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Abstract
In today’s competitive marketplace, to increase customer satisfaction and profitability, 
supply chain management has become more prominent. Therefore, thorough planning 
and designing the supply chain by seeing all levels and units are essential to growing the 
efficiency of the entire supply chain. In the present study, an eight-echelon network is 
designed for a closed-loop agricultural supply chain. These eight echelons are consisting 
of suppliers, farms, distribution centers (DCs), customers, recycling depots, biogas centers, 
compost production centers, and biogas applicants. To design the agricultural logistics net-
work, a bi-level programming mathematical model is presented. The first objective seeks to 
minimize total costs of the upper-level which consist of shipping costs, construction costs, 
production costs, inventory holding costs, and buying costs. Besides, the second objective 
attempts to maximize total profits of the lower-level using subtraction of incomes from the 
costs which the total income is calculated by selling manufactured biogas and compost 
to its applicants. Since the bi-level programming problems are part of the NP-hard class 
and due to the computational complexity of the problems, the meta-heuristic algorithms 
are utilized to solve the formulated problem. To this end, two meta-heuristics consisted 
of Genetic Algorithm (GA) and Stochastic Fractal Search (SFS) are employed. Moreover, 
two hybrid metaheuristics created from these algorithms which include GA-SFS and SFS-
GA are suggested to search for more appropriate solutions. Finally, various comparisons 
and analyses are performed to evaluate the model’s performance and the capabilities of the 
solution methods and the results showed the superiority of SFS-GA over other methods. 
Also, the results imply that considering biogas and compost can not only prevent environ-
mental pollution, but also lead to profitability and the production of new products. There-
fore, using this plan in countries that have agricultural products and also do not produce 
fossil fuels can be more attractive and practical.
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1 Introduction

Today, organizations seek to take advantage of the benefits of proper supply chain manage-
ment to maintain their position in the market, create a competitive advantage and reduce 
costs, and generally improve the efficiency of their supply chain. Decision-makers and 
managers may have strategies in place to stay alive in this condition, but the favorite result 
will only be achieved if an accurate and comprehensive plan is used. Therefore, a detailed 
network design and principled supply chain planning with all levels and units in mind to 
increase the efficiency of the entire supply chain seem necessary (Delgoshaei et al., 2021; 
Tirkolaee et al., 2022a, 2022b).

Return products management, on the other hand, is a complex issue that requires deci-
sion-making at the strategic and operational levels. Problems that need to be addressed 
at the strategic level include determining the type of facilities needed and their location, 
the volume of recyclables that can be controlled or planning the flow of recycling materi-
als (Khalilpourazari et al., 2021; Rahbari et al., 2022). On the other hand, issues related 
to operational planning include issues such as the time interval between recycling collec-
tion times, the number and capacity of vehicles, the relevant routing issue, and the number 
of workers required. Despite the close relationship between these two types of decisions, 
their analysis and review are usually done separately. Strategic decisions often have to be 
answered through political and governmental issues, while operational decisions need to be 
considered at lower levels, such as at the municipal level. Therefore, issues related to recy-
cling management should be considered in the case study of different types of products in 
different locations (Cheraghalipour et al., 2020; Tirkolaee et al., 2021).

Reverse logistics and closed-loop supply chains are some of the most important and 
vital aspects of any business and include the construction, distribution of services, and sup-
port for any type of product. In developed countries today, industrial, governmental, com-
mercial, and service organizations focus on reverse logistics processes and supply chain, 
which play an important role in creating the true economic value of goods and services 
while supporting environmental considerations (Ranjbar & Mirzazadeh, 2019). This focus 
is now increasing in all markets, including the industrial and advanced technology, com-
mercial and consumer products sectors. Recent literature has shown that today, product 
returns are not only costly but also a means of creating value. Examples include preserving 
the environment, providing core resources, and increasing customer value. That potential 
revenues are usually greater than the costs incurred to create the necessary measures for 
return channels (Krikke et al., 2013; R. Lotfi et al., 2022).

On the other hand, agricultural products are one of the most important elements of the 
food basket of the people of the world. Iran is one of the first countries in the world where 
agriculture has started. According to the statistics of the ‘Iranian Agricultural Jihad,’ about 
one-third of Iran’s land is agricultural, but due to poor soil and inadequate water distri-
bution in most areas, only 12% of Iran’s land is cultivated (including gardens, vineyards, 
and agricultural lands). 63% of arable land is still intact. In Iran, 50–60% of the capacity 
and talent of the lands under agricultural operations (185,000 square kilometers) are used. 
Iran’s arable land is estimated at sixteen million hectares, of which about half is irrigated 
and the other half is rainfed (Agriculture Jihad, 2016). The agricultural supply chain today 
has a very important role in supply chain issues because of its unique structures such as the 
significance of food features, climate change, price changes, and the importance of sup-
ply–demand. In the classification of these topics, products are divided into two categories 
of perishable and non-perishable (such as grain and dried products). Also, in terms of the 
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life cycle, they are divided into two categories: agricultural and horticultural crops (Chera-
ghalipour et al., 2018).

In recent years, the importance of the issue of agricultural products has grown signifi-
cantly with increasing demand from concerned customers for a healthy diet (Weber et al., 
2015). This has made quality and availability two important issues in all months of the year 
(Paksoy et al., 2012). In the last 10 years alone, the agri-food industry in general and the 
fresh fruit sector, in particular, have been recognized and discussed in the supply chain as 
a key concept for competitiveness (Tsolakis et al., 2014). Numerous studies have addressed 
and covered the issue of agricultural supply chain issues; but in our research, we found a 
research gap in the reverse logistics of products, a big problem that causes a lot of damage 
to this chain every year. This problem, which is the decay of products, is covered in the 
reverse logistics section of our proposed network. Since a significant number of manufac-
tured products in the stages of production, distribution, target markets, etc., are decayed and 
unusable, it is felt that to reduce the costs of these wastes and reuse them, it is necessary 
to develop and analyze a closed-loop supply chain network design model (Tirkolaee et al., 
2022a, 2022b). It is very necessary and important to consider these concepts together.

In recent years, the design of the logistics network in the supply chain has become more 
important than in the past. Considering the issue from the perspective of several decision-
makers, issues related to returned products, and the production of added value such as com-
post and biogas in the supply chain are of great importance today and have attracted the 
attention of many researchers. For this purpose, sufficient explanations will be provided in 
the present research. This study tries to develop a practical model for designing an agricul-
tural supply chain network as much as possible, taking into account the limitations of the 
real world. Therefore, considering the waste and corrupted products in the agricultural sup-
ply chain, it will provide a network to collect these returns to reduce the costs of the chain 
and generate potential revenues from them. For this purpose, an eight-echelon network is 
designed for the agricultural supply chain. The suppliers are the first echelon. Farms are the 
second echelon to produce crops. In the third echelon, some DCs buy agricultural products 
from farms and send them to customers in the fourth echelon after processing. It should 
be noted that this network has been in operation for multiple periods, so in echelons 2–4, 
some of the products will become waste. These waste materials are transported to the fifth 
echelon for the depot, and according to management decisions, some of which are trans-
ferred to biogas production (echelon 7), and some are sent to the production of biological 
fertilizers (echelon 6). Finally, these biogas and biological fertilizers are sent to customers 
in the eighth echelon and the suppliers in the first echelon, respectively. Due to the com-
putational complexity of the large-scale real-world problems, meta-heuristic algorithms 
are developed. Finally, various comparisons and analyses are performed to evaluate the 
model’s performance and the capabilities of the solution methods. The general purpose of 
this study is to present a bi-level programming model and  evaluate the efficiency of the 
closed-loop agricultural supply chain network proposed in the case study; and the special 
purpose of this research is to achieve an efficient method for reuse of supply chain waste 
in the reverse logistics sector and return of this waste to the supply chain, which will add 
value to this waste. This is done by making compost and biogas. To this end, two goals 
such as minimizing total costs and maximizing total profits are considered.

Bi-level programming problems, in the simplest form, those mathematical models for 
the leader and the follower are linear and their decision variables are continuous, can be 
converted into a MIP problem. In this case, by using the Karush–Kuhn–Tucker (KKT) con-
ditions, the follower model can transform into a series of constraints. Then, by placing 
them into the constraints of the leader, a nonlinear model is created. This nonlinearity is 
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due to the constraints of the complementary slackness. By using binary variables, these 
terms can be linearized to create a Mixed Integer Programming (MIP) model (Shams 
Shemirani et al., 2021). But this model can only be solved in small sizes, and as the num-
ber of variables and constraints of followers increases, the number of binary variables also 
will increase. Computational experiences have indicated plenty of computational time will 
be needed. In the state that the possible values for the leader’s decision variables are dis-
crete and the number of possible states for them is not high, we can identify the optimal 
solution using the KKT method. If the number of possible solutions is high for the leader, 
then the computational time of this method will be very long and time-consuming. Moreo-
ver, the Np-hardness of the bi-level programming problems is proved in (Ma, 2016; Talbi, 
2013) which is the main reason for using these metaheuristics. Because there has not been 
an exact method that can identify the optimal solution for a variety of bi-level optimiza-
tion problems in an acceptable time, designing a method that can identify optimal or near-
optimal solutions in a short time is crucial. In this paper, using metaheuristic algorithm, 
and concepts of bi-level optimization, we introduce some nested bi-level algorithms that 
can find optimal or near-optimal solutions in a variety of bi-level optimization problems. 
Problems in which models of leader and follower can be solved using methods of LP, NLP, 
MIP, and MINLP in a relatively short time.

