. This is gen-
erally achieved by eliciting their preferences and selecting the alternatives using appropriate
MCDM methods. The other advanced methodologies integrated metaheuristics and MCDM
methods to discard the poor solutions and further refine the solution space iteratively (Validi
etal. 2020, 2021). The other set of approaches incorporate the trade-off among the objectives
by providing rank order or weight of the objectives. These preferences are incorporated to
form a scalar function combining all the objective functions (Chiandussi et al. 2012). Here
the decision maker is not presented with a set of pareto optimal solution but the final solution
is obtained directly. The main advantages of this method include simplicity and efficiency
in implementation. However, the biggest challenge in this methodology is to obtain criteria
weights and appropriate scaling of the objectives.

In this paper, fuzzy set theory is used to obtain the desirable solution in multiple objective
optimization. Fuzzy set theory has proved to offer several distinct advantages as a basis for
multi objective optimization by searching for some optimal options which "best satisfy most
of the important objectives" and differ significantly from the traditional notion to try to find
an optimal option which best satisfies "all the objectives". This approach also captures the
notion of satisfaction of objective functions for different decision alternatives (Carlson and
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Fuller 1994). The satisfaction value/achievement of an objective with respect to a decision
is defined as a membership function with the help of a fuzzy set. The membership function
for a maximization objective is formulated as follows:

0, zl < NL
no(zl) = { #=N, Np <zl <Ny (36)
1, z1 > Ny

In Eq. (36), for an objective function “z” (maximization nature), if the objective value
z = z1 is greater than equal to “Ny”, DM will be fully satisfied for z (ju,(z1) = 1). The
satisfaction level decreases linearly when the objective function value decreases from Ny to
Ny, and becomes zero if it falls below Ny

For the objective function ‘z’ that are of minimization type, membership function of the
goal is defined as follows:

1, zI < NL
no(zl) = { R, No <zl <Ny 37)
0, z1 > Ny

In Eq. (37), for an objective function “z” (minimization nature), if the objective value z =
z1 is less than equal to “Np.”, DM will be fully satisfied for z (ju,(z1) = 1). The satisfaction
level decreases linearly when the objective function value increases from N to Ny and
becomes zero if it is above Ny.

The bounds of the membership function Ni,, Ny be identified by obtaining ideal, non-ideal
solutions of each objective function (Zimmermann, 1978) or it can also be defined through
targets defined by DM in linguistic terms (Gupta & Mohanty, 2015).

This approach handles the problem of incommensurability and different satisfaction at
varying level of multiple objectives effectively. The second problem pertains to aggregation
of multiple membership functions to obtain the overall objective function for the decision. The
membership functions corresponding to multiple objectives needs to be aggregated to obtain
a single objective function. There exist multiple fuzzy aggregation operators to combine the
membership functions and arrive at overall decision function. Induced Ordered Weighted
Averaging (IOWA), an aggregation operator, is used which combines the three membership
functions and attaches the weights corresponding to the specified priority levels. The priority
attached with different objective functions may vary depending on the context of the problem.
The important dimensions of the operator are given below:

The IOWA operator is a k-dimensional function as defined below (Yager, 2003):

k
IOWA : [0, l]k — [0,1]; IOWA : (< ULX] ><UD, XD >, .enn... , < Uk, Xk >) = ijbj
j=1

where X = [x1,x2...xx] are k values to be aggregated. The vector U = [uj...uy] is the
order inducing vector whose magnitudes define the order in which the elements of X to be
aggregated; specifically, By = [b1, by ... bi] is the argument vector X reordered according
to the magnitude of u/s so that b; is the x having associated with it the ith largest among the
values uy, uy ... ug.

When multiple satisfaction levels are aggregated, it could be done based on different
principles such as a decision should meet “all”, “most important”, “at least a few” “almost

all” objectives. These linguistically expressed aggregation principles gives insight into DM’s

93 <

@ Springer



Annals of Operations Research

implicit evaluation framework and thus should be accounted for in the overall decision func-
tion. The concept of linguistic quantifiers is applied to compute the weights based on the
linguistically expressed aggregation principle (Chiclana et al. 2007; Yager, 1993). The quan-
tifier guided aggregation, corresponding to the “most”, denoted as Q(r) = ./ r gives a
procedure to evaluate the overall satisfaction of most important criteria by the alternative Xx.

