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 5 

Abstract 6 

 7 

Disruption risks may halt or adversely affect supply chain operations and can lead to deviations in its 8 

objectives. One of the most important objectives of the supply chain which can be adversely affected by 9 

disruptions, is environmental objective. Therefore, considering supply chain resilience and environmental 10 

aspects simultaneously is of great importance. In this paper, the problem of designing a green and resilient 11 

mixed open and closed-loop supply chain network under operational and disruption risks has been studied. 12 

A bi-objective mixed integer linear programming model is proposed to formulate the problem. Some 13 

resilience strategies are applied to deal with disruption risks and enhance supply chain resilience. In order 14 

to overcome the complexity of the problem and solve the problems with medium and large sizes, a new 15 

meta-heuristic algorithm called multi-objective hybrid Ant-colony optimization and teaching and learning 16 

based optimization (ACO-TLBO) has been proposed and compared with two hybrid metaheuristics and the 17 

augmented ε-constraint method through various test problems. The outcomes showed that the ACO-TLBO 18 

algorithm is very efficient in obtaining high-quality Pareto solutions and is the best method among the 19 

proposed methods. Also, in order to show the applicability of the problem and validate the model and 20 

solution methods, a real case study in the tire industry has been presented and analyzed. The results of 21 

analyses demonstrate the high effectiveness of resilience strategies and the necessity of joint consideration 22 

of resilience and greenness in the supply chain design.  23 

Keywords: Green Supply chain design, environmental aspects, reverse logistics, resilience, disruption, 24 

metaheuristics 25 

 26 

Introduction 27 

Today’s organizations seek to exploit the advantages of right supply chain (SC) management in order to maintain 28 

their position in the market, create competitive advantages, decrease costs, and generally speaking, manage their 29 

supply chain efficiently. The design of the supply chain network plays a crucial role in the supply chain management 30 

since it determines the physical structure of the supply chain and makes decisions on issues such as choosing location, 31 

number, and capacity of facilities, selecting suppliers, and the like (Govindan et al., 2017).  32 

Climate change poses one of the greatest threats to human life (Meng et al., 2020). Global population growth has led 33 

to an increase in energy consumption due to the necessity of responding to growing demands (Ramezanian et al., 34 

2019) and consequently has accelerated climate change and global warming. This, along with issues such as 35 

limitations and increasing consumption of non-renewable natural resources, environmental pollution, adoption of 36 

relevant laws in many countries, and other concerns, have attracted the attention of researchers and decision-makers 37 

to the issue of reverse logistics (Soleimani et al., 2017). Supply chain network structures can be divided into three 38 

groups: forward supply chains, reverse supply chains, and supply chains that include both forward and reverse flows. 39 

The latter can also be divided into three categories of open-loop, closed-loop, and mixed open and closed-loop (Van 40 

Engeland et al., 2020). In mixed supply chains, some of recyclable materials and products remain and are used within 41 

the supply chain, while the rest leave the supply chain and enter other supply chains for similar or different purposes 42 

(Salema et al., 2007). Reverse logistics can improve the environmental aspect of sustainability because they are very 43 

effective in reducing energy consumption, material consumption, and environmental pollution. 44 

Supply chains are exposed to different risks that can be categorized as operational risks and disruptions. Operational 45 

risks are rooted in the inherent uncertainty of supply chains, which include uncertainties in supply, demand, delivery 46 

times, shipping times, and costs. Disruptions may occur in parts of the supply chain due to natural disasters (such as 47 

floods and earthquakes), intentional or unintentional human actions (such as strikes, wars, and terrorist attacks), or 48 
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technical factors (such as equipment and information system failures) (Sabouhi et al., 2018). These disruptions have 49 

a major impact on the supply chain and adversely affect the objectives and the performance of the supply chain 50 

(Torabi et al., 2016). New supply chains are more likely to face disruptions because they have greater lengths and are 51 

more complex (Namdar et al., 2018). The Covid-19 pandemic is currently a worldwide disruption, which is one of 52 

the biggest disruptions in recent decades and has had many negative effects on supply chains around the world. The 53 

performance and responsiveness of SCs have been degraded, because of delivery delays, lack of raw materials, and 54 

disturbance in logistics systems caused by the pandemic (Karmaker et al., 2021). This disruption has increasingly 55 

challenged supply chain resilience (Ivanov and Dolgui, 2020), which is the ability of the supply chain to cope with, 56 

adapt to, and restore to pre-disruption or a new desired state to respond to demand and maintain proper performance 57 

(Hosseini et al., 2019). Supply chain resilience is highly dependent on its design, and companies with better supply 58 

chain designs are often more resilient to disruptions (Klibi et al., 2010).  59 

In general, sustainability and resilience should be considered together to assure the survival of the system by 60 

exploiting the synergy of these two concepts. On the other hand, supply chain must be resilient in order to maintain 61 

its proper sustainability performance, including in the environmental dimension (Zare Mehrjerdi, and Shafiee, 2021).  62 

In this paper, an integrated green and resilient mixed open and closed-loop supply chain network design (SCND) and 63 

redesign problem is studied, and a novel bi-objective mathematical model is developed with the objectives of 64 

maximizing the total profit of SC and minimizing the SC negative environmental impacts. In order to enhance the 65 

resilience of the network against disruptions, some resilience strategies are applied. Three hybrid metaheuristics are 66 

proposed to handle the computational complexity of the problem.  Also, a real case study and various test problems 67 

are provided to verify the mathematical model and solution methods and show the applicability of the studied problem 68 

and analyze it.  69 

The other sections of the paper are as follows.  In the “Literature review” section, the literature on green SCND, 70 

resilient SCND and green-resilient SCND are reviewed. The “Problem definition and mathematical modeling” section 71 

presents the problem definition and the proposed mathematical model. The solution methods are described in the 72 

“Solution methods” section. The case study, test problems and the computational results and analyses are provided 73 

in the section of “Computational results and analyses”. Finally, the conclusions and directions for future research are 74 

given in the section of “Conclusion”. 75 

 76 

Literature review 77 

In this section, the literature related to the problem studied in this paper is briefly reviewed. The literature review is 78 

presented in 4 subsections. The first three subsections present the literature review on green SCND, green-resilient 79 

SCND and integrated green and resilient SCND. The last subsection provides the research gaps and expresses the 80 

contributions of our paper.  81 

 82 

Green supply chain network design 83 

Given that the literature on green SCND is vast, here, the papers are that more relevant to our paper are reviewed. For 84 

this purpose, in this subsection, we concentrate on papers that have studied green supply chain design with considering 85 

reverse logistics.  86 

Zohal and Soleimani (2016) studied a green closed loop SCND problem in gold industry. They developed a multi-87 

objective mixed integer linear programming model for the problem. The objective functions were minimizing cost, 88 

maximizing income and minimizing CO2 emissions. Nurjanni et al. (2017) presented a bi-objective mathematical 89 

model for green closed-loop SCND problem. The considered objectives were minimization of costs and 90 

environmental impacts. Mohtashami,et al. (2020) used queuing system in green closed-loop supply chain design 91 

problem to minimize negative environmental impacts and energy consumption. There are other similar works in this 92 

literature such as the papers of Sadeghi Rad and Nahavandi (2018) and Mardan et al. (2019).  93 

The mentioned papers did not consider uncertainty in their problem. Some researchers studied closed-loop green 94 

SCND under uncertainty. Soleimani et al. (2017) proposed a tri-objective mathematical model for green SCND under 95 

demands and social impacts uncertainties. The objective functions were maximizing profit, maximizing satisfied 96 

demands and minimizing lost work days. Ghomi-Avili et al., (2018) studied competitive green closed-loop SCND in 97 

the presence of disruptions for suppliers. The authors developed a bi-objective mathematical model whose objectives 98 

were maximizing supply chain profit and minimizing CO2 emissions. Zarrat Dakhely Parast et al. (2021) studied a 99 

green supply chain design problem with forward and reverse flows. They considered location, routing and inventory 100 

decisions in their problem.  Other research papers on green closed-loop SCND under uncertainty can be found in the 101 

works of Zhen et al. (2019) and Boronoos et al. (2021). 102 

 103 



Resilient supply chain network design 104 

Resilient supply chain network design is a growing research field. Especially in recent months, due to the outbreak 105 

of Covid-19 pandemic disease, its importance has become more and more realized.  106 

The vast majority of studies in the field of resilient SCND have used resilience strategies to deal with disruptions. 107 

Multiple sourcing as the most well-known strategy has been sued by Peng et al. (2011), Hasani and Khosrojerdi 108 

(2016), Rezapour et al. (2017), Sabouhi et al. (2018), Bottani et al. (2019), Sabouhi et al. (2020) and Gholami-Zanjani 109 

et al. (2021a). This strategy allows a downstream facility to be served by two or more upstream facilities. When one 110 

or more upstream facilities cannot satisfy the demands of downstream facilities partially or completely, other 111 

upstream facilities can be replaced and avoid interruptions in operations and more damages. In facility fortification 112 

strategy, facilities are fortified against disruptions based on some fortification levels. With increasing the level of 113 

fortification, the resistance of facility increases, and of course, with increasing the level of fortification, related costs 114 

increase (Fattahi et al., 2017). The works of Azad et al. (2013), Jabbarzadeh et al. (2016), Fattahi et al. (2017), 115 

Gholami-Zanjani et al. (2021a) have utilized facility fortification as a resilience strategy. Using backup facilities is 116 

another resilience strategy used in some papers such as Salehi Sadghiani et al. (2015), Jabbarzadeh et al. (2016), 117 

Sabouhi et al. (2020) and Gholami-Zanjani et al. (2021a). Using this strategy will cause similar backup facilities to 118 

be replaced if one or more facilities fail, and activities will continue as possible. Capacity expansion strategy allows 119 

adding extra capacity to a facility when its capacity is decreased due to a disruption. Sabouhi et al. (2020) and 120 

Gholami-Zanjani et al. (2021a) have applied this strategy in their studies.  Lateral transshipment strategy allows 121 

transshipping products and materials between facilities in a same echelon. With using this strategy products can be 122 

transferred to disrupted facilities when needed. This strategy is used in the papers of Jabbarzadeh et al. (2018b) and 123 

sabouhi et al. (2020). Keeping inventory is another main resilience strategy that helps prevent shortages in materials 124 

and products when disruption occurs. Hasani and Khosrojerdi (2016) and Sabouhi et al. (2018) Are examples of 125 

research that have applied this strategy. There are other strategies such as alternative bill of material adaption (Hasani 126 

and Khosrojerdi, 2016) and dual channel distribution (Sabouhi et al., 2020) which can be useful according to the 127 

structure of the problem. 128 

In terms of the network structure, most of the research considered the traditional design of the forward supply chain. 129 

Among the supply chain network design studies, Jabbarzadeh et al. (2018b) studied resilient closed-loop SCND under 130 

disruption risks. They presented a stochastic robust optimization model to formulate the problem. Vali-Siar and 131 

Roghanian (2020) investigated the problem of mixed open and closed-loop SCND under operational and disruption 132 

risks. They developed a new mathematical model with the objective of maximizing SC profit. Multiple sourcing, 133 

facility fortification, capacity expansion, dual-channel distribution and price adjustment were used as resilience 134 

strategies. Recently, Zare Mehrjerdi and Shafiee (2021) worked on sustainable and resilient closed-loop SCND and 135 

applied multiple sourcing and information sharing strategies to increase the SC resilience.  136 

Some researchers considered other concepts besides resilience in their SCND problem. Fattahi et al. (2017) and 137 

Sabouhi et al. (2020) studied resilient and responsive SCND problem. Rezapour et al. (2017) and Ghavamifar et al. 138 

(2018) raised the issue of competition in resilient SCND problem under disruptions. The problem of resilient SCND 139 

with considering environmental issues or so-called green and resilient SCND is another important topic that is 140 

investigated in the nest subsection.  141 

 142 

Green and resilient supply chain network design 143 

Due to the importance of considering environmental issues and the effects of disruptions on supply chain objects such 144 

as environmental objectives, considering resilience and environmental issues simultaneously is very important. The 145 

topic of green and resilient SCND seems to be a growing field of research, and there are still some issues to be studied 146 

more, especially the SCs with reverse logistics.  Fahimnia et al. (2018) used an environmental performance scoring 147 

approach and a robustness measure to consider environmental issues and resilience in the SCND problem. They 148 

presented a single-objective mathematical model. Mohammed et al. (2019) studied green and resilient SCND 149 

problem. They developed a tri-objective mathematical model with the objectives of minimization of total cost, 150 

minimization of CO2 and maximization of SC resilience. Some researchers utilized resilience strategies to mitigate 151 

disruptions. Hasani et al. (2021) used facility fortification, facility dispersion, semi-finished goods production, and 152 

multiple sourcing strategies for designing resilient and green SCND problem. Recently, Gholami-Zanjani et al. 153 

(2021b) used multiple sourcing and backup suppliers for designing green and resilient meat SCND.  154 

The above-mentioned studies did not consider reverse logistics. Yavari and Zaker (2019) proposed a bi-objective 155 

MILP model for resilient and green closed-loop SCND Problem in the dairy industry. They applied interdependent 156 

two-layer structure for considering disruption in the electric power network supplying the power of the SC. The 157 

objective functions of their model were minimizing SC costs and carbon emissions. There is another category of 158 

research papers that studies sustainability and resilience in their problem. The papers of Jabbarzadeh et al. (2018a), 159 



Zare Mehrjerdi and Shafiee (2021), Sazvar et al. (2021), Sabouhi et al. (2021), Shabbir et al. (2021) and Fazli-Khalaf 160 

et al. (2021) studied sustainable and resilient SCND problem.  161 

 162 

Research Gaps 163 

In Table 1, the related papers are summarized and their main characteristics are specified. According to the table, it 164 

can be seen that the issue of resilient mixed SCND has not been studied in the articles except for the previous work 165 

of the authors. Secondly, the problem of SCND with joint consideration of resilience and environmental issues in 166 

networks with reverse logistics has been only addressed in one paper whose network structure is closed-loop. Also, 167 

the simultaneous consideration of resilience, greenness and responsiveness has not been studied in previous studies. 168 

Moreover, only two papers have studied responsive resilient SCND and more research should be done in this field. 169 

As can be seen from Table 1, the problem of resilient supply chain network redesign has been discussed in only one 170 

paper, and there is a research gap in this area as well. Overall, to the best of our knowledge, no work has been done 171 

on integrated green, resilient and responsive mixed SCND. Based on these descriptions the main contributions of this 172 

paper are as follows: 173 

 Presenting a novel mathematical model for the problem of mixed open and closed-loop supply chain network 174 

design  175 

 Considering resilience, greenness and responsiveness simultaneously in the considered problem 176 

 Considering the probable occurrence of disruptions for all facilities of supply chain network as well as 177 

vehicles, and applying several resilience strategies, such as using backup vehicles for dealing with 178 

disruptions  179 

 Paying attention to both supply chain design and redesign concepts  180 

 Proposing a novel hybrid metaheuristic to deal with problem complexity and comparing it with two other 181 

hybrid metaheuristic 182 

 Analyzing the problem and solution methods via a real case study in the tire industry and various test 183 

problems 184 

 185 



 

Table 1 Characteristics of the related research 186 

SC characteristics: Green (G), Resilient (Rs), Responsiven (Rn),Other (Oth)// Network Structure: Forward (F), Open-loop (OL), Closed-loop (CL)// Reverse logistics operations: Collection 187 

(Col), Recycling (Rec), Remanufacturing (Rm)// Decisions: Location allocation (LA), Supplier selection (SS), Flows of products /martials (Fl), Capacity of facilities (CF), Pricing (Pr), Vehicle 188 

selection (VS)// Uncertainty approach: Stochastic programming (SP), Robust optimization (RO), Fuzzy programming (FP), Fuzzy robust optimization (FRO)// Solution method: Heuristic (Heu), 189 

