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Abstract  Öz 

Recently, the topic of designing a closed loop supply chain network has 
attracted researchers’ attention due to the enormous financial and 
environmental benefits obtained from its practices. This paper 
addresses a new model of designing a closed loop supply chain network, 
which considers a downward product substitution policy under four 
carbon emission regulation policies: carbon cap, carbon tax, carbon 
cap-and-trade and carbon offset. To solve the assumed uncertainties of 
product demand and number of products returned, robust optimization 
is adopted. The aim of the model proposed is to select which facility to 
open/operate, select a transportation mode and determine the quantity 
of shipped and substituted products. We show a numerical example of 
using the four carbon emission regulation policies. 

 Son zamanlarda, kapalı bir döngü tedarik zinciri ağı tasarlama konusu 
araştırmacının dikkatini çekti. Bu, kapalı döngü tedarik zinciri 
uygulamalarından elde edilen çok büyük finansal ve çevresel 
faydalardan kaynaklanmaktadır. Bu makale, dört karbon emisyonu 
düzenleme politikası kapsamında aşağı yönlü ürün ikame politikasını 
dikkate alan kapalı döngü tedarik zinciri ağı tasarlama modeline 
değinmektedir: karbon sınırı politikası, karbon vergisi politikası, 
karbon sınırı ve ticaret politikası ve karbon dengesi politikası Ürün 
talebindeki varsayılan belirsizlikleri ve iade edilen ürün sayısını çözmek 
için, sağlam optimizasyon benimsendi. Önerilen modelin amacı, hangi 
tesisin açılacağını / işletileceğini seçmek, bir nakliye modu seçmek ve 
sevk edilen ve ikame edilen ürünlerin miktarını belirlemektir. Dört 
karbon emisyonu düzenleme politikasını kullanmaya ilişkin sayısal bir 
örnek gösteriyoruz. 

Keywords: Carbon regulatory policies, Closed loop supply 
chain, Downward substitution, Robust optimization 

 Anahtar kelimeler: Karbon düzenleme politikaları, Kapalı çevrim 
tedarik zinciri, Aşağıya doğru ikame, Robust optimizasyon 

1 Introduction 

It is undeniable that technology has raised our living standards. 
However, with the recent industrial revolution and the rapid 
development of technology came so much negative impact on 
the environment. Many products are disposed of while still 
functional; that is sometimes due to the customer’s desire to 
upgrade to a newer technology, or due to changes occurring to 
the product, e.g. wear and tear. These products are called end 
of life (EOL) products. According to Ilgin and Gupta [1], EOL 
products also include non-functional returned rental products. 
The same applies to products returned due to dissatisfaction or 
for finding a better deal. If those products are severely damaged 
during transportation, or if they were found to be damaged due 
to the customer’s misuse, they are regarded as EOL products. 
Other EOL products are returned for repair services but are 
found to be unrepairable.  

The increased number of EOL products is imposing a great risk 
on the environment. Based on the reports from the 
Environmental Protection Agency (EPA), the United States 
produces over 4 billion tons of hazardous industrial waste 
annually. With the increase in industrial waste, the landfill 
areas where non-hazardous waste can be buried are 
diminishing at a dangerous rate. 

Another potential risk is the emission of carbon dioxide, a factor 
of greenhouse gas (GHG) emissions, which is associated with 

environmental issues such as climate change and global 
warming. In 2014, the intergovernmental panel on climate 
change reported that between the year 2000 and 2010, there 
has been an increase of 10 billion metric tons of global 
emissions of GHGs [2]. The huge environmental impact of 
carbon emission has influenced researchers to investigate 
more about this topic and its impact on supply chain [3]-[8]. To 
mitigate the impact of carbon emission on the environment, 
four reduction policies have been utilized widely. These 
policies include carbon cap, carbon emission tax, cap-and-trade 
and carbon offset policy. 

Environmentally Conscious Manufacturing (ECM) finds 
promising solutions to reduce the burden on the environment. 
It develops methods and implement green principles in the first 
stages of designing products, during transporting products to 
customers and finally during collecting and processing EOL 
products [9],[10]. Ilgin and Gupta [10] classified the themes 
falling under ECM to closed loop supply chain (CLSC), product 
design, and remanufacturing and disassembly. Among these 
themes, CSLC has received researchers’ attention due to the 
tremendous benefits obtained financially and environmentally 
[11]-[14]. Today, many industries are employing the concept of 
CLSC in their practices, e.g. Xerox Company was able to save 
about $200 millions by remanufacturing copy machines 
returned at the termination of their lease contracts. It was also 
the first company aiming towards zero waste in landfills and 
the first to successfully achieve this goal [15]. 
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CLSC integrates forward and reverse supply chains. The 
forward supply chain (FSC) includes all activities, processes 
and operations that are involved in transforming raw materials 
to finalized products and delivering them to the consumers 
through distributors. The reverse supply chain (RSC), 
contrarily, includes the activities and operations of collection 
and recovery of returned products. This begins with collection 
of returned products, which either go through disassembly and 
recovery or disposal (depending on the condition of the 
product). Recovered products are finally delivered to the 
customers. 

In a CLSC, planning decisions are divided into: strategic, tactical, 
and operational. Strategic planning primarily deals with long-
term planning activities, that is, structuring a CLSC over the 
following few years (e.g. determination of the type of products 
to be processed and the number of facilities to run). Due to the 
long planning duration in strategic planning, the decision 
maker must bear in mind the high level of uncertainty 
anticipated for product demand. Tactical planning is medium-
term planning (e.g. months or weeks) that includes 
subcontracting and selecting a transportation mode to 
transport items across the network. Even though uncertainties 
have to be taken into consideration by the decision maker, 
compared with strategic planning, tactical planning is more 
precise due to its shorter term. Operational planning deals with 
short-term planning activities (e.g. days or hours), such as 
production planning and factory floor inventory matters. In 
terms of uncertainty level, operational planning deals with the 
least number of uncertainties when compared with strategic 
and tactical planning because of its shorter term [14]. 

Designing a CLSC network strategically needs further 
investigation. New models have to be created in order to 
resolve issues of considering uncertainties of product demand, 
number of returned products and the possibility of not 
satisfying customer demand. In this paper, we propose a model 
for designing a CLSC network that takes into account the 
uncertainties of product demand (both new and 
remanufactured) and number of products returned. It also 
allows new products to substitute remanufactured products in 
case of not meeting customer demand (downward 
substitution) while the network is restricted by various carbon 
policies: carbon cap, carbon emission tax, cap-and-trade and 
carbon offset policy. 

The remainder of this paper is organized as follows: Section 2 
presents a review of the current literature on CLSC network 
design and product substitution.  Section 3 describes the carbon 
emission policies used in this paper. Robust optimization is the 
technique used to model uncertainties for the proposed 
problem as explained in section 4. Section 5 describes the 
problem while section 6 presents the model notation and 
formulation. A numerical example is shown in section 7 and 
section 8 presents the conclusion and suggests future work. 

2 Literature review 

2.1 CLSC network design 

The topic of CLSC network design has been discussed in the 
literature widely as one objective or multi-objective problems.  