Compared with the traditional single-level programming models, the bi-level program-
ming models have more advantages. The main advantages are that (1) the bi-level pro-
gramming can be used to analyze two different and even conflict objectives at the same 
time in the decision-making process; (2) the multiple-criteria decision-making methods of 
bi-level programming can reflect the practical problem better, and (3) the bilevel program-
ming methods can explicitly represent the mutual-action between the system managers and 
the customers (Sun et al., 2008).

Besides, given the location problem of distribution centers, where distributors seek to 
reduce the costs of their entire supply chain, and on the other hand, biogas production cent-
ers that seek to maximize profits from the sale of biogas, this issue is placed in a bi-level 
programming class. Obviously, it is appropriate that the bi-level programming model is 
adopted to describe this proposed problem. Here two decision-makers are managers of dis-
tribution centers and biogas production centers, each with separate goals for their levels. 
Therefore, by analyzing the results of this study, these two decision-makers benefit more, 
because they can understand the behaviors of other interconnected levels and use appropri-
ate planning to achieve the goals and interests of their organization.

In this section, the introduction and generalities of the subject, including a brief state-
ment of the problem, necessity, and goals, were stated. Section 2 describes the literature of 
the subject, and at the end of this section, research gaps are expressed. In the third section, 
the proposed problem and model formulation are explained. Section 4 represents the solu-
tion approach. The numerical examples are reported in Sect. 5. Sections 6 and 7 represent 
the computational results and conclusion, respectively.

2  Literature review

This section expresses the relevant concepts and reviews the research conducted in the 
field of the agricultural supply chain, multi-level programming, and agricultural waste. At 
the end of the section, the works are summarized and categorized in the form of tables to 
explain the research gaps.
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2.1  Agricultural supply chain

The supply chain of agricultural products today has a very important role in supply 
chain issues due to its unique features such as the importance of food quality, the impor-
tance of supply–demand, climate change, and price changes. As a pioneer in this field, 
van Berlo (1993) measured activities associated with the vegetable processing supply 
chain, which included the stages of planting, harvesting, processing, and marketing, 
and used in a mathematical model using a goal programming approach. Their model 
included farmer decisions to reduce chain costs and did not include location decisions. 
After this research, the process of using operation research in agriculture continued. 
For example, Jolayemi (1996) planned agricultural planning for multi-regional harvests; 
Allen & Schuster (2004) estimated investment and harvest to reduce crop losses using 
a nonlinear model in vineyards. And Rantala (2004) provided a supply chain model for 
seedlings that sought to minimize production and transportation costs to meet customer 
needs. As progress in research gradually became more advanced, additional assump-
tions such as product quality and shipping process were considered. For example, Ferrer 
et  al. (2008) developed a model for deciding on harvest per season, shipping process, 
processing of products, and packaging in the form of a mixed-integer model (MIP) for 
red grapes. Their model is designed only for post-harvest planning to meet customer 
demand and also takes into account the cost of harvesting and reducing the quality of 
the product.

The expansion of problems in the agricultural supply chain is taking place with an 
evolutionary trend so that recently Cheraghalipour et al. (2018) developed a multi-ech-
elon network for the citrus supply chain and using several meta-heuristic algorithms 
attempt to balance the chain costs and customer demand. Also, in another study, Chera-
ghalipour et  al. (2019) sought to create a bi-level network for the rice supply chain, 
which reduces the cost of the chain from the perspective of two decision-makers. They 
used nested evolutionary algorithms to solve their proposed problem and performed 
management insights and sensitivity analysis on specific parameters. In addition, Ander-
son & Monjardino (2019) considered a kind of discount in their formulation and tried 
to reduce the price of wheat by using the contact structure. They validated their struc-
ture using a case study in Australia and reported that the contract was closely related to 
manufacturers’ risk aversion. Also, Carvajal et  al. (2019) used a robust programming 
method for the sugarcane sector in Colombia to optimize plant profits and make several 
tactical and strategic decisions.

In an article, Gardas et  al. (2019) added value to the present data-based industry by 
identifying the challenges of the agricultural supply chain in India based on a careful 
review of the literature and the Delphi method. Therefore, laboratory and experimental 
decision-making methods were used to model the identified challenges, explore cause-and-
effect interactions, and improve hierarchical configurations of challenges through inter-
pretive structural modeling. The execution of this method led to the conclusion that two 
elements, namely limited integration into national agricultural markets and limited agricul-
tural market infrastructure, are the most important factors. The integrated model obtained 
as a result of this study aims to guide agricultural policies and decision-makers to improve 
the performance of the agricultural supply chain in India. There are also some basic recom-
mendations for improving the efficiency of agricultural supply chain management.

Recently, Dai & Liu (2020) conducted an in-depth study of the supply chain risk of 
large retail companies and then introduced the dock of agricultural supermarkets for the 
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supply chain in the big data environment. In this study, big data was used to analyze the 
potential risk in the agricultural supply chain in large retail companies. From the aspects 
of production, processing, distribution, retail, and consumption, this research introduces 
new risks in the supply chain of agricultural supermarkets after the introduction of big 
data. In the second stage, qualitative analysis and quantitative calculation are combined 
to perform the risk assessment. Through experimental analysis, the ranking of all risk 
factors was obtained and the corresponding fuzzy assessment grade and risk assessment 
criteria were given. Through expert evaluation, a new risk rating was obtained, which is 
not much different from the results of the experimental analysis, and the experimental 
results were confirmed. Therefore, the development of this study is useful to avoid the 
risk of connecting the supply chain of agricultural supermarkets.

Yan et al. (2020) also proposed a way to coordinate an agricultural supply chain with 
tactical purchaser behavior in mind. According to the characteristics of the supply chain of 
agricultural products, the beneficial performance of consumers was provided and under the 
integrated chain, this study focuses on the effect of consumer behavior on decision-making 
in the supply chain. Therefore, it counts the tactical activities of strategic users as a risk 
aversion factor and examines the effect of user risk on supply chain decision-making. Also, 
two coordination contracts based on income sharing and wholesale prices are designed for 
decentralized decision-making in the agricultural supply chain. Finally, through numerical 
analysis, the sensitivity analysis of some of the main parameters in the model is performed.

2.2  Multi‑level programming

Multi-level programming was first proposed by Bracken & McGill (1973, 1974a, 1974b) as 
a generalized mathematical programming model. Then, their different models were exam-
ined and used by researchers. But in recent years, these methods and applications have 
been studied more seriously and extensively. The main concept of the multi-level program-
ming method is that the upper-level decision-maker determines his goal or decision and 
then demands the desired limit from each sub-level, which is calculated alone. Then, the 
lower-level decisions are presented and modified by the upper-level according to the profit 
or the total amount obtained. This process continues until a satisfactory solution is reached. 
In these types of issues, the upper-level decision-maker does not have the authority or 
ability to decide on all decision variables. The design of financial management networks, 
transportation, and production planning are among the issues in which this method is used 
(Behnia et al., 2019). The general model of multi-level programming can be presented as 
follows (Migdalas et al., 1998).

In relation (2), P1 is known as the first-level problem and is equivalent to the upper-level 
in the hierarchical structure. The decision-maker at this level controls the decision variable 
x1 and the objective function of his level to minimize f1. Similarly, Pk is the problem of the 
kth level and corresponds to the lowest level of the hierarchy. If the problem consists of 
only two lines, it is called a bi-level programming model. In this case, the decision-makers 
of the upper and lower levels are called leader and follower, respectively.

Leader–follower hierarchical decision-making problems were first raised by Stackelberg 
(1952), which he called bi-level programming problems. These issues have two levels that 
the first level decision-maker implements his decision on the second level, observes the 
reaction of the second level, and intends to optimize his objective function. The second-
level decision-maker also observes the first-level decision and makes a logical decision to 
optimize its objective function.
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In general, the following characteristics can be provided for a bi-level programming 
model:

• Each decision-maker directly controls only certain variables.
• Different levels of decision-making are influenced by the decisions and activities of 

other levels, but each is trying to optimize its own decisions.
• Upper-level and lower-level decision-makers know each other’s level goals and con-

straints.
• Lower-level is required to implement upper-level decisions and implementation of 

decisions is from top to bottom.
• The goals and decision-making space of each level can be influenced by other level 

decisions.