Metaheuristic (Mheu), Benders decomposition (BD), Goal programming (GP), Commercial optimization software (CS), Epsilon-constraint (EC), Weighted sum method (WM), Lagrangian 190 

relaxation (LR) 191 

Research 
Problem 
approach 

SC characteristics Network structure Reverse logistics operations Decisions Uncertainty 
approach 

Solution 
method 

Design Redesign Gr Rs Rp Oth F OL/CL Mixed Col Rec Rem LA SS Fl CF Pr VS Oth 

Peng et al. (2011)                    SP MHeu, CS 
Azad et al. (2013)                    -- BD, CS 

Salehi Sadghiani et al. (2015)                    RO CS 
Hasani and Khosrojerdi (2016)                    RO MHeu 

Jabbarzadeh et al. (2016)                    RO LR, CS 
Zohal and Soleimani (2016)                    -- MHeu, CS 

Nurjanni et al. (2017)                    -- WM, Oth 
Fattahi et al. (2017)                    SP CS 

Soleimani et al. (2017)                    FP MHeu, CS 
Rezapour et al. (2017)                    SP CS 

Ghavamifar et al. (2018)                    SP BD, Oth 
Ghomi-Avili et al. (2018)                    PP CS, Oth 

Sabouhi et al (2018)                    SP CS 
Sadeghi Rad and Nahavandi (2018)                    -- CS 

Jabbarzadeh et al. (2018a)                    SP CS 
Jabbarzadeh et al. (2018b)                    SP LR, CS 

Mardan et al. (2019)                    -- BD, CS 
Mohammed et al. (2019)                    FP EC, CS 

Zhen et al. (2019)                    SP LR, CS 
Yavari and Zaker (2019)                    SP  CS, Oth 

Sabouhi et al. (2020)                    SP BD, CS, Oth 
Vali-Siar and Roghanain (2020)                    SP, RO LR, CS 

Boronoos et al. (2021)                    PP CS, Oth 
Gholami-Zanjani et al. (2021a)                    SP BD, CS 
Gholami-Zanjani et al. (2021b)                    SP Oth, CS 
Zare Mehrjerdi and Shafiee (2021)                    SP EC, CS 

Hasani et al. (2021)                    SP, RO MHeu 
Sabouhi et al. (2021)                    SP, RO BD 
Sazvar et al. (2021)                    FRO GP, CS 

Fazli-Khalaf et al. (2021)                    PP CS 
Zarrat Dakhely Parast et al. (2021)                    FP CS 

Shabbir et al. (2021)                    SP, RO LR, CS 
This paper                    SP MHeu, CS 



 

 192 

Problem definition and mathematical modeling  193 

In this section the addressed problem is described and the developed mathematical model is presented.  194 

Problem definition 195 

In this paper a multi-echelon, and multi-period and multi-product supply chain network design/redesign problem 196 

is studied. The network structure is mixed open and closed-loop. The supply chain network consists of suppliers, 197 

production centers, distribution centers (DCs), customers, collection/inspection centers, recycling centers and 198 

remanufacturing centers. Production centers produce products using raw materials supplied by suppliers. These 199 

products can be transferred to distribution centers and from those centers to customer zones or sent directly from 200 

production centers to customer zones (two-channel distribution). The end-of-life (EOL) products are collected by 201 

collection centers and after inspection, a portion of returned products are transferred to recycling centers and a 202 

portion to remanufacturing centers. Also, a percentage of products that cannot be used for recycling or 203 

remanufacturing are transferred to disposal centers. In remanufacturing centers, products are converted into usable 204 

products of the same type as before, which have a relatively lower price and quality compared to main new 205 

products. These products are also sent to distribution centers and distribution centers send them to customer zones. 206 

In recycling centers, raw materials are extracted from recycled products and also recycled products used in other 207 

supply chains are produced. Extracted raw materials are sent to production centers to be utilized in producing new 208 

products and recycled products to other supply chains. There are different types of vehicles for transshipping 209 

products and materials. The establishment of facilities and different operations of supply chain have different 210 

costs and environmental impacts. It is assumed that there are various technologies for production centers, 211 

remanufacturing centers and recycling centers, each of which has a specific cost and environmental impact. 212 

According to these explanations and the definition of the mixed supply chain in the introduction, the structure of 213 

the supply chain network studied in this paper is mixed open and closed-loop. Figure 1 schematically illustrates 214 

the supply chain under study. 215 

 216 

 217 
Fig. 1 The graphical representation of studied supply chain network 218 

It is assumed that supply chain facilities and vehicles are exposed to disruptions. When disruption occurs for 219 

facilities, their capacity would be loosed partially or completely. Some resilient strategies are applied to cope with 220 

disruption risks and increase the resilience of the supply chain, including multiple sourcing, facility fortification, 221 



 

capacity expansion, dual-channel distribution (mentioned in the previous paragraph), dynamic pricing, lateral 222 

transshipment, and considering backup vehicles supplied by third-party logistics companies.  Dynamic pricing 223 

can be utilized as a risk mitigation strategy. In dynamic pricing, different prices can be determined in each period 224 

for each product and each customer zone (Yavari et al., 2020). Given that the vehicles are exposed to disruptions, 225 

backup vehicles provided by third-party logistics companies are intended to help compensate for the lost capacity 226 

of the vehicles of the supply chain in the event of a disruption. Other strategies were explained in the last section. 227 

As mentioned in the introduction, disruptions can adversely affect the SC responsiveness. Hence, responsiveness 228 

should be considered in the SCND problem. In order to consider responsiveness, it can be included in the objective 229 

function or controlled by imposing constraints (Sabouhi et al., 2020). In this article, the second approach is used. 230 

In addition to the disruption risks, it is assumed that there is operational uncertainty in the production cost of main 231 

products and the cost of purchasing raw materials. All the mentioned uncertainties, whether of the disruption type 232 

or of the operational type, are scenario-based and are handled with the stochastic programming approach. The 233 

model decides on the establishment/closure of the facility, the flows between the facilities and the prices of the 234 

products.   235 

We have assumed that the demands are price dependent, and there is a linear relationship between price and 236 

demand. The prices of products are discretized in order to avoid non-linearity. The modeling of the price-demand 237 

relationship is done similarly to the paper of Fattahi et al. (2018). For more details, interested readers are referred 238 

to the mentioned paper. 239 

 240 

Mathematical model 241 

In order to formulate the problem, a bi-objective mixed-integer linear programming model has been developed. 242 

The first objective is to maximize the total profit of the supply chain and the second one seeks to minimize the 243 

negative environmental impacts of the supply chain, including the greenhouse gas emissions and other destructive 244 

impacts originating from the establishment of facilities and other activities. At first, sets, parameters and variables 245 

are presented, and then the mathematical model is explained. 246 

Sets 
Set of suppliers, indexed by 𝑖  𝐼 
Set of existing and potential production centers, indexed by 𝑝. The set of existing production 
centers is denoted by 𝑃0, and the set of potential locations for production centers is denoted by 𝑃𝑛. 𝑃 = 𝑃𝑛 ∪ 𝑃0 and 𝑃𝑛 ∩ 𝑃0 = 𝜑 

𝑃 

Set of existing and potential DCs, indexed by 𝑗 and 𝑗′. The set of existing DCs is denoted by 𝐽0, 
and the set of new potential locations for DCs is denoted by 𝐽𝑛. 𝑃 = 𝐽𝑛 ∪ 𝐽0 and 𝐽𝑛 ∩ 𝐽0 = 𝜑 

𝐽 

Set of customers, indexed by 𝑐   𝐶 
Set of potential locations for collection/ inspection centers, indexed by 𝑘   𝐾 
Set of potential locations for recycling centers, indexed by ℎ   𝐻 
Set of potential locations for remanufacturing centers, indexed by 𝑟   𝑅 
Set of supply chains, indexed by 𝑔 𝐺 
Set of vehicle types related to SC and third-party logistics company, indexed by 𝑣. The set of SC 
vehicle types is denoted by 𝑉0, and the set of third-party logistics vehicle types is denoted by 𝑉𝑡𝑝𝑙. 𝑉 = 𝑉0 ∪ 𝑉𝑡𝑝𝑙. 𝑉 

Set of fortification levels, indexed by 𝑎 𝐴 
Set of production technologies, indexed by 𝑢1 𝑈1 
Set of recycling technologies, indexed by 𝑢2 𝑈2 
Set of remanufacturing technologies, indexed by 𝑢3 𝑈3 
Set of product types, indexed by 𝑒 𝐸 
Set of capacity levels for DCs and collection/inspection centers indexed by 𝑜 𝑂 
Set of price levels, indexed by 𝑙 𝑙 
Set of time periods, indexed by 𝑡 𝑇 
Set of scenarios, indexed by 𝑠 𝑆 

 247 

Parameters 
Fixed cost of selecting supplier 𝑖 𝑓𝑠𝑖  
Fixed cost of opening production center 𝑝 with production technology 𝑢1 and fortification 
level 𝑎 

𝑓𝑝𝑝𝑢1𝑎 

Fixed cost of opening distribution center 𝑗 𝑓𝑑𝑗 

Fixed cost of opening collection/ inspection center 𝑘 𝑓𝑐𝑘 



 

Fixed cost of opening recycling center ℎ with recycling technology 𝑢2 and fortification level 𝑎 
𝑓𝑙ℎ𝑢2𝑎 

Fixed cost of opening remanufacturing center 𝑟 with remanufacturing technology 𝑢3 and 
fortification level 𝑎 

𝑓𝑟𝑟𝑢3𝑎 

Fixed cost of closing distribution center 𝑗 𝑓𝑐𝑙𝑗 

Fixed cost of developing capacity level 𝑜 for distribution center 𝑗 𝑓𝑐𝑑𝑜𝑗  

Fixed cost of developing capacity level 𝑜 for collection/inspection center 𝑘 𝑓𝑐𝑐𝑜𝑘 

Unit transportation cost of raw and recycled materials using vehicle type 𝑣 per unit distance 𝑡𝑐𝑟𝑣  
Unit transportation cost of product type 𝑒 using vehicle type 𝑣 per unit distance 𝑡𝑐𝑝𝑒𝑣  
Maximum number of existing distribution centers that can be closed 𝜓 
The distance between supplier 𝑖 and production center 𝑝 𝑑𝑎𝑖𝑝 

The distance between production center 𝑝 and distribution center 𝑗 𝑑𝑏𝑝𝑗 

The distance between production center 𝑝 and customer 𝑐 𝑑𝑐𝑝𝑐 

The distance between distribution centers 𝑗 and 𝑗′ (𝑗 ≠ 𝑗′) 𝑑𝑑𝑗𝑗′ 
The distance between distribution center 𝑗 and customer 𝑐 𝑑𝑒𝑗𝑐 

The distance between customer 𝑐 and collection/ inspection center 𝑘 𝑑𝑓𝑐𝑘 
The distance between collection/ inspection center 𝑘 and remanufacturing center 𝑟 𝑑𝑔𝑘𝑟  
The distance between collection/ inspection center 𝑘 and recycling center ℎ 𝑑ℎ𝑘ℎ 
The distance between remanufacturing center 𝑟 and distribution center 𝑗 𝑑𝑖𝑟𝑗 

The distance between recycling center ℎ and production center 𝑝 𝑑𝑗ℎ𝑝 

The distance between recycling center ℎ and production centers of supply chain 𝑔 𝑑𝑘ℎ𝑔 

Cost of producing one unit product type 𝑒 in production center 𝑝 with technology 𝑢1 under 
scenario 𝑠 

𝑚𝑐𝑒𝑝𝑢1𝑠 

Cost per unit of adding extra production capacity for product type 𝑒 in production center 𝑝 
with technology 𝑢1 under scenario 𝑠 

𝑐𝑒𝑝𝑒𝑢1𝑠 

Cost of distributing one unit of product in distribution center 𝑗 𝑐𝑑𝑗 

Cost of collecting and inspecting one unit of product in collection/ inspection center 𝑘 𝑐𝑐𝑘 
Cost of recycling one unit of product in recycling center ℎ with technology 𝑢2 𝑟𝑐ℎ𝑢2 

Cost of remanufacturing one unit of product type 𝑒 in remanufacturing center 𝑟 with 
technology 𝑢3 

𝑟𝑚𝑒𝑟𝑢3 

Cost of disposing of one unit of product in disposal center  𝑑𝑝 
Cost of purchasing one unit of raw material from supplier 𝑖 under scenario 𝑠 𝑐𝑟𝑖𝑠 
Cost of not meeting one unit of demand related to product type 𝑒 for customer 𝑐 𝑢𝑑𝑒𝑐  
cost of not meeting one unit of demand related to remanufactured product type 𝑒 for customer 𝑐 

𝑢𝑑𝑚𝑒𝑐 

Cost of not meeting one unit of demand related to recycled products for supply chain 𝑔 𝑢𝑑𝑟𝑔 

Environmental impact of establishing production center 𝑝 with fortification level 𝑎 and 
manufacturing technology 𝑢1 

𝑒𝑜𝑝𝑎𝑢1  

Environmental impact of establishing distribution center 𝑗 𝑒𝑜𝑗  

Environmental impact of establishing collection/inspection center 𝑘 𝑒𝑜𝑘  
Environmental impact of establishing recycling center ℎ with fortification level 𝑎 and 
manufacturing technology 𝑢2 

𝑒𝑜ℎ𝑎𝑢2  

Environmental impact of establishing remanufacturing center 𝑟 with fortification level 𝑎 and 
manufacturing technology 𝑢3 

𝑒𝑜𝑟𝑎𝑢3  

Environmental impact of producing a unit of product type 𝑒 in production center 𝑝 by using 
manufacturing technology 𝑢1 

𝑒𝑝𝑒𝑝𝑢1 

Environmental impact of handling a unit of product in distribution center 𝑗  𝑒𝑑𝑗 

Environmental impact of handling a unit of product in collection/inspection center 𝑘  𝑒𝑐𝑘 
Environmental impact of disposing a unit of product type 𝑒 or releasing in environment 𝑒𝑠𝑒  
Environmental impact of processing a unit of product in recycling center ℎ by using 
manufacturing technology 𝑢2 

𝑒𝑙ℎ𝑢2  

Environmental impact of processing a unit of product type 𝑒 in remanufacturing center 𝑟 by 
using manufacturing technology 𝑢3 

𝑒𝑚𝑒𝑟𝑢3 

Environmental impact of transporting a unit of raw material using vehicle type 𝑣 per unit 
distance 

𝑒𝑡𝑟𝑣  



 

Environmental impact of transporting a unit of product using vehicle type 𝑣 per unit distance 𝑒𝑡𝑝𝑣 
The percentage of wasted raw material for producing one unit of product type 𝑒 𝑟𝑤𝑒 
Quantity of recycled materials obtained from recycling one unit of product  𝛿 
Demand of customer 𝑐 related to price level 𝑙 for product type 𝑒 in period 𝑡, under scenario 𝑠 𝑑𝑚𝑐𝑙𝑒𝑡𝑠 

Demand of customer 𝑐 elated to price level 𝑙 for remanufactured product type 𝑒 in period 𝑡, 
under scenario 𝑠 𝑑𝑟𝑐𝑙𝑒𝑡𝑠 

Demand of supply chain 𝑔 elated to price level 𝑙 for recycled products in period 𝑡, under 
scenario 𝑠  

𝑑𝑟𝑐𝑔𝑙𝑡𝑠 

Offered price level 𝑙 for product type 𝑒 for selling to customer 𝑐 𝑝𝑟le𝑐 
Offered price level 𝑙 for remanufactured product type 𝑒 for selling to customer 𝑐 𝑝𝑟′le𝑐 
Offered price level 𝑙 for recycled materials for selling to SC 𝑔 𝑝𝑟𝑐lg 
Amount of determined value for SC responsiveness level related to the demand of customer 𝑐 

𝜏𝑐 
Amount of determined value for SC responsiveness level related to the demand of SC 𝑔 𝜏�̅� 