2.1.1 Single objective 

Jayaraman, Guide and Srivastava [16] proposed a binary mixed 
integer programing (MIP) model to decide the optimum 

location for remanufacturing and distribution facilities, and to 
determine the most favorable amounts of transshipment, 
production and stocking for both cores and remanufactured 
products. Beamon and Fernandes [17] proposed a multi period 
mixed integer linear programing (MILP) model for a CLSC to 
find the ideal site for warehouses and to determine their sorting 
potential in addition to the amount of materials that must be 
transferred between each set of locations. Demirel and Gökçen 
[18] developed a (MIP) model to find the most favorable 
amounts for manufacturing, remanufacturing, and 
transportation in addition to the ideal facility sites for 
disassembly, collection and distribution. Özceylan and Paksoy 
[19] presented a general CLSC network model, which consists 
of forward and reverse parts, and an MIP model was presented 
to optimize the network. The forward supply chain network 
included suppliers of raw materials, plants, retailers, and 
consumers. On the other hand, the reverse supply chain 
network consisted of consumers, collection centers, 
disassembly centers, refurbishing centers, and plants. The 
transportation of products in the two parts was considered 
under a dynamic time horizon. Kalaitzidou, Longinidis and 
Georgiadis [20] proposed MILP model that aimed to determine 
the optimum network structure that is able to satisfy market 
demands while employing the minimum operational cost and 
overall capital. It is noticed that none of these authors 
considered uncertainties in their developed models. Other 
researchers developed single objective models under 
uncertainties using stochastic programing, fuzzy programing, 
robust optimization or integrated techniques together [6],[13], 
[21]-[27].  

2.1.2 Multiple objectives 

Designing a CLSC network considering multiple objectives has 
attracted researchers’ attention. Ilgin, Gupta and Battaïa [28] 
and Ilgin and Gupta [29] conducted a literature review showing 
the usage of Multiple Criteria Decision Making (MCDM) 
techniques in designing a CLSC network, and ECM generally.  
Amin and Zhang [30] proposed weighted-sum and distance 
methods to reduce the total cost and defect rate objectives of 
CLSC network design. Shi, Liu, Tang & Xiong [31] developed a 
model to design a CLSC network taking into account three 
objectives: minimizing the overall system cost, minimizing 
carbon emission and maximizing the responsiveness of CLSC 
network. Nukala and Gupta [32] proposed a model using 
physical programing to design a CLSC network. However, in 
these papers, uncertainties in the models were not considered. 

Developing a multi-objective model to design a CLSC network 
under uncertainties has attracted researchers’ interest to work 
in this area. Amin and Zhang [33] considered product demand 
and number of returned products as uncertainty parameters in 
designing a CLSC that includes multiple plants, collection 
centers, demand markets, and products. They used weighted 
sum and ε-constraints methods. In their proposed model, the 
first objective considered was to minimize the total cost while 
the second objective was to consider the environmental issues. 
Fuzzy multi-objective method has been used widely in the 
literature. Paksoy, Pehlivan and Özceylan [34] developed a 
model to design a CLSC network in a green framework. The first 
and second objectives were to reduce the costs of 
transportation for the supply chain’s forward and reverse 
logistics while the third objective was to reduce the overall CO2 
emissions, and the fourth objective was to promote using 
recyclable materials to the consumers as an environment-
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friendly practice that will also reduce the raw material cost. 
Pishvaee, Rabbani and Torabi [35] proposed a model that 
considered the uncertainty of the demand and all related costs 
as well as the capacity at each plant location. In the proposed 
model, the first and second objectives were to minimize the 
overall cost and overall environmental risk, respectively. 
Another fuzzy multi-objective model was developed by 
Özceylan & Paksoy [36] for designing a CLSC network, where 
the uncertainties were the objective functions, capacity, 
demand constraints and the reverse rate. Their objectives were 
to minimize the manufacturing and distribution costs and to cut 
down the fixed cost of opening a plant. Maximizing the profit 
and minimizing the environmental hazards were also the two 
objectives of Jindal & Sangwan’s [37] study. An attempt to 
integrate a green and sustainable CLSC network was done by 
Zhen, Huang and Wang [38]. To represent the assumed 
uncertainty of demand in their proposed model, the scenario-
based method was used.   

The majority of the studies considered recycling activities as 
recovery processes of the reverse flow in the CLSC network. 
Only a few studies developed models to design a CLSC network 
where remanufacturing was considered a source of supply. 
Even the studies considering remanufacturing as a source of 
supply did not discriminate between new and remanufactured 
products demand although they should be differentiated for 
two reasons: the quality of remanufactured products, which 
affects its selling price, and government regulations (e.g. in the 
USA market) that enforce labeling remanufactured products 
differently than new products [39].  To the best of our 
knowledge, the only work in this area was done by 
Ghafarimoghadam, Karimi, Mousazadeh, & Pishvaee, [40]. 
However, in their proposed model, environmental issues were 
not taken into consideration although their importance was 
illustrated by various studies that investigated the potential 
impact of carbon regulations on production decisions, 
inventory management decisions, and strategic decisions as 
well [2],[4],[5],[8],[41]. In addition, in their proposed work, 
they assumed all returned products have a uniform level of 
quality. However, as illustrated by Gupta [1], EOL products are 
returned for a wide range of reasons, from the slightly used 
products to the severely damaged ones, and therefore, their 
quality level must be differentiated. Mohammed et al. [2] also 
proposed a model to design a CLSC network under uncertainty 
of customer demand, products returned and carbon emission 
parameters. Mohammed et al. [42] extended the model of 
Mohammed et al. [2], in which they considered different 
uncertainty sets to represent the model uncertainty under the 
carbon tax and carbon trading policies. However, in both 
models, the product recovery processes applied on the 
returned products were recycling activities only without 
considering remanufacturing activities. 

2.2 Network design under carbon regulation policies 

Benjaafar et al. [5] explained how optimization models for 
supply chain operational decision integrating various carbon 
policies such as carbon cap, carbon tax rate, carbon cap-and-
trade, and carbon offset policies. Jin et al. [4] analyzed the 
impact of carbon emission tax, inflexible cap, and cap-and-trade 
carbon policies on major retailers supply chain strategic and 
transportation mode selection decisions by proposing 
optimization models. Fareeduddin et al. [8] integrated reverse 
logistics to Jin et al. previous model to design CLSC network 
under the same carbon policies. Mohammed et al. [2] extended 

the model proposed by Fareeduddin et al. [8], in which they 
took into consideration the uncertainties of carbon emission 
related parameters.  

2.3  Product substitution 

Generally, when one of two products i and j satisfies the 
demand of the other, it is called product substitution.  

Product substitution mechanism is described in three 
scenarios; assortment based substitution, inventory based 
substitution and price based substitution. To best describe each 
scenario, the following examples are given. Assortment- based 
substitution happens when a customer visits a drug store to 
purchase pain relief drug A, but while he is in the store, decides 
to purchase a newer version of pain relief drug A, which is pain 
relief drug B. When a company that produces product A and 
product B runs out of stock of product A and replaces it with 
product B which is available, the substitution is called 
inventory-based substitution. Price-based substitution is found 
when a passenger desires to purchase an economy class ticket, 
but finds that the price of that class has increased, so he chooses 
to book a business class ticket instead [43]. In this research, we 
consider the case of inventory-based substitution. 

In inventory-based substitution, when product i substitutes 
product j and not vice versa, it is a one-way substitution. It is 
called downward substitution when the quality of product i is 
higher than the quality of product j, and product i substitutes 
product j. It is observed that product substitution can reduce 
inventory cost and level, lower set up cost and time, and 
increase customer satisfaction [44].  