The bi-level programming problem is an NP-hard problem (Bard, 1991). However, 
due to its many applications in practice, many methods have been proposed to solve it. 
Methods for solving this problem can be divided into five categories, which are pre-
sented in Table 1.

(1)

(
P1

){minimize f1(x1, x2, ..., xk)

subject to g1(x1, x2, ..., xk) ≤ 0

where x2 solves

(
P2

){minimize f2(x1, x2, ..., xk)

subject to g2(x1, x2, ..., xk) ≤ 0

⋮

where xk solves

(
Pk

){minimize fk(x1, x2, ..., xk)

subject to gk(x1, x2, ..., xk) ≤ 0

Table 1  Classification of different methods for solving multi-level programming problem

Method title A brief description

General methods Those algorithms that do not get caught in local optimal solutions and 
get global solutions

Counting methods The general idea is that the optimal solution is one of the vertex points. 
These methods are specific to linear bi-level programming problems 
and obtain the exact optimal solution

Matching the lower-level methods In these methods, the problem is replaced by the KKT optimization 
conditions or the penalty function, so that the lower-level problem 
becomes a constraint on the main problem

Fuzzy methods The general idea in this group of methods is to define the belonging 
function for objectives, constraints, variables, or a combination of 
them at each of the problem levels

Meta-heuristic methods These methods are not exact methods and provide an approximate 
solution or optimal solution, which also has a good computational 
complexity. Tabu Search, artificial intelligence, PSO algorithm, and 
ant colony algorithm are in this category
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2.3  Agricultural waste

Pesticides and agricultural wastes are the most dangerous contaminants in water and 
soil that remain in the environment for years and cause irreparable damage to life. On 
the other hand, effluents from the agricultural sector are one of the most harmful sources 
of environmental pollutants that dangerously affect the health of the environment and, 
consequently, the quality of citizens’ life. Agricultural waste arises from production 
activities in the agricultural sector, which include waste, animal carcasses, and rotten 
agricultural products, pesticides, and chemical fertilizers (Chávez et al., 2018). Accord-
ing to statistics released by the FAO, about 30% of agricultural products worldwide are 
turned into waste, and the value of this volume of waste is estimated at $ 5 billion per 
year. Iran is known as one of the leading countries in the field of agricultural waste and 
has a high ranking compared to other countries in the same category. Waste from dates, 
figs, wheat, rice, wheat bran, barley bran, tomatoes, and legumes such as green pea, 
beans, corn, and other crops can be good sources for reproduction. Therefore, according 
to the mentioned importance, agricultural waste is an important and vital issue that must 
be addressed and prevented from entering the environment. Therefore, this study will 
consider the destruction of agricultural waste from the proposed supply chain by con-
sidering the production of biogas and compost. In the following, we will review some of 
the research conducted in the field of agricultural waste.

Xiong et  al. (2020) in a study examined the possibility of consuming agricultural 
waste and synthetic macromolecules as sources of solid carbon and investigated the 
effects of improving nitrogenating through nominated agricultural wastes. The capac-
ity of carbon release and disinfection performance of corn, peanut shell, worn rice, and 
other materials were systematically analyzed. The results showed that for each carbon 
source, the first-order kinetic equation is fundamentally monitored during the carbon 
emission process. Synthetic polymers are more suitable for nitrogen removal in ground-
water filtration, while agricultural wastes are ideal carbon sources for secondary waste-
water filtration. Also, Fareed et al. (2020) stated that every year, as a result of energy 
production activities, large amounts of agricultural waste ash are produced from crop 
residues. The disposal of soil and ash produced has serious environmental and health 
problems, which are primarily due to groundwater pollution. In addition, the unavail-
ability of land for further evacuation is another major problem associated with it. Due 
to the problems related to agricultural waste ash, in their study, three types of nano-
agricultural waste ash were used to modify the adhesive and asphalt mixture. Rice husk 
ash, sugarcane stem ash and wheat straw ash were first reduced to nanoscale using a 
mill. These samples were then mixed with asphalt connector in terms of joint weight. 
Then, all samples of modified adhesive were tested from different perspectives. From 
the results, it can be concluded that the combination of each of the nano-waste ashes in 
the adhesive and asphalt mixture is a sustainable and environmentally friendly method 
for its disposal.

In another study, Mo et al. (2020) investigated the use of solid agricultural waste in 
concrete production. According to them, the increase in construction activities has led 
to the rapid depletion of natural resources, especially aggregates used in the produc-
tion of concrete. Also, a large amount of solid waste is produced from the agricultural 
industry, especially from the Southeast Asian region, such as palm and coconut shells. 
Therefore, their study investigated the feasibility of these wastes as a potential alter-
native to conventional aggregates in concrete. The durability of concretes, especially 
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those containing recycled waste, is often investigated. Therefore, their article seriously 
examines the published findings on the durability properties of concrete containing 
these agricultural wastes. Moreover, Adebisi et al. (2020) observed that the production 
of silicon by conventional processes is complex and occurs at very high temperatures. 
Therefore, in their research, some agricultural wastes have been used to produce sili-
con in a very simple way. Agricultural waste is generated and disposed improperly in 
the environment, and this is an environmental challenge. Burning them produces gases 
that can affect the weather. The United Nations has called on all governments to work 
together to reduce climate change. On the other hand, the potential of Nigerian solar 
energy encourages investment in photovoltaic technology, which requires silicon, and 
their study aims to develop an alternative application for some agricultural wastes as 
potential sources of silicon.

Due to a large number of researches in this field, the following paragraph can be sum-
marized. Heniegal et  al. (2020) studied the properties of clay bricks containing refinery 
sludge and agricultural waste. Zhang et al. (2020) presented a study to maximize the use 
of agricultural waste in high-density polyethylene composites. Bhat et al. (2020) produced 
low-cost, catalyst-free, high-performance super-capacitors based on porous nano-carbons 
from agricultural waste. Kapoor et al. (2020) evaluated the value of agricultural waste for a 
biogas-based circular economy in India.

2.4  Research gaps

To provide a broader literature review to find the research gaps, a summary of some arti-
cles related to the agricultural supply chain is provided in Tables 2 and 3. For this purpose, 
articles published in international journals, library resources, and reputable scientific sites 
in different years until 2020 have been used to collect information. The Elsevier, Springer, 
Taylor & Francis, and John Wiley databases have also been selected as reliable and easier-
to-access databases. Keywords including food supply chain, agricultural supply chain, per-
ishable products, and fruit supply chain have been searched. For this purpose, 30 articles 
completely related to the subject of this research were selected and reviewed based on vari-
ous factors to reveal the gaps.

Using the properties of Tables 2 and 3, we describe the gaps of the past researches. As 
it is shown in the table, 47% of these detailed research works used exact methods and then 
meta-heuristic algorithms with 40% took the second place of the used solution approach. 
However, simulation methods comprise only 13% of these studies. Therefore, exact and 
meta-heuristic algorithms have received more attention, which indicates the efficiency of 
these methods.

Also, 100% of these research works focused on forwarding flow, and only 7% of these 
research works considered both reverse flow and closed-loop mode. On the other hand, 
some layers of the network, such as recycling facilities, have only covered 7% of these 
research works. Therefore, these gaps, including close-loop, reverse logistics, and recycling 
facilities, need to be addressed in future works. In terms of the objective function, cost 
minimization covers 57% of these cases, which indicates the importance of this economic 
objective function. On the other hand, other important goals such as demand responsive-
ness and emission aspects have received very little attention. It is also evident that studies 
on apples and pears accounted for 20% of these studies, and other areas were less consid-
ered. Also, assumptions such as multi-product, bi-level, compost, and biogas with 30%, 
3%, 7%, and 0% were less considered and should be covered. On the other hand, items 
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such as strategic, planting, inventory, and multi-vehicle with 37%, 30%, 37%, and 7% 
received less attention, respectively, and should be covered. Therefore, the innovations of 
this research can be listed as follows.

• Designing a new bi-level mathematical model for the closed-loop agricultural supply 
chain

• Reuse of agricultural waste to produce compost and biogas
• Introducing new, efficient, and effective nested hybrid metaheuristics for model analy-

sis
• Providing several numerical examples to validate the proposed model

3  Problem definition

In the desired supply chain, raw materials such as fertilizers and pesticides are supplied by 
various suppliers and delivered to farms. Farms send the final products to distribution cent-
ers (DCs) after production. Also, some of the products can be sent directly from the farms 
to the customer areas in the form of retail, which will be possible only for a limited period 
due to the lack of proper storage of these products by the manufacturers. An overview of 
the problem under study is shown in Fig. 1.