Capacity of supplier 𝑖 𝑐𝑝𝑠𝑖 
Production capacity of production center 𝑝  𝑐𝑝𝑝𝑝 

Maximum addable capacity related to production center 𝑝  𝑐𝑒𝑝𝑝 

Distribution Capacity of production center 𝑝  𝑐𝑑𝑝𝑝 
Capacity of distribution center 𝑗 𝑐𝑝𝑑𝑗  

Capacity level 𝑜 for distribution center j 𝑐𝑒𝑑𝑜𝑗 

Capacity of collection/ inspection 𝑘 𝑐𝑝𝑐𝑘 
Capacity level 𝑜 for collection/ inspection 𝑘 𝑐𝑒𝑐𝑜𝑘 
Capacity of recycling center ℎ  𝑐𝑝𝑙ℎ 
Capacity of remanufacturing center 𝑟  𝑐𝑝𝑟𝑟  
Capacity of vehicle type 𝑣 𝑐𝑝𝑣𝑣 
Total number of vehicle type 𝑣 (𝑣 ∈ 𝑉0) for transporting raw materials from supplier 𝑖 in 
time period 𝑡 

𝑛𝑣𝑣𝑖𝑡 

Total number of vehicle type 𝑣 (𝑣 ∈ 𝑉0) for transporting products from production center 𝑝 
in in time period 𝑡 

𝑛𝑣𝑣𝑝𝑡 

Total number of vehicle type 𝑣 (𝑣 ∈ 𝑉0) for transporting products from distribution center 𝑗 
in in time period 𝑡 

𝑛𝑣𝑣𝑗𝑡 

Total number of vehicle type 𝑣 (𝑣 ∈ 𝑉0) for transporting products from customer 𝑐 in in time 
period 𝑡 

𝑛𝑣𝑣𝑐𝑡 

Total number of vehicle type 𝑣 (𝑣 ∈ 𝑉0) for transporting products from collection/inspection 𝑘 in in time period 𝑡 
𝑛𝑣𝑣𝑘𝑡 

Total number of vehicle type 𝑣 (𝑣 ∈ 𝑉0) for transporting products from recycling center ℎ in 
in time period 𝑡 

𝑛𝑣𝑣ℎ𝑡 

Total number of vehicle type 𝑣 (𝑣 ∈ 𝑉0) for transporting products from remanufacturing 
center 𝑟 in in time period 𝑡 

𝑛𝑣𝑣𝑟𝑡 

Total number of vehicle type 𝑣 (𝑣 ∈ 𝑉𝑡𝑝𝑙) for transporting products in supply chain supplied 
from third -party logistics company in period 𝑡 

𝑛𝑣𝑡𝑣𝑡 

Percentage of returned product type 𝑒 from customer 𝑐 𝛼𝑐𝑒 
Percentage of returned product type 𝑒 sent from collection/ inspection centers to 
remanufacturing centers 

𝛽𝑒 

Percentage of returned product type 𝑒 sent from collection/ inspection centers to recycling 
centers 

𝛾𝑒 

Available (non-disrupted) fraction of production capacity of production center 𝑝 with 
fortification level 𝑎 in period 𝑡 under scenario 𝑠 𝜆𝑝𝑎𝑡𝑠 

Available (non-disrupted) fraction of distribution capacity of production center 𝑝 with 
fortification level 𝑎 in period 𝑡 under scenario 𝑠 𝜆′𝑝𝑎𝑡𝑠 

Available (non-disrupted) fraction of capacity of supplier 𝑖 in period 𝑡 under scenario 𝑠  𝜂𝑖𝑡𝑠 
Available (non-disrupted) fraction of capacity of distribution center 𝑗 in period 𝑡 under 
scenario 𝑠 𝜅𝑗𝑡𝑠 

Available (non-disrupted) fraction of capacity of collection/ inspection center 𝑘 in period 𝑡 
under scenario 𝑠 𝜇𝑘𝑡𝑠 

Available (non-disrupted) fraction of capacity of recycling center ℎ with fortification level 𝑎 
in period 𝑡 under scenario 𝑠 𝜃ℎ𝑎𝑡𝑠 

Available (non-disrupted) fraction of capacity of remanufacturing center 𝑟  with fortification 
level 𝑎 in period 𝑡 under scenario 𝑠 

𝜉𝑟𝑎𝑡𝑠 



 

Available (non-disrupted) fraction of total number of vehicle type 𝑣 (𝑣 ∈ 𝑉0) for transporting 
raw materials from supplier 𝑖 in period 𝑡 under scenario 𝑠 

𝜑1𝑣𝑖𝑡𝑠 

Available (non-disrupted) fraction of total number of vehicle type 𝑣 (𝑣 ∈ 𝑉0) for transporting 
products from production center 𝑝 in period 𝑡 under scenario 𝑠 

𝜑2𝑣𝑝𝑡𝑠 

Available (non-disrupted) fraction of total number of vehicle type 𝑣 (𝑣 ∈ 𝑉0) for transporting 
products from distribution center 𝑗 in period 𝑡 under scenario 𝑠 

𝜑3𝑣𝑗𝑡𝑠 

Available (non-disrupted) fraction of total number of vehicle type 𝑣 (𝑣 ∈ 𝑉0) for transporting 
products from customer 𝑐 in period 𝑡 under scenario 𝑠 

𝜑4𝑣𝑐𝑡𝑠 

Available (non-disrupted) fraction of total number of vehicle type 𝑣 (𝑣 ∈ 𝑉0) for transporting 
products from collection/inspection 𝑘 in period 𝑡 under scenario 𝑠 

𝜑5𝑣𝑘𝑡𝑠 

Available (non-disrupted) fraction of total number of vehicle type 𝑣 (𝑣 ∈ 𝑉0) for transporting 
products from recycling center ℎ in period 𝑡 under scenario 𝑠 

𝜑6𝑣ℎ𝑡𝑠 

Available (non-disrupted) fraction of total number of vehicle type 𝑣 (𝑣 ∈ 𝑉0) for transporting 
products from remanufacturing center 𝑟 in period 𝑡 under scenario 𝑠 

𝜑7𝑣𝑟𝑡𝑠 

Probability of scenario 𝑠 occurrence 𝜋𝑠 
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Variables 
Quantity of raw material shipped from supplier 𝑖 to production center 𝑝 using vehicle 𝑣 in 
period 𝑡 under scenario 𝑠 𝑞𝑟𝑖𝑝𝑣𝑡𝑠 

Quantity of product type 𝑒 produced at production center 𝑝 in period 𝑡 with technology 𝑤 
under scenario 𝑠 

𝑚𝑎𝑒𝑝𝑢1𝑡𝑠 

Quantity of added capacity to production center 𝑝 for producing product type 𝑒 with 
technology 𝑢1 in period 𝑡 under scenario 𝑠 

𝑎𝑐𝑝𝑒𝑢1𝑡𝑠 

Quantity of product type 𝑒 shipped from production center 𝑝 to distribution center 𝑗 using 
vehicle 𝑣 in period 𝑡 under scenario 𝑠 𝑞𝑗𝑒𝑝𝑗𝑣𝑡𝑠 

Quantity of product type 𝑒 shipped from production center 𝑝 to customer 𝑐 using vehicle 𝑣 
in period 𝑡 under scenario 𝑠 𝑞𝑑𝑒𝑝𝑐𝑣𝑡𝑠 

Quantity of product type 𝑒 shipped from distribution center 𝑗 to distribution center 𝑗′ using 
vehicle 𝑣 in period 𝑡 under scenario 𝑠 𝑞𝑙𝑒𝑗𝑗′𝑣𝑡𝑠 

Quantity of product type 𝑒 shipped from distribution center 𝑗 to customer 𝑐 using vehicle 𝑣 
in period 𝑡 under scenario 𝑠  

𝑞𝑜𝑒𝑗𝑐𝑣𝑡𝑠 

Quantity of remanufactured product type 𝑒 shipped from distribution center 𝑗 to customer 𝑐 
using vehicle 𝑣 in period 𝑡 under scenario 𝑠  

𝑞𝑜𝑟𝑒𝑗𝑐𝑣𝑡𝑠 

Quantity of product type 𝑒 shipped from customer 𝑐 to collection/ inspection center 𝑘 using 
vehicle 𝑣 in period 𝑡 under scenario 𝑠  

𝑞𝑛𝑒𝑐𝑘𝑣𝑡𝑠 

Quantity of product type 𝑒 shipped from collection/ inspection center 𝑘 to remanufacturing 
center 𝑟 using vehicle 𝑣 in period 𝑡 under scenario 𝑠 𝑞𝑓𝑒𝑘𝑣𝑡𝑠 

Quantity of product type 𝑒 shipped from collection/ inspection center 𝑘 to recycling center ℎ using vehicle 𝑣 in period 𝑡 under scenario 𝑠 𝑞𝑏𝑒𝑘ℎ𝑣𝑡𝑠 

Quantity of remanufactured product type 𝑒 remanufactured with technology 𝑢3 shipped 
from remanufacturing center 𝑟 to distribution center 𝑗 using vehicle 𝑣 in period 𝑡 under 
scenario 𝑠 𝑞𝑚𝑢3𝑒𝑟𝑗𝑣𝑡𝑠 

Quantity of recycled materials recycled with technology 𝑢2 shipped from recycling center ℎ 
to production center 𝑝 using vehicle 𝑣 in period 𝑡 under scenario 𝑠 𝑓𝑢2ℎ𝑝𝑣𝑡𝑠 

Quantity of recycled materials produced with recycling technology 𝑢2 shipped from 
recycling center ℎ to supply chain 𝑔 using vehicle 𝑣 in period 𝑡 under scenario 𝑠 𝑓′𝑢2ℎ𝑔𝑣𝑡𝑠 

Quantity of unmet demand of customer 𝑐 for product type 𝑒 with price level 𝑙 in period 𝑡 
under scenario 𝑠 𝜔𝑐𝑒𝑙𝑡𝑠 

Quantity of unmet demand of customer 𝑐 for remanufactured product type 𝑒 𝑙 in period 𝑡 
under scenario 𝑠 𝜔′𝑐𝑒𝑙𝑡𝑠 

Quantity of unmet demand of supply chain 𝑔 for recycled materials in period 𝑡 under 
scenario 𝑠 𝜔′′𝑔𝑙𝑡𝑠 

A binary variable; 1 if supplier 𝑖 is selected, 0 otherwise 𝑠𝑠𝑖  
A binary variable; 1 if production center 𝑝 with fortification level 𝑎 and technology 𝑢1 is 
established, 0 otherwise. 

𝑥𝑝𝑎𝑢1  

A binary variable; 1 if distribution center 𝑗 is established, 0 otherwise 𝑦𝑗 

A binary variable; 1 if collection/ inspection center 𝑘 is established, 0 otherwise 𝑧𝑘 
A binary variable; 1 if recycling center ℎ with fortification level 𝑎 and technology 𝑢2 is 
established, 0 otherwise. 

𝑟ℎℎ𝑎𝑢2  

A binary variable; 1 if remanufacturing center 𝑟 with fortification level 𝑎 and technology 𝑢3 𝑟𝑟𝑟𝑎𝑢3 



 

is established, 0 otherwise. 
A binary variable; 1 if capacity level 𝑜 is developed for DC 𝑗, 0 otherwise. 𝑥𝑐𝑑𝑜𝑗  

A binary variable; 1 if capacity level 𝑜 is developed for collection/inspection center 𝑗, 0 
otherwise. 

𝑥𝑐𝑐𝑜𝑘 

A binary variable; 1 if price level 𝑙  is selected for product 𝑒 for selling to customer 𝑐 in 
period 𝑡 under scenario 𝑠 𝜐𝑙𝑒𝑐𝑡𝑠 

A binary variable; 1 if price level 𝑙  is selected for remanufactured product 𝑒 for selling to 
customer 𝑐 in period 𝑡 under scenario 𝑠 𝜐′𝑙𝑒𝑐𝑡𝑠 

A binary variable; 1 if price level 𝑙  is selected for recycled materials for selling to SC 𝐺 in 
period 𝑡 under scenario 𝑠 𝜐′′𝑙𝑔𝑡𝑠 
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(1) 𝑀𝑎𝑥 𝑍𝐸𝑐 = 𝑍1𝑅−(𝑍1𝐹 + 𝑍1𝑇 + 𝑍1𝑉) 
 250 

(1-1) 

𝑍1𝑅 = ∑ 𝜋𝑠𝑠 (∑ ∑(∑ ∑(𝜐𝑙𝑒𝑐𝑡𝑠𝑑𝑚𝑐𝑙𝑒𝑡𝑠𝑝𝑟𝑙𝑒𝑐 + 𝜐′𝑙𝑒𝑐𝑡𝑠𝑑𝑟𝑐𝑙𝑒𝑡𝑠𝑝𝑟′𝑙𝑒𝑐𝑐  − ω𝑐𝑒𝑙𝑡𝑠𝑝𝑟𝑙𝑒𝑐𝑒𝑡𝑙 − ω′𝑐𝑒𝑙𝑡𝑠𝑝𝑟′𝑙𝑒𝑐)       + ∑(𝜐′′𝑙𝑔𝑡𝑠𝑔 𝑑𝑟𝑐𝑙𝑔𝑡𝑠𝑝𝑟𝑐𝑙𝑔 − ω′′𝑔𝑙𝑡𝑠𝑝𝑟𝑐𝑙𝑔))) 

(1-2) 

𝑍1𝐹 = ∑ ∑ ∑ 𝑓𝑝𝑝𝑢1𝑎𝑥𝑝𝑎𝑢1𝑎𝑢1𝑝 + ∑ 𝑓𝑠𝑖𝑠𝑠𝑖 +𝑖 ∑ 𝑓𝑑𝑗𝑦𝑗𝑗∈𝐽𝑛 + ∑ 𝑓𝑐𝑙𝑗𝑗∈𝐽0 (𝑦𝑗′) 

      + ∑ 𝑓𝑐𝑘𝑘 𝑧𝑘 + ∑ ∑ ∑ 𝑓𝑙ℎ𝑢2𝑎𝑎 𝑟ℎℎ𝑎𝑢2𝑢2ℎ + ∑ ∑ ∑ 𝑓𝑟𝑟𝑢3𝑎𝑎 𝑟𝑟𝑟𝑎𝑢3𝑢3ℎ  

(1-3) 

𝑍1𝑇 = ∑ 𝜋𝑠𝑠 (∑ ∑ ∑ ∑ 𝑡𝑐𝑟𝑣𝑞𝑟𝑖𝑝𝑣𝑡𝑠𝑑𝑎𝑖𝑝𝑡𝑣𝑝𝑖  

      + ∑ ∑ ∑ ∑ 𝑡𝑐𝑝𝑒𝑣𝑞𝑗𝑒𝑝𝑗𝑣𝑡𝑠𝑑𝑏𝑝𝑗𝑡𝑣𝑗𝑝  

      + ∑ ∑ ∑ ∑ ∑ 𝑡𝑐𝑝𝑒𝑣𝑞𝑑𝑒𝑝𝑐𝑣𝑡𝑠𝑑𝑐𝑝𝑐𝑡𝑣𝑒𝑐𝑝  

      + ∑ ∑ ∑ ∑ ∑ 𝑡𝑐𝑝𝑒𝑣𝑞𝑙𝑒𝑗𝑗′𝑣𝑡𝑠𝑑𝑑𝑗𝑗′𝑡𝑣𝑒𝑗′≠𝑗𝑗  

      + ∑ ∑ ∑ ∑ ∑ 𝑡𝑐𝑝𝑒𝑣(𝑞𝑜𝑒𝑗𝑐𝑣𝑡𝑠 + 𝑞𝑜𝑟𝑒𝑗𝑐𝑣𝑡𝑠)𝑑𝑒𝑗𝑐𝑡𝑣𝑒𝑐𝑗  

     + ∑ ∑ ∑ ∑ ∑ 𝑡𝑐𝑝𝑒𝑣𝑞𝑛𝑒𝑐𝑘𝑣𝑡𝑠𝑑𝑓𝑐𝑘𝑡𝑣𝑒𝑘𝑐  

     + ∑ ∑ ∑ ∑ ∑ 𝑡𝑐𝑝𝑒𝑣𝑞𝑓𝑒𝑘𝑟𝑣𝑡𝑠𝑑𝑔𝑘𝑟𝑡𝑣𝑒𝑟𝑘  

     + ∑ ∑ ∑ ∑ ∑ 𝑡𝑐𝑝𝑒𝑣𝑞𝑏𝑒𝑘ℎ𝑣𝑡𝑠𝑑ℎ𝑘ℎ𝑡𝑣𝑒ℎ𝑘  

     + ∑ ∑ ∑ ∑ ∑ ∑ 𝑡𝑐𝑝𝑒𝑣𝑞𝑚𝑢3𝑒𝑟𝑗𝑣𝑡𝑠𝑑𝑖𝑟𝑗𝑡𝑣𝑢3𝑒𝑗𝑟  

     + ∑ ∑ ∑ ∑ ∑ 𝑡𝑐𝑟𝑣𝑓𝑢2ℎ𝑝𝑣𝑡𝑠𝑑𝑗ℎ𝑝𝑡𝑣𝑢2𝑝ℎ  

     + ∑ ∑ ∑ ∑ ∑ 𝑡𝑐𝑟𝑣𝑓′𝑢2ℎ𝑔𝑣𝑡𝑠𝑑𝑘ℎ𝑔)𝑡𝑣𝑔ℎ𝑢2  

(1-4) 