The weighting vector W = [w, Wa,...,ws] associated with the IOWA operator to aggregate
“s” values is computed using a linguistic quantifier function from Eq. (38) below.

wi:Q(£>_Q<i;l) fori=1,2...5s. (38)

Example: Lets assume, there are three values X = [0.1, 0.3, 0.8] with the order of impor-
tance denoted by vector U = [3, 8, 6] are to be aggregated such that the aggregated value
reflect the satisfaction of the “most important” objectives. For s = 3 values to be aggregated,
the weight to the arguments (in the order of their importance) is assigned as

wi :Q<l>—Q(%> =1/3-v0=0.57

3
w2=Q<§>—Q<%>=ﬁ—\/ﬁ:0.24
w1=Q<§>—Q<¥>=ﬁ—ﬁ=o.19

With these weights [0.57, 0.24, 0.19], the aggregated value of X = [0.1, 0.3, 0.8] is obtained
as JOWA: (< 3,0.1 >,<8,03>,<6,0.8>) =0.57%0.3 + 0.24*0.8 + 0.19*0.1 = 0.382. It
is to be noted that the largest weight is assigned to the argument “0.3” which has the highest
priority.

The priority order of different objectives for the proposed problem is taken as Cost Mini-
mization, Wastage Minimization and Resilience Maximization. The aggregation of the goals
via their membership values is shown in Eq. (39) below.

Max (IOWA : (<Mcoxt,l/vcost>, (uwastage,,uwastage>, (uResilience,MRe.vilience)))
= Max (0-57 * Ueost + 0.24 % UResitience + 0.19 % Mwastage) (39)

Subject to the constraints

Mcost s Mwastages M Resilience <1 (40)

4 Case study of public distribution system in India

India made significant improvement in food grain production from 50 million tonnes in
1950-51 to about 250 million tonnes (MT) in 2014—15 transitioning from a beneficiary of food
aid from other countries to a net food exporter (United Nations). However, India still struggles
to ensure food availability for all and curb the hunger for its 190 million people (Tanksale
& Jha, 2016; IFPRI, 2017). The Food Corporation of India (FCI), a nodal agency for the
implementation of PDS, deals with the procurement, storage, movement and distribution of
food grains to the beneficiaries with the help of central and state governments (Balani, 2013).
According to the CAG report (CAG, 2013 report), India’s grain production and consequently
procurement by FCI has increased manifold to commensurate with the growing demands of
the country. In year 2018-19, the total procurement of wheat by Food Corporation of India
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(FCI) was 357 lakh metric tonnes (LMT) which was significantly higher than the available
storage capacity. But due to the issues of inefficiencies in PDS supply chain and post-harvest
losses during storage and transportation, the food availability for all is a major concern (Irani
et al. 2018). One major challenge is the lack of proper storage infrastructure in both grain
producing and grain consuming states (Tanksale & Jha, 2015). It has been repeatedly reported
by CAG that FCT’s storage capacity is alarmingly low in comparison to the increased stock
of grains procured in order to meet the growing consumption caused by the steady increase
in population. According to Food and Agricultural Organization (FAO), food grains worth
$14 billion is damaged in India annually. Moreover, it has also been observed that a large part
of existing infrastructure is not able to protect the food grains from moisture, heat, insects or
rodents. One of the critical factors in grain quality deterioration is inappropriate temperature
conditions leading to the grain respiration that renders a part of stored grains unfit for human
consumption. In India, 20-30% of total spoilage occurs at the storage stage. The post-harvest
losses are estimated to be 12 to16 million metric tonnes every year. The World Bank stipulates
that this amount is sufficient to feed one third of the poor population of the country (Sharon
et al. 2014).

Climate change and other global crisis often add to the complexity of the problem and
challenges the grain distribution across the country (Maiyar et al., 2017). For Instance, in
year 2015, million tonnes of food grains are spoiled at the storage facilities due to flooding
and rains. Since the storage infrastructure is needed, the sites locations must be strategically
located in such a manner that overall network resilience is enhanced. The storage facilities
must not only provide safe storage during these calamities but also be easily accessible to other
units of the supply chain. The other factors pertaining to ease of operations and maintenance
should be considered to minimise the food loss, transportation and rental costs and enable
efficient distribution in the event of occurrence of any natural disaster or calamity. Also,
the new storage infrastructure at different stages of PDS supply chain must be temperature-
controlled to ensure better preservation and reduce food losses.

