A Multi-Objective Mixed-Integer Linear model for Sustainable
Fruit Closed-Loop Supply Chain Network

Abstract

Purpose: This paper presents a closed-loop supply chain (CLSC) optimization problem for a perishable agricultural
product to achieve three pillars of sustainability, including minimizing total network costs and carbon dioxide (CO,)
emissions from different network activities and maximizing responsiveness to demands simultaneously.
Design/methodology/approach: The research problem is formulated as a multi-objective (MO) mixed-integer
linear programming (MILP) model, and classical approaches, including the LP-Metric and weighted Tchebycheff
method have been applied to solve the optimization model. A set of test problems has been proposed to validate the
model and the results are presented.

Findings: Computational time to find Pareto optimal solutions by using the weighted Tchebycheff method was twice
as much as that of the LP-Metric method. Also, the result of the study is a mathematical model that can be applied to
other products that are close to the fruit, such as vegetables.

Research limitations/ implications: The present study is limited to fruits supply chains and the inventory is
considered at the distribution centers only. The study also considers only one type of transport.

Practical implications: The paper can assist supply chain managers to define strategies to achieve a sustainable
CLSC network configuration for the fruits.

Originality/ value: This research is one of the early studies to consider environmental indicators in fruits supply
chain design along with two other indicators of sustainability, namely economic and social indicators. Therefore, this
can help supply chain managers to achieve sustainability by optimizing location decisions, inventory quantities, and
flow between facilities.

Keywords: Sustainable supply chain; Multi-objective optimization; Closed-loop network; Reverse logistics.
Paper type: Research paper

1. Introduction

In today's world, the supply of food for human consumption is one of the fundamental problems, so that food security
and quality assurance have become the significant goals of governments. Therefore, agricultural production has been
considered extensively to supply food (Tsolakis et al., 2014). On the other hand, agriculture is the most important
driver of environmental change in the world (Godfray and Garnett, 2014). Eventually, the awareness of environmental
pressure drives the demand for sustainable production in the agricultural sector. Also, the formulation of government
regulations on environmental issues has prompted industries to redesign their supply chain (SC) networks to
incorporate all aspects of sustainability: social, environmental, and economical called the triple bottom line (TBL).
The adoption of new technologies that focus as much as possible on the use of natural resources and materials is one
of the requirements of a supply chain that underscores environmental-friendly behavior.

Annual crops refer to those crops those complete their cycle within one year. Therefore, in order to make these crops
available throughout the year, most of them are stored in suitable warehouses for several months, and only a small
part of the production is directly sent to market after harvest. Therefore, a large volume of food crops, about 30%, gets
degraded and decayed every year (FAO, 2011). Due to growing environmental concerns and stricter laws on waste
generated during product development and subsequent stages, one of the most complex issues that need to be noticed
is the management of these waste at both strategic and tactical levels. This issue has led to the emergence of the
concept of the closed loop supply chains (CLSC) in which waste from various echelons of the forward SC is considered
as a product returns (Easwaran and Uster, 2010). Waste products are precious in terms of both cost and environmental-
friendliness (Krikke et al., 2013). This reduces the amount of waste that needs to be buried and since both forward
and reverse SCs exist, we deal with a CLSC (Guid et al., 2003; Stindt and Sahamie, 2014).

In addition to the transportation and human resources costs of collecting and disposing rotten and waste fruits, the cost
related to harvesting, processing, maintenance, and other implicit costs should be considered. Given that these costs



could be significant, the necessity of reverse logistics planning in the fruit supply chains (FSCs) cannot be denied
(Cheraghalipour et al., 2018). Consequently, a sustainable CLSC network can be an essential source of competitive
advantage and customer satisfaction (Hatefi & Jolai, 2014). Items that are not used in the long-term and that their
value is partially recoverable are taken into consideration in CLSCs (Flapper et al. 2005). SC planning, especially in
the area of production and transportation planning, has been extensively studied (Catala et al., 2013; Mula et al., 2006),
but is less common in the agricultural food industry.

In the recent decade, the agricultural supply chain (ASC), which refers to the chains that produce and distribute
agricultural and horticultural products, has received widespread attention. Two main types of ASC are identified: fresh
agri-foods and non-perishable agri-foods SCs. Fresh products are examined for their logistical complexity, limited
shelf life, and public interest in their health (Ahumada and Villalobos, 2009). In the ASC products, the raw materials
used for production usually diminish due to consumption or are lost due to their loss of value (e.g., spoiled foods). It
should be noted that spoiled foods can be valuable in other supply chains. These spoiled products are utilized to
produce materials such as organic fertilizer or the growth medium. Therefore, closed loops at ASC may need to
reconceive business processes and redesign distinct logistics structures fundamentally.