𝑍1𝑉 = ∑ 𝜋𝑠𝑠 (∑ ∑ ∑ ∑ 𝑐𝑟𝑖𝑠𝑞𝑟𝑖𝑝𝑣𝑡𝑠𝑡𝑣𝑝𝑖 + ∑ ∑ ∑ ∑ 𝑚𝑐𝑒𝑝𝑢1𝑠𝑚𝑎𝑒𝑝𝑢1𝑡𝑠𝑡𝑢1𝑒𝑝   
      + ∑ ∑ ∑ ∑ 𝑐𝑒𝑝𝑒𝑢1𝑠𝑎𝑐𝑝𝑒𝑢1𝑡𝑠𝑡𝑢1𝑒𝑝  +  ∑ ∑ ∑ ∑ ∑ 𝑐𝑑𝑗(𝑞𝑜𝑒𝑗𝑐𝑣𝑡𝑠𝑡𝑣𝑒𝑐𝑗 + 𝑞𝑜𝑟𝑒𝑗𝑐𝑣𝑡𝑠) 

      + ∑ ∑ ∑ ∑ ∑ 𝑐𝑐𝑘𝑞𝑛𝑒𝑐𝑘𝑣𝑡𝑠𝑡𝑣𝑒𝑘𝑐  



 

       + ∑ ∑ ∑ ∑ 𝑟𝑐ℎ𝑢2𝑡𝑣𝑢2 (∑ 𝑓𝑢2ℎ𝑝𝑣𝑡𝑠𝑝ℎ + ∑ 𝑓′𝑢2ℎ𝑔𝑣𝑡𝑠𝑔 ) 

       + ∑ ∑ ∑ ∑ ∑ ∑ 𝑟𝑚𝑒𝑟𝑢3𝑞𝑚𝑢3𝑒𝑟𝑗𝑣𝑡𝑠𝑡𝑣𝑒𝑢3𝑗𝑟  

       +𝑑𝑝 ∑ ∑ ∑ ∑(∑ 𝑞𝑛𝑒𝑐𝑘𝑣𝑡𝑠 − ∑ 𝑞𝑓𝑒𝑘𝑟𝑣𝑡𝑠 −𝑟𝑐𝑡𝑣𝑘𝑒 ∑ 𝑞𝑏𝑒𝑘ℎ𝑣𝑡𝑠)ℎ         + ∑ ∑ ∑ ∑ 𝑢𝑑𝑒𝑐𝑡𝑙𝑒𝑐 𝜔𝑐𝑒𝑙𝑡𝑠        + ∑ ∑ ∑ ∑ 𝑢𝑑𝑚𝑒𝑐𝑡𝑙𝑒𝑐 𝜔′𝑐𝑒𝑡𝑠 + ∑ ∑ ∑ 𝑢𝑑𝑟𝑔𝜔′′𝑔𝑙𝑡𝑠)𝑡𝑙𝑔  

 251 

 252 

 253 

(2) 𝑀𝑖𝑛 𝑍𝐸𝑛 = 𝑍2𝐹 + 𝑍2𝑉 + 𝑍2𝑇  

(2-1) 

𝑍2𝐹 = ∑ ∑ ∑ 𝑒𝑜𝑝𝑎𝑢1𝑥𝑝𝑎𝑢1𝑤𝑎𝑝 + ∑ 𝑒𝑜𝑗𝑦𝑗 + ∑ 𝑒𝑜𝑘𝑧𝑘𝑘𝑗 + ∑ ∑ ∑ 𝑒𝑜ℎ𝑎𝑢2𝑟ℎℎ𝑎𝑢2𝑢2𝑎ℎ  

       + ∑ ∑ ∑ 𝑒𝑜𝑟𝑎𝑢3𝑎 𝑟𝑟ℎ𝑎𝑢3𝑢3𝑟  

(2-2) 

𝑍2𝑉 = ∑ 𝜋𝑠𝑠 (∑ ∑ ∑ ∑ 𝑒𝑝𝑒𝑝𝑢1(𝑚𝑎𝑒𝑝𝑢1𝑡𝑠𝑡𝑢1𝑒𝑝 + 𝑎𝑐𝑝𝑒𝑢1𝑡𝑠) 

      + ∑ ∑ ∑ ∑ ∑ 𝑒𝑑𝑗(𝑞𝑜𝑒𝑗𝑐𝑣𝑡𝑠 + 𝑞𝑜𝑟𝑒𝑗𝑐𝑣𝑡𝑠) +𝑡𝑣𝑒𝑐𝑗 ∑ ∑ ∑ ∑ ∑ 𝑒𝑐𝑘𝑞𝑛𝑒𝑐𝑘𝑣𝑡𝑠𝑡𝑣𝑒𝑘𝑐  

       + ∑ ∑ ∑ ∑ 𝑒𝑙ℎ𝑢2𝑡𝑣𝑢2 (∑ 𝑓𝑢2ℎ𝑝𝑣𝑝𝑡𝑠𝑝ℎ + ∑ 𝑓′𝑢2ℎ𝑔𝑣𝑡𝑠𝑔 ) 

       + ∑ ∑ ∑ ∑ ∑ ∑ 𝑒𝑚𝑒𝑟𝑢3𝑞𝑚𝑢3𝑒𝑟𝑗𝑣𝑡𝑠)𝑡𝑣𝑒𝑢3𝑗𝑟  

       + ∑ ∑ ∑ ∑ 𝑒𝑠𝑒(∑ 𝑞𝑛𝑒𝑐𝑘𝑣𝑡𝑠 − ∑ 𝑞𝑓𝑒𝑘𝑟𝑣𝑡𝑠 −𝑟𝑐𝑡𝑣𝑘𝑒 ∑ 𝑞𝑏𝑒𝑘ℎ𝑣𝑡𝑠)ℎ  

(2-3) 

𝑍2𝑇 = ∑ 𝜋𝑠𝑠 (∑ ∑ ∑ ∑ 𝑒𝑡𝑟𝑣𝑞𝑟𝑖𝑝𝑣𝑡𝑠𝑑𝑎𝑖𝑝𝑡𝑣𝑝𝑖  

      + ∑ ∑ ∑ ∑ ∑ 𝑒𝑡𝑝𝑣𝑞𝑗𝑒𝑝𝑗𝑣𝑡𝑠𝑑𝑏𝑝𝑗𝑡𝑣𝑒𝑗𝑝  

      + ∑ ∑ ∑ ∑ ∑ 𝑒𝑡𝑝𝑣𝑞𝑑𝑒𝑝𝑐𝑣𝑡𝑠𝑑𝑐𝑝𝑗𝑡𝑣𝑒𝑐𝑝  

      + ∑ ∑ ∑ ∑ ∑ 𝑒𝑡𝑝𝑣𝑞𝑙𝑒𝑗𝑗′𝑣𝑡𝑠𝑑𝑑𝑗𝑗′𝑡𝑣𝑒𝑗′≠𝑗𝑗  

      + ∑ ∑ ∑ ∑ ∑ 𝑒𝑡𝑣(𝑞𝑜𝑒𝑗𝑐𝑣𝑡𝑠 + 𝑞𝑜𝑟𝑒𝑗𝑐𝑣𝑡𝑠)𝑑𝑒𝑗𝑐𝑡𝑣𝑒𝑐𝑗  

      + ∑ ∑ ∑ ∑ ∑ 𝑒𝑡𝑝𝑣𝑞𝑛𝑒𝑐𝑘𝑣𝑡𝑠𝑑𝑓𝑐𝑘𝑡𝑣𝑒𝑘𝑐  

     + ∑ ∑ ∑ ∑ ∑ 𝑒𝑡𝑝𝑣𝑞𝑓𝑒𝑘𝑟𝑣𝑡𝑠𝑑𝑔𝑘𝑟𝑡𝑣𝑒𝑟𝑘  

     + ∑ ∑ ∑ ∑ ∑ 𝑒𝑡𝑝𝑣𝑞𝑏𝑒𝑘𝑣𝑡𝑠𝑑ℎ𝑘ℎ𝑡𝑣𝑒ℎ𝑘  

     + ∑ ∑ ∑ ∑ ∑ 𝑒𝑡𝑝𝑣𝑞𝑚𝑢3𝑒𝑟𝑗𝑣𝑡𝑠𝑑𝑖𝑟𝑗𝑡𝑣𝑒𝑗𝑟  

     + ∑ ∑ ∑ ∑ ∑ 𝑒𝑡𝑟𝑣𝑓𝑢2ℎ𝑝𝑣𝑝𝑡𝑠𝑑𝑗ℎ𝑝𝑡𝑣𝑢2𝑝ℎ  



 

     + ∑ ∑ ∑ ∑ 𝑒𝑡𝑟𝑣𝑓′𝑢2ℎ𝑔𝑣𝑡𝑠𝑑𝑘ℎ𝑔)𝑡𝑣𝑔ℎ  

The first objective function (1) seeks to maximize supply chain profits. Supply chain profit is the sum of supply 254 

chain revenues minus supply chain costs. Supply chain revenue is calculated in Equation (1-1) and includes 255 

revenues from sales of major products, remanufactured products, and recycled products. Supply chain costs are 256 

shown in three sections. Fixed costs are calculated by Equation (1-2) and include the establishment/ closure costs 257 

of facilities and supplier selection. Equation (1-3) presents variable costs include the cost of producing products, 258 

purchasing raw materials, remanufacturing, disposal, recycling and costs of unmet demands. Transportation costs 259 

are also presented in Equation (1-4). 260 

The second objective function minimizes the negative environmental impacts of the supply chain. The 261 

environmental impacts of establishing facilities are presented in Equation (2-1). Equation (2-2) calculates the 262 

environmental impacts of producing products, remanufacturing, recycling, and disposing of used products or 263 

releasing them into the environment. The environmental impacts of transportation are also considered in Equation 264 

(2-3). 265 

(3) ∑ ∑ 𝑥𝑝𝑎𝑢1 ≤ 1𝑢1𝑎            ∀𝑝 ∈ 𝑝𝑛 

(4) ∑ ∑ 𝑥𝑝𝑎𝑢1 = 1𝑢1𝑎            ∀𝑝 ∈ 𝑝0 

(5) ∑ ∑ 𝑟ℎℎ𝑎𝑢2 ≤ 1𝑢2𝑎            ∀ℎ 

(6) ∑ ∑ 𝑟𝑟𝑟𝑎𝑢3 ≤ 1𝑢3𝑎            ∀𝑟 

Constraints(3), (5) and (6) state that at most one fortification level and one technology should be selected for 266 

production centers, recycling centers and remanufacturing centers, respectively that are to be established. 267 

Constraint (4) is related to existing production centers that should be remained open. 268 

(7) 𝑦𝑗′ = 1 − 𝑦𝑗            ∀𝑗 ∈ 𝑗0 

(8) ∑ 𝑦𝑗′𝑗∈𝑗0 ≤ 𝜓 

Constraint (7) computes the variable 𝑦𝑗′ which is used in the first objective function. Constraint (8) limits the 269 

number of distribution centers that are to be closed.  270 

(9) ∑ ∑ 𝑞𝑟𝑖𝑝𝑣𝑡𝑠 + ∑ ∑ ∑ 𝑓𝑢2ℎ𝑝𝑣𝑡𝑠𝑣𝑢2ℎ =𝑣 ∑(1 − 𝑟𝑚𝑒) ∑(𝑚𝑎𝑒𝑝𝑢1𝑡𝑠𝑢1𝑒𝑖 + 𝑎𝑐𝑝𝑒𝑢1𝑡𝑠)      ∀𝑝, 𝑡, 𝑠 
Constraint (9) states that the raw materials required for manufacturing products are supplied by suppliers and 271 

recycling centers.  272 

(10) ∑(𝑚𝑎𝑒𝑝𝑢1𝑡𝑠 + 𝑎𝑐𝑝𝑒𝑢1𝑡𝑠)𝑢1 − ∑ ∑ 𝑞𝑑𝑒𝑝𝑐𝑣𝑡𝑠𝑣𝑐 = ∑ ∑ 𝑞𝑗𝑒𝑝𝑗𝑣𝑡𝑠𝑣𝑗 + 𝑖𝑣𝑒𝑝𝑡𝑠           ∀𝑝, 𝑒, 𝑡, 𝑠 

(11) ∑ ∑ 𝑞𝑗𝑒𝑝𝑗𝑣𝑡𝑠𝑣𝑝 + ∑ ∑ 𝑞𝑙𝑒𝑗′𝑗𝑣𝑡𝑠𝑣𝑗′≠𝑗 = ∑ ∑ 𝑞𝑙𝑒𝑗𝑗′𝑣𝑡𝑠𝑣𝑗′≠𝑗   + ∑ ∑ 𝑞𝑜𝑒𝑗𝑐𝑣𝑡𝑠𝑣𝑐            ∀𝑗, 𝑒, 𝑡, 𝑠  
(12) ∑ ∑ 𝑞𝑜𝑒𝑗𝑐𝑣𝑡𝑠𝑣𝑗 + ∑ ∑ 𝑞𝑑𝑒𝑝𝑐𝑣1𝑠𝑣𝑝 + ∑ 𝜔𝑐𝑒𝑙𝑡𝑠𝑙 = ∑ 𝑑𝑚𝑐𝑙𝑒𝑡𝑠𝜐𝑙𝑒𝑐𝑡𝑠𝑙     ∀𝑒, 𝑐, 𝑡, 𝑠 

Constraints (10)-(12) guarantees balance of forward flows of the supply chain network. The mechanism of 273 

transportation of products was described in the previous paragraphs of this section. 274 

(13) ∑ 𝜐𝑙𝑒𝑐𝑡𝑠𝑙 = 1      ∀𝑐, 𝑒, 𝑡, 𝑠 

(14) ∑ 𝜐′𝑙𝑒𝑐𝑡𝑠𝑙 = 1      ∀𝑐, 𝑒, 𝑡, 𝑠 



 