Bayindir, Erkip, and Güllü [45],[46] conducted two studies 
discussing the situation when new products can replace 
remanufactured products while they are sectioned to two 
separate markets and the production capability is infinite and 
finite. Li, Chen, and Cai [47] studied an incapacitated multi 
product, multi period, and stochastic remanufacturing systems 
with part substitution where no shortage, blockage or disposal 
were permitted. Piñeyro and Viera [48] studied a problem of 
lot-sizing when there are two demand lines for new and 
remanufactured products, in this problem, new products can 
substitute remanufactured products. Ahiska, Gocer and King 
[39] studied and distinguished different inventory control 
policies of a system that combines manufacturing and 
remanufacturing and allows downward substitution under 
stochastic demand and products returned. 

This work contributes to the literature with the following: 

 Considering different quality levels of returned 
products, 

 Discriminating demand of new products and that of 
remanufactured products, 

 Allowing product substitution using downward 
product substitution policy, 

 Considering four carbon emission regulations; carbon 
cap, carbon tax, carbon cap-and-trade and carbon 
offset and their effect on quantity of product 
substitution. 

3 Carbon emission policies 

Four carbon emission policies were introduced in order to limit 
and reduce greenhouse gas (GHG), specifically for carbon 
dioxide emission; carbon cap, carbon tax, carbon cap-and-trade 
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and carbon offset policy. These policies influence strategic, 
operational and logistic activities in a supply chain [5],[7],[49]. 

3.1 Carbon cap policy 

Cap refers to the maximum amount of carbon allowed to be 
emitted. In this policy, all activities emitting carbon are 
restricted by a cap. It is modeled as a constraint added to the 
problem.  

3.2 Carbon tax policy 

Under this policy, all activities, which are associated with 
emitting carbon, are penalized financially by a tax per unit of 
carbon emitted. On the contrary of the carbon cap policy, there 
is no need to add a new constraint to the problem.  Only the 
objective function is extended to include the financial penalty. 

3.3 Carbon cap-and-trade policy 

This policy utilized the same concept described in the carbon 
cap policy. However, this policy allows trading unused or 
overused carbon. It is possible to sell unused amounts of carbon 
if the carbon emitted is less than the carbon cap. Nevertheless, 
if the carbon emitted is more than the prescribed carbon cap, 
credits of carbon emission are purchased to maintain activities 
consistent with the supply chain.  

3.4 Carbon offset policy 

This policy is comparable to the carbon cap-and-trade policy 
except that it does not allow selling the unused amount of 
carbon, which means, no additional profit is gained. It only buys 
carbon credits if the supply chain activities require emitting 
more carbon than their prescribed carbon cap. 

In this study, we consider carbon emission resulted from 
production activities, transportation activities and product 
disposal activities [3]-[8]. 

To model the problem discussed in this paper considering 
uncertainty in terms of robustness, we use robust optimization. 

4 Robust optimization 

Mulvey, Vanderbei and Zenios [50] proposed a robust 
optimization approach that takes into account uncertain 
parameters. Besides the advantage of this approach in fitting 
problems that have a high degree of uncertainty, it also does not 
require knowledge of the probability distribution of the 
uncertainty parameter. It represents the uncertainty 
parameters as a set of scenarios with discrete probabilities. It 
includes two robustness types which are solution robustness 
and model robustness. Solution robustness is when the solution 
is almost optimal for any realization of the scenario. When the 
solution is nearly feasible for any realization of the scenario, it 
is called Model robustness. The following briefly explains the 
primary robust optimization LP model: 

MIN Z = 𝑐𝑇 + 𝑑𝑇𝑦 (1) 

𝐴𝑥 =  𝑏 (2) 

𝐵𝑥 +  𝐶𝑦 =  𝑒 (3) 

𝑥, 𝑦 ≥ 0 (4) 

where x represents the vector of design variables and y 
represents the vector of control variables. The structural 
constraint’s coefficients in Eq. (2) do not have an association 

with any uncertainty. However, the coefficients of control 
constraints denoted in Eq. (3) are subjected to noise. Mulvey, 
Vanderbei and Zenios [50], proposed a set of scenarios (SC∈Ω) 
in addition to the probability in order to model the uncertain 
parameters of every scenario ρ ε (∑ ρε = 1).  

Mulvey, Vanderbei and Zenios [50] also proposed the 
mean/variance formulation in order to manage the 
uncertainties in the decision environment of a supply chain 
design, in which 𝜆 represents a variance weighting factor.  

MIN Z =  ∑ 𝜌𝑠𝑐  

𝑠𝑐

𝜉𝑠𝑐 + 𝜆 ∑ 𝜌𝑠𝑐

𝑠𝑐

(𝜉𝑠𝑐 − ∑ 𝜌𝑠𝑐′ 

𝑠𝑐′

𝜉𝑠𝑐′)
2 (5) 

𝐴𝑥 =  𝑏 (6) 

𝐵𝑠𝑐𝑥 + 𝐶𝑠𝑐𝑦𝑠𝑐 + 𝛿𝑠𝑐 = 𝑒𝑠𝑐  (7) 

𝑥, 𝑦𝑠𝑐 , 𝛿𝑠𝑐 ≥ 0 (8) 

Because of the quadratic formulation’s high computational 
effort, Yu and Li [51] presented a substitute for it (5), The new 
formulation uses an absolute deviation formulation to replace 
the formulation of the variance in the objective function (9). In 
addition, Li [52] presented a linearized optimization model 
(10):                                                                                                                                             

MIN Z = ∑ 𝜌𝑠𝑐  

𝑠𝑐

𝜉𝑠𝑐 + 𝜆 ∑ 𝜌𝑠𝑐

𝑠𝑐

|𝜉𝑠𝑐 − ∑ 𝜌𝑠𝑐′  

𝑠𝑐′

𝜉𝑠𝑐′| (9) 

MIN Z = ∑ 𝜌𝑠𝑐  

𝑠𝑐

𝜉𝑠𝑐 + 𝜆 ∑ 𝜌𝑠𝑐[(𝜉𝑠𝑐 − 

𝑠𝑐

∑ 𝜌𝑠𝑐′ 

𝑠𝑐′

𝜉𝑠𝑐′)

+ 2𝜃𝑠𝑐] 

(10) 

𝐴𝑥 =  𝑏 (11) 

𝐵𝑠𝑐𝑥 + 𝐶𝑠𝑐𝑦
𝑠𝑐

+ 𝛿𝑠𝑐 = 𝑒𝑠𝑐 (12) 

𝜉𝑠𝑐 − ∑ 𝜌𝑠𝑐  

𝑠𝑐

𝜉𝑠𝑐 + 𝜃𝑠𝑐 ≥ 0 (13) 

𝑥, 𝑦𝑠𝑐 , 𝛿𝑠𝑐 ≥ 0 (14) 

In the case of ξsc − ∑ ρsc sc ξsc ≥ 0, then θsc = 0 and Z = 
∑ ρsc sc ξsc+λ ∑ ρsc[(ξsc − sc ∑ ρsc′ sc′ ξsc′)], otherwise if ξsc −
∑ ρsc sc ξsc ≤ 0, then θsc = ∑ ρsc sc ξsc − ξsc and Z = 
∑ ρsc sc ξsc+λ ∑ ρsc[( sc ∑ ρsc′ sc′ ξsc′ − ξsc)], Therefore, it is 
proved, that the solutions of (10, 11, 12, 13, 14) are identical to 
that of (9). 