Most agricultural products are stored in warehouses or, if necessary, in the cold stores of 
DCs and are sent to customer areas at different times. Depending on their type (fruits, veg-
etables, nuts, etc.), these products are damaged and corrupted in the sectors of farms, DCs, 
and customer areas (such as fruit and vegetable markets), and these corrupted values   are 

CustomersDCsFarms

Recycling depotCompost production

Suppliers

Biogas

Biogas applicants

Fig. 1  Scheme of the desired closed-loop agricultural supply chain network
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collected in inverse flow by the recycling depots. These wastes are sent from the recycling 
depot to the two sections for making biological fertilizers (compost) and the section for 
making biogas. The quantities of these shipments, depending on the type of waste materi-
als, if they are not capable of producing biogas, are transferred to the biological fertilizer 
production department, and in practice, the quantities of these shipments are determined 
using a percentage coefficient. The corrupted products are transferred to the biogas produc-
tion department and after the production of gas, this energy is sent to the applicants. Also, 
during the production of biogas, the obtained wastes are transferred to the production of 
biological fertilizers, so that after the production of natural fertilizers, these products are 
transferred to the suppliers of pesticides and agricultural fertilizers. Since various products 
and materials are needed to produce biogas, some of them can be covered by this proposed 
chain and the rest can be provided by other wastes of supply chains.

Biogas is a type of fuel gas that is a mixture of 65% methane (CH4) and 35% carbon 
dioxide (CO2). Biogas is a renewable energy source from agricultural products or ani-
mal manure. Biogas is the result of the fermentation process, which means the process of 
degrading organic matter using micro-organisms is known as anaerobic organisms. This 
process takes place in special tanks in which materials with heat and enzymes are decom-
posed in absence of oxygen. Biogas has several advantages: 

1. Produces clean fuel.
2. These gases do not emit, so they do not cause pollution.
3. It is very efficient.

This product has another advantage because it produces scum and the remaining scum 
is used as biological fertilizer. However, biogas also has disadvantages: 

1. Steals land and farms available to farmers to produce crops.
2. The cost of building biogas power plants is sometimes high.

Here, the closed loop mode is quite evident. In the middle part of Fig. 1, part of the 
recycled materials is delivered to the suppliers of the primary supply chain and part of 
them leave the primary chain and are transferred to the biogas production centers in the 
other supply chain. In this issue, it is assumed that initially, there are the number of DCs 
and recycling depots, and the status of other network facilities, including the reverse logis-
tics sector in the network design process, is determined, and the location of facilities is 
considered. Decisions regarding the opening and closing of the facility may change during 
the course.

The problem can have two levels of decision-making. On one level, the main agricul-
tural products are considered by one decision-maker and at the next level, the products 
of the stage of the reverse logistics will be considered by the second decision-maker. In 
summary, a bi-level programming model is proposed for the design of the closed-loop 
agricultural supply chain network (see Fig. 2). In this proposed model, decisions are made 
regarding the location and allocation of facilities, the amount of material and products flow 
between facilities in the supply chain, items related to strategies for selecting the type of 
vehicle, and other items.

Given the extent of the proposed problem and the use of the closed-loop network, stra-
tegic issues, and considering several goals in bi-level programming, modeling and prob-
lem solving will have their complexities and challenges. Multi-level supply chain network 
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design problems are among the NP-hard problems (Cheraghalipour et  al., 2019) and the 
problem described has different dimensions and complexities. Therefore, solving it in a 
reasonable time, especially in medium and large sizes, will face problems, and appropriate 
problem-solving methods must be developed. Depending on the mathematical model and 
structure of the problem, these solution methods can include nested bi-level meta-heuristic 
algorithms.

3.1  Assumptions

The main assumptions considered in this study are explained in detail above, but some of 
the other assumptions are as follows:

✓ The main focus of this research is on the development of a mathematical model for the 
closed loop agricultural supply chain and does not tend to its implementation phase. This 
research also seeks to optimize the proposed model in which in addition to agricultural 
products as the main products of the network, to produce two new products include 
biogas and compost by corrupted products to add value to the network.

✓ Since this network is a supply chain of several products, so the desired products can be 
different and do not refer only to a specific product. For example, several types of fruits 
and vegetables can be selected as products. Therefore, the proposed model can be used 
in various fields of agriculture.

✓ The supply chain network includes suppliers, farms, DCs, customers, and reverse logis-
tics facilities.

✓ Customers’ locations are fixed and predefined.
✓ Facility capacity (supply, production, etc.) is limited.
✓ The problem is multi-period and multi-product.
✓ The initial inventory of all DCs in the first period is zero.
✓ The initial inventory is considered for suppliers in the first period.

Fig. 2  Two main levels of proposed network in regards two DMs



 A. Cheraghalipour, E. Roghanian 

1 3

✓ DCs and recycling depots include both existing and potential locations.
✓ Due to the perishability of products, the corruption rate is considered at three basic 

levels (farms, DCs, and customers).
✓ The transportation cost of products between network levels is based on the distance 

between points. It is assumed that several types of vehicles are available with certain 
capacities and costs.

✓ Only DCs can store the product.
✓ It is not possible to move the processed product between DCs.

3.2  Proposed model

This section introduces and describes the proposed mathematical model. For this pur-
pose, first, the items required for modeling such as parameters, indices, and variables are 
described.

3.2.1  Indices

s = 1, 2, …, S Index of suppliers
f = 1, 2, …, F Index of farms
d = 1, 2, …, D Index of existing and potential DCs
c = 1, 2, …, C Index of customers
r = 1, 2, …, R Index of existing and potential recycling depots
i = 1, 2, …, I Index of compost production centers
j = 1, 2, …, J Index of biogas centers
l = 1, 2, …, L Index of biogas applicants
p = 1, 2, …, P Index of agricultural products
m = 1, 2, …, M Index of supplied raw materials
t = 1, 2, …, T Index of periods
v = 1, 2, …, V Index of vehicles

3.2.2  Parameters

rrmft Requested amount of raw material m by farm f in period t
� Impact coefficient of raw materials such as fertilizers and pesticides on a farm production
1 − � Impact coefficient of other criteria such as irrigation and weather conditions on a farm production
�t Percentage of waste product in farms at period t
�t Percentage of waste product in DCs at period t
�t Percentage of waste product in customer markets at period t
�
1

Weight assigned to allocate waste products to biogas centers
�
2

Weight assigned to allocate waste products to compost production centers
� Coefficient for conversion of waste products to compost
fpcappft Maximum capacity of farm f for producing product p in period t
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sscapms Initial supply capacity of supplier s for raw material m
dhcapdpt Holding capacity of DC d for product p in period t
dempct Demand of product p by customer c in period t
bdemlt Demand of biogas by applicant l in period t
caprrt Maximum capacity of recycling depot r for storing products in period t
capbjt Maximum capacity of biogas center j for storing products in period t
capcit Maximum capacity of compost center i for storing products in period t
� Coefficient for conversion of waste products to biogas in the liter
� Percentage of reusable waste product in biogas centers for making compost
b Big positive number
tcsfsfv Transportation cost of raw materials between supplier s and farm f by vehicle v
tcfdfdv Transportation cost of products between farm f and DC d by vehicle v
tcfcfcv Transportation cost of products between farm f and customer c by vehicle v
tcdcdcv Transportation cost of products between DC d and customer c by vehicle v
tcfrfrv Transportation cost of products between farm f and recycling depot r by vehicle v
tcdrdrv Transportation cost of products between DC d and recycling depot r by vehicle v
tccrcrv Transportation cost of products between customer c and recycling depot r by vehicle v
fixrr Fixed cost of constructing potential recycling depot r
fixdd Fixed cost of constructing potential DC d
pcpf Production cost of product p in farm f
hcdp Inventory holding cost of product p in DC d
bcms Buying cost of raw material m from supplier s
prgj Selling price of biogas by biogas center j
prcmi Selling price of raw material m by compost center i
tcrbrjv Transportation cost of products between recycling depots r and biogas center j by vehicle v
tcrvriv Transportation cost of products between recycling depots r and compost center i by vehicle v
tcvsisv Transportation cost of products between compost center i and supplier s by vehicle v
tcbajlv Transportation cost of products between biogas center j and applicant l by vehicle v
tcbvjiv Transportation cost of products between biogas center j and compost center i by vehicle v
pcgj Production cost of biogas in biogas center j
pcvmi Production cost of raw material m in compost center i
ihcms Inventory holding cost of raw material m in supplier s

3.2.3  Decision variables

QSFmsft Quantity of supplied raw material m by supplier s to farm f in period t
MQFpft Amount of produced agricultural product p by farm f in period t
QFDpfdt Quantity of shipped product p from farm f to DC d in period t
QFCpfct Quantity of shipped product p from farm f to customer c in period t
QDCpdct Quantity of shipped product p from DC d to customer c in period t
QFRpfrt Quantity of shipped waste product p from farm f to recycling depots r in period t
QDRpdrt Quantity of shipped waste product p from DC d to recycling depots r in period t
QCRpcrt Quantity of shipped waste product p from customer c to recycling depots r in period t
QRBrjt Quantity of shipped waste products from recycling depots r to biogas center j in period t
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QRVrit Quantity of shipped waste products from recycling depots r to compost center i in period t
QVSmist Quantity of shipped compost (material m) from compost center i to supplier s in period t
QBAjlt Quantity of shipped biogas (liter) from biogas center j to biogas applicant l in period t
QBVjit Quantity of shipped waste products from biogas center j to compost center i in period t
Xd Equal to 1, if DC d is constructed. Otherwise equal to 0
Yr Equal to 1, if recycling depots r is constructed. Otherwise equal to 0
IHdpt Inventoried product p in DC d at period t
ISSmst Inventoried capacity of supplier s for raw material m in period t

According to the mentioned properties and Fig. 1, two main levels of the designed network 
due to two expert insights, are exemplified in Fig. 2. Therefore, the proposed model is for-
mulated as follows.