The design of the integrated forward and reverse network must be carefully handled since strategic decisions (e.g.,
establishment of facilities) play a vital role in the performance of a supply chain and are very costly and time-
consuming. That's why supply chain management is so important that it has been studied in many aspects over the
past two decades and experts hope to improve the sustainability and profitability of the entire supply chain (Amoozad
Mahdiraji et al., 2019). A CLSCs can provide environmental and social benefits, in addition to saving cost on perishable
products. Thus a proprietary model for crops is required to investigate the objectives of an CLSC, including cost,
environmental, and social objectives.

A review of the literature conducted within the context of this study has enabled the identification of gaps in
mathematical modeling research on sustainable CLASCs design optimization. This paper proposes a multi-period,
multi-level model of CLSC network that includes manufacturers, distribution centers, composting centers, and
customer locations of products derived from forward and reverse flows. In this research, vermicompost facilities, one
of the main methods of recycling organic waste, are regarded in reverse flows. The result of this process is obtaining
a significant amount of organic fertilizer, in addition to maintaining human health and the environment. In this study,
a mixed-integer linear programming is developed in the form of a multipurpose formula designed to address costs,
carbon dioxide emissions, and customer demand for each segment (forward and reverse flows), providing optimal
facility location. Moreover, it determines the optimal flow of products between facilities and the level of optimal
inventory at distribution centers. The proposed CLSC model is an attempt to obtain Pareto-optimal solutions for trade-
offs between the three pillars of sustainability in the supply chain network.

The remainder of this article is organized as follows. The related literature is reviewed in Section 2. In Section 3, the
problem is described in detail. In Section 4, the mathematical model is formulated. Subsequently, the results of the
test problem to evaluate the model performance and the comparative analysis of the two classical approaches to solve
the optimization problems are discussed in Section 5. Finally, Section 6 presents the main conclusions and future
research directions.

2. Literature review

In recent years, ASC has gained a prominent role in supply chains due to its unique features such as the importance
of product quality, supply, demand, climate change, and price changes. Agricultural products are divided into two
categories of perishable and non-perishable, in terms of shelf life, and two categories of crop and horticultural items
in terms of the life cycle (Ahumada and Villalobos, 2009). Recently fresh fruits have become popular across the globe
that leads to increased demand for such products. Consequently, effortless access to fruits throughout the year, and its
quality are paramount issues that prompt the recognition of the agricultural industry as the principal part of the
industry. In recent years, the agricultural food industry and particularly the fresh fruits in general have been recognized
and discussed as a critical concept for competitiveness in the SCs (Lucas and Chhajed, 2004). However, there are
limited studies investigating the fresh fruits reverse logistics. The following section focuses on a brief description of
studies related to agricultural SCs, sustainable and reverse logistics supply chains, and CLSCs.



2.1 Mathematical Models in Fruit and Agricultural Food Supply Chains

Numerous research studies have been conducted in the field of perishable foods such as seafood (Brodheim et
al.,1975), dairy products (Sharma et al., 2019), fruits, and vegetables (Osvald & Stirn, 2008). One of the earliest
studies carried out by Ahumada and Villalobos (2009) focused on the simulation models in the ASCs of a variety of
perishable and non-perishable agricultural foods as well as vegetables. In another work, Audsley and Sandars (2009)
surveyed the Agricultural Research Operations Model limited to examining British developments. Subsequently,
Zhang and Wilhelm (2011) presented a fascinating version of mathematical models for the crop industry, including
fruits, vegetables, grapes, ornamental plants, tree nuts, berries, and dried fruits. Shukla and Jharkharia (2013), on the
other hand, published a review of the literature from 1991 to 2011 on the production of fresh produce such as fruits,
flowers, and vegetables. Alongside, several studies have conducted on mathematical models in the field of ASCs and
the FSCs. Amorim et al. (2012) have studied the production and distribution of perishable food to optimize freshness
of the fruit. Verdouw et al. (2010) elaborated a basic model for designing fresh and processed fruit SCs. A transport
planning model for the FSCs, in which several storage centers provide a fruit logistics center on demand during the
off-season, was developed by Nadal-Roig and Pla-Aragones (2015).

Additionally, a fresh fruit SC model was presented along with a brief review by Soto-Silva et al. (2016). Etemadnia
et al. (2015), using binomial transport options, suggested the optimal location of the wholesaler facility for the fruit
and vegetable SCs and suggested a heuristic approach for achieving results. Several studies, such as the product
planning model developed by Sarker and Ray (2009) as a multi-objective optimization model, addressed the multi-
objective analysis of ASC planning problems. Sarker and Ray’s (2009) procedure acknowledged as the e-constrained
method and some multi-objective metaheuristic algorithms. In fact, the development of meta-heuristic algorithms has
resulted in finding optimal solutions to real-world problems in a reasonable computational time (Ghaffarinasab et al.,
2018).