5 Problem description 

A CLSC network consists of raw material suppliers, plant 
centers, distribution centers, collection centers and multiple 
market locations. In the forward flow, the plant centers produce 
new products using the raw materials delivered from the 
suppliers and also remanufacture the returned products. The 
finished products are shipped to different market locations 
through the distribution centers. In the reverse flow, the EOL 
products, which are returned to market locations are shipped 
to the collection centers, where they are inspected and either 
shipped for remanufacturing or disposed of. Due to the 
different conditions of the returned products, different quality 
levels are considered.  
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Environmental impact, represented by carbon cap policy, 
carbon tax policy, carbon cap-and-trade policy and carbon 
offset policy, is taken into consideration, in which production 
activities in each plant center are associated with carbon 
emission factors. In addition, since product transportation is a 
considerable contributor to carbon emission and in order to 
provide a close form to a real supply chain, we consider several 
modes of transportation with a limited capacity and different 
carbon emission factors. Product disposal processes are also 
associated with carbon emission.  

Due to the price difference between new and remanufactured 
products, and due to the federal government regulations that 
require differentiating these two products, demand of new 
products and remanufactured products are distinguished [39]. 
This takes place in market locations which either demand new 
products, remanufactured products or both. The demand of 
each type of product is assumed as an uncertainty parameter 
since demand fluctuate seasonally, customer preferences 
change and market competition is very high.   

There is a high level of uncertainties associated with RSC 
activities due to the time to receive returned products being 
unknown in addition to the quantity and quality of the products 
returned [1]. Therefore, we consider the number of returned 
products as an uncertainty parameter. We allow a one-way 
downward substitution in the proposed model with a strict 
substitution policy, in which a new product fulfills the demand 
of a remanufactured product whenever it is not possible to 
satisfy the customer demand of the remanufactured product.  

In order to formulate the above problem, we use a robust 
optimization approach in which the uncertainty parameters are 
the new and the remanufactured product demand in addition 
to the number of the returned product. The goal is to reduce the 
total system cost by finding: 

  The number and location of each facility type, 

 Select the raw material suppliers and the supplied 
quantity, 

 The amount of product to produce and shipped in the 
CLSC network, 

 Quantity of new products to substitute 
remanufactured products and the transportation 
mode to be used between facilities. 

The following assumptions are considered: 

1. Each raw material supplier, plant, distribution and 
collection center have a capacity restriction and a 
known number and known locations, 

2. The market number and locations are predefined, 

3. The cost of opening facilities depends on the capacity 
and location of the facility, 

4. The cost of purchasing raw materials includes the cost 
to deliver raw materials from the suppliers to the 
manufacturing facility, 

5. The cost of remanufacturing products includes 
disassembly, and upgrade/repair costs, 

6. The returned products are classified to different 
quality levels, 

7. The cost to remanufacture returned products 
depends on their quality condition at the time of the 

return; products returned with major defects cost 
more to remanufacture, 

8. At any market location, it is accepted to substitute a 
remanufactured product with a new product. 

6 Model notation and formulation 

6.1 Model notation 

The following notation is used for the model mathematical 
formulation.  

Sets: 

PR: set of products {new, remanufactured}  

S: set of raw materials/component suppliers {1, 2, 3 … s}. 

M: set of candidate locations for plant centers {1, 2, 3 … m}. 

W: set of candidate locations for warehouse centers {1, 2, 3 … 
w}. 

C:  set of market locations {1, 2, 3 … c}. 

H: set of candidate locations for collection centers {1, 2, 3 … h}. 

MOD: set of candidate locations for transportation modes {1, 2, 
3 … mod}. 

K: quality level of returned products {1, 2, 3 … k}. 

SC: set of scenarios {1, 2, 3 … sc}. 

General Parameters: 

𝐷𝑀𝑝𝑟,𝑐
𝑠𝑐 :  the market location c’s demand of product pr under 

scenario sc. 

𝑅𝑐
𝑠𝑐: returned product to the market location c under scenario 

sc.  

𝐵𝑘: fraction of quality level k of returned product. 

𝐶𝑂: needed number of raw materials to produce a unit of new 
product. 

𝐹𝑅𝐴𝐶𝑐,𝑝𝑟: substitution fraction at the market location c of 

product pr.  

α: fraction of returned products that is disposed of. 

𝜆: weighing factor to measure solution robustness.  

𝜔: weighting factor to measure model robustness. 

𝜌𝑠𝑐: probability of scenario sc. 

Fixed costs: 

𝐹𝑀𝑚: construction cost of the plant center located in m. 

𝐹𝑊𝑤: construction cost of the warehouse center located in w. 

𝐹𝐻ℎ: construction cost of the collection center in location h. 

Unit Costs: 

𝑃𝐶𝑚: production cost/unit of new products at the plant center 
located in m. 

𝑅𝐶𝐶𝑘,𝑚: remanufacturing cost/unit of returned products of 

quality level k at the plant located in m.  

𝐼𝑁𝑆ℎ: cost of inspecting and sorting returned products at the 
collection center located in h. 

𝑃𝑠,𝑚: component purchasing cost from supplier s by the plant 

center located in m.            

𝐶𝑅𝑀𝑆𝑈𝐵𝑝𝑟,𝑝𝑥: cost of substituting product pr by product px. 

Shipping costs: 
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𝑇𝑅𝑀𝑊𝑚,𝑤,𝑚𝑜𝑑: shipping cost/unit of product from the plant 

center located in m to the warehouse center located in w using 
mod transportation mode. 

𝑇𝑅𝑊𝐶𝑤,𝑐,𝑚𝑜𝑑: shipping cost/unit of product from the 

warehouse center located in w to the market location c using 
mod transportation mode. 

𝑇𝑅𝐶𝐻𝑐,ℎ,𝑚𝑜𝑑: shipping cost/unit of returned product from the 

market location c to the collection center located in h using mod 
transportation mode. 

𝑇𝑅𝐻𝑀ℎ,𝑚,𝑚𝑜𝑑: shipping cost/unit of returned product from the 

collection center located in h to the plant center located in m 
using mod transportation mode. 

Capacity parameters: 

𝐶𝐴𝑃𝑀𝑚: production capacity of the plant center located in m, in 
units. 

𝐶𝐴𝑃𝑊𝑤: the warehouse center capacity located in w, in units. 

𝐶𝐴𝑃𝐻ℎ: capacity of the collection center located in h, in units.     

𝐶𝐴𝑃𝑆𝑠: capacity of the supplier s, in units. 

Load capacities of transportation mode: 

𝑇𝑀𝑀𝐼𝑁𝑚𝑜𝑑:Min. transportation mode m load capacity, in kg. 

𝑇𝑀𝑀𝐴𝑋𝑚𝑜𝑑:Max. transportation mode m load capacity, in kg. 

Carbon emission parameters: 

𝐸𝑃𝑚: at the plant center located in m, a factor of emitting carbon 
in kg due to production of a unit of new product or 
remanufacturing a unit of product.   

𝐸𝑇𝑀𝑊𝑚,𝑤,𝑚𝑜𝑑: a factor of emitting carbon in kg/unit of product 

shipped from the plant center located in m to the warehouse 
center located in w using mod transportation mode.  

𝐸𝑇𝑊𝐶𝑤,𝑐,𝑚𝑜𝑑: a factor of emitting carbon in kg/unit of product 

shipped from the warehouse center located in w to the market 
location c using mod transportation mode.  

𝐸𝑇𝐶𝐻𝑐,ℎ,𝑚𝑜𝑑: a factor of emitting carbon in kg/ unit of EOL 

product returned to the market location c and shipped to the 
collection center located in h using mod transportation mode.  

𝐸𝑇𝐻𝑀ℎ,𝑚,𝑚𝑜𝑑: a factor of emitting carbon in kg/ unit of 

returned product shipped from the collection center located in 
h to the plant center located in m in location m using mod 
transportation mode. 