3.2.4  Upper‑level model

subject to

(2)
minimize Z1 = Shipping costs + Construction costs + Production costs + Buying costs + Holding costs

(3)

Shipping costs =
∑
m∈M

∑
f∈F

∑
s∈S

∑
t∈T

∑
v∈V

QSFmsft × tcsfsfv +
∑
p∈P

∑
f∈F

∑
d∈D

∑
t∈T

∑
v∈V

QFDpfdt × tcfdfdv

+
∑
p∈P

∑
f∈F

∑
c∈C

∑
t∈T

∑
v∈V

QFCpfct × tcfcfcv +
∑
p∈P

∑
d∈D

∑
c∈C

∑
t∈T

∑
v∈V

QDCpdct × tcdcdcv

+
∑
p∈P

∑
f∈F

∑
r∈R

∑
t∈T

∑
v∈V

QFRpfrt × tcfrfrv +
∑
p∈P

∑
d∈D

∑
r∈R

∑
t∈T

∑
v∈V

QDRpdrt × tcdrdrv

+
∑
p∈P

∑
c∈C

∑
r∈R

∑
t∈T

∑
v∈V

QCRpcrt × tccrcrv

(4)Construction costs =
∑
d∈D

fixdd × Xd +
∑
r∈R

fixrr × Yr

(5)Production costs =
∑
p∈p

∑
f∈F

∑
t∈T

MQFpft × pcpf

(6)Holding costs =
∑
d∈D

∑
p∈P

∑
t∈T

IHdpt × hcdp +
∑
m∈M

∑
t∈T

∑
s∈S

ISSmst × ihcms

(7)Buying costs =
∑
m∈M

∑
s∈S

∑
f∈F

∑
t∈T

QSFmsft × bcms

(8)
∑
s∈S

QSFmsft ≤ rrmft ∀m ∈ M, f ∈ F, t ∈ T

(9)
∑
f∈F

QSFmsft ≤ ISSmst ∀m ∈ M, s ∈ S, t ∈ T
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(10)

MQFpft = fpcappft ×

⎛
⎜⎜⎝
(1 − �) + �

⎛
⎜⎜⎝
�
m∈M

∑
s∈S

QSFmsft

rrmft

⎞
⎟⎟⎠

⎞
⎟⎟⎠

∀p ∈ P, f ∈ F, t ∈ T

(11)MQFpft ×
(
1 − �t

)
=
∑
d∈D

QFDpfdt +
∑
c∈C

QFCpfct ∀p ∈ P, f ∈ F, t ∈ T

(12)
∑
p∈P

∑
f∈F

∑
t∈T

QFDpfdt ≤ b × Xd ∀d ∈ D

(13)

IHdp(t−1) +
∑
f∈F

QFDpfdt = IHdpt +
∑
c∈C

QDCpdct +
∑
r∈R

QDRpdrt ∀d ∈ D, p ∈ P, t ∈ T

(14)IHdpt ≤ dhcapdpt ∀d ∈ D, p ∈ P, t ∈ T

(15)
∑
d∈D

QDCpdct +
∑
f∈F

QFCpfct ≤ dempct ∀c ∈ C, p ∈ P, t ∈ T

(16)
∑
r∈R

QFRpfrt ≤ MQFpft × �t ∀p ∈ P, f ∈ F, t ∈ T

(17)
∑
t∈T

∑
f∈F

∑
p∈P

QFRpfrt ≤ b × Yr ∀r ∈ R

(18)
∑
r∈R

QDRpdrt ≤ �t × IHdp(t−1) ∀p ∈ P, d ∈ D, t ∈ T

(19)
∑
p∈P

∑
d∈D

∑
t∈T

QDRpdrt ≤ b × Yr ∀r ∈ R

(20)
∑
r∈R

QCRpcrt ≤ �t × dempct ∀p ∈ P, c ∈ C, t ∈ T

(21)
∑
p∈P

∑
c∈C

∑
t∈T

QCRpcrt ≤ b × Yr ∀r ∈ R

(22)

∑
f∈F

∑
p∈P

QFRpfrt +
∑
p∈P

∑
d∈D

QDRpdrt +
∑
p∈P

∑
c∈C

QCRpcrt ≤ caprrt ∀r ∈ R, t ∈ T

(23)ISSmst = sscapms ∀t = 0,m ∈ M, s ∈ S

(24)QSFmsft,MQFpft,QFDpfdt,QFCpfct,QDCpdct,QFRpfrt,QDRpdrt ≥ 0 ∀ all sets
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3.2.5  Lower‑level model

subject to

(25)QCRpcrt, IHdpt, ISSmst ≥ 0 ∀ all sets

(26)Xd, Yr ∈ {0, 1} ∀d ∈ D, r ∈ R

(27)maximize Z2 = Income − costs

(28)Income =
∑
j∈J

∑
l∈L

∑
t∈T

QBAjlt × prgj +
∑
m∈M

∑
i∈I

∑
s∈S

∑
t∈T

QVSmist × prcmi

(29)

Costs =

(

∑

r∈R

∑

j∈J

∑

t∈T

∑

v∈V
QRBrjt × tcrbrjv +

∑

r∈R

∑

i∈I

∑

t∈T

∑

v∈V
QRVrit × tcrvriv +

∑

m∈M

∑

i∈I

∑

t∈T

∑

s∈S

∑

v∈V
QVSmist × tcvsisv

+
∑

j∈J

∑

l∈L

∑

t∈T

∑

v∈V
QBAjlt × tcbajlv +

∑

j∈J

∑

i∈I

∑

t∈T

∑

v∈V
QBVjit × tcbvjiv

)

+

(

∑

j∈J

∑

l∈L

∑

t∈T
QBAjlt × pcgj +

∑

m∈M

∑

i∈I

∑

t∈T

∑

s∈S
QVSmist × pcvmi

)

(30)

(∑
p∈P

∑
f∈F

QFRpfrt +
∑
p∈P

∑
d∈D

QDRpdrt +
∑
p∈P

∑
c∈C

QCRpcrt

)
× �1 ≥

∑
j∈J

QRBrjt ∀r ∈ R, t ∈ T

(31)
∑
r∈R

QRBrjt ≤ capbjt ∀j ∈ J, t ∈ T

(32)

(∑
p∈P

∑
f∈F

QFRpfrt +
∑
p∈P

∑
d∈D

QDRpdrt +
∑
p∈P

∑
c∈C

QCRpcrt

)
× �2 ≥

∑
i∈I

QRVrit ∀r ∈ R, t ∈ T

(33)
∑
r∈R

QRVrit +
∑
j∈J

QBVjit ≤ capcit ∀i ∈ I, t ∈ T

(34)(
∑
r∈R

QRVrit +
∑
j∈J

QBVjit) × � =
∑
s∈S

QVSmist ∀m = 1, i ∈ I, t ∈ T

(35)

ISSmst−1 +
∑
i∈I

QVSmist + SScapms = ISSmst +
∑
f∈F

QSFmsft ∀m ∈ M, s ∈ S, t ∈ T

(36)
∑
l∈L

QBAjlt ≤

∑
r∈R

QRBrjt × � ∀j ∈ J, t ∈ T

(37)
∑
l∈L

QBAjlt ≤ bdemlt ∀j ∈ J, t ∈ T
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The objective function (2) attempts to minimize total costs of the upper-level consist 
of shipping costs presented in Eq. (3), construction costs presented in Eq. (4), production 
costs presented in Eq. (5), inventory holding costs presented in Eq. (6), and buying costs 
presented in Eq. (7).