To address this problem, the proposed FMOLP is used. The problem considers 8 procure-
ment centres (M ;, M,...Mg), 5 godowns (Gj, G2,...G5), 4 existing silos (E, E>,...E4) in the
producing states (Stage I storage). Similarly, in the consuming state (stage II storage), there
are 7 godowns (GDj, GD;,...GD7) and 5 existing silos (ES;, ES»,... ESs). In the event of
inadequate storage capacity at producing or consuming states, new silos can be constructed
at 8 potential sites (N7, No,... Ng), (F, F2,... Fg) in producing and consuming states respec-
tively. The silos (both existing and new) have the facility of storing in temperature controlled
environment ranging from temperature 7P;, TP>,...TP5s. The cost of storage decreases with
the increase in temperature from 7P;fo TPs5. On each site, there is a possibility to construct
three different sizes of grain silos- small, medium and large having different capacities. From
consuming state storage facilities, the grains are distributed to 7 retail points. The problem
is solved for a planning horizon of 6 time periods (T';, T>...Ts). The problem considers
the distances between procurement centres and various storage facilities, capacities, cost of
holding, handling, transportation and construction of new silos are provided in Appendix B1.
The cost of transportation from producing to consuming states depend on the proportion of
distance covered by rail and road respectively. The proportion and distance between various
nodes are assumed to be known. The quantity demanded at demand centres, quantity avail-
able with producing states, cost of transportation, holding, construction cost and respective
capacities of storage facilities are also known and are provided in Appendix B2. The data
used for numerical illustration has the characteristics of actual bulk grain movement taken
from the website of Food Cooperation of India. The FCI managers, site experts and risk ana-
lysts evaluate the potential sites for silo construction in both producing and consuming states
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Table 3 Resilience scores for potential sites in producing and consuming states

Si* Si- Resilience index Si* Si- Resilience index

Ny 0.732219 1.027392  0.583874 F, 0.76478 0.485559  0.388342
N> 1.049884 0479172  0.313378 Fr 0.40247 0.902356  0.691553
N3 1.090826  0.676341 0.382726 F3 0.750641 0.534418  0.41587

Ny 0.727784  0.912724  0.556367 Fy 0.80125 0.536426  0.401013
Ns 0.830363 0.835243 0.501465 Fs 0.520625 0.796719  0.604792
Ng 0.987807  0.711788  0.418799 Fg 0.748757  0.481171 0.391219
N7 1.025398  0.701392  0.406182 F7 0.831925 0.401202  0.325353
Ng 0.991752  0.632698  0.389485 Fg 0.439424  0.89989 0.671904

on eight different criteria as discussed in Table 2. The new silos locations at the producing
states (N1,...N8) and (F1,...F8) are evaluated on the eight criteria as shown in the first table
of Appendices Al, A2. The criterion C1 ‘Availability of rail siding” is evaluated as {0,1}
indicating absence presence of the siding at a location. The criteria C2-C8 are assessed on the
scale (1-9) denoting satisfaction of a criterion in a location. For simplicity, equal weights are
assigned to eight criteria. The resilience score obtained for both producing and consuming
states. are shown in Table 3. The detailed steps for the calculation of resilience score using
TOPSIS are provided in appendices (A1, A2).

These resilience scores of the potential sites become an input to the FMOLP wherein one
objective is to maximize the overall network resilience. The proposed FMOLP is solved using
the solution methodology discussed in Sect. 3.4. In order to arrive at the membership functions
for maximizing and minimizing goals, the lower and upper bounds obtained by solving the
FMOLP with optimizing one objective at a time. The objective function values obtained while
optimizing a single objective is given in Table 7 below where the ideal objective function
values are boldfaced.