𝐸𝑇𝐷𝐼𝑃 : a factor of emitting carbon in kg/ unit of product that 
is disposed of. 

𝐶𝐴𝑃: carbon strict cap. 

𝑇𝐴𝑋: tax penalty paid/ kg emitted. 

𝐶𝑃+: price/ kg of carbon purchased in the carbon market. 

𝐶𝑃−: price/ kg of carbon sold in the carbon market. 

𝑂𝑃: offset price of carbon per kg. 

Design variables: 

𝑌𝑀𝑚: 1 if construction of the plant center is in location m, 0 
otherwise.                                      

 𝑌𝑊𝑤: 1 if construction of the warehouse center is in location w, 
0 otherwise. 

𝑌𝐶ℎ: 1 if construction of the collection center is in location h, 0 
otherwise. 

𝑌𝑇𝑀𝑊𝑚,𝑤,𝑚𝑜𝑑: 1 if transportation mode mod is selected to ship 

products between the plant center located in m and the 
warehouse center located in w, 0 otherwise.  

𝑌𝑇𝑊𝐶𝑤,𝑐,𝑚𝑜𝑑: 1 if transportation mode mod is selected to ship 

products between the warehouse center located in w and the 
market location c, 0 otherwise. 

𝑌𝑇𝐶𝐻𝑐,ℎ,𝑚𝑜𝑑: 1 if transportation mode mod is selected to ship 

products between the market location c and the collection 
center located in h, 0 otherwise. 

𝑌𝑇𝐻𝑀ℎ,𝑚,𝑚𝑜𝑑: 1 if selection of transportation mode mod is 

chosen between the collection center located in h and the plant 
center located in m, 0 otherwise. 

Control variables: 

𝑋𝑃𝑝𝑟,𝑚
𝑠𝑐 : production amounts of product pr, which is produced 

in the plant center located in m under scenario sc. 

𝑋𝑄𝑆𝑀𝑠,𝑚
𝑠𝑐 : amount shipped of raw materials from the supplier s 

to the plant center located in m using mod transportation under 
scenario sc.  

𝑋𝑄𝑀𝑊𝑝𝑟,𝑚,𝑤
𝑚𝑜𝑑,𝑠𝑐: amount of product pr shipped from the plant 

center located in m to the warehouse center located in w under 
scenario sc.  

𝑋𝑄𝑊𝐶𝑝𝑟,px,𝑤,𝑐
𝑚𝑜𝑑,𝑠𝑐 : amount of product pr/px shipped from the 

warehouse center located in w to the market location c using 
mod transportation mode under scenario sc.  

𝑋𝑅𝑄𝐶𝐻𝑘,𝑐,ℎ
𝑚𝑜𝑑,𝑠𝑐: amount of returned products with quality level 

k shipped from the market location c to the collection center 
located in h using mod transportation mode under scenario sc.  

𝑋𝑅𝑄𝐻𝑀𝑘,ℎ,𝑚
𝑚𝑜𝑑,𝑠𝑐: amount of returned products with quality level 

k shipped from the collection center located in h to the plant 
center located in m using mod transportation mode under 
scenario sc.  

𝐷𝐼𝑆𝑃𝑘,ℎ
𝑠𝑐 : amount of returned products with quality level k that 

are assigned for disposal in the collection center located in h 
under scenario sc. 

𝑈𝑝𝑟,𝑐
𝑠𝑐 : amount of unsatisfied product pr which can be 

substituted at the market location c under scenario sc.  

𝐸𝐶𝑠𝑐
+ : amount of carbon credit purchased under scenario sc. 

𝐸𝐶𝑠𝑐
− : amount of carbon credit sold under scenario sc. 

𝛿𝐷𝑃𝑐,𝑝𝑟
𝑠𝑐 : violation of demand constraint, amount of not meeting 

the market location c demanding product pr under scenario sc. 

𝛿𝑅𝐸𝑐
𝑠𝑐: violation of the number of returned products constraint. 

𝜃𝑠𝑐: deviation for violation of the mean under scenario sc.  

6.2 Model formulation 

6.2.1 No carbon emission policy is considered 

The basic formulation that considers the uncertainty of product 
demand and number of returned products is as follows: The 
total cost (TC) includes the total fixed cost (TFC), the total cost 
of purchasing raw materials (𝑇𝑅𝑀𝑠𝑐), the total production cost 
(𝑇𝑃𝐶𝑠𝑐), the total transportation cost (𝑇𝑇𝐶𝑠𝑐), the total 
collection cost (𝑇𝐶𝐶𝑠𝑐) and the total product substitution cost 
𝑇𝐶𝑆𝑈𝐵𝑠𝑐 . 
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𝑇𝐶𝑠𝑐 = 𝑇𝐹𝐶 + 𝑇𝑅𝑀𝑠𝑐 + 𝑇𝑃𝐶𝑠𝑐 + 𝑇𝑇𝐶𝑠𝑐 + 𝑇𝐶𝐶𝑠𝑐

+ 𝑇𝐶𝑆𝑈𝐵𝑠𝑐                       ∀𝑠𝑐 
 

(15) 

The total fixed cost includes all costs involved with opening a 
new facility in the CLSC: opening plant center, a warehouse and 
a collection center. 

𝑇𝐹𝐶 =  ∑(FMm ∗ 

m

YMm) + ∑(FWw ∗ 

w

YWw)

+ ∑(FhH ∗ 

H

Yhhw) 
(16) 

The total cost of purchasing raw materials (𝑇𝑅𝑀𝑠𝑐) includes the 
cost of delivering raw materials from suppliers to the 
manufacturing facility. 

𝑇𝑅𝑀𝑠𝑐 =  ∑ ∑ 𝑃𝑠,𝑚 ∗

𝑚𝑠

𝑋𝑄𝑆𝑀𝑠,m
𝑠𝑐                           ∀𝑠𝑐 (17) 

The total production cost (𝑇𝑃𝐶𝑠𝑐) includes the cost to produce 
a new product (𝑇𝑃𝐶𝐼𝑠𝑐) and the cost to remanufacture a 
returned product (𝑇𝑃𝐶𝐼𝐼𝑠𝑐). 

𝑇𝑃𝐶𝑠𝑐 = 𝑇𝑃𝐶𝐼s𝑐 + 𝑇𝑃𝐶𝐼𝐼𝑠𝑐                                 ∀𝑠𝑐 (18) 

𝑇𝑃𝐶𝐼𝑠𝑐 = ∑ 𝑃𝐶𝑚

𝑚

∗ 𝑋𝑃𝑝𝑟,𝑚
𝑠𝑐            ∀𝑠𝑐, 𝑝𝑟 = 𝑛𝑒𝑤    (19) 

𝑇𝑃𝐶𝐼𝐼𝑠𝑐 = ∑ ∑ ∑ ∑ 𝑅𝐶𝐶𝑘,𝑚 ∗ 𝑋𝑅𝑄𝐻𝑀𝑘,ℎ,𝑚
𝑚𝑜𝑑,𝑠𝑐

𝑚𝑜𝑑𝑚ℎ𝑘

    ∀𝑠𝑐   (20) 

The total transportation cost (𝑇𝑇𝐶𝑠𝑐) is the cost of shipping a 
unit of product among all facilities in the CLSC network. 