Constraint (8) shows that the quantity of supplied raw materials by suppliers to farms 
in each period should be less than or equal to the requested amount of it by farms. Con-
straint (9) displays that the quantity of supplied raw materials by suppliers to farms in 
each period should be less than or equal to the supply capacity of suppliers. Equation (10) 
implies that the amount of produced agricultural products by farms in each period is 
related to the amount of supplied raw materials by suppliers. If this amount is less than the 
requested number of raw materials, it will hurt the production rate of the farms. Besides, 
if this amount is equal to the requested number of raw materials, it shows the full respon-
siveness of the demanded materials and the fraction value will be equal to 1. Therefore, 
the maximum capacity of farms for producing crops is multiplied with some coefficients. 
Here, (1-φ) shows the impact coefficient of some criteria such as irrigation and weather 
conditions on farm production, while φ represents the impact coefficient of raw materials 
(supplied by suppliers) such as fertilizers and pesticides on farm production. Equation (11) 
illustrates that the total agricultural products in farms minus the wasted amount can be 
shipped to both the DCs and customers. Restriction (12) indicates that transferring prod-
ucts to a potential DC is subject to its construction. Equation  (13) calculates the inven-
tory of products for DCs. This calculation is done in such a way that the inventory of the 
previous period plus the products received from the farms is equal to the inventory of the 
current period plus the products transferred from DCs to customers and recycling depots. 
Constraint (14) ensures that the inventoried products should be less than or equal to the 
holding capacity of DCs. Constraint (15) ensures that the sum of products shipped from 
farms and DCs is less than or equal to customers’ demand. Constraint (16) counts the num-
ber of waste products shipped from farms to recycling depots. Restriction (17) shows that 
transporting products to a potential recycling depot is subject to its construction. Constraint 
(18) calculates the number of waste products shipped from DCs to recycling depots. Con-
straint (19) displays that shipping products to a potential recycling depot are subject to its 
construction. Constraint (20) computes the number of waste products shipped from cus-
tomers to recycling depots. Constraint (21) shows that distributing products to a potential 
recycling depot is subject to its construction. Constraint (22) shows that the summation 
of received products to each recycling depot should not be exceeded from its maximum 
capacity. Equation (23) shows the initial inventoried capacity of suppliers for raw materials 
in the first period. Moreover, the constraints (24) and (25) show the non-negativity decision 
variables used in upper-level, and constraint (26) represents the binary decision variables.

Besides, the objective function (27) seeks to maximize total profits of the lower-level 
using subtraction of incomes from the costs. To this end, Eq.  (28) calculates the total 
income by selling manufactured biogas and compost to its applicants and suppliers. Equa-
tion  (29) also calculates the total costs of lower-level consist of shipping costs between 
stages and production costs of biogas and compost.

(38)
∑
i∈I

QBVjit = � ×
∑
r∈R

QRBrjt ∀j ∈ J, t ∈ T

(39)QRBrjt,QRVrit,QVSmist,QBAjlt,QBVjit, ISSmst ≥ 0 ∀ all sets
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Constraints (30) and (32) divide the waste products received in recycling depots 
between biogas and compost production centers, respectively. This work done using two 
weighting factors which consist of ω1 and ω2 whose sum is equal to 1. These two weight-
ing factors are obtained by experts’ opinions. Constraint (31) shows that the summation of 
received products to each biogas center should not be exceeded from its maximum capac-
ity. Also, constraint (33) shows that the summation of received products to each compost 
center should not be exceeded from its maximum capacity. Equation (34) shows the quan-
tity of manufactured compost in compost centers that can be moved to suppliers. In this 
equality, the number of received waste products from recycling depots and biogas centers 
are mixed and using some procedure, the compost can be obtained. Therefore, these mixed 
waste products are multiplied by a conversion coefficient (conversion of waste products to 
compost), and the final amount of moved compost to suppliers is calculated.

Also, Eq. (35) calculates the inventoried capacity of suppliers for raw materials. To this 
end, inventory of the previous period plus the materials received from the compost cent-
ers and other sections is equal to the inventory of the current period plus the materials 
transferred from suppliers to farms. Besides, based on (Amirkhani et al., 2014), we know 
that compounds such as 50% water, 10% animal or human feces, and 40% rotten crops are 
needed to make biogas. Based on this research, 2 kg rotten crops by mixing other needed 
components (2.5  kg water and 0.5  kg feces) can release 1500-L biogas in 60  days, so 
2 × (1500/60) = 50-L biogas release per day. Based on mentioned properties, δ = (1500/60) 
and in Eq. (36), this conversion coefficient is multiplied by waste products to calculate the 
amount of shipped biogas in liter to applicants. Constraint (37) shows that the summation 
of shipped biogas to applicants should not be exceeded by their demand. Equation  (38) 
finds the number of waste products in biogas centers that can be reusable for making com-
posts and transfers them to compost centers. Besides, the constraint (39) shows the non-
negativity decision variables used in the follower level.

4  Solution method

This sector describes the suggested solution methods to solve the mentioned problem. To 
this end, first, the encoding and decoding process is presented and then some meta-heu-
ristic algorithms such as Genetic Algorithm (GA) and Stochastic Fractal Search (SFS) are 
provided. The reasons for using the meta-heuristic algorithms are the nonlinear nature of 
the problem and the NP-hardness of the bi-level programming (Talbi, 2013). This informa-
tion is existing in the following subsectors.

4.1  Encoding and decoding

One of the most important phases in using meta-heuristic algorithms is to describe the 
encoding–decoding process. There are different ways to encode a problem chromosome, 
each for a specific problem. Since the mechanism of operation of most algorithms is 
performed in a continuous environment, and also our problem requires sequencing for 
assignment to perform, so we use the priority-based encoding approach (Gen et  al., 
2006). We encourage the readers to follow (Lotfi & Tavakkoli-Moghaddam, 2013) for 
more information. So first we fill the genes of the chromosome with random numbers 
between (0, 1) and then we sort them according to priority and the position of each 
of which are integers and are selected as allocation sequence (see Figs. 3 and 4). For 
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example, if the chromosome with random numbers is {0.2, 0.1, 0.4, 0.8, 0.3, 0.9, 0.5}, 
then the allocation sequence by sorting it is equal to {6, 7, 4, 2, 5, 1, 3}.

On the other hand, after encoding the problem and applying the algorithm operators 
to the problem chromosome, we need to calculate the variables and objective functions. 
Therefore, we need decoding procedures to convert the encoded problems to answers. 
To this end, the general form of these procedures is illustrated in Figs. 5 and 6.

Figure 5 shows the allocation procedure without inventory for some sectors of chro-
mosomes that not included inventory. Also, Fig. 6 shows the allocation procedure con-
sidering inventory for some sectors of chromosomes that included inventory. Moreover, 
it should be noted that the binary variable related to the opening facilities is shown in 
Fig. 5. This step may only apply to specific sectors of chromosomes such as sector two 
and sector four.

Fig. 3  The chromosome with random numbers between (0, 1) for upper-level

Fig. 4  The chromosome with random numbers between (0, 1) for lower-level

Fig. 5  Allocation procedure without inventory
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4.2  Genetic algorithm (GA)

This algorithm is proposed by John Holland (1975) and inspired by the genetic behavior 
of living organisms that can improve their physical condition through genetic mutations 
and inheritance from their parents. To this end, some random population is generated, 
and using two main operators (mutation and crossover), it seeks to improve the chro-
mosome status and subsequently the state of the fitness function (Sang, 2021). Since 
the advent of this algorithm, various versions of it have been developed and it has also 
been effective in solving multi-level problems (Ma, 2016; Talbi, 2013). This algorithm 
is known as a model for various metaheuristic algorithms and in used in wide field of 
studies as a strong one such as in a joint order batching and picker routing problem 
(Yousefi Nejad Attari et al., 2021), location-inventory supply chain (Fathi et al., 2021), 
green supply chain (Gholizadeh & Fazlollahtabar, 2020), and others. Therefore, it is 
considered a strong and well-known algorithm in solving problems in this field, and we 
also use it to solve our proposed problem. It should be noted that all the algorithms used 
in this research are nested and among the main algorithm to calculate the high level, 
another lower-level algorithm is used. The pseudocode of nested bi-level GA is illus-
trated in Fig. 7.

Because the chromosome of this problem is filled with random numbers between (0, 
1) and then an allocation sequence is obtained from the sort operator (using the gen’s 
priority), so all the chromosomes will be feasible. Besides, according to (Demirel et al., 
2014; Maghsoudlou et  al., 2016; Rostami et  al., 2020), single-point and double-point 
crossovers along with swap, displacement, insertion, and reversion mutations operators 
were used. These operators are performed on random number vectors to avoid the crea-
tion of decimal numbers in the allocation sequence.

Fig. 6  Allocation procedure considering inventory
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4.3  Stochastic fractal search (SFS)

This algorithm is inspired by the natural phenomena of growth and created using a math-
ematical concept called fractal. This algorithm was first presented by (Salimi, 2015). Like 
most algorithms, it is population-based and starts with a randomly generated initial popula-
tion (Khalilpourazari et al., 2020). Due to a large number of formulas and concepts about 
this algorithm, readers are advised to refer to the mentioned source. In the following, the 
pseudo-code of this algorithm is presented (Fig. 8).

Fig. 7  Pseudo-code of the nested bi-level GA

Fig. 8  The pseudo-code of nested bi-level SFS
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Because the chromosome of this problem is filled with random numbers between (0, 1) 
and then an allocation sequence is obtained from the sort operator (using the gen’s prior-
ity), so all the chromosomes will be feasible. Besides, all operators are performed on ran-
dom number vectors to avoid the creation of decimal numbers in the allocation sequence.