2.2 Sustainable Supply Chain

The carbon emission index widely used as a validated indicator for quantifying environmental effects is currently
being used by various researchers to evaluate the environmental impacts of SC activities. The multi-objective linear
programming model proposed by Paksoy et al. (2010), deals with minimization of the CO2 emission and costs in
forward logistics, as well as the minimization of SC costs only in reverse logistics. Kannan et al. (2012) considered
the carbon emission rate as a decision variable in their proposed model in which the plastic logistics network is
modeled as a mixed-integer linear programming problem. Pishvaee et al. (2012) developed the environmental impacts
of facility construction and transportation of products alongside the objective of the total cost function in a reverse
paper recycling SCs in their suggested model. They used a fuzzy programming approach to deal with the uncertainty
of parameters in their model. Recently, the concepts of sustainable SC and social responsibility have been developed
as interesting topics for the researchers in the field of SC design. El Korchi and Millet (2011) examined the criteria to
achieve a sustainable SC that simultaneously encompasses economic, social, and environmental considerations.
Dehghanian and Mansour (2009) established a sustainable rubber recovery network which takes into account the
economic, environmental, and social impacts simultaneously. They used a life cycle analysis to assess end-of-life
ecological effects of used tires and measure social responsibility to evaluate the social impact and profit function to
determine the economic impact. They also adopted analytical hierarchy process (AHP) to calculate the social effects
as well as a multi-objective Genetic Algorithm (GA) to find a Pareto-optimal solution.

2.3 Reverse Logistics and Closed Loop Supply Chains

One of the environmental issues in SCs is the amount of waste produced, and in response, its recycling has attracted
the attention of experts and researchers (Paksoy et al. , 2010; Piyathanavong et al., 2019). The goal is recovering the
value of some products after they have been consumed instead of being discarded (Dekker et al., 2012). Value recovery
of a product typically involves reverse logistics activities such as recycling, product upgrades and waste management
(Fernandez-Gonzalez et al., 2017; Xiong et al., 2016). Therefore, reverse logistics includes all activities that start with
the used product (meaning not be user requirements) until they can be reused in a market (Fleischmann et al. 1997).
Furthermore, the importance of reverse logistics has resulted in economic benefits and has a positive social image for
companies (Kannan et al., 2012). Therefore, a better evaluation of product return, and effective reverse logistics can
provide a competitive advantage (Stock & Mulki, 2009). Over the past decade, several reverse logistics network design
models have been developed as CLSCs defined as a chain in which both forward and reverse logistics are combined.
In a CLSC, material flows are circular, and manufactured products are not disposed of after being used but instead
dismantled, reused, recovered, or recycled as raw materials (Hassini et al., 2012; Mangla et al., 2018). Wang et al. (2011)
proposed a nonlinear model for the problem of CLSC design in which the pervasive tree approach is used to model



the problem. Pishvaee et al. (2010) presented a mixed-integer linear programming model to minimize transportation
costs and fixed construction costs in a multi-echelon reverse logistics network using a simulated annealing algorithm.
Multi-objective optimization is currently being used to solve different decision-making problems and test the
performance of different configurations and operational strategies in the SC (Aramyan et al., 2011 and Ramudhin et
al., 2010). Ramezani et al. (2013) presented a multi-objective probabilistic model for the integrated logistics network
design under uncertainty. In their research, the levels of decision making in the forward network include suppliers,
production centers, and distribution centers and in the reverse network include collection centers and disposal centers.
The objective functions (OFs) used in the model are intended to maximize profit, customer responsiveness, and
quality. Ozkir and Basligil (2012) examined the critical features of CLSC creation, including product recovery
processes. After defining CLSC levels including customers, collection centers, production centers, recovery centers,
and distribution centers, they provide an multi-objective optimization model with the objectives of maximizing
business satisfaction, customer satisfaction, and ultimately total profits. Food wastes mainly occurs in the primitive
and last stages of the SC, namely agricultural production, inspection, and storage immediately after harvest and
consumption (FAO, 2013). That can be utilized in a wide range of industrial applications, containing energy
production, animal feed production, chemical, or pharmaceutical applications (Girotto et al., 2015). Some publications
provide mathematical models for optimizing the production of biofuels in several criteria. For instance, Ziolkowska
(2014) examined optimal fossil fuel production and proposed a fuzzy PROMETHEE technique to obtain coefficients
for a linear programming model that incorporates fuzzy constraints associated with unresolved access to resources
such as water and land use.