Using Eq. 36, the membership function of resilience maximization with the bounds 1.39,
2.53) is shown below:

0, Res < 1.399255

MRes(Res) = { w7 0755+ 1.399255 < Res < 2.533

1, Res > 2.533

Table 4 Ideal objective function values

Cost minimization Food loss minimization Resilience maximization
Cost 562,429,900.00 1.08E + 09 1,301,106,000.00
Food loss 604.5863 167 392.347
Resilience 1.399255 2.094 2.533

Bold values represent the ideal objective function value for each objective alone
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Similarly, using Eq. 37, membership functions for cost jLcost and food 1oss u oss are given
below:

0, Cost > 1301106000.00
ICost (COost) = { Toraenodd000_Cost 5. 562429900 < Cost < 1301106000.00
1, Cost < 562429900
0, Loss > 604.5863
Iioss (Loss) = { SOL3BEILoss = 167 < Loss < 604.5863
1, Loss < 167

Using Eq 39, the above membership functions are combined to obtain the objective for
FMOLP as follows:

Z = Max(0.57 * jteost + 0.24 % uResitience + 0.19 * fposs)

After solving FMOLP with the above single objective function obtained as aggregation of
membership functions of different objective functions, the resultant decision led to the cost =
628,980,400, res = 1.84 and wastage = 168.2897 which achieved the satisfaction of 0.909,
0.997 and 0.397 respectively in the aspirations of decision makers. The result obtained are
discussed below.

In Fig. 3, the grain procured from the procurement centres during the harvest season is
shown It can be seen from Fig. 3 that two new silos at location Ny and Ng needs to be
constructed in producing states. The capacity would be 200 thousand Metric Tonnes (TMT)
for both the silos. It can be seen that out of total grain procured at mandi M1 i.e. 400 TMT, 60
TMT are stored at godown Gy, 200 TMT are stored at godown G3 and 140 TMT are stored
in existing silo E3. Figure 4 shows the optimized quantities transported from the three kinds
of storage facilities at producing states to the storage facilities in consuming states over a
planning horizon of six months. It can also be seen from the Fig. 4 that five new silos are
being constructed in consuming states at locations F'», F3FsF7 and Fg. Figure 5 shows the
quantity of grains transported from the storage facilities in consuming states to the demand
centres located in consuming states over the planning period of six months. The detailed
solution is provided in appendix Tables C1, C2 and C3.

The diagrammatic representation of the flow of grains from one location to another in the
supply chain of PDS is given in Fig. 6 below. The different modes of transportation i.e. rail
or rod or combined are shown with different kinds of arcs.

5 Computational experiments

In this section, the detailed computational experimentation is carried out using various
problem instances and results are studied. Three problem categories: small, medium and
large-sized are considered to investigate the efficiency of the developed model and analyse
trade-offs among three conflicting objectives. The problem sizes are defined based on the
number of procurement centres, stage-I storage facilities, stage II storage facilities, retail
points and time periods in the planning horizon. The data generated for these experiments is
benchmarked with several reliable secondary sources such as PDS portals of India, Ministry
of Consumer Affairs, Food and Public Distribution. Table 5 presents the problem sizes in
terms of the various components of PDS. Further, range of the problem parameters are pro-
vided in Table 6. Table 7 provides the comprehensive description of each type of problem

@ Springer



Annals of Operations Research

250

200

150

100

250

200

150

100

250
200
150

100

300
250
200
150
100

Procurement Centre 1

G1G2G3G4GS5E1 E2E3 EANIN2N3N4NSN6N7NS

Procurement Centre 3

G1G2G3G4GSE1 E2 E3 E4ANIN2N3N4N5N6N7N8

Procurement Centre 5

G1G2G3G4GSE1 E2 E3 E4ANIN2N3N4N5SN6N7N8

Procurement Centre 7

G1G2G3 G4 G5 E1 E2 E3 E4 NI N2N3N4N5N6N7N8

Procurement Centre 2

180
160
140
120
100
80
60
40
20 I
0
G1 G2 G3 G4 G5 El E2 E3 E4 N1 N2 N3 N4 N5 N6 N7 N8
Procurement Centre 4

120

100

80

60

40

20

0

G1 G2 G3 G4 G5 E1 E2 E3 E4 N1 N2 N3 N4 N5 N6 N7 N8
Procurement Centre 6
300

250

200

150

100
50 I
0

G1 G2 G3 G4 G5 E1 E2 E3 E4 N1 N2 N3 N4 N5 N6 N7 N8

Procurement Centre 8

250

200

G1 G2 G3 G4 GS E1 E2 E3 E4 N1 N2 N3 N4 N5 N6 N7 N8

Fig. 3 Optimal storage and grain movement from procurement centres to stage I storage in producing states

instance along with the total number of decision variables and constraints in corresponding
formulations.