(15) ∑ 𝜐′′𝑙𝑔𝑡𝑠𝑙 = 1      ∀𝑔, 𝑡, 𝑠 

Constraints (13)-(15) ensure that for each product under each scenario and in each period only one price level 275 

should be selected.  276 

(16) 𝜔𝑐𝑒𝑙𝑡𝑠 ≤ 𝑑𝑚𝑐𝑙𝑒𝑡𝑠𝜐𝑙𝑒𝑐𝑡𝑠       ∀𝑐, 𝑒, 𝑙, 𝑡, 𝑠 

(17) 𝜔′𝑐𝑒𝑙𝑡𝑠 ≤ 𝑑𝑟𝑐𝑙𝑒𝑡𝑠𝜐′𝑙𝑒𝑐𝑡𝑠       ∀𝑐, 𝑒, 𝑙, 𝑡, 𝑠 

(18) 𝜔′′𝑔𝑙𝑡𝑠 ≤ 𝑑𝑟𝑐𝑔𝑙𝑡𝑠𝜐′′𝑙𝑔𝑡𝑠       ∀𝑔, 𝑙, 𝑡, 𝑠 

Constraints (16)-(18) guarantee that the amount of unmet demand should be less than or equal to the demand 277 

corresponding to the selected price level. 278 

(19) ∑ ∑ 𝑞𝑛𝑒𝑐𝑘𝑣𝑡𝑠𝑣𝑘 ≤ 𝛼𝑐𝑒(∑ ∑ 𝑞𝑜𝑒𝑗𝑐𝑣𝑡𝑠𝑣𝑗 + ∑ ∑ 𝑞𝑑𝑒𝑝𝑐𝑣𝑡𝑠𝑣𝑝 )          ∀𝑒, 𝑐, 𝑡, 𝑠 

(20) ∑ ∑ 𝑞𝑓𝑒𝑘𝑟𝑣𝑡𝑠𝑣𝑟 ≤ 𝛽𝑒 ∑ ∑ 𝑞𝑛𝑒𝑐𝑘𝑣𝑡𝑠𝑣𝑐          ∀𝑒, 𝑘, 𝑡, 𝑠 

(21) ∑ ∑ 𝑞𝑏𝑒𝑘ℎ𝑣𝑡𝑠𝑣ℎ ≤ 𝛾𝑒 ∑ ∑ 𝑞𝑛𝑒𝑐𝑘𝑣𝑡𝑠𝑣𝑐          ∀𝑒, 𝑘, 𝑡, 𝑠 

(22) ∑ ∑ ∑ 𝑞𝑚𝑢3𝑒𝑟𝑗𝑣𝑡𝑠𝑣𝑗𝑢3 = ∑ ∑ 𝑞𝑓𝑒𝑘𝑟𝑣𝑡𝑠             ∀𝑒, 𝑟, 𝑡, 𝑠𝑣𝑘  

(23) ∑ ∑ 𝑞𝑜𝑟𝑒𝑗𝑐𝑣𝑡𝑠𝑣𝑐 = ∑ ∑ ∑ 𝑞𝑚𝑢3𝑒𝑟𝑗𝑣𝑡𝑠        ∀𝑒, 𝑗, 𝑡, 𝑠𝑣𝑟𝑢3  

(24) ∑ ∑ ∑ 𝑓𝑢2ℎ𝑝𝑣𝑝𝑡𝑠𝑣𝑝𝑢2 + ∑ ∑ ∑ 𝑓′𝑢2ℎ𝑔𝑣𝑡𝑠𝑣𝑔𝑢2   = 𝛿 ∑ ∑ ∑ 𝑞𝑏𝑒𝑘ℎ𝑣𝑡𝑠𝑣𝑘𝑒          ∀ℎ, 𝑡, 𝑠 

(25) ∑ ∑ 𝑞𝑜𝑟𝑒𝑗𝑐𝑣𝑡𝑠𝑣𝑗 + ∑ 𝜔′𝑐𝑒𝑙𝑡𝑠𝑙 = ∑ 𝑑𝑟𝑐𝑙𝑒𝑡𝑠𝜐′𝑙𝑒𝑐𝑡𝑠𝑙          ∀𝑐, 𝑒, 𝑡, 𝑠 

(26) ∑ ∑ ∑ 𝑓′𝑢2ℎ𝑔𝑣𝑡𝑠𝑣𝑢2ℎ + ∑ 𝜔′′𝑔𝑙𝑡𝑠𝑙 = ∑ 𝑑𝑟𝑐𝑔𝑙𝑡𝑠𝜐′′𝑙𝑔𝑡𝑠𝑙           ∀𝑔, 𝑡, 𝑠         
Constraints (19-26) ensures the balance of reverse flows of the supply chain based on the descriptions stated 279 

before. 280 

(27) ∑ ∑ 𝑞𝑟𝑖𝑝𝑣𝑡𝑠𝑣𝑝 ≤ 𝜂𝑖𝑡𝑠𝑐𝑝𝑠𝑖𝑠𝑠𝑖           ∀𝑖, 𝑡, 𝑠 

(28) ∑ 𝑚𝑎𝑒𝑝𝑢1𝑡𝑠𝑒 ≤ 𝑐𝑝𝑝𝑝 ∑ 𝜆𝑝𝑎𝑡𝑠𝑥𝑝𝑎𝑢1𝑎           ∀𝑝, 𝑡, 𝑢1, 𝑠 

(29) ∑ ∑ ∑ 𝑞𝑑𝑒𝑝𝑐𝑣𝑡𝑠𝑣𝑐𝑒 ≤ 𝑐𝑑𝑝𝑝 ∑ ∑ 𝜆′𝑝𝑎𝑡𝑠𝑥𝑝𝑎𝑢1𝑢1𝑎           ∀𝑝, 𝑡, 𝑠 

(30) ∑ 𝑎𝑐𝑝𝑒𝑢1𝑡𝑠𝑒 ≤ 𝑐𝑒𝑝𝑝 ∑ 𝑥𝑝𝑎𝑢1𝑎           ∀𝑝, 𝑡, 𝑢1, 𝑠 

(31) ∑ 𝑥𝑐𝑑𝑜𝑗𝑜 ≤ 𝑦𝑗          ∀𝑗 

(32) ∑ 𝑥𝑐𝑐𝑜𝑘𝑜 ≤ 𝑧𝑘          ∀𝑗 

(33) ∑ ∑ ∑(𝑞𝑜𝑒𝑗𝑐𝑣𝑡𝑠𝑣𝑒𝑐 𝑞𝑜𝑟𝑒𝑗𝑐𝑣𝑡𝑠) ≤ 𝜅𝑗𝑡𝑠(𝑐𝑝𝑑𝑗𝑦𝑗 + ∑ 𝑐𝑒𝑑𝑜𝑗𝑥𝑐𝑑𝑜𝑗𝑜 )         ∀𝑗, 𝑡, 𝑠 

(34) ∑ ∑ ∑ 𝑞𝑛𝑒𝑐𝑘𝑣𝑡𝑠𝑣𝑒𝑐 ≤ 𝜇𝑘𝑡𝑠(𝑐𝑝𝑐𝑘𝑧𝑘 + ∑ 𝑐𝑒𝑐𝑜𝑘𝑥𝑐𝑐𝑜𝑘𝑜 )        ∀𝑘, 𝑡, 𝑠 

(35) ∑ ∑ 𝑓𝑢2ℎ𝑝𝑣𝑡𝑠𝑣𝑝 + ∑ ∑ 𝑓′𝑢2ℎ𝑔𝑣𝑡𝑠𝑣𝑔 ≤ 𝑐𝑝𝑙ℎ ∑ 𝜃ℎ𝑎𝑡𝑠𝑟ℎℎ𝑎𝑢2𝑎       ∀ℎ, 𝑡, 𝑢2, 𝑠  
(36) ∑ ∑ ∑ ∑ 𝑞𝑚𝑢3𝑒𝑟𝑗𝑣𝑡𝑠 ≤ ∑ 𝜉𝑟𝑎𝑡𝑠𝑐𝑝𝑟𝑟𝑎𝑣𝑤9𝑗𝑒 𝑟𝑟𝑟𝑎𝑢3     ∀𝑟, 𝑡, 𝑢3, 𝑠 



 

Constraints (27-36) assures that the maximum capacity limit of facilities is not violated. The effects of disruptions 281 

are considered in these constraints. Constraints (32) and (33) state that at most one capacity level can be selected 282 

for developing capacity of each distribution center and each collection center respectively.  283 

(37) ∑ 𝑞𝑟𝑖𝑝𝑣𝑡𝑠𝑝 ≤ 𝜑1𝑣𝑖𝑡𝑠𝑐𝑝𝑣𝑣𝑛𝑣𝑣𝑖𝑡      ∀𝑖, 𝑣 ∈ 𝑣0, 𝑡, 𝑠 
(38) ∑ ∑ 𝑞𝑗𝑒𝑝𝑗𝑣𝑡𝑠𝑗𝑒 + ∑ ∑ 𝑞𝑑𝑒𝑝𝑐𝑣𝑡𝑠𝑐𝑒 ≤ 𝜑2𝑣𝑝𝑡𝑠𝑐𝑝𝑣𝑣𝑛𝑣𝑣𝑝𝑡  ∀𝑝, 𝑣 ∈ 𝑣0 , 𝑡, 𝑠 

(39) ∑ ∑ 𝑞𝑙𝑒𝑗𝑗′𝑣𝑡𝑠𝑗′𝑒 + ∑ ∑(𝑞𝑜𝑒𝑗𝑐𝑣𝑡𝑠 + 𝑞𝑜𝑟𝑒𝑗𝑐𝑣𝑡𝑠)𝑐𝑒 ≤ 𝜑3𝑣𝑗𝑡𝑠𝑐𝑝𝑣𝑣𝑛𝑣𝑣𝑗𝑡  ∀𝑗, 𝑣 ∈ 𝑣0, 𝑡, 𝑠 

(40) ∑ ∑ 𝑞𝑛𝑒𝑐𝑘𝑣𝑡𝑠𝑘𝑒 ≤ 𝜑4𝑣𝑐𝑡𝑠𝑐𝑝𝑣𝑣𝑛𝑣𝑣𝑐𝑡      ∀𝑐, 𝑣 ∈ 𝑣0, 𝑡, 𝑠 

(41) ∑ ∑ 𝑞𝑓𝑒𝑘𝑟𝑣𝑡𝑠𝑟𝑒 + ∑ ∑ 𝑞𝑓𝑒𝑘ℎ𝑣𝑡𝑠ℎ𝑒 ≤ 𝜑5𝑣𝑘𝑡𝑠𝑐𝑝𝑣𝑣𝑛𝑣𝑣𝑘𝑡  ∀𝑘, 𝑣 ∈ 𝑣0, 𝑡, 𝑠 

(42) ∑ ∑ ∑ 𝑞𝑚𝑢3𝑒𝑟𝑗𝑣𝑡𝑠𝑗𝑒𝑢3 ≤ 𝜑7𝑣𝑟𝑡𝑠𝑐𝑝𝑣𝑣𝑛𝑣𝑣𝑟𝑡      ∀𝑟, 𝑣 ∈ 𝑣0, 𝑡, 𝑠 

(43) ∑ ∑ 𝑓𝑢2ℎ𝑝𝑣𝑡𝑠𝑝𝑢2 + ∑ ∑ 𝑓′𝑢2ℎ𝑔𝑣𝑡𝑠𝑔𝑢2 ≤ 𝜑6𝑣ℎ𝑡𝑠𝑐𝑝𝑣𝑣𝑛𝑣𝑣ℎ𝑡     ∀ℎ, 𝑣 ∈ 𝑣0, 𝑡, 𝑠 

(44) 

∑ ∑ 𝑞𝑟𝑖𝑝𝑣𝑡𝑠𝑝𝑖 + ∑ ∑ ∑ 𝑞𝑗𝑒𝑝𝑗𝑣𝑡𝑠𝑗𝑝𝑒 + ∑ ∑ ∑ 𝑞𝑑𝑒𝑝𝑐𝑣𝑡𝑠𝑐𝑝𝑒  

+ ∑ ∑ ∑ 𝑞𝑙𝑒𝑗𝑗′𝑣𝑡𝑠𝑗′𝑗𝑒 + ∑ ∑ ∑(𝑞𝑜𝑒𝑗𝑐𝑣𝑡𝑠 + 𝑞𝑜𝑟𝑒𝑗𝑐𝑣𝑡𝑠𝑐𝑗𝑒 ) 

+ ∑ ∑ ∑ 𝑞𝑛𝑒𝑐𝑘𝑣𝑡𝑠𝑘𝑐𝑒 + ∑ ∑ ∑ 𝑞𝑓𝑒𝑘𝑟𝑣𝑡𝑠𝑟𝑘𝑒  + ∑ ∑ ∑ 𝑞𝑓𝑒𝑘ℎ𝑣𝑡𝑠ℎ𝑘𝑒 + ∑ ∑ ∑ ∑ 𝑞𝑚𝑢3𝑒𝑟𝑗𝑣𝑡𝑠𝑗𝑟𝑒𝑢3  

+ ∑ ∑ ∑ 𝑓𝑢2ℎ𝑝𝑣𝑡𝑠𝑝ℎ𝑢2 + ∑ ∑ ∑ 𝑓′𝑢2ℎ𝑔𝑣𝑡𝑠𝑔ℎ𝑢2 ≤ 𝑐𝑝𝑣𝑣𝑛𝑣𝑡𝑣𝑡      ∀𝑣 ∈ 𝑣𝑡𝑝𝑙 , 𝑡, 𝑠 

Constraints (37) to (44) indicate the limitation on the capacity of supply chain vehicles. The capacity limit related 284 

to third-party logistics company is assured by constraint (46). 285 

(45) 
∑ ∑ ∑ 𝑞𝑜𝑒𝑗𝑐𝑣𝑡𝑠 +𝑣𝑒𝑗 ∑ ∑ ∑ 𝑞𝑑𝑒𝑝𝑐𝑣𝑡𝑠𝑣𝑝𝑒∑ ∑ 𝑑𝑙 𝑐𝑙𝑒𝑡𝑠 𝜐𝑙𝑒𝑐𝑡𝑠𝑒 ≥ 𝜏𝑐         ∀𝑐, 𝑡, 𝑠           

(46) 
∑ ∑ ∑ 𝑞𝑜𝑟𝑒𝑗𝑐𝑣𝑡𝑠𝑣𝑗𝑒∑ ∑ 𝑑𝑟𝑙 𝑐𝑙𝑒𝑡𝑠𝑒 𝜐′𝑙𝑒𝑐𝑡𝑠 ≥ 𝜏𝑐        ∀𝑐, 𝑡, 𝑠           

(47) 
∑ ∑ ∑ 𝑓′𝑢2ℎ𝑔𝑣𝑡𝑠𝑣𝑢2ℎ∑ 𝑑𝑟𝑐𝑔𝑙𝑡𝑠𝜐′′𝑙𝑔𝑡𝑠𝑙 ≥ 𝜏�̅�        ∀𝑔, 𝑡, 𝑠          

Constraints (45-47) impose limitation on minimum amount of responsiveness of supply chain in the terms of the 286 

fraction of satisfied demands.  287 

(48) 

𝑞𝑟𝑖𝑝𝑣𝑡𝑠, 𝑚𝑎𝑒𝑝𝑢11𝑠, 𝑎𝑐𝑝𝑒𝑢1𝑡𝑠, 𝑖𝑣𝑒𝑝𝑡𝑠, 𝑞𝑗𝑒𝑝𝑗𝑣𝑡𝑠 , 𝑞𝑑𝑒𝑝𝑐𝑣𝑡𝑠 , 𝑞𝑙𝑒𝑗𝑗′𝑣𝑡𝑠, 𝑞𝑜𝑒𝑗𝑐𝑣𝑡𝑠 , 𝑞𝑜𝑟𝑒𝑗𝑐𝑣𝑡𝑠 , 𝑞𝑛𝑒𝑐𝑘𝑣𝑡𝑠 , 𝑞𝑓𝑒𝑘𝑟𝑣𝑡𝑠 , 𝑞𝑏𝑒𝑘ℎ𝑣𝑡𝑠 , 𝑞𝑚𝑢3𝑒𝑟𝑗𝑣𝑡𝑠 , 𝑓𝑢2ℎ𝑝𝑣𝑝𝑡𝑠, 𝑓′𝑢2ℎ𝑔𝑣𝑡𝑠 , 𝜔𝑐𝑒𝑙𝑡𝑠 , 𝜔′𝑐𝑒𝑙𝑡𝑠 , 𝜔′′𝑔𝑙𝑡𝑠 ≥ 0 𝑠𝑠𝑖 , 𝑥𝑝𝑎𝑢1 , 𝑦𝑖 , 𝑧𝑘 , 𝑟ℎℎ𝑎𝑢2 , 𝑟𝑟𝑟𝑎𝑢3 , 𝑥𝑐𝑑𝑜𝑗 , 𝑥𝑐𝑐𝑜𝑘 , 𝜐𝑙𝑒𝑐𝑡𝑠 , 𝜐′𝑙𝑒𝑐𝑡𝑠 , 𝜐′′𝑙𝑔𝑡𝑠 ∈ {0,1} 