Whereas the above studies provide mathematical models for what is known as reverse SC for food products, these
studies are not CLSC because the waste is not consumed in the same chain. Stindt and Sahamie (2014) argue that
research on CLSCs in the process industries are limited, and challenges for non-integral products are not adequately
addressed. In discrete manufacturing products, most of the valuable flow of material with similar original properties
is dismantled and kept in stock until reused. On the other hand, in CLASCs, product rotation is significant, and crops
that need to be recycled often need to be improved by adding value in processing. The need to enhance product value
during specific recovery and reverse flow of waste due to sopilage, which is generated from the production process
and not by customers, the models developed in the agri-food SC are different from those developed for the discrete
sector industries. As far as we know, few ASC decision support models in the literature consider material flows as
closed loops that utilize waste material for production in the same SC. Banasik et al. (2017) studied the CLSC of
industrial mushrooms and presented the first framework for the CLASC. In the studied mushroom SC, the crop
medium can be reused or recycled. As such, they have proposed a complex integer linear programming model for the
CLSC design challenge to balance economic and environmental indicators. Cheraghalipour et al. (2018) developed a
new mathematical model solved by some renowned meta-heuristic algorithms to reduce citrus CLSC costs and
maximize meeting customer demand in forward and reverse flow. In this model, rotten citrus fruits are collected from
all progressive stages in the SC and transferred to composting centers and then processed into organic fertilizer.
Eventually, these fertilizers are purchased by the producers (gardeners) and are entered to the SC.

According to the research by Mirabella et al. (2014), the environmental and economic implications of CLs in the field
of ASC, especially in real case studies, should be examined. Also, conventional waste recovery options (reuse, repair,
recover, and recycle) do not apply to individual products, and there are challenges in reviewing recovery options for
process industries. Based on the case study in our paper, we will make the first attempt to create a framework for
sustainable CLASCs.

3. Problem definition

In line with national and international regulatory frameworks, the concept of sustainable SC has been translated by
industries into a set of strategic decisions and operational practices, some of which have indirect effects on the entire
SC. Even though research on sustainable SC has long been introduced, further research developments in this area,
given its expanse, are still needed. Especially in the field of sustainability research at the ASC is rarely seen. It should
be noted that no study has assessed the negative environmental impacts of ASC.

In this paper, a multi-objective mathematical model to optimize the CLSC performance of fruits, which supports three
sustainability pillars including economic, social, and environmental performance, is developed in the form of an SSC
network scheme. In this model, in addition to minimizing the total cost in a specific CLSC scheme, social performance
is evaluated based on responding to customer demand as well as environmental performance based on carbon dioxide
emissions. The proposed logistics network is a multi-period and single-product, and as illustrated in Figure 1 is a five-
echelon network including producers (gardeners), distribution centers, fruit customers, composting centers and
compost customers. Figure 1 also shows the forward and reverse flows between supply chain echelons. This model



allows decision-makers to achieve the optimal CLSC design of fruit and determine the number and location of facilities
(distribution centers and composting centers) that need to be included in the network and optimizes the amount of
product flow between different segments, the inventory of distribution centers and the amount of product shipping
from gardens. In this model, three product forms (fresh product, rotten product and, composted product) are considered

which details the product flow based on the product form as follows:

Fresh products that have the quality needed for consumption is transferred from producer to customer and
distribution center, which lasts for up to three periods (months), as the fruit harvest time. In addition, part of
the customer's unsatisfied demand is satisfied with distribution centers. This part of the flow is assumed to

last up to eight periods as the fruit Storage time.
Spoiled and wasted products, collected from fruit’s customers, distribution centers, and gardens, some of

which are transferred to composting centers, many of which are disposed, and transferred to landfills. These
products flow from gardens for up to three months and from distribution centers and customers for up to

eight months.
Composted products that are obtained from the conversion of the waste products, through specific processes

in the composting centers, to meet the compost markets and gardens demands.

xikt
!

I Distribution centers(j)
Customers (k)

Producers(i) l E
T @ * Xijt IE —-xm (K:i?
- e
!
g = T ~
. . l’
S / /
! Kiae
r -
H #
7
i
i
]

\\.
Kise
;
]
1
1 rd
;
!

4 o

Reverse flow

Forward flow ———»

Figure 1. the proposed CLSC network

The proposed model is based on the following assumptions:
The customers and producers (gardens) locations are predetermined and fixed.

[ ]
The initial inventory of distribution centers is zero

[ ]
In any echelon in forwarding flow, the quality of the fruits may decline and, as a result, become indespensable

[ ]
and can be transferred to reverse logistics.

Customers' demands in both markets are given.
Products shipped from gardens are considered variable because not all gardens’ products are considered on

[ ]
the network, and products dispatched from each of them are expected to be less than or equal to the maximum
production. Other products that are not shipped from the gardens are considered to be wasteful, so they

diminish financial and environmental performance.
Disposed products are only eliminated by transferring them to landfills.