𝑇𝑇𝐶𝑠𝑐

=  ∑ ∑ ∑ 𝑇𝑅𝑀𝑊𝑚,𝑤,𝑚𝑜𝑑 ∗ 𝑋𝑄𝑀𝑊𝑝𝑟,𝑚
𝑚𝑜𝑑,𝑠𝑐

𝑚𝑜𝑑𝑤𝑚

+ ∑ ∑ ∑ 𝑇𝑅𝑊𝐶𝑤,𝑐,𝑚𝑜𝑑 ∗ 𝑋𝑄𝑊𝐶𝑝𝑟,𝑝𝑥,𝑤,𝑐
𝑚𝑜𝑑,𝑠𝑐

𝑚𝑜𝑑𝑐𝑤

+ ∑ ∑ ∑ ∑ 𝑇𝑅𝐶𝐻𝑐,ℎ,𝑚𝑜𝑑 ∗ 𝑋𝑅𝑄𝐶𝐻𝑘,𝑐,ℎ
𝑚𝑜𝑑,𝑠𝑐

𝑚𝑜𝑑ℎ𝑐𝑘

+ ∑ ∑ ∑ ∑ 𝑇𝑅𝐻𝑀ℎ,𝑚,𝑚𝑜𝑑

𝑚𝑜𝑑𝑚ℎ𝑘

∗ 𝑋𝑅𝑄𝐻𝑀𝑘,ℎ,𝑚
𝑚𝑜𝑑,𝑠𝑐                                                                     ∀𝑠𝑐 

(21) 

The total collection cost (𝑇𝐶𝐶𝑠𝑐) is related to inspection and 
sorting of returned products at the collection centers 

𝑇𝐶𝐶𝑠𝑐 = ∑ ∑ ∑ ∑ 𝐼𝑁𝑆ℎ ∗ 𝑋𝑅Q𝐶𝐻𝑘,𝑐,ℎ
𝑚𝑜𝑑,𝑠𝑐

𝑚𝑜𝑑ℎ𝑐

             ∀𝑠𝑐

𝑘

 (22) 

The total product substitution cost (𝑇𝐶𝑆𝑈𝐵𝑠𝑐) is the cost of 
substituting remanufactured products by new products. 

𝑇𝐶𝑆𝑈𝐵𝑠𝑐 = ∑ ∑ ∑ ∑ ∑ 𝐶𝑅𝑀𝑆𝑈𝐵𝑝𝑟,𝑝𝑥

𝑝𝑥𝑝𝑟𝑚𝑜𝑑𝑐𝑤

∗ 𝑋𝑄𝑊𝐶𝑝𝑟,𝑝𝑥,𝑤,𝑐
𝑚𝑜𝑑,𝑠𝑐                                           

 

(23) 

Therefore, the objective function is formulated as follow: 

𝑀𝑖𝑛 𝑍 = ∑ 𝜌𝑠𝑐  

𝑠𝑐

𝑇𝐶𝑠𝑐 + 𝜆 ∑ 𝜌𝑠𝑐[(𝑇𝐶𝑠𝑐 − 

𝑠𝑐

∑ 𝜌𝑠𝑐′ 

𝑠𝑐′

𝑇𝐶𝑠c′)

+ 2𝜃𝑠𝑐]

+ 𝜔 ∑ ∑ ∑ 𝜌𝑠𝑐  

𝑐

𝛿𝐷𝑃𝑐,𝑝𝑟
𝑠𝑐 + 𝛿𝑅𝐸𝑐

𝑠𝑐  

𝑝𝑟𝑠𝑐

 

 

(24) 

The model constraints are as follow; 

New products are produced using the raw materials delivered 
from all suppliers. 

∑ 𝑋𝑄𝑆𝑀𝑠,𝑚
𝑠𝑐

𝑠

= CO ∗ 𝑋𝑃𝑝r,𝑚
𝑠𝑐          ∀𝑚, 𝑠𝑐, 𝑝𝑟 = 𝑛𝑒𝑤 (25) 

Remanufactured products are produced using all quality levels 
of returned products delivered from all collection centers using 
all transportation modes. 

𝑋𝑃𝑝𝑟,𝑚
𝑠𝑐 = ∑ ∑ ∑ 𝑋𝑅𝑄𝐻𝑀𝑘,ℎ,𝑚

𝑚𝑜𝑑,𝑠𝑐

𝑚𝑜𝑑

            ∀𝑚, 𝑠𝑐, 𝑝𝑟

ℎ𝑘

=  𝑟𝑒𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑑 

(26) 

Any products produced at any plant center, are shipped to all 
warehouses using all transportation modes. 

𝑋𝑃𝑝𝑟,𝑚
𝑠𝑐 = ∑ ∑ 𝑋𝑄𝑀𝑊𝑝𝑟,𝑚,𝑤

𝑚𝑜𝑑,𝑠𝑐

𝑚𝑜𝑑𝑤

                 ∀𝑚, 𝑠𝑐, 𝑝𝑟  

 

(27) 

Any product shipped from any plant to any warehouse is 
shipped to all market locations using all transportation modes. 

∑ ∑ 𝑋𝑄𝑀𝑊𝑝𝑟,𝑚,𝑤
𝑚𝑜𝑑,𝑠𝑐

𝑚𝑜𝑑𝑚

= ∑ ∑ ∑ 𝑋𝑄𝑊𝐶𝑝𝑟,𝑝𝑥,𝑤,𝑐
𝑚𝑜𝑑,𝑠𝑐     

𝑝𝑥𝑚𝑜𝑑𝑐

 

                                                                                          ∀𝑤, 𝑠𝑐, 𝑝𝑟 

(28) 

The EOL returns of each product with different quality levels 
equals the shipments of these returns to the collection centers 
using all transportation modes. 

∑ ∑ 𝑋𝑅𝑄𝐶𝐻𝑘,𝑐,ℎ
𝑚𝑜𝑑,𝑠𝑐

𝑚𝑜𝑑ℎ

+ 𝛿𝑅𝐸𝑐
𝑠𝑐  = 𝐵𝑘 ∗ 𝑅𝐸𝑐

𝑠𝑐 

                                                                                          ∀𝑐, 𝑠𝑐, 𝑘 

(29) 

A part of the returned products of each quality level shipped 
from all market locations to any collection center using all 
transportation modes is disposed of. 

𝐷𝐼𝑆𝑃𝑘,ℎ
𝑠𝑐 = α ∗ ∑ ∑ 𝑋𝑅𝑄𝐶𝐻𝑘,𝑐,ℎ

𝑚𝑜𝑑,𝑠𝑐

𝑚𝑜𝑑𝑐

 

                                                                                         ∀𝑘, ℎ, 𝑠𝑐 

(30) 

The rest of the products are shipped to all plant centers for 
remanufacturing using all transportation mode. 

∑ ∑ 𝑋𝑅𝑄𝐻𝑀𝑘,ℎ,𝑚
𝑚𝑜𝑑,𝑠𝑐

𝑚𝑜𝑑𝑚

= (1 − 𝛼) ∗ ∑ ∑ 𝑋𝑅𝑄𝐶𝐻𝑘,𝑐,ℎ
𝑚𝑜𝑑,𝑠𝑐

𝑚𝑜d𝑐

 

                                                                                         ∀𝑘, ℎ, 𝑠𝑐 

(31) 



 
 
 
 

Pamukkale Univ Muh Bilim Derg, 25(9), 1020-1032, 2019 
(LMSCM’2018-16. Uluslararası Lojistik ve Tedarik Zinciri Kongresi Özel Sayısı) 

M. A. Aldoukhi, S. M. Gupta 

 

1027 

 

The demand of a product can be satisfied either directly or 
indirectly. Otherwise, violation of not meeting the demand 
(shortage).  