Constraint (48) determines the types of variables. 288 

 289 

Solution methods 290 

Supply chain network design problem is NP-hard (Govindan et al., 2016). On the other hand, the problem of 291 

closed-loop supply chain network design are often more complex than forward supply chain design problem and 292 

is NP-hard (Soleimani and Govindan, 2015). Furthermore, the problem presented in this paper has a more complex 293 

structure than the closed-loop supply chain network design problem. Therefore, exact optimization methods are 294 

not applicable for solving medium and large-sized problems.  295 

In this paper, three hybrid metaheuristics are proposed to cope with problem complexity and find high-quality 296 

solutions, including improved hybrid genetic and particle swarm optimization algorithm (hybrid GA-PSO), 297 



 

improved hybrid genetic and  simulated annealing ( hybrid GA-SA) a novel hybrid algorithm titled hybrid ant 298 

colony optimization and teaching and learning-based optimization algorithm (hybrid ACO-TLBO). The 299 

augmented ε-constraint method proposed by Mavrotas (2009) is also applied to verify these algorithms. 300 

 301 

Encoding and Decoding 302 

There are different methods for representing and encoding the solutions, among which two main approaches can 303 

be mentioned, including the matrix representation approach (Michalewicz et al, 1991) and the priority-based 304 

representation approach (Gen et al, 2006). In this paper, our representation method is similar to priority-based 305 

representation. An example is provided to illustrate how solutions are represented. It is assumed that the number 306 

of suppliers, production centers, distribution centers, customer zones, collection centers, recycling centers, 307 

remanufacturing centers and other supply chains are 2, 2, 2, 3, 2, 2, 2 and 2, respectively. The number of time 308 

periods is three. Also, there are four types of vehicles (𝑉0 = {1,2,3} and 𝑉𝑡𝑝𝑙 = {4}) . The chromosome includes 309 

two sub-chromosomes. The first sub-chromosome determines the sequence of transportation between different 310 

facilities and specifies the vehicles for transshipping materials and products. As shown in Figure 2, the first sub-311 

chromosomes is divided into eight segments based on the flows represented in Figure 1. Values entered in this 312 

sector are random numbers between (0, 1). These values are then sorted for each sub-segment in ascending order 313 

to make the priority-based matrix. The sector related to vehicles is filled by random numbers in the interval [1, 314 

| 𝑉|].  315 

 316 

 

Fig. 2.a The graphical illustration the first sub-chromosome 

 

Fig. 2.b The graphical illustration the second sub-chromosome 

Fig. 2 The graphical illustration of proposed chromosome 

 317 

In order to better explain the solution representation, segment 2 of the first sub-chromosome is explained in more 318 

detail. Figure 3 shows the priority based chromosome of this segment in period 1. The second segment just like 319 

other segments, consists of two sub-segments. This segment is related to the transshipment of products from 320 

production centers (𝑝) to distribution centers (𝑗) and customers (𝑐). The first and second columns of sub-segment 321 

2 are related to distribution centers the third to fifth columns are related to customer areas. The last column of this 322 

segment shows the selected type of vehicle for transporting product flows. As can be seen, the random values of 323 

chromosome are sorted independently for each sub-segment and the order of allocation is determined accordingly. 324 

For example, if production center 2 is established (according to the segment 1), products are initially shipped from 325 

this center to customer 1, otherwise production center 2 is selected. Of course, it should be noted that constraints 326 

(7), (8), (10), (29), (31) and (33) should be considered in the described procedure. The values of variables related 327 

to product flows from production centers to distribution centers and customers and the binary variable 328 

corresponding to the establishment of distribution centers is determined based on this segment. In order to be 329 



 

concise, a pseudo-code is presented in Figure 4 which shows the general decoding procedure. For all segments, 330 

such a procedure should be implemented with differences in details and considering the related constraints.  331 

The second sub-chromosome consists of three sectors. The first sector determines the price level of the main 332 

products and the second and third sectors determine the price level of the remanufactured and recycled products, 333 

respectively. The cells of each sector are filled with random numbers in interval [1, |L|].  334 

 335 

 336 

 337 

 338 

Fig. 3 The graphical illustration of priority based chromosome of segment 2 in period 1 339 

 340 

 341 

 342 
Fig. 4 Pseudo-code of decoding procedure 343 

Multi-objective hybrid ACO-TLBO 344 

Ant colony optimization was introduced by Dorigo (1992) and then further developed by Dorigo et al. (1996), 345 

Dorigo et al. (1999) and Dorigo and Stützle (2004). The ACO algorithm is inspired by the behavior of ants in 346 

nature for searching food. The ant searches for food around its colony, and when it finds food, picks it up and 347 



 

carries it to the nest. When it returns, it secretes a substance called pheromone which will be remained on the 348 

return way to help other ants in finding food. The amount of pheromone secreted depends on the quality and 349 

amount of food found (Socha and Dorigo, 2008). This method has been used as a combinatorial optimization tool 350 

in many studies, such as the supply chain design field, among which the works of Moncayo-Martínez and Zhang 351 

(2011) and Bottani et al. (2019) can be mentioned. Since the introduction of ACO, many attempts have been made 352 

to apply this algorithm in the continuous domain, but overall, these efforts were not successful, and the developed 353 

algorithms were only the inspirations of the ACO algorithm. Finally, Socha and Dorigo (2008) extended the ACO 354 

metaheuristic algorithm for continuous domains without any main changes used in the major concept of the ACO 355 

algorithm. The ACO metaheuristic for continuous domain (denoted by ACOR) is useful for solving mixed discrete-356 

continuous problems (Socha and Dorigo (2008) like the problem studied in this paper. In the following, we explain 357 

this algorithm based on the mentioned paper. 358 

The first phase is Ant-Based Solution Construction. For implementing this algorithm at first 𝑛𝑝𝑜𝑝 (archive size) 359 

random solutions (𝑠𝑙 , 𝑙 ∈ {1, … , 𝑛𝑝𝑜𝑝)) are generated by ants, and then evaluated and sorted based on their 360 

objective function values (from best to worst). The solutions and their related objective function values are stored 361 

in solution archive. Then, for each solution, a weight coefficient is computed which its related formula is 362 

expressed in the following. 363 

To generate new solutions in the main loop of the algorithm, in contrast to the discrete ACO, a continuous 364 

probability distribution function (PDF) is used, which is made based on the solutions stored in the archive. At 365 

first, an ant should select one of the solutions (take a sample) from solution archive. This selection is done based 366 

on the probability of choosing solutions. For sampling and constructing new solutions, Socha and Dorigo (2008) 367 

suggested Gaussian function as a PDF. The PDF related to each dimension 𝑖 of the problem corresponding to 368 

solution 𝑙 is denoted by 𝑔𝑙𝑖. The Gaussian kernel as a weighted sum of one-dimensional Gaussian functions 𝑔𝑙𝑖 can 369 

be defined as follows:  370 

(49) 𝐺𝑖(𝑥) = ∑ 𝑝𝑙𝑔𝑙𝑖(𝑥) =𝑛𝑝𝑜𝑝
𝑙=1 𝑝𝑙 1𝜎𝑖𝑙√2𝜋 𝑒−(𝑥−𝑠𝑙𝑖)2𝜎𝑖𝑙2

 

Where 𝑝𝑙  is probability of selecting solution 𝑙 and is computed as follows:  371 

(50) 𝑝𝑙 = 𝑤𝑙∑ 𝑤𝑚𝑛𝑝𝑜𝑝𝑚=1  𝑤𝑙  is the weight of solution 𝑙 and can be calculated by equation below: 372 

(51) 𝑤𝑙 = 1𝑞𝑛𝑝𝑜𝑝√2𝜋 𝑒− (𝑙−1)2𝑞2𝑛𝑝𝑜𝑝2
 

Based on the above descriptions, the solution 𝑠𝑙 has rank 𝑙. 𝑞 is one of the parameters of the algorithm. With 373 

decreasing 𝑞, the preference of choosing the solution with better ranks increases. Equation (51) states that a higher 374 

value of a solution weight leads to higher probability of sampling around it. Sampling of the selected Gaussian 375 

function can be carried out utilizing a random number generator capable of generating random numbers according 376 

to a parameterized normal distribution (Socha and Dorigo, 2008). 377 

The value of standard deviation 𝜎𝑖𝑙 is calculated using the average distance of solution 𝑠𝑙𝑖 from other solutions of 378 

the archive. 379 

(52) 𝜎𝑖𝑙 = 𝜁 ∑ | 𝑠𝑚𝑖 − 𝑠𝑙𝑖|𝑛𝑝𝑜𝑝 − 1𝑛𝑝𝑜𝑝𝑚=1  𝜁 is a positive parameter and has a similar effect compared to pheromone evaporation rate of ACO algorithm.  380 

The second phase of the ACOR algorithm is Pheromone Update. In this algorithm, the solution archive contains 381 

the pheromone information (Socha and Dorigo, 2008; Liao et al., 2013). Pheromone update is implemented by 382 

generating new solutions and adding them to the solution archive. After generating new solutions, they are merged 383 

in the archive, and the solutions should be sorted again. Note that during the implementation of the algorithm, the 384 

size of the archive should not be changed, and additional solutions with worse quality than other solutions must 385 

be removed. With increasing the quality of solutions stored in archive the guidance of ants in the search space 386 

will be done better. This process is iteratively done until the stopping criterion is met 387 

TLBO algorithm was introduced by Rao et al. (2011). It has been used in many studies in science and engineering 388 

and has proved its good performance for solving optimization problems (Rajesh, 2020). TLBO consists of two 389 

parts, including the teacher phase and the learner phase. TLBO is a population-based algorithm, so at first, 𝑛𝑝𝑜𝑝 390 



 

solutions are randomly generated. The mission of the teacher phase is learning from a teacher. Let 𝑠𝑜𝑙𝑖,𝑖𝑡 denote 391 

the solution generated in iteration 𝑖𝑡 related to solution 𝑖 and 𝑀𝑛𝑖𝑡 represent the mean of solutions of population 392 

in iteration 𝑖𝑡. The teacher in iteration 𝑖𝑡 is the best solution obtained until that iteration and is denoted by 𝑇𝑖𝑡 . The 393 

new solution 𝑠𝑜𝑙𝑖,𝑖𝑡𝑛𝑒𝑤  can be obtained as follows: 394 

(53) 𝑠𝑜𝑙𝑖,𝑖𝑡𝑛𝑒𝑤 = 𝑠𝑜𝑙𝑖,𝑖𝑡 + 𝑟(𝑇𝑖𝑡 − 𝑇𝐹 ∗ 𝑀𝑛𝑖𝑡) 

Where 𝑟 is a random number in the range [0, 1] and 𝑇𝐹 can be either 1 or 2 and is selected randomly. If the new 395 

solution is better than the old solution considering the fitness value, it will replace the old solution.  396 

In the learner phase, the quality of learners (solutions) can be increased via interaction between themselves. In 397 

this phase in each iteration, for each solution 𝑖 a solution 𝑗 (𝑖 ≠ 𝑗) is selected randomly. Then they should be 398 

compared based on their fitness values and the solution  𝑖 will be changed accordingly based on what is presented 399 

as follows:  400 

(54) 

If  𝑠𝑜𝑙𝑖,𝑖𝑡 is better than 𝑠𝑜𝑙𝑗,𝑖𝑡 𝑠𝑜𝑙𝑖,𝑖𝑡𝑛𝑒𝑤 = 𝑠𝑜𝑙𝑖,𝑖𝑡 + 𝑟(𝑠𝑜𝑙𝑖,𝑖𝑡 − 𝑠𝑜𝑙𝑗,𝑖𝑡)   

else 𝑠𝑜𝑙𝑖,𝑖𝑡𝑛𝑒𝑤 = 𝑠𝑜𝑙𝑖,𝑖𝑡 − 𝑟(𝑠𝑜𝑙𝑖,𝑖𝑡 − 𝑠𝑜𝑙𝑗,𝑖𝑡)  

end 

The new solution will replace the previous one if it has a better fitness value. 401 

To the best of the authors' knowledge, the hybridization of ACOR and TLBO algorithm has not been studied 402 

before. To develop the structure of the hybrid algorithm, it should be noted that the problem studied in this paper 403 

is multi-objective, and an appropriate approach should be considered in designing the structure of the algorithm 404 

for handling this issue. Figure 5 represents the pseudo-code of the hybrid ACO-TLBO algorithm. At first, the 405 

solution archive is randomly populated, and solution weights and probability of selections are computed. Given 406 

that the problem is bi-objective, the non-dominated sorting algorithm (presented by Deb et al. 2002) is applied 407 

before the starting of the main loop. In the main loop of the algorithm, initially, the ACO steps are implemented 408 

and then the non-dominated sorting algorithm is applied. The first front obtained by this algorithm is selected as 409 

teachers and teaching operations are done. After that, the learning phase is fulfilled. Finally, after merging new 410 

solutions and the main population, non-dominated sorting is applied again. The best Pareto found solutions are 411 

reported after reaching the stopping criterion. 412 

 413 



 

 414 
Fig. 5 Pseudo-code of multi-objective hybrid ACO-TLBO algorithm 415 

 416 

In the multi-objective hybrid ACO-TLBO, the natural behavior of ants for searching food as well as the property 417 

of teaching and learning is observed in this algorithm. In fact, it can be said that ants searching for food in a space, 418 

help to improve the solutions by updating the pheromone (here by using the solution archive) utilize some teachers 419 

and learning interactions to further improve the solutions. 420 

 421 

Multi-objective hybrid improved GA-PSO 422 

Genetic algorithm was introduced by Holland (1975), and PSO was developed by Kennedy and Eberhart (1995). 423 

These two algorithms are well-known metaheuristics that have shown good performance in optimization problems 424 

of different fields. The hybridization of GA and PSO has been used in many research papers and has demonstrated 425 

very good results (Soleimani and Govindan, 2015). In this paper, we have proposed the multi-objective hybrid 426 

improved GA-PSO as another solution method. The non-dominated sorting approach presented by Deb et al. 427 

(2002) is utilized in the proposed hybrid algorithm to cope with multi-objectivity. The pseudo-code of the 428 

algorithm is presented in Figure 6. 429 

In this algorithm, at first 𝑛𝑝𝑜𝑝 number of solutions are randomly generated. In the next step, at first, GA operations 430 

are implemented. In implementing GA, two steps are added to the traditional framework. The first one is saving 431 𝑛𝑒 number of best solutions (elites) after implementing crossover. These solutions can replace dominated solutions 432 

generated by mutation operator to improve the quality of population and increase the speed of obtaining high-433 

quality Pareto set. The second step is the local search imbedded in the mutation operator. In this mutation, two 434 

columns of chromosome are randomly selected and are swapped pairwise, and the best displacement is selected 435 



 

and the solution is generated based on it. Three types of crossovers are used, including single-point, double point 436 

and uniform. After executing GA operators, the PSO operators are run and the process is iterated until the stopping 437 

criterions is reached.  438 

 439 
Fig. 6 Pseudo-code of multi-objective hybrid improved GA-PSO 440 

Multi-objective hybrid improved GA-SA 441 

Simulated annealing was introduced by Kirkpatrick (1983) in order to handle large-sized combinatorial 442 

optimization problems. In the proposed hybrid improve GA-SA, The GA operators are initially executed and then 443 

the SA commands are run. Three mutation operators are applied in SA including swap, insertion and reversion. 444 