4. Mathematical model

According to the problem described in the previous section, the SCLSC model includes the following indices,
parameters and variables. The indices i, j, k, I, 0, and t include gardens, available and candidate distribution centers,
fruit customer locations, existing and candidate composting centers, compost customer locations, and periods,
respectively. Model Parameters are Forward and Reverse Markets Demand, Shipping Costs, Distance between
facilities, Fixed and Variable Costs, Fixed CO2 emissions due to establishing facilities, Capacity Limits of facilities,
CO2 Emissions from Different echelons Activities, and CO2 Emission due to transportation. Binary and continuous
decision variables are used to achieve the objectives of the mathematical model, namely determining the structure of
the SSC network and the amount of product flowing along with the network.

4.1 Indices

i=1,2...,1 The production locations (Gardens)

=52 ...,4 The fixed points of the distribution locations
2=12...,/ The potential points of the distribution locations
j=12, ..., (ith) All points of the distribution locations
k=1,2... K The customer locations (fruit markets)
h=12...L The fixed points of the compositing locations
Lh=12...,L The potential points of the compositing locations
I=1,2 , (LitLy) All points of the composting locations
t=1,2,...,¢t ..., T Time periods

o1r=12...,0; The compost markets

=12 ...,0, Some of producers/ Gardens as compost customers

0=12...,(0+0,)

4.2 Parameters

The compost customer locations

f Fixed cost of opening a fruit distribution center j
fi Fixed cost of opening a composting center /

d. Transportation cost per unit of distance per unit of product, ($/km.ton)

dyy Distance from Location r to Location 7', (km)

chy Holding cost per unit of inventory from distribution center j at Time ¢, ($/fon)

cpjr Processing and packing cost per unit of products from distribution center j at time ¢
cry Compost manufacturing cost per unit of products from compositing center / at time ¢
cp' Production cost per unit of products

P Weight coefficient (importance) to respond to the fruit demand

du Demand for the processed product by customer £ at time ¢

1—p Weight coefficient (importance) to respond to the compost demand

do' Demand of reprocessed product (compost) by compost market o at time ¢

fej Fixed emissions to establish (opening) distribution center j

fei Fixed emissions to establish (opening) composting center /

eh; Holding emissions in distribution center j

ep; Emissions of processing and packing per unit of products from distribution center j
ecy Emission for reprocessing product in compositing center /

epi’ Production emission per unit of products from producers

de Transportation emissions per unit of distance per unit of product

0y Waste percentage of the harvested product by producers at time ¢

M A big positive number

Acit Production capacity of producer 7 at time ¢

Ahj Holding capacity of distribution center j

6, Waste percentage of the stored product by customers at time ¢

I Waste percentage of the stored product by distribution centers at time ¢

Ary Compost manufacturing capacity of composting center /

1)) Conversion rate of the fruit to compost

we Destroying cost per unit of wasted fruits

we Destroying emissions per unit of wasted fruits

4.3 Decision variables

W;

1 If distribution center j is opened at the location, 0 otherwise



Y 1 If composting center / is opened at the location, 0 otherwise

X Flow of product from location re(i, j, k, [, o) to location r'e(i, j, k, [, o) at time ¢, (fon)
1hj Quantity of stored, processed products by distribution center j at time ¢, (fon)
Ait Quantity of production entered into the supply chain by producer i at time ¢

4.4 Objective functions

The proposed mathematical model formula in SSC design is divided into two parts, namely objective functions and
constraints. The proposed mathematical model has three objectives: to minimize the total cost (Z°*'), to maximize
responsiveness to customer demand (Z"¢P°"sveness) and to minimize total CO2 emissions across the entire SC (Zemissiom),
The mathematical formula of objective functions and constraints are described below.

4.4.1 Cost objective
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First objective function (Z°*") minimizes the total costs comprised of fixed costs of openning new distribution centers
and composting centers at candidate locations (Z;), the cost of transporting the product as shown in Figure 1 (2>),
fruits holding cost at distribution centers (Z3), production cost of gardens, processing cost of distribution centers
(processes related to the preparation and packaging of fruit to market) and reprocessing costs of composting centers
(Z4), and destroying Cost of wasted fruits (Zs). Wasted fruits are those fruits that remain at the facility, except for
inventory in distribution centers, and do not flow or be consumed in the supply chain. The mathematical formulation
of the objective function is described in Eqgs. (1)-(6).

4.4.2 Responsiveness objective
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The second objective function (Z¢rorsivenessy maximizes the responsiveness to customer demand in both flows which
consists of two fractions that determine the percentage of demand met for the forward and reverse logistics. The first
fraction dividing the amount of input flows into the customer’s areas in the forward flow by the total amount of fruit
customers’ demands and the second fraction dividing the amount of input flows into the customer’s areas in the reverse
flow by the total amount of compost markets demands. The maximum value of this function is when the amount of
incoming streams to the customer’s areas is equal to the demands level in both streams, which is equal to 1 and is
between 0 and 1. The importance of meeting customer demand in both flows (p and 1-p) can also be different. The
mathematical formulation of the objective function is described in Eq. (7).