4.4  Hybrid metaheuristics

Moreover, two hybrid metaheuristics based on SFS and GA are used to search for more 
appropriate answers. To this end, GA-SFS and SFS-GA are used that for example in GA-
SFS, the genetic algorithm works on upper-level and stochastic fractal search works on 
lower-level. The opposite case is also established for SFS-GA. Since the descriptions for 
each algorithm are described separately, we will refrain from further explanations about 
these hybrid algorithms. It is important to note that here each algorithm (GA or SFS) is 
used only for a specific level and the other level uses a different algorithm.

5  Example

This section reports some generated examples to verify model performance and also 
adjusts the values of algorithm parameters. More information is presented in the following 
subsections.

5.1  Parameter setting

In this section, some numerical examples are generated randomly to set proposed model 
parameters. These generated examples are illustrated in Table  4, and also the values of 
periods and vehicles are fixed by 6 and 5, respectively, for all generated examples. It is 
necessary to consider several agricultural products, for example, several types of fruits 
and several types of raw materials supplied by suppliers, including pesticides, chemical 

Table 4  Generation of twelve 
numerical examples in different 
dimensions

Example # Set

S F D C R I J L P M

1 5 10 5 10 2 1 1 5 2 4
2 10 12 5 15 3 2 1 5 2 4
3 16 16 6 18 3 2 2 6 3 5
4 20 25 10 25 4 3 2 6 4 5
5 23 29 14 28 4 3 2 7 5 6
6 25 35 18 32 4 3 2 7 5 7
7 30 40 20 38 5 4 3 8 6 7
8 35 48 22 42 5 4 3 9 7 7
9 40 60 28 45 5 4 3 8 8 7
10 45 65 30 55 10 5 5 15 8 8
11 55 65 35 70 15 10 8 20 9 10
12 70 80 40 90 20 15 13 30 10 15
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fertilizers, and biological fertilizers. Moreover, according to experts in this field, values of 
0.6 and 0.4 were adopted for ω1 and ω2, respectively. Finally, values of other parameters 
are reported in Table 5.

Due to the lack of available information and momentary changes in the country under 
study, it is difficult to accurately state these values. Therefore, these numbers are close to 
the real world and the desired values can be changed for specific geographical areas.

5.2  Tuning parameters of algorithms

In this section, to calibrate the parameters of the applied algorithms, we have used 
the Taguchi method (Taguchi, 1986), which is one of the well-known methods in the 
design of experiments. According to the detailed information mentioned in the refer-
ence, this method uses some measures to reduce the number of experiments, therefore, 
we use a few experiment numbers instead of full factorial experiments. The important 
thing is that this method is only applicable to one objective function. Therefore, for 
single-objective mathematical models, it is sufficient to replace the value of the objec-
tive function of the model. Therefore, for multi-objective mathematical problems, a 
single value for the Taguchi method must be obtained using several types of stand-
ard multi-objective metrics. But this is a bi-level example, so according to (Kuo et al., 

Table 5  Values of main parameters of model

$: Dollar L Liter T Ton M Month VE Vehicle

Parameter Values Unit Parameter Values Unit

�t [0.1, 0.12, 0.15, 0, 0, 0] – T 6 M
�t [0.02, 0.02, 0.03, 0.03, 0.035, 0.04] – t’ 2 M
�t [0.02, 0.03, 0.04, 0.045, 0.045, 0.048] – V 5 VE
fixdd Uniform ∼ [120000,185000] $ � 0.4 –
fixrr Uniform ∼ [14000,24000] $ 1 − � 0.6 –
ihcms Uniform ~ [12, 16] $/T b 1010 –
� 750 L/M � 1.1 –
pcpf Uniform ~ [80, 100] $/T � 0.7 –
bcms Uniform ~ [40, 60] $/T rrmft Uniform ~ [2, 6] T
prgj Uniform ~ [20, 35] $/L dempct Uniform ~ [5, 12] T
pcgj Uniform ~ [10, 12] $/L fpcappft Uniform ~ [40, 100] T
prcmi Uniform ~ [15, 20] $/T dhcapdpt Uniform ~ [30, 50] T
pcvmi Uniform ~ [8, 10] $/T sscapms Uniform ~ [20, 60] T
tcsfsfv Uniform ~ [12, 25] $/T hcdp Uniform ~ [35, 48] $/T
tcvsisv Uniform ~ [12, 25] $/T tccrcrv Uniform ~ [8, 15] $/T
tcfdfdv Uniform ~ [10, 30] $/T tcrbrjv Uniform ~ [5, 18] $/T
tcfcfcv Uniform ~ [10, 30] $/T tcrvriv Uniform ~ [5, 18] $/T
tcdcdcv Uniform ~ [10, 30] $/T tcbvjiv Uniform ~ [5, 18] $/T
tcfrfrv Uniform ~ [8, 15] $/T tcbajlv Uniform ~ [12, 16] $/L
tcdrdrv Uniform ~ [8, 15] $/T caprrt Uniform ~ [80, 150] T
bdemlt Uniform ~ [2000, 9000] L capbjt Uniform ~ [90, 200] T
capcit Uniform ~ [60, 100] T – – –
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2015), only the upper-level objective is used to calibrate the algorithms in the Tagu-
chi method. The statement ‘Smaller-the-Better’ is also chosen in the Taguchi method 
because the upper-level objective function is minimization.

To this end, it is initially desirable to report the values of the parameters of the 
used algorithms for different considered levels. These values are reached based on 
(Golshahi-Roudbaneh et  al., 2017; Rahmati et  al., 2013; Sarrafha et  al., 2015) and 
illustrated in Table 6.

After setting the various levels of the algorithm parameters, it is time to run the 
Taguchi method using the Minitab software. After executing this method in the men-
tioned software, the orthogonal array L9 is selected for both algorithms. Moreover, 
after solving each algorithm during 30 executions, the average answer for each experi-
ment is stored in the software. The orthogonal arrays along with resulted values of Z1 
for GA and SFS are reported in Tables 7 and 8, respectively.

As a result, using the analysis of these results by the Taguchi method, the selected 
values of the parameters are obtained by a tool called SN diagram. Therefore, the main 
effects plot of SN ratios for GA and SFS are illustrated in Figs. 9 and 10, respectively. 
Based on Fig. 9, it can be stated that values of 0.9, 0.1, 100, and 200 are selected for 
Pc, Pm, N-pop, and Max iteration, respectively. Also based on Fig. 10, it can be stated 
that values of 1, 150, and 300 are selected for MDN, N-pop, and Max iteration, respec-
tively. These adjusted values are also applied for the two-hybrid algorithms.

Table 6  Algorithm parameters 
range and defined levels

Algorithms Parameters Parameter Level

Level 1 Level 2 Level 3

NBL-GA Pc 0.7 0.8 0.9
Pm 0.05 0.1 0.15
N-pop 100 150 200
Max iteration 100 200 300

NBL-SFS MDN 1 2 3
N-pop 100 150 200
Max iteration 100 200 300

Table 7  The main results of 
Taguchi experiment for GA

Experiment # Pc Pm N-pop Max iteration ↓ Z1

1 0.7 0.05 100 100 853,909.80
2 0.7 0.1 150 200 836,909.25
3 0.7 0.15 200 300 846,579.51
4 0.8 0.05 150 300 855,633.25
5 0.8 0.1 200 100 850,413.72
6 0.8 0.15 100 200 841,471.65
7 0.9 0.05 200 200 839,111.32
8 0.9 0.1 100 300 836,286.85
9 0.9 0.15 150 100 841,038.45
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Table 8  The main results of 
Taguchi experiment for SFS

Experiment # MDN N-pop Max iteration ↓ Z1

1 1 100 100 851,112.45
2 1 150 200 842,373.33
3 1 200 300 841,809.74
4 2 100 200 845,543.20
5 2 150 300 844,676.07
6 2 200 100 851,806.55
7 3 100 300 847,983.21
8 3 150 100 840,695.25
9 3 200 200 852,860.80

Fig. 9  The main effects plot for SN ratios of GA

Fig. 10  The main effects plot for SN ratios of SFS
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6  Results and discussion

6.1  Computational results

Finally, after setting the model parameters and adjusting the parameters of the algorithms, 
in this section, we will solve the generated examples. It should be noted that the examples 
are designed in small, medium, and large dimensions to further evaluate the performance 
of the algorithms. Also, to encode the algorithms, MATLAB software has been used and 
all the results have been executed under a personal computer with Windows 10 and a Core 
i5 CPU processor and 4 GB of RAM. To evaluate the performance of the algorithms, crite-
ria such as the best value of the objective functions, the worst value of the objective func-
tions, the mean of the objective functions, the CPU time, and normalized deviations (ND) 
have been used. The related formula to calculate ND is presented in Eq. (40).

After executing each example using the proposed algorithms and extracting the values 
of mentioned criteria, we compare and analyze the results. These results are presented in 
Table 9 and the best value for each criterion is bolded in each example.