∑ ∑ 𝑋𝑄𝑊𝐶𝑝𝑟,𝑝𝑟,𝑤,𝑐
𝑚𝑜𝑑,𝑠𝑐

𝑚𝑜𝑑𝑊

+ 𝑈𝑐,𝑝𝑟
𝑠𝑐 + 𝛿𝐷𝑃𝑐,𝑝𝑟

𝑠𝑐 =  𝐷𝑀𝑐,𝑝𝑟
𝑠𝑐  

                                                                                        ∀𝑠𝑐, 𝑐, 𝑝𝑟 

(32) 

At any market location, satisfying the demand of any product 
indirectly is done by a substituted product. 

𝑈𝑐,𝑝𝑟
𝑠𝑐 =  ∑ ∑ ∑ 𝑋𝑄𝑊𝐶𝑝𝑥,𝑝𝑟,𝑤,𝑐

𝑚𝑜𝑑,𝑠𝑐

𝑝𝑥≠𝑝𝑟𝑚𝑜𝑑𝑊

 

                                                                                        ∀𝑠𝑐, 𝑐, 𝑝𝑟 

(33) 

At any market location, the fraction, which shows the 
acceptance probability of substituting a product, determines 
the number of products substituted.  

∑ ∑ ∑ 𝑋𝑄𝑊𝐶𝑝𝑥,𝑝𝑟,𝑤,𝑐
𝑚𝑜𝑑,𝑠𝑐

𝑝𝑥≠𝑝𝑟𝑚𝑜𝑑𝑊

≤  𝐹𝑅𝐴𝐶𝑐,𝑝𝑥,𝑝𝑟 ∗  𝑈𝑐,𝑝𝑟
𝑠𝑐  

                                                                                        ∀𝑠𝑐, 𝑐, 𝑝𝑟, 𝑝𝑥 

(34) 

We allow shipping products between open facilities only using 
any transportation mode. 

𝑌𝑇𝑀𝑊𝑚,𝑤,𝑚𝑜𝑑 ≤ 𝑌𝑀𝑚 

                                                                                        ∀𝑚, 𝑤, 𝑚𝑜𝑑  
(35) 

𝑌𝑇𝐻𝑀ℎ,𝑚,𝑚𝑜𝑑 ≤ 𝑌𝑀𝑚 

                                                                                        ∀ℎ, 𝑚, 𝑚𝑜𝑑 
(36) 

𝑌𝑇𝑊𝐶𝑤,𝑐,𝑚𝑜𝑑 ≤ 𝑌𝑊𝑤 

                                                                                      ∀𝑤, 𝑐, 𝑚𝑜𝑑 
(37) 

𝑌𝑇𝑀𝑊𝑚,𝑤,𝑚𝑜𝑑 ≤ 𝑌𝑊𝑤 

                                                                                      ∀𝑚, 𝑤, 𝑚𝑜𝑑 
(38) 

𝑌𝑇𝐶𝐻𝑐,ℎ,𝑚𝑜𝑑 ≤ 𝑌𝐶ℎ 

                                                                                      ∀𝑐, ℎ, 𝑚𝑜𝑑 
(39) 

𝑌𝑇𝐻𝑀ℎ,𝑚,𝑚𝑜𝑑 ≤ 𝑌𝐶ℎ 

                                                                                      ∀ℎ, 𝑚, 𝑚𝑜𝑑 
(40) 

We ensure that only one transportation mode is selected to ship 
a product. 

∑ 𝑌𝑇𝑀𝑊𝑚,𝑤,𝑚𝑜𝑑

𝑚𝑜𝑑

≤ 1 

                                                                                                   ∀𝑚, 𝑤 

(41) 

∑ 𝑌𝑇𝐻𝑀ℎ,𝑚,𝑚𝑜𝑑

𝑚𝑜𝑑

≤ 1 

                                                                                                   ∀ℎ, 𝑚   

(42) 

∑ 𝑌𝑇𝑊𝐶𝑤,𝑐,𝑚𝑜𝑑

𝑚𝑜𝑑

≤ 1 

∀𝑤, 𝑐 

(43) 

∑ 𝑌𝑇𝐶𝐻𝑐,ℎ,𝑚𝑜𝑑

𝑚𝑜𝑑

≤ 1 

                                                                                                  ∀𝑐, ℎ 

(44) 

We ensure shipping products using any transportation mode is 
within certain, minimum and maximum, capacity limitation. 

∑ 𝑋𝑄𝑀𝑊𝑝r,𝑚,𝑤
𝑚𝑜𝑑,𝑠𝑐

𝑝𝑟

≥ 𝑇𝑀𝑀𝐼𝑁𝑚𝑜𝑑 ∗ 𝑌𝑇𝑀𝑊𝑚,𝑤,𝑚𝑜𝑑 

                                                                                  ∀𝑚, 𝑤, 𝑚𝑜𝑑, 𝑠𝑐 

(45) 

∑ 𝑋𝑄𝑀𝑊𝑝𝑟,𝑚,𝑤
𝑚𝑜𝑑,𝑠𝑐

𝑝𝑟

≤ 𝑇𝑀𝑀𝐴𝑋𝑚𝑜𝑑 ∗ 𝑌𝑇𝑀𝑊𝑚,𝑤,𝑚𝑜d 

                                                                                 ∀𝑚, 𝑤, 𝑚𝑜𝑑, 𝑠𝑐 

(46) 

∑ ∑ 𝑋𝑄𝑊𝐶𝑝𝑟,𝑝𝑥,𝑤,𝑐
𝑚𝑜𝑑,𝑠𝑐

𝑝𝑥𝑝𝑟

 ≥ 𝑇𝑀𝑀𝐼𝑁𝑚𝑜𝑑 ∗ 𝑌𝑇𝑊𝐶𝑤,𝑐,𝑚𝑜𝑑 

                                                                                 ∀𝑤, 𝑐, 𝑚𝑜𝑑, 𝑠𝑐 

(47) 

∑ ∑ 𝑋𝑄𝑊𝐶𝑝𝑟,𝑝𝑥,𝑤,𝑐
𝑚𝑜𝑑,𝑠𝑐

𝑝𝑥𝑝𝑟

 ≤ 𝑇𝑀𝑀𝐴𝑋𝑚𝑜𝑑 ∗ 𝑌𝑇𝑊𝐶𝑤,𝑐,𝑚𝑜𝑑 

                                                                                 ∀𝑤, 𝑐, 𝑚𝑜𝑑, 𝑠𝑐 

(48) 

∑ 𝑋𝑅𝑄𝐶𝐻𝑘,𝑐,ℎ
𝑚𝑜𝑑,𝑠𝑐

𝑘

≥ 𝑇𝑀𝑀𝐼𝑁𝑚𝑜𝑑 ∗ 𝑌𝑇𝐶H𝑐,ℎ,𝑚𝑜𝑑 

                                                                                 ∀𝑐, ℎ, 𝑚𝑜𝑑, 𝑠𝑐 

(49) 

∑ 𝑋𝑅𝑄𝐶𝐻𝑘,𝑐,ℎ
𝑚𝑜𝑑,𝑠𝑐

𝑘

≤ 𝑇𝑀𝑀𝐴𝑋𝑚𝑜𝑑 ∗ Y𝑇𝐶H𝑐,ℎ,𝑚𝑜𝑑 ≤ 𝑌𝐶ℎ 

                                                                                 ∀𝑐, ℎ, 𝑚𝑜𝑑, 𝑠𝑐 

(50) 