4.4.3 Carbon emission objective
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The third objective function (Z°™$°") minimizes the amount of CO, emissions comprised fixed CO, emissions due to
establishing the new potential facilities (Z7F), CO, emissions due to holding inventory (Z7%), CO, emissions due to
processing and reprocessing (Z7%), CO, emissions due to transportation (Z°7), and emission of CO, due to destroying
disposal fruits (Z"P). The mathematical formulation of the objective function is described in Egs. (8)— (13).

4.5 Constraints
The constraints of the mathematical model are given next, Egs. (14)— (32).
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Constraint (14) ensures that the amount of the entered products minus the wasted amount is equal to the number of
products shipped from producers to distribution centers and customers. Constraint (15) ensures that the products are
shipped to a potential location only if a distribution center is opened in that location. Constraint (16) provides that the
entered product of each producer is less than or equal to the anticipated maximum production rate. Constraint (17)
ensures that each distribution center inventory level in each period is equivalent to the previous period inventory level
plus the number of products received from producers minus the number of products shipped to customers and
composting centers. Constraint (18) shows that the distribution center inventory in each period is less than or equal to
the holding capacity of the distribution center. The fact that each customer’s demand in each period is greater than or
equal to the number of products received from producers and distribution center is enforced by constraint (19).
Constraints (20) show that the quantity of vermicompost shipped to compost markets in each period is less than or
equal to the demand of each compost markets. Constraints (21) shows that the returned product shipped to composting
centers from each producer is less than or equal to the waste rate of production. Constraints (22), (24), and (26) express



the fact the returned products may be shipped from producers, distribution centers, and markets to a composting center
only if a composting center is opened in a potential location for such facility, respectively. Similar to the constraint
(21), constraint (23), and Constraint (25), confine the shipped products to the maximum capacity of the facilities.
Constraint (27) ensures that all received returned product from the producers, distribution centers and customers
multiplied by the conversion rate is equal to the total reprocessed product (vermicompost) sent to compost markets.
Constraint (28) show that the quantity of vermicompost shipped to compost markets in each period is less than or
equal to the manufacturing capacity of each compost market. Constraint (29) implies that the quantity of fruits shipped
from the customer area to composting centers in each period is less than the sum of inputs to the customer area. Finally,
the binary and non- negativity restrictions on the corresponding decision variables are shown in constraints (30) and
(31) and (32).

5. Solution method

Our problem is multi-objective, and there are various methods such as g-constraint (Haimes et al., 1971), LP-Metric
(Pasandideh et al., 2015), goal programming (Sharma et al., 2003), and evolutionary algorithms (Che and Chiang,
2010) to solve these problems. Multi-objective mathematical programming involves several conflicting objectives that
must be optimized simultaneously, and there is no single optimal solution that optimizes all objective functions
simultaneously. In fact, in this kind of problem, any objective can be improved without deteriorating the performance
of at least one of the other objectives. These solutions are known as the Pareto optimal solutions and are obtained
using a scaling methods. In this research, the LP-Metric method, known as the most popular method, and the weighted
min-max (also called the weighted Tchebycheff method) are used to obtain Pareto optimal solutions. Therefore, the
multi-objective problem with some parameters becomes a single-objective optimization problem. In these methods,
the objective functions are combined with appropriate weights. Determining the weight of functions is a challenge.
Weights (w;, w2, w; in this case) are determined by the decision-makers through some methods such as AHP.

The mathematical formulas of these methods for solving an multi-objective problem with three goals are shown in
Egs. (33) and (34).

e [P-Metric method

Minwl(flf;l*fl*j —wz(ﬂf;;;j +w3(f%] S.tEgs. (14)-(32) (33)

Where w, >0, w, >0 and w, >0 are weights such that w,+w,+w; =1, f,, f, and f; are the

objective functions that /|, and f, are minimizing and f, is maximizing, and f’ 1* ,f 2* and f 3* are the ideal
solutions. 1 <p <o, is a norm metric that indicates the degree of emphasis on the existing deviations.

e weighted min-max method

Min y s.twl[@JSy WQ(@JS}/,W3[@]S]/,EC1& (14)-(32) (34)
S /> /s
Where w, >0, w, >0 and w, 20 are weights such that w, +w,+w, =1, f,, f, and f; are the

objective functions that f, and f, are minimizing and f, is maximizing, and f, , f,” and f, are the ideal
solutions or reference points.