The pseudo-code of hybrid improved GA-SA algorithm is shown in Figure 7. In the presented pseudo-code Δ𝑓𝑜 =445 𝑓𝑜(𝑥𝑛𝑒𝑤) − 𝑓𝑜(𝑥𝑜𝑙𝑑) were x is the solution and 𝑜 denotes the objective function. 446 



 

 447 
Fig. 7 Pseudo-code of hybrid multi-objective hybrid improved GA-SA 448 

 449 

Computational results and analyses 450 

In this section, at first, the ranges and values of the parameters of the problem are presented, and then the 451 

parameters of the proposed metaheuristic algorithms are tuned using the Taguchi method. The parameters setting 452 

of the model is done based on a real case study. After the parameter setting of the model and solution methods, 453 

the problem is solved via solution methods, and computational results and analyses are reported.  454 

The mathematical model is coded in Gams optimization software version 24.1.3, and the metaheuristics are coded 455 

in MATLAB version 2015a. The problems are run  on a computer with 16 GB of RAM and an Intel (R) Core 456 

(TM) i73720QM, 2.6 GHz CPU, running on Windows 10 (64-bit). 457 

 458 

Case study and test problems 459 

In this paper, a tire supply chain in Iran is presented as a real case study to show the applicability of the 460 

mathematical model and solution methods. The tire industry is a developing industry with recyclable products, 461 

where according to a forecast, the global market of this sector will register an annual growth of 3.8% until 2025 462 

(Research and Markets, 2018). Every year, millions of scrap tires are disposed around the world, bringing lots of 463 



 

environmental and health damages. The used tires can be remanufactured (retreaded) and sold in target markets 464 

at lower prices. Moreover, different materials can be recycled from scrap tires including steel, rubber powder, 465 

fiber and tire granulate which can be used for different applications. For example, tire granulate can be utilized in 466 

upper asphalt layer of roads. Also, the recycled materials like tire rubber can be applied for its original purpose 467 

which is producing new tires (Subulan et al., 2015). Figure 8 depicts the component of a tire. Figure 9 presents 468 

the materials and products obtained by recycling tires. 469 

 470 
Fig.8 The structure of a tire (source: www.carbiketech.com/tyre) 471 

 
 

a Scarp tires (Lawson, 2018) b tire chips (source: www.iran-lastic.ir) 

 
 

c Tire fiber (source: www.cdrecycler.com) d rubber powder (source: www.iran-lastic.ir) 



 

 

 

e tire granulate (source: www.iran-lastic.ir) f tire steel (source: www.europeanrecycle.com) 

Fig. 9 Scarp tires (a) and recycled products (b-f) 

 472 

In order to evaluate the performance of the proposed solution methods and compare them, twelve test problems 473 

are randomly generated based on the data of the case study. The dimensions of the test problems and the case 474 

study is presented in Table 2. Scenarios shows different situations caused by disruptions. The intensity of 475 

disruptions are randomly generated using uniform distribution and the intervals presented in Table 3.  In all 476 

problems, the number of members of theses sets are same: The number of capacity levels of distribution centers 477 

and collection centers, 4, the number of price levels, 5 and the number of fortification levels and technology types 478 

for all related facilities, 3.  479 

The SC considered for the case study currently consists of one factory, two distribution centers and four suppliers. 480 

The company is investigating the development and redesign of its supply chain to combat potential disruptions 481 

and increase network resilience. Also, in order to pay attention to environmental issues and create a green supply 482 

chain, the company seeks to develop reverse logistics and finally utilize a mixed supply chain network.  483 

Table 2 Size of the case study and test problems 484 

Problem 
No. 

|I| |P| |E| |J| |C| | K| |H| |R| |G| |V| |T| |S| 

Case study 4 2 4 4 7 2 2 2 6 4 4 6 
1 2 1 2 2 3 2 1 1 2 2 2 3 
2 3 2 2 3 4 3 2 2 2 2 2 3 
3 4 3 4 5 5 4 2 3 3 2 3 3 
4 5 4 6 6 7 10 4 4 4 2 3 3 
5 9 7 8 10 15 12 10 8 9 3 4 4 
6 11 8 8 13 18 14 12 10 11 3 4 5 
7 12 9 9 16 21 15 13 12 13 3 6 6 
8 14 12 10 18 26 17 15 14 15 3 6 7 
9 20 14 11 24 34 22 19 18 20 4 8 9 
10 22 16 11 27 40 24 21 19 22 4 8 10 
11 24 18 12 29 46 25 23 21 25 4 8 12 
12 28 20 12 30 50 27 24 22 27 4 8 12 

The ranges and values of parameters are given in Table 3. The unit of parameters related to prices and costs is 485 

Toman and are expressed in million Tomans. The unit of the parameters related to materials and products (demand 486 

and capacity) is Ton. 487 

Table 3 Ranges of the model parameters 488 

Parameter Range/ Value Parameter Range/ Value 𝑓𝑠𝑖  [6, 12] 𝛿 [0.4, 0.6] 𝑓𝑝𝑝𝑢1𝑎  [40000, 200000] 𝑑𝑚𝑐𝑙𝑒𝑡𝑠 [300, 800] 𝑓𝑑𝑗, 𝑓𝑐𝑘  [150, 500] 𝑑𝑟𝑐𝑙𝑒𝑡𝑠 [100, 300] 𝑓𝑙ℎ𝑢2𝑎, 𝑓𝑟ℎ𝑢3𝑎  [1000, 4000] 𝑑𝑟𝑐𝑔𝑙𝑡𝑠 [50, 200] 𝑓𝑐𝑙𝑗  [100, 300] 𝑐𝑝𝑠𝑖 [15000, 25000] 𝑓𝑐𝑑𝑜𝑗, 𝑓𝑐𝑐𝑜𝑘  [0.5, 1] 𝑐𝑝𝑝𝑝 [5000, 10000]  𝑡𝑐𝑟𝑣 , 𝑡𝑐𝑝𝑒𝑣   [0.004, 0.008] 𝑐𝑒𝑝𝑝 [200, 1000] 
distance parameters [100, 2000] (km) 𝑐𝑝𝑑𝑗 , 𝑐𝑝𝑐𝑘 [12500, 25000] 𝑚𝑐𝑒𝑝𝑢1𝑠 [30, 40] 𝑐𝑒𝑝𝑜𝑗 , 𝑐𝑒𝑐𝑜𝑘 [1000, 5000] 𝑐𝑒𝑝𝑒𝑢1𝑠 [40, 50] 𝑐ℎ𝑝𝑝 [5000, 10000] 𝑐ℎ𝑒𝑝 , 𝑐𝑐𝑘 , 𝑐𝑑𝑗 [3, 6] 𝑐𝑝𝑙ℎ [3000, 15000] 𝑟𝑐ℎ𝑢2 [0.3, 0.6] 𝑐𝑑𝑝𝑝 [4000, 10000] 𝑟𝑚𝑒𝑟𝑢3 [5, 10] 𝑐𝑝𝑟𝑟  [2000, 10000] 



 

𝑑𝑝 [0.0004, 0.0006] 𝑐𝑝𝑣𝑣 [5, 45] 𝑐𝑟𝑖𝑠 [10, 15] 
𝜆𝑝𝑎𝑡𝑠, 𝜆′𝑝𝑎𝑡𝑠, 𝜆′′𝑝𝑎𝑡𝑠, 𝜂𝑖𝑡𝑠, 𝜅𝑗𝑡𝑠, 𝜇𝑘𝑡𝑠, 𝜃ℎ𝑎𝑡𝑠, 𝜉𝑟𝑎𝑡𝑠  

[0, 1] 𝑝𝑟𝑙𝑒𝑐  [80, 120] 
𝜑𝑣𝛼𝑡𝑠 

(𝛼 ∈ 𝑖, 𝑝, 𝑗, 𝑐, 𝑘, ℎ, 𝑟) 
[0, 1] 𝑝𝑟𝑐𝑙𝑔 [2, 5] 

𝑛𝑣𝑣𝑡 
(𝛼 ∈ 𝑖, 𝑝, 𝑗, 𝑐, 𝑘, ℎ, 𝑟) 

[5, 20] 𝑢𝑑𝑒𝑐  [15, 25] 𝑛𝑣𝑡𝑣𝑡 [20, 60] 𝑢𝑑̅̅̅̅ 𝑚𝑒𝑐  [8, 12] 𝛼𝑐𝑒 [0.25, 0.95] 𝑢𝑑𝑟𝑔 [1, 4] 𝛽𝑒,𝛾𝑒   [0.1, 0.5] 𝑒𝑜𝑝𝑎𝑢1 , 𝑒𝑜𝑗 , 𝑒𝑜𝑘 , 𝑒𝑜ℎ𝑎𝑢1 , 𝑒𝑜𝑟𝑎𝑢3 
[1, 10] 𝜏𝑐𝑠 , 𝜏�̅�𝑠 [0.4, 0.9] 𝑒𝑝𝑒𝑝𝑢1 , 𝑒𝑑𝑗 , 𝑒𝑐𝑘 , 𝑒𝑠𝑒, 𝑒𝑙ℎ𝑢2 , 𝑒𝑚𝑒𝑟𝑢3 

[0.01, 0.1] 𝑟𝑤𝑒  [0, 0.15] 𝑒𝑡𝑟𝑣 , 𝑒𝑡𝑝𝑣 [0.0001, 0.1]   

 489 

Performance metrics 490 

Given that problem under study is multi-objective, it is not possible to assess the performance of the solution 491 

methods using a simple criterion; therefore, in this paper, some performance metrics are applied in order to 492 

measure and compare the performance of the presented multi-objective algorithms. These metrics have been used 493 

in many papers of the literature. 494 

 Number of pareto solutions (NPS): This criterion shows the number of obtained Pareto undefeated points. 495 

Achieving more Pareto solutions increases the quality and power of decision-making.  496 

 Computational time (CPU time): This metric gives the time spent for obtaining non-dominated solutions by 497 

an algorithm. It is clear that lower CPU times are more desirable.  498 

 Quality metric (QM): In order to calculate this metric, at first the non-dominated solutions obtained by all 499 

algorithms are stored in an archive, and then by comparing these solutions, the dominated ones are removed 500 

so that the archive contains only the dominated solutions. Finally, the ratio of the number of non-dominated 501 

solutions belonging to an algorithm to the total number of non-dominated solutions gives the quality metric 502 

for that algorithm. The higher this criterion, the higher the quality of the algorithm  503 

 Mean ideal distance (MID): This metric evaluates the distance of obtained Pareto solutions from ideal point. 504 

Here, the ideal point denotes the situation that the first objective is at its maximum value (𝑓1𝑏𝑒𝑠𝑡) and the second 505 

objective is at its minimum value (𝑓1𝑏𝑒𝑠𝑡). The ideal point can be considered equal to the maximum value of 506 

the first objective function and the minimum value of the second objective function in all algorithms. This 507 

metric can be calculated by equation (55). In this equation, 𝑓𝑖,𝑡𝑜𝑡𝑎𝑙𝑚𝑎𝑥  and 𝑓𝑖,𝑡𝑜𝑡𝑎𝑙𝑚𝑖𝑛  represent the highest and lowest 508 

values of the objective functions among all obtained non-dominated solutions, respectively. 𝑛 denotes the 509 

number of Pareto solutions. The lower values of this criterion indicate the higher quality of the algorithm 510 

(Karimi et al., 2010). 511 

(55) 𝑀𝐼𝐷 = ∑ √( 𝑓1𝑖−𝑓1𝑏𝑒𝑠𝑡)𝑓1,𝑡𝑜𝑡𝑎𝑙𝑚𝑎𝑥 − 𝑓1,𝑡𝑜𝑡𝑎𝑙𝑚𝑖𝑛 )2 + ( 𝑓2𝑖−𝑓2𝑏𝑒𝑠𝑡)𝑓2,𝑡𝑜𝑡𝑎𝑙𝑚𝑎𝑥 − 𝑓2,𝑡𝑜𝑡𝑎𝑙𝑚𝑖𝑛 )2𝑛𝑖=1 𝑛  

 Spacing metric (SPM): This metric indicates that how evenly the non-dominated solutions are distributed 512 

along the obtained  Pareto frontier and can be calculated as follows (Tan et al., 2006):  513 

(56) 𝑆𝑃𝑀 = [1𝑛 ∑ (𝑑𝑖 − 𝑑̅)2𝑛𝑖=1 ]1 2⁄
 

In the above equation, 𝑑𝑖 is the Euclidean distance between solution 𝑖 and its nearest neighbor in the Pareto 514 

frontier. �̅� = ∑ 𝑑𝑖𝑛𝑖=1 /𝑛. Where 𝑛 is the number of pareto solutions. Smaller values of SPM are desirable.  515 

 Diversification metric (DM): As the name of this metric implies, it measures the diversity of non-dominated 516 

solutions found by an algorithm. Higher values of DM indicate better performance of algorithm (Maghsoudlou 517 

et al., 2016). This metric can be computed by equation (57). 518 

(57) 𝐷𝑀 = √(𝑚𝑎𝑥𝑓1𝑖 − 𝑚𝑖𝑛𝑓1𝑖)2 + (𝑚𝑎𝑥𝑓2𝑖 − 𝑚𝑖𝑛𝑓2𝑖)2 
 519 



 

Tuning the parameters of algorithms 520 

In order to achieve the best performance of metaheuristics, in this section, the parameters of the metaheuristic 521 

algorithms are tuned using the Taguchi method. This method is utilized in order to avoid plenty number of 522 

experiments of full factorial experimental design. In this method, factors are classified into two categories: 523 

controllable and noise. The desired value is represented by signal and the undesirable value is denoted by noise. 524 

In the Taguchi method, the concept of signal to noise ratio (S/N), which represents the variation of response value, 525 

is used. Taguchi method attempts to reduce the effect of noise factors (Kumar, 2017). There are three types of 526 

responses, including “smaller is better”, “nominal is best” and “larger is better” (Roy, 2010). In this article the 527 

“smaller is better” is applied for tuning the parameters of algorithms. 528 

(58) 𝑆 𝑁⁄ = −10𝑙𝑜𝑔 [1𝑛 ∑ 𝑦2𝑛
𝑖=1 ] 

In the above equation, 𝑦 represents the response value and 𝑛 denotes the number of orthogonal arrays. In order to 529 

tune the parameter of algorithms, at first, the level of parameters belonging to algorithms are determined. The 530 

levels of parameters are presented in Table 4. In this table, Ψ = |𝐼| + |𝑃| +  |𝐽| + |𝐶| + |𝐾 | + |𝑅 | + |𝐻| + |𝐺|.  531 

The determined values are selected based on vast experiments and the related papers of the literature. 532 

In the next step, a Taguchi design is created using Minitab software and finally the Taguchi design is analyzed to 533 

choose the best levels of parameters.  534 

Using Taguchi method, the 𝐿27 orthogonal arrays are proposed for tuning the parameters of algorithms. The S/N 535 

diagrams are depicted in Figures 10-12. The test problem number 4 was selected for doing the experiments. The 536 

bold values in Table 4 show the proper levels selected. 537 

 538 

 539 
Fig. 10 Signal to noise ratio diagram for multi-objective hybrid ACO-TLBO 540 

 541 



 

 542 
Fig. 11 Signal to noise ratio diagram for multi-objective hybrid improved GA-PSO 543 

 544 

 545 
Fig. 12 Signal to noise ratio diagram for multi-objective hybrid improved GA-SA 546 

  547 

Table 4 Parameter of propoed algorithms and their levels 548 

Algorithms Parameters 
Parameter Level 

Level 1 Level 2 Level 3 

ACO-TLBO 

𝑛𝑝𝑜𝑝 50 100 150 𝑛𝑠𝑎𝑚𝑝𝑙𝑒 10 15 20 𝑞 0.50 1.00 1.50 𝜁 0.50 1.00 1.50 
Max-iteration 4 ∗ Ψ 6 ∗ Ψ 𝟖 ∗ 𝚿 

GA-PSO 

𝑛𝑝𝑜𝑝 50 100 150 𝑝𝑐 0.70 0.80 0.90 𝑝𝑚 0.05 0.10 0.15 𝑐1 1.50 1.75 2 𝑐2 1.50 1.75 2 



 

𝑤_𝑑𝑎𝑚𝑝 0.99 0.95 0.90 
Max-iteration 4 ∗ Ψ 6 ∗ Ψ 𝟖 ∗ 𝚿 

GA-SA 

𝑛𝑝𝑜𝑝 50 100 150 𝑝𝑐 0.50 0.70 0.80 𝑝𝑚 0.05 0.10 0.15 𝑇0 30 40 50 𝛼 0.99 0.9 0.88 
Max-iteration 6 ∗ Ψ 𝟖 ∗ 𝚿 10 ∗ Ψ 

 549 

Results and discussion 550 

In this section, the test problems and the case study are solved using proposed solution methods. Since the model 551 

is bi-objective, performance measures should be utilized to analyze and compare the performance of algorithms. 552 

The results are reported in Table 5, and also illustrated in Figures 13-18. In order to validate the algorithms, 553 

augmented ε-constraint method is used, which based on the results it is not able to solve medium and large-sized 554 

problems. 20 grid points was considered for the augmented ε-constraint (interested readers are referred to 555 

Mavrotas, 2009 for studying the details of augmented ε-constraint method). The considered time limit for all 556 

solution methods is 60000 seconds (NA means no answer could be found in the predetermined time limit). The 557 

spent CPU time for solving small-sized problems indicate the NP-hardness of the problem.  558 

Table 5 Evaluation of proposed solution methods based on NPC and MID metrics 559 

Problem 
no. 