Table 8 summarizes the objective function values obtained when the FMOLP is solved
by optimizing one of the objectives. The ideal values for each objective are shown in
boldface. It can be shown that the results differ across different instances. In order to under-
stand the trade-offs between the three criteria, satisfaction levels of different objectives are
obtained as shown in Eqs. (36) and (37). For example, in the first problem of small size
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Fig. 4 Optimal distribution of grains from producing to consuming states

category, satisfaction level of decision maker for the wastage = 347.172 is obtained as
(461.5957-347.172)/(461.5957-321.79) = 0.814 when the cost is optimized. As shown in
Fig. 7 (top left), when the decision is taken with a single objective of cost optimization, very
less satisfaction in the range [0,0.35] is achieved in other two objectives. This gives evidence
of the extent to which economic considerations conflict with food wastage and resilience
objectives. Further, this validates the reason for the application of fuzzy multiple objective
technique to arrive at a solution that achieves satisfaction in all the objectives to a reasonable
level.

The numerical experiments validated that our methodology helps us in arriving a solution
with the satisfaction level in the range of [0.8, 1] as shown in Fig. 7 (bottom right).

The classic problem of network design optimization in supply chain is known to be NP-
hard (Allaoui et al. 2018). Since the problem studied in this paper integrates both strategic
and operational aspects of agri-food supply chain, it’s also NP-hard. To get some idea on the
computation time, the average computation time for three problem categories are given in
the Table 9 below.

Though the problem instances considered in this analysis are solved within a reasonable
time but it was observed that computing time can significantly increase when problem size
is further increased. The categories have been defined based on the number of nodes in the
supply chain network and thus impact the number of decision variables and constraints in the
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Fig. 5 Optimal quantity transported from storage facilities in consuming states to demand centres
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Fig. 5 continued

problem. Therefore, the computational time could become exorbitant with a problem with
higher dimension (Maffioli & Galbiati, 2000). There are various approaches to deal with the
NP-hardness of the optimization problem which can be used for the problems of large size
such as constraint programming (Galinier et al. 2011), machine learning algorithms (Guo
et al., 2007) and meta heuristic methods (Janiak et al. 2013).

6 Implications and theoretical contributions

The following are the key managerial and theoretical contributions proposed in this study:

6.1 Managerial implications

The proposed FMOLP can help decision makers to integrate the decisions regarding pro-
curement, storage and transportation in a multi-echelon supply chain. This improves the
coordination among different stages of the supply chain and improves the overall operational
cost and reduces the food wastage. The proposed model can also help decision makers to
identify the lack of storage infrastructure at different stages of agri-food supply chain. The
framework also provides decision makers with a framework to identify the resilient sites
for constructing storage infrastructure that simultaneously minimizes operating cost and
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Fig. 6 The graphical representation of the solution obtained

food wastage in the network and maximizes the network resilience. This study also estab-
lishes the relationship between the storage temperature and the food quality degradation and
can help the decision makers to account for the food loss at various storage facilities and
deciding on the optimal storage temperature. Through the proposed model, three conflicting
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Table 6 The values of input parameters of the model

Parameters Range of values Parameters Range of values

Capg 250 P 0-1

Cape 300 dij 200-1000

GPy, 200-1000 HCyg 2-5

CCsq 30,000,000-50,000,000 HC eT, 2-5

CCyyq 250,300,350 HCST[ 2-5

CRy 5,000,000 HCg/t 5

CTmg 5-10 HCeT,t Increase from 5 to 10 with a unit decrease in
temperature

CT e 5-10 H CZ:I Increase from 5 to 10 with a unit decrease in
temperature

CT s 5-10 D 5%

DSpmg 40-100 d; Decrease from 5 to 1% with unit decrease in
temperature

DSpe 50-120 d; Decrease from 5 to 1% with unit decrease in
temperature

DS 80-150 dﬁ/ Decrease from 5 to 1% with unit decrease in
temperature

RPs 0,1 d}/ Decrease from 5 to 1% with unit decrease in
temperature

RCs 0,1 Cc [0.2,0.8]

TCR 30 CS*, [0.2,0.8]

TCT 20

concerns of decision maker—minimizing cost, reducing quality degradation and maximiz-
ing site resilience are jointly addressed. The computational experimentation conducted for
different problem sizes (small, medium & large) investigate the efficiency and robustness
of the proposed FMOLP and analyse the trade-off among three conflicting objectives. The
fuzzy goal programming-based solution approach used in the paper provides a well-regarded
framework to incorporate aspirations of the decision maker. This helps decision makers to
understand the trade-offs between the operational and strategic objectives in the system and
consider the important aspects of quality and resilience into the storage and distribution of
food rather than only making cost centric decisions.