6. Results and discussion

The CLSC of fruit has been explored in a limited number of articles, such as Cheraghalipour et al. (2018). Most of the
wasted fruits in the gardens, distribution centers, and fruit customers are buried and eliminated. These wasted fruits
can be converted into natural fertilizer, known as compost, at the vermicomposting center, thereby reducing costs and
CO:; emissions while simultaneously increasing responsiveness to compost demand. The purpose of this section is to
illustrate the application of the mathematical model with a numerical example. For this purpose, a test problem is
considered as follows:

Consider 9 gardens, 8 available and 5 candidate distribution centers that the best mix of them must be established to
fulfill demands of the 9 fruit customers as much as possible in 8 time periods. Also, consider 8 available and 5



candidate composting centers in reverse logistics network that the best mix of them must be established to fulfill
demands of the 8 compost markets that details of them are given in Table 1. The input parameters of the proposed
mathematical model are obtained from the case in Cheraghalipour et al. (2018) and from Nurjanni et al. (2017),
Eriksson, M., & Spangberg, J. (2017) and FAO (2015) presented in Table 2. Since it is difficult to estimate the values
of some parameters in the real world, the test problem assumes that some parameters follow a uniform distribution
over some specific interval. The purpose of using uniform distribution is to consider a realistic model.

Table 1. List of problem indices

Table 2. Model parameters tuning

Available and potential locations of facilities were determined using the map available in Cheraghalipour et al. (2018)
and distances between these locations were obtained using Google Maps are presented in Table 3, Table 4 and Table
5.

Table 3. Distance between gardens and linked locations (km)

Table 4. Distance between Distribution centers and linked locations (km)

Table 5. Distance between composting centers and linked locations (km)

A numerical example is solved on a computing machine with core (TM) i7, 2.60 GHz, RAM 12 GB using GAMS
24.1.2 software to validate the performance of the proposed solution methods. In Table 6, the ideal solution for each
objective function was calculated before performing the computational processes using scalarization methods. The
ideal (minimum) total cost is $6,38,460, while the ideal (maximum) responsiveness is 1, and also, the ideal total CO2
emission is 70,08,977 kg. This ideal point is used as a reference point in solving methods. Nine different weights
combinations were considered. The solutions of the test problem for different weights combinations using the LP-
Metric method and the Weighted Tchebycheff method are shown in Table 7 and Table 8, respectively. Solving with
the LP-metric method takes twice as long as solving with the Tchebycheff method in the problem test.

Conceptually, trade-offs between objective functions are seen as conflict relationships. This situation is in line with
the solutions obtained for the test problem in which a satisfactory result in one of the objective functions results in the
deterioration of the other objective functions. Also, because of the high cost and carbon dioxide emissions to establish
each of the distribution centers or potential composting centers, it prefers to establish only new facilities (2 new
distribution centers) if the weight of the objective function of accountability is highest (row 3 in Tables 7 and 8). The
results also indicate that by increasing the weight of the environmental function, we cannot assert that the network
moves towards a more green state and carbon dioxide emissions desreases. Indeed, the CO2 emission can even
increase. This result may be due to the superiority of the cost-objective function over the CO2 emission function
(comparing row 6 with row 8 in Tables 7 and 8).

Table 6. Results of individual optimizations

Two methods determined different approximations to the optimal Pareto frontier. The largest difference between the
solutions from two methods are in the fourth row of Tables 7 and 8, which are: 7.5% in cost, 35% in responsiveness
and 4.9% in carbon dioxide emissions. The LP-Metric method cannot obtain the optimal Pareto frontier in non-convex
regions. In contrast, solutions in non-convex regions can be obtained by the Tchebycheff method. Instead, the
weighted Tchebycheff method does not make sure that all the solutions found are Pareto optimal.

Table 7. Pareto-solutions with LP-Metric method

Table 8. Pareto-solutions with weighted Tchebycheff method



7. Conclusions

This research has developed a mathematical model for a five echelon sustainable closed-loop fruit supply chain
network consisting of gardens, distribution centers and fruit customers in forward logistics, and composting centers
and compost markets in reverse logistics. The problem was first formulated as a mixed-integer mathematical model
with three conflicting objectives, including minimizing supply chain network total costs, minimizing CO2 emissions
from different network activities, and maximizing responsiveness to customers’ demands in each market. The
proposed model was converted into a single-objective function using the LP-Metric method and weighted Tchebycheff
method and solved with different weights by GAMS software. The existence of Pareto optimal solutions confirms the
validity of the model.

Although both proposed methods yielded Pareto optimal solutions, the Tchebycheff method was faster than the LP-
Metric method. There are also differences between the solutions of two methods up to 7.5% in cost, 35% in
responsiveness, and 4.9% in carbon dioxide emissions, which can be related to the non-convex area of the Pareto
frontier. Moreover, by icreasing the environmental target function weight, we can not necessarily claim that emissions
decrease and it may even increase due to higher impact of the cost target function.