NPS  MID 
Aug. ε-

constraint 
GA-PSO ACO-TLBO GA-SA  

Aug. ε-
constraint 

GA-PSO ACO-TLBO GA-SA 

Case study 20 22 18 20  0.89 0.92 0.89 0.95 
1 20 18 14 15  0.74 0.81 0.75 0.83 
2 20 17 15 17  0.68 0.76 0.72 0.79 
3 20 29 22 26  0.87 0.91 0.84 0.93 
4 20 26 25 23  0.78 0.87 0.78 0.89 
5 NA 24 21 22  NA 0.71 0.56 0.75 
6 NA 28 27 28  NA 0.76 0.57 0.79 
7 NA 34 25 31  NA 0.88 0.75 0.89 
8 NA 30 22 28  NA 0.78 0.67 0.79 
9 NA 32 29 31  NA 0.91 0.81 0.94 

10 NA 36 32 35  NA 1.06 0.92 1.12 
11 NA 25 19 22  NA 0.83 0.74 0.86 
12 NA 31 26 30  NA 0.69 0.60 0.79 

Mean (Mi) -- 27.08 22.69 25.23  -- 0.84 0.74 0.87 

Mi
* 27.08  Mi

* 0.74 

Problem 
no. 

QM  DM 
Aug. ε-

constraint 
GA-PSO ACO-TLBO GA-SA  

Aug. ε-
constraint 

GA-PSO ACO-TLBO GA-SA 

Case study 0.49 0.12 0.29 0.10  259995.58 256623.41 257780.68 251438.45 
1 0.73 0.45 0.65 0.40  291300.85 265423.12 286703.85 215369.12 
2 0.68 0.45 0.57 0.28  375601.10 286346.56 309985.08 270005.36 
3 0.53 0.25 0.45 0.18  412256.45 316413.21 322398.65 304986.77 
4 0.45 0.16 0.23 0.12  482001.22 376251.12 381211.41 340365.85 
5 NA 0.35 0.47 0.18  NA 621511.19 649325.82 612895.32 
6 NA 0.44 0.25 0.31  NA 676252.90 690210.37 655211.23 
7 NA 0.36 0.68 0.23  NA 730230.56 749510.61 710320.80 
8 NA 0.45 0.61 0.25  NA 782521.64 791265.59 762941.40 
9 NA 0.39 0.47 0.14  NA 1262310.85 1252303.48 1002103.25 

10 NA 0.64 0.70 0.32  NA 1450362.67 1452389.01 1262300.85 
11 NA 0.43 0.54 0.12  NA 1562542.06 1626402.60 1414365.70 
12 NA 0.38 0.66 0.24  NA 1625321.94 1823563.12 1772003.81 

Mean (Mi) -- 0.37 0.51 0.22  -- 785547.02 814850.02 736485.22 

Mi
* 0.51  814850.02 

Problem 
no. 

SPM  CPU time 
Aug. ε-

constraint 
GA-PSO ACO-TLBO GA-SA  

Aug. ε-
constraint 

GA-PSO ACO-TLBO GA-SA 

Case study 0.49 0.69 0.40 0.36  58632.12 825.12 891.19 756.17 
1 0.37 0.39 0.34 0.38  44250.23 615.96 712.12 520.13 
2 0.46 0.42 0.45 0.41  49532.65 701.32 744.23 636.99 
3 0.41 0.48 0.45 0.42  54465.23 798.23 845.60 710.45 
4 0.40 0.35 0.37 0.39  58128.90 1068.46 1126.31 938.16 
5 NA 0.42 0.38 0.45  NA 1550.51 1890.24 1382.36 
6 NA 0.47 0.51 0.45  NA 1778.65 2076.32 1901.27 
7 NA 0.59 0.48 0.54  NA 2450.32 2509.95 2250.42 
8 NA 0.42 0.39 0.37  NA 2968.12 3184.29 2551.45 



 

9 NA 0.28 0.25 0.31  NA 4680.19 4813.74 4262.23 
10 NA 0.56 0.41 0.48  NA 5482.13 5923.11 5320.85 
11 NA 0.47 0.39 0.42  NA 6212.85 6754.12 6088.71 
12 NA 0.40 0.38 0.44  NA 7152.23 7665.43 6950.65 

Mean (Mi) -- 0.46 0.40 0.42  -- 2791.08 3010.51 2636.14 

Mi
* 0.40  2636.14 

 560 

Fig.13 Comparing solution methods based on NPS  Fig. 14 Comparing solution methods based on MID  

Fig. 15 Comparing solution methods based on QM  Fig. 16 Comparing solution methods based on MID  

Fig.17 Comparing solution methods based on MID  Fig. 18 Comparing solution methods based on MID  

 561 

In order to determine the best algorithm, filtering/displaced ideal solution (DIS) method is applied (Pasandideh et 562 

al., 2015). For implementing this method, at first the values of 𝑀𝑖, which is the average of problems per each 563 

performance metric, are computed for each algorithm. Then, the ideal solution (𝑀𝑖∗) is determined which is the 564 

best value of 𝑀𝑖 among algorithms in each metric. After that, the values of 𝑀𝑖 should be normalized (𝑀𝑖𝑁 =565 𝑀𝑖−𝑀𝑖∗𝑁 , 𝑁: number of problems). Finally the direct distance for each solution method is computed by equation 566 

(59). The best method has the smallest value of direct distance. These values are presented in Table 6. According 567 

the obtained values, ACO-TLBO is selected as the best solution method, for it has the smallest value of direct 568 

distance. The Pareto fronts of the three algorithms for the case study problem is given in Figure 19. Figure 20 569 

represents the location of existing and potential facilities and also the selected locations of the SC network related 570 

to the case study.  571 

  572 

(59) Direct distance=∑ |𝑀𝑖𝑁|𝑖  

 573 



 

Table 6 Values of  𝑀𝑖𝑁 and direct distance 574 

Metrics 
Algorithms 

GA-PSO ACO-TLBO GA-SA 

NPS 0.000 -0.162 -0.068 

MID 0.134 0.000 0.179 

QM -0.259 0.000 -0.542 

DM -0.036 0.000 -0.096 

SPM 0.142 0.000 0.042 

CPU  0.059 0.142 0.000 

Direct distance 0.630 0.304 0.927 

 575 

 576 
Fig.19 Pareto fronts obtained by solution methods for the problem of case study 577 

 578 



 

 579 

 580 

Fig. 20 Map of Iran and the location of facilities and other components of the supply chain network related to 581 

the case study 582 

 583 

As mentioned before, in this paper it is assumed that SC network is under disruption risks, and some resilience 584 

strategies are applied to increase the SC resilience and cope with disruptions. In the following, the effects of 585 

resilience strategies on SC objectives are investigated. The problem related to the case study is chosen for doing 586 

the analyses. Figure 21 represent the impacts of resilience strategies on objective functions. Eight conditions are 587 

considered as follows: 588 

 Condition 1: no resilience strategy is applied except multiple sourcing. 589 

 Condition 2: multiple sourcing and facility fortification strategies are applied. 590 

 Condition 3: multiple sourcing and capacity expansion strategies are applied. 591 

 Condition 4: multiple sourcing and dual-channel distribution strategies are applied. 592 

 Condition 5: multiple sourcing and dynamic pricing strategies are applied. 593 

 Condition 6: multiple sourcing and lateral transshipment strategies are applied. 594 

 Condition 7: multiple sourcing and using backup vehicles strategies are applied. 595 

 Condition 8: All resilience strategies are applied. 596 



 

 597 

Fig. 21 Investigating the effect of resilience on supply chain objectives 598 

 599 

As can be observed from obtained Pareto fronts, resilience strategies have substantial effect on objectives. On the 600 

first objective function, and on average, facility fortification by 46%, dynamic pricing by 39%, capacity expansion 601 

by 27%, using backup vehicles by 24%, lateral transshipment by 23% and dual-channel distribution by 17% 602 

improves the SC profit in comparison with the non-resilient condition (Condition 8). Moreover utilizing all 603 

strategies enhance the SC profit by 82% on average. On the second objective function, facility fortification by 604 

21%, dynamic pricing by 9%, dual-channel distribution by 6%, capacity expansion by 5%, using backup vehicles 605 

by 4%, lateral transshipment by 1% and finally using all strategies simultaneously decreases the SC negative 606 

environmental impacts by 28%. Figure 22 depicts the objective functions under the considered conditions. In 607 

Figure 22(a) the first objective function is optimized without considering the second one, and in Figure 22(b) this 608 

work is done for the second objective function. The outputs confirm the effectiveness of resilience strategies. 609 

a b 

Fig. 22 Investigating the effects of resileince strategies on The first objective (a) and the second objective (b) 

 610 

The values of the recycled materials and released/disposed EOL products are represented in Figure 23. As can be 611 

seen in resilient mode (condition 8), the amount of recycled materials is higher and accordingly less raw materials 612 

are consumed than in non-resilient condition (condition 1). Also, in non-resilient mode, more EOL products 613 

remain in the environment. Thus, the protection of natural resources in the non-resilient mode is much less and 614 

the environmental pollution in this state is much more. All in all, it is concluded that resilience is necessary for a 615 

supply chain to be green. 616 

 617 



 

 618 
Fig. 23 Recycled materials, and released EOL products in resilient and non-resilient modes 619 

At the end of this section, a sensitivity analysis is done on responsiveness rate. Figures 24 and 25 show the values 620 

objective functions based on the different values of responsiveness rate (for main, remanufactured and recycled 621 

products). In each figure, the related objective function is optimized without considering the other objective. 622 

 623 

Fig. 24 Changes in the first objective function values for different SC responsiveness rates 624 

 625 



 

 626 
Fig. 25 Changes in the second objective function values for different SC responsiveness rates 627 

 628 

The outputs meet our expectations and are logical. Given that the first objective function is profit maximization, 629 

in responsiveness rates between 0.3 to 0.7, since the supply chain is able to meet customer demand up to about 630 

70% (Note the constraints of responsiveness), the amount of objective function is constant in this range. With 631 

increasing responsiveness rate, the supply chain is not able to meet demand, and shortage costs increases and 632 

consequently, supply chain profitability is reduced. Regarding the second objective function, which is to minimize 633 

the negative environmental effects, it can be said that the problem seeks to reduce production and other activities 634 

in order to reduce the objective function, but the constraints on responsiveness rate prevent the objective function 635 

to reach near zero values. Furthermore, as the responsiveness rate increases, the amounts of production, 636 

transportation, and other activities increase, and consequently the second objective function deteriorates. 637 

 638 

Managerial insights 639 

The case study for the problem studied in this paper is in the tire industry. However, the presented model is general 640 

and can be used in other industries with slight changes. Managers and engineers of the tire industry and other 641 

industries can get insight from the problem under study to identify disruption and operational risks of their supply 642 

chain and use the presented stochastic model and resilience strategies to deal with them. They should note that 643 

when disruption occurs for SC facilities, the company has problems in the production of products and delivering 644 

them to customers. Subsequently, Due to the company's inability to meet customers’ demands, shortage costs 645 

increase and sales revenues decrease, and the company may suffer losses. On the other hand, having weakness in 646 

resilience of the supply chain network, the negative environmental effects increase. The first reason is that as the 647 

capacity of the supply chain decreases, more new facilities must be established to respond to demands. Also, with 648 

the reduction of facility capacity and the opening of new facilities, the amount of transportation will increase. On 649 

the other hand, with the occurrence of disruptions, the reverse logistics activities are reduced or stopped, and 650 

consequently more EOL products are released in environment or disposed, and more raw materials are consumed 651 

to produce the products, so the the negative environmental effects increase. Resilience strategies can help in 652 

mitigation of these negative impacts. 653 

 The proposed model will help the relevant managers and engineers in selecting suppliers, choosing the location 654 

of facilities, determining the flow of materials and products between facilities and pricing products. Managers can 655 

use the Pareto fronts provided by the solution methods to select a point to achieve their desired conditions in the 656 

economic and environmental dimensions based on the policies and guidelines of their company. This study can 657 

be utilized as a guide by companies to withstand disruptions and maintain their economic and environmental 658 

objectives and be responsive.   659 

 660 



 

Conclusion 661 

Today, various disruptions threaten the survival and efficiency of supply chains. Environmental and economic 662 

objectives of supply chains that are important to stakeholders can be degraded by disruptions. Therefore, paying 663 

attention to supply chain resilience against disruptions is very important to protect the objectives. In this paper, 664 

the issue of green and resilient supply chain network design was investigated. The structure of the studied supply 665 

chain network was mixed open and closed-loop, and operational and disruption risks were taken into account. 666 

Resilience strategies were applied to mitigate the disruption risks, and the uncertainty of the problem was handled 667 

via scenario-based two-stage stochastic programming approach. Due to the high complexity of the problem, a new 668 

hybrid metaheuristic called ACO-TLBO was developed. Two other hybrid metaheuristics including hybrid 669 

improved GA-PSO and hybrid improved GA-SA were proposed to solve the problem and compare the solution 670 

methods. Also, augmented ε-constraint method was applied to verify the algorithms. The parameters of the 671 

metaheuristics were tuned by Taguchi method and then the proposed metaheuristics were compared using various 672 

test problems.  Based on the comparisons and the results of the ‘filtering/displaced ideal solution’ method, ACO-673 

TLBO algorithm was identified as the best one. A real case study in the tire industry was presented for further 674 

analyses and to show the applicability and validity of the model and solution methods. The results of analyses 675 

showed that the introduced resilience strategies are very effective and can significantly improve the economic and 676 

environmental objective functions compared to the non-resilient mode. The analyses on resilience strategies were 677 

based on 8 conditions. The results showed that applying all proposed resilience strategies can increase SC profit 678 

by 82% and decrease the negative environmental impacts by 28%. Overall, the outputs also proved that 679 

considering resilience alongside environmental aspects is essential. The sensitivity analysis on responsiveness rate 680 

demonstrated the correct performance of the model and the importance of this parameter. The mathematical 681 

model, the solution methods and the obtained results can be useful for managers and related engineers.   682 

There are some directions and suggestions for future research that can be followed for extending the field of 683 

resilient SCND. Considering other objectives for the studied problem like the social sustainability objective and 684 

solving tri-objective optimization problem can be a good suggestion for future research. Another opportunity for 685 

future studies is developing exact solution methods or other metaheuristics for solving the developed model. 686 

Finally, considering other types of uncertainties like deep and epistemic types can be an interesting suggestion for 687 

researchers interested in optimizing SC networks under uncertainty.  688 
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