6.2 Theoretical contributions

The proposed FMOLP in this paper contributes to the literature by simultaneously addressing
the operational objectives of overall operational cost minimization and food loss reduction
and the long-term strategic objective of maximizing network resilience in a single framework.
There is a limited work done on modelling resilience into agri-food supply chain networks.
To address this, the paper proposes a framework to evaluate the need for improving the stor-
age infrastructure and evaluate the resilience score of each potential site for construction
of storage infrastructure at different stages of the supply chain. The paper also proposes
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Table 9 Computational Time of .
the model Problem category Average computing time (s)
1 Small 6.3
2 Medium 15
3 Large 1371

the quality degradation function to account for the food loss occurring at the storage facil-
ities at different stages of multi-echelon supply chain. The paper develops a FMOLP for
integrated procurement, storage and transportation decisions in a multi-echelon agri-food
supply chain considering three conflicting objectives—minimizing operational costs, mini-
mizing quality degradation and maximizing site resilience. The paper proposes a fuzzy goal
programming-based solution methodology to obtain the aggregated objective function and
performs a detailed computational experimentation to study the robustness of the proposed
model considering a range of problem sizes. The paper also analyses the trade-offs among
three conflicting objectives of operational costs, quality degradation and resilience under
single objective and multiple objectives approach. The incorporation of multiple -objective
model enhances applicability of our work which considers a balanced and long-term approach
towards agri-food supply chain network design. The proposed model is illustrated using a
realistic case of Public Distribution System in India and long-term sustainable strategies for
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the development of resilient and well-coordinated supply network are discussed along with
the operational objective of minimizing cost and food wastage.

7 Conclusions and Future scope

The paper models the integrated procurement, storage and transportation decisions in a multi-
echelon agri-food supply chain as a fuzzy multi-objective linear program (FMOLP) in order
to ensure well-coordinated flow of materials across various stages. The proposed model
jointly addresses the operational and strategic interests of the decision maker in the network
design. It is important to establish proper infrastructure for food storage which also maintains
food quality, nutrition value & prevents the food from insects, rodents or microorganisms. It
is observed that the existing storage infrastructure in agri-food supply chains is inadequate
in terms of capacity as well as technological infrastructure. The model evaluates the need
to construct additional storage facilities at different stages of multi-echelon supply chain
and proposes the framework to assess the resilience of each potential site. The resilience of
potential sites is comprehensively evaluated using a set of quantitative and qualitative criteria.
The strategic decision of augmenting the storage facility is integrated with the operational
decision of minimizing the food loss and total operational cost across the chain. The paper
also proposes the food quality degradation function with respect to storage temperature and is
used to account for food loss across various stages in the supply chain. The paper provides an
integrated approach of optimizing a multi-echelon agri-food supply chain configuration based
three conflicting objectives of cost minimization, food loss minimization and maximizing
resilience using a fuzzy goal programming-based solution methodology. The proposed model
is illustrated and solved for the realistic case of Public Distribution System (PDS) in India.
The government have a strategic plan to construct new silos and use them along with the
existing storage facilities in order to cover the existing storage gap and minimize supply
disruptions. There is also a need to improve the chain performance by minimizing the overall
operational cost and reducing the food loss. Therefore, proposed FMOLP is used for this
case. The detailed computational experiments are carried out in the paper to reinforce the
predominance of one objective over the other two objectives when single objective focussed
approach is used. It is observed that optimizing the operational cost is often the key concern
for decision makers. However, our computational results reveal that it is possible to consider
alternative managerial policies that can offer a different and effective compromise between
the economic, resilience and food loss objectives in pursuit of a more sustainable and resilient
supply chain.

This work can be extended by studying the multi-product supply chain having differ-
ent harvest and procurement seasons. Future research could also focus on contrasting and
connecting solutions with different strategies. In this paper, the problems of varying sizes
are solved within reasonable time limit, however, for the problems of higher size computa-
tional time may significantly increase. Therefore, certain meta-heuristics can be developed
to further improve the efficiency of the approach in terms of computational time.

Appendix A1: Steps of TOPSIS for evaluation of sites in producing
states
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