∑ 𝑋𝑅𝑄𝐻𝑀𝑘,ℎ,𝑚,𝑚𝑜𝑑
𝑚𝑜𝑑,𝑠𝑐

𝑘

≥ 𝑇𝑀𝑀𝐼𝑁𝑚𝑜𝑑 ∗ 𝑌𝑇𝐻𝑀ℎ,𝑚,𝑚𝑜𝑑 

                                                                                 ∀𝑐, 𝑚, 𝑚𝑜𝑑, 𝑠𝑐 

(51) 

∑ 𝑋𝑅𝑄𝐻𝑀𝑘,ℎ,𝑚,𝑚𝑜𝑑
𝑚𝑜𝑑,𝑠𝑐

𝑘

≤ 𝑇𝑀𝑀𝐴𝑋𝑚𝑜𝑑 ∗ 𝑌𝑇𝐻𝑀ℎ,𝑚,𝑚𝑜𝑑 

                                                                                 ∀𝑐, 𝑚, 𝑚𝑜𝑑, 𝑠𝑐 

(52) 

Capacity constraints 

∑ 𝑋𝑄𝑆𝑀𝑠,𝑚
𝑠𝑐

𝑚

≤ 𝐶𝐴𝑃𝑆𝑠 

                                                                                                    ∀𝑠, 𝑠𝑐 

(53) 

∑ 𝑋𝑃𝑝𝑟,𝑚
𝑠𝑐

𝑝𝑟

≤ 𝐶𝐴𝑃𝑀𝑚 ∗ 𝑌𝑀𝑚 

                                                                                                    ∀𝑚, 𝑠𝑐 

(54) 

∑ ∑ ∑ 𝑋𝑄𝑀𝑊𝑝𝑟,𝑚,𝑤
𝑚𝑜𝑑,𝑠𝑐

𝑝𝑟𝑚𝑜𝑑𝑚

≤ 𝐶𝐴𝑃𝑊𝑤 ∗ 𝑌𝑊𝑤 

                                                                                                    ∀𝑤, 𝑠𝑐 

(55) 

∑ ∑ ∑ 𝑋𝑅𝑄𝐶𝐻k,𝑐,ℎ
𝑚𝑜𝑑,𝑠𝑐

𝑚𝑜𝑑𝑐𝑘

≤ 𝐶𝐴𝑃𝐻ℎ ∗ 𝑌𝐶ℎ 

                                                                                                   ∀ℎ, 𝑠𝑐 

(56) 
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Auxiliary constraint for linearization. 

𝑇𝐶𝑠𝑐 − ∑ 𝜌𝑠𝑐 

𝑠𝑐

∗ 𝑇𝐶𝑠𝑐 + 𝜃𝑠𝑐 ≥ 0 

                                                                                                  ∀𝑠𝑐 

(57) 

6.2.2 Carbon cap policy 

In this policy, the following constraint is added to the proposed 
constraints (25-57) where the objective function remains the 
same. 

∑ ∑ 𝐸𝑃𝑚 ∗ 

𝑝𝑟

𝑋𝑃𝑝𝑟,𝑚
𝑠𝑐

𝑚

+ ∑ ∑ ∑ ∑ 𝐸𝑇𝑀𝑊𝑚,𝑤,𝑚𝑜𝑑

𝑝𝑟𝑚𝑜𝑑𝑤𝑚

∗ 𝑋𝑄𝑀𝑊𝑝𝑟,𝑚,𝑤
𝑚𝑜𝑑,𝑠𝑐

+ ∑ ∑ ∑ ∑ ∑ 𝐸𝑇𝑊𝐶𝑤,𝑐,𝑚𝑜𝑑

𝑝𝑥𝑝𝑟𝑚𝑜𝑑𝑐𝑤

∗ 𝑋𝑄𝑊𝐶𝑝𝑟,𝑝𝑥,𝑤,𝑐
𝑚𝑜𝑑,𝑠𝑐

+ ∑ ∑ ∑ ∑ 𝐸𝑇𝐶𝐻𝑐,ℎ,𝑚𝑜𝑑

𝑚𝑜𝑑ℎ𝑐𝑘

∗ 𝑋𝑅𝑄𝐶𝐻𝑘,𝑐,ℎ
𝑚𝑜𝑑,𝑠𝑐

+ ∑ ∑ ∑ ∑ 𝐸𝑇𝐻𝑀ℎ,𝑚,𝑚𝑜𝑑

𝑚𝑜𝑑𝑚ℎ𝑘

∗ 𝑋𝑅𝑄𝐻𝑀𝑘,ℎ,𝑚
𝑚𝑜𝑑,𝑠𝑐

+ ∑ ∑ 𝐸𝑇𝐷𝐼𝑃 ∗  𝐷𝐼𝑆𝑃k,ℎ
𝑠c

ℎ𝑘

≤ 𝐶𝑎𝑝                           ∀𝑠𝑐 

(58) 

6.2.3 Carbon tax policy 

We add the following to equation (15) while the constraints 
remain the same. 

𝑇𝑎𝑥 ∗ ∑ ∑ 𝐸𝑃𝑚 ∗ 

𝑝𝑟

𝑋𝑃𝑝𝑟,𝑚
𝑠𝑐

𝑚

+ ∑ ∑ ∑ ∑ 𝐸𝑇𝑀𝑊𝑚,𝑤,𝑚𝑜𝑑

𝑝𝑟𝑚𝑜𝑑𝑤𝑚

∗ 𝑋𝑄𝑀W𝑝𝑟,𝑚,𝑤
𝑚𝑜𝑑,𝑠𝑐

+ ∑ ∑ ∑ ∑ ∑ 𝐸𝑇𝑊𝐶𝑤,𝑐,𝑚𝑜𝑑

𝑝𝑥𝑝𝑟𝑚𝑜𝑑𝑐𝑤

∗ 𝑋𝑄𝑊𝐶𝑝𝑟,𝑝𝑥,𝑤,𝑐
𝑚𝑜𝑑,𝑠𝑐

+ ∑ ∑ ∑ ∑ 𝐸𝑇𝐶𝐻𝑐,ℎ,𝑚𝑜𝑑

𝑚𝑜𝑑ℎ𝑐𝑘

∗ 𝑋𝑅𝑄𝐶𝐻𝑘,𝑐,ℎ
𝑚𝑜𝑑,𝑠𝑐

+ ∑ ∑ ∑ ∑ 𝐸T𝐻𝑀ℎ,𝑚,𝑚𝑜𝑑

𝑚𝑜𝑑𝑚ℎ𝑘

∗ 𝑋𝑅𝑄𝐻𝑀𝑘,ℎ,𝑚
𝑚𝑜𝑑,𝑠𝑐

+ ∑ ∑ 𝐸𝑇𝐷𝐼𝑃 ∗  𝐷I𝑆𝑃𝑘,ℎ
𝑠𝑐

ℎ𝑘

 

(59) 

6.2.4 Carbon cap-and-trade policy 

Equation (15) is modified so that the following is added to it 

𝐶𝑃+ ∗ 𝐸𝐶𝑠𝑐
+ − 𝐶𝑃− ∗ 𝐸𝐶𝑠𝑐

−  (60) 

The following constraint is added to the proposed constraints 
(25) -(57) 

∑ ∑ 𝐸𝑃𝑚 ∗ 

𝑝𝑟

𝑋𝑃p𝑟,𝑚
𝑠𝑐

𝑚

+  ∑ ∑ ∑ ∑ 𝐸𝑇𝑀𝑊𝑚,𝑤,𝑚𝑜𝑑

𝑝𝑟𝑚𝑜𝑑𝑤𝑚

∗ 𝑋𝑄𝑀𝑊𝑝𝑟,𝑚,𝑤
𝑚