To analyze the results of Table 9, some diagrams are used. For example, the comparison 
diagram of algorithms in terms of CPU time is presented in Fig. 11. Based on this figure, 
the SFS-SFS has the minimum execution time for all examples. Therefore, this algorithm is 
the best in terms of CPU time.

Also, from the perspective of the upper-level objective function, Fig. 12 illustrates these 
comparisons. Since this aim is minimization type, so the algorithm with the lowest value 
will be selected. As it turns out, SFS-GA has the best record in examples 1, 2, 3, 5, 6, 8, 10 
and 12. The SFS-SFS has also gotten the best value in examples 4, 7, and 9.

Moreover, Fig. 13 shows the assessment of algorithms in terms of the lower-level objec-
tive function. Since this objective function is a maximization type, so the algorithm with 
the highest value will be chosen. As is clear SFS-GA having the best performance in exam-
ples 1, 4, 5, 6, 8, 9, 10 and 12, while SFS-SFS has gotten the best value in examples 2, 7 
and 11. Also, GA-SFS had the best performance in example 3.

Furthermore, the normalized deviation is applied to review these results as shown in 
Fig. 14. This figure implies that the smallest deviations in almost all examples belong to 
SFS-GA.

After analyzing the results, we conclude that in some criteria, SFS-GA obtained better 
results and in others, SFS-SFS showed better performance. Therefore, to summarize, we 
must use a method that specifies only one algorithm for us as the best method. For this pur-
pose, the displaced ideal solution (DIS) method (Pasandideh et al., 2015) has been used, 
the general structure of this method is summarized in Eqs. (41) and (42). In the mentioned 
method, in the first step, the value of Fi is obtained by averaging resulted values of twelve 
generated examples for each criterion, and then, the value of Fi* is determined using the 
lowest values for the criteria of the upper-level objective function and the highest values for 
the factors related to the lower-level objective function. The minimum amounts for ND and 
CPU time are also chosen. Finally, the values of Fi and Fi* are reported in Table 10.

Finally, we normalize the values of Table 10 using formula (41) and by summing the 
normal values, the direct distance for each method is calculated. It should be noted that the 

(40)ND =

|||Zmin
1

− Z∗
1,i

|||
Zmin
1

+

|||Zmax
2

− Z∗
2,i

|||
Zmax
2
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direct distance is calculated using formula (42) and the lower the direct distance value, the 
more desirable the answers of the mentioned algorithm than other algorithms. The normal-
ized values and direct distances are presented in Table 11.

(41)FN
i
=

Fi − F∗
i

F∗
i
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Finally, using the results of this method, we find that the proposed hybrid algorithm 
SFS-GA was selected as the best method to solve twelve generated examples among four 
proposed algorithms. This algorithm is selected because it has the least distance (0.047) 
from the ideal point. On the other hand, the SFS-SFS was selected as the second-best algo-
rithm with a direct distance of 4.3665. It should be noted that the SFS-SFS especially in 
large size examples showed great in solving problems.

(42)Direct distance =
∑
i

FN
i
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The results show that by using these analyses, better management in the real-world sup-
ply chain can be achieved and good results can be achieved in a reasonable time by using 
the proposed solution method. Therefore, by using these results, agricultural products can 
be allocated with proper planning, and also waste products can be used to make two new 
products that prevent both environmental pollution and produce clean fuel and useful bio-
logical fertilizers.

6.2  Sensitivity analysis

To further assess and analyze the performance of the suggested model in this section, sen-
sitivity analysis is performed on some sensitive parameters of the model. The results are 
presented in Table 12. It should be noted that all these calculations were performed only 
for the first numerical example and the results were reported only for SFS-GA, which was 
selected as the best algorithm. To this end, five parameters that consist of product demand, 
biogas demand, farm capacity, ω1, and ω2 are chosen to change.

Using the analysis of the results of this table, it can be seen that changes in five param-
eters that consist of product demand, biogas demand, farm capacity, ω1, and ω2 cause 
changes in the number of objective functions as well as opened facilities. For instance, 
an increase in product demand can increase the total cost of the upper-level and slightly 
increase the objective function of the lower-level, which is a small increase due to the 

Table 11  The main results of DIS method

Algorithm Criteria Direct distance

Z1 Z2 ND CPU time

Best Worst Mean Best Worst Mean

GA-GA 0.0398 0.0343 0.0516 0.0258 0.0145 0.0251 10.5230 0.1721 10.8862
SFS-SFS 0.0110 0.0127 0.0131 0.0141 0.0117 0.0128 4.2912 0.0000 4.3665
GA-SFS 0.0274 0.0129 0.0258 0.0222 0.0092 0.0192 8.4778 0.0917 8.6863
SFS-GA 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0470 0.0470

Table 12  Resulted values of sensitivity analysis

Analyze # Change in parameter value Objective values Opened facilities

dempct bdemlt fpcappft �
1

�
2

Z1 Z2

1 0%↑↓ 0%↑↓ 0%↑↓ 0.6 0.4 812,600.4 40,671.7 X1, X5, Y1

2 20%↑ 0%↑↓ 0%↑↓ 0.6 0.4 838,156.7 40,908.2 X1, X3, X5, Y1

3 0%↑↓ 20%↑ 0%↑↓ 0.6 0.4 812,600.4 43,497.8 X1, X5, Y1

4 0%↑↓ 0%↑↓ 20%↑ 0.6 0.4 849,760.5 41,596.3 X1, X2, X4, Y1, Y2

5 20%↑ 30%↑ 10%↓ 0.6 0.4 856,759.3 44,852.9 X1, X2, X4, X5, Y1, Y2

6 0%↑↓ 0%↑↓ 0%↑↓ 0.7 0.3 812,600.4 41,416.5 X1, X3, X5, Y1

7 0%↑↓ 0%↑↓ 0%↑↓ 0.5 0.5 812,600.4 40,498.6 X1, X3, X5, Y1

8 0%↑↓ 0%↑↓ 0%↑↓ 0.4 0.6 812,600.4 40,335.1 X1, X3, X5, Y1

9 0%↑↓ 0%↑↓ 0%↑↓ 0.3 0.7 812,600.4 40,179.4 X1, X3, X5, Y1
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increase in the number of rotten products sent to the lower-level. On the other hand, 
increasing biogas demand only increases the lower level objective function. As well as 
increasing product demand and production capacity can also be opened additional facilities 
for storage. In addition, different changes are depicted for the two parameters ω1 and ω2, 
which according to experts’ opinions, the best value of 0.6 and 0.4 was selected for param-
eters ω1 and ω2, respectively. What is important is the use of these analyses to improve the 
status of the systems in question by managers and experts in the field.

7  Conclusion

Globalization and liberalization of trade in agricultural and food products have changed 
the structure of markets. Conventional traditional supply-based marketing systems for 
agricultural and food products have given way to coordinated and market-based supply 
chains. To succeed in meeting these challenges, it is necessary for businesses affiliated with 
the agricultural sector to apply the supply chain management approach in the process of 
converting inputs into inputs to deliver products to the market or end-users. On the other 
hand, issues related to rotten agricultural products have occupied the minds and attention 
of many systems. To this end, in this research, an eight-echelon agricultural supply chain 
was designed by seeing suppliers, farms, distributors, customers, recycling depots, biologi-
cal fertilizers centers, biogas centers, and biogas applicants. Then, a mathematical model 
based on bi-level programming was formulated. The purpose of the upper-level of this pro-
posed model was to minimize the total costs of the leader level, while the lower-level was 
to maximize the total profit achieved by the difference between the sales of follower level 
products and the total costs of this level. Since such problems had computational complex-
ity, two meta-heuristic algorithms along with two hybrid algorithms were used to solve the 
proposed problem. Also, several numerical examples in different dimensions were gener-
ated to further explore the performance of these algorithms. On the other hand, to achieve 
the best performance of these algorithms, their parameters were first calibrated using the 
Taguchi method. Finally, the results were reported and showed the superiority of SFS-GA 
over other methods. Also, sensitivity analysis was executed on some parameters of the 
model, and using the results, several insights were reported. These gotten outcomes can be 
beneficial for agricultural managers and organizations. Like other research, this research 
has its limitations. For example, the values of the parameters, constraints, and conditions 
included in this model are related to the specific geographical location under study and 
may change in other areas. Therefore, the results obtained in this research for implementa-
tion in other areas and geographical areas should be reviewed. Another limitation is the 
high inflation and uncertainty in this geographical location, which causes the values of 
cost-related parameters to vary. As a final point, several guidelines for future studies are 
delivered as follow. Applying uncertainty in modeling problems such as robust program-
ming, fuzzy sets, or stochastic programming can be useful and contribute to the complexity 
of the model and its proximity to the real world. Utilizing new metaheuristic and heuristic 
algorithms can lead to better answers and even reduce problem solving time. Considering 
green and sustainability aspects in modeling and integrating this SCM with other SCM can 
also be studied.
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