The present study is limited to fruits and the inventory is considered at the distribution centers only. The study also
considers only one type of transport. There are some potential directions for future work. This research can be
generalized to other products that are close to the fruits, such as vegetables. The model can also be solved by
considering the uncertainty in demand and return rate. Other methods of solving multi-objective optimization
problems such as augmented Weighted Tchebycheff and e-constraint methods can also be used. Since our model is
NP-hard, solving this model for large problems requires the use of specific algorithms such as genetics and Scatter
Search, because it is hard to solve large problems in a reasonable time. Finally, using models in real cases and
analyzing results will be very valuable.
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Table 1. List of problem indices

i={Ramsarl, Ramsar2, Ramsar3, Noorl, Noor2, Noor3, Saril, Sari2, Sari3}

j1={Tonekabonl, Tonekabon2, Tonekabon3, Chalusl, Chalus2, Chalus3, Qaemshahrl, Qaemshahr2}
j—{Ramsarl, Ramsar2, Baboll, Babol2, Neka}

k={Chalus1, Chalus2, Babolsar, Amoll, Amol2, Amol3, Ramsar, Behshahr, Pol sefid}
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l,={Ramsarl, Ramsar2, Saril, Sari2, Juybar}

0,={Behshahrl, Behshahr2, Tonekabon, Neka, Juybar}

0,={Ramsar, Noor, Sari}
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Table 2. Model parameters tuning

Parameter value unit

T 8 month

t/ 3 month

in 136363,36250,31818,31700,30800] $

Ji, [18181,18100,13636,13530,12520] 8

de. 0.073 (8/km.ton)

chjt uniform~ [38,45] $/ton

Pt uniformn~[50,59] $/ton

ery uniform~[50,68] $/ton

cp' uniforme[63,82] $/ton

P 0.6 percentage

dit uniformn~[5,15] ton

d' o uniformn~(2,6] ton

fei, 750225,840040,836020,842000,840000] kg COseq

fen, [700000,800000,750000,600000,950000] kg COseq

eh; [260,240,220,250,215,230,235,225,257,219,270,210,205] (kg COseq) /ton
ep; [230,220,235,245,225,240,215,255,260,229,275,.240,235] (kg COseq)/ton
eq [180,120,130,160,170,115,125,135,145,154,142,133,150] (kg COseq) /ton
ep; [310,305,300,290,305,285,315,205,288] (kg COseq) /ton
de 0.062 (kg COszeq)/km.ton
oy [0.1,0.12,0.15,0,0,0,0,0] percentage

ACit uniform~[50,120] ton

b, 180,50,65,50,70,30,50,25,77,49,60,60,90] ton

0; [0.12,0.13,0.14,0.145,0.145,0.148,0.15,0.15] percentage

By [0.12,0.12,0.13,0.135,0.14,0.145,0.145,0.15] percentage

Ary uniforma~(3,8] ton

@ 1.1 percentage

we 91 $/ton

we 1000 (kg COseq) /ton
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Table 3. Distance between garderfs and linKe
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Table 5. Distance between composting centers pnd llni(e:l locations (km)
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Table 6. Results of individual optimizations

Zcmt* $) Zrexponxiveness * (Persentage) Zemix,x‘ion * (kg COy-eq)

78! 638460 0.000 7016042

Zresponsivene,rs 1156782 1.000 16298450

Zemission 641878 0.065 7008977




Table 7. Pareto-solutions with LP-Metric method

No. weights Objective functions No. of opening facilities
Zeost  Zresponsiveness  gemission  Feost(g)  gresponsiveness ( Popcenpage)  ZEMsm (bg C'Ogeq) Distribution center Composting center
1 0.5 0.3 0.2 735540 0.663 7406185 0 0
2 0.3 04 0.3 795553 0.819 7698031 0 0
3 0.1 0.7 0.2 928808 0.957 0664349 2 0
4 0.3 0.2 0.5 702449 0.537 7197150 0 0
5 04 04 0.2 792547 0.815 7709739 0 0
6 0.1 0.2 0.7 736949 0.653 7350379 0 0
7033 0.34 0.33 793796 0.816 7690618 0 0
8 04 0.2 0.4 700157 0.529 7191149 0 0
9 0.5 0.25 0.25 705864 0.558 7255370 0 0
Table 8. Pareto-solutions with weighted Tchebycheff method
No. weights Objective functions No. of opening facilities
Zcoat Zraspaﬂawcncss Zcm.:-sswn Zcoat. ($) Zr ESPONSIVENESS (Percentage) chusswn (k.g COQ&(]) Distribution center CO]TlpOSt-illg center

1 0.5 0.3 0.2 750123 0.709 7524849 0 0
2 0.3 0.4 0.3 793266 0.818 7754168 0 0
3 0.1 0.7 0.2 903352 0.900 0472857 2 0
4 0.3 0.2 0.5 THETTT 0.724 7556043 0 0
5 0.4 0.4 0.2 TT7745 0.782 7667793 0 0
6 0.1 0.2 0.7 773795 0.745 7519762 0 0
T 033 0.34 0.33 779346 0.786 7675357 0 0
8 0.4 0.2 0.4 740509 0.680 7469975 0 0
9 0.5 0.25 0.25 740480 0.680 7469258 0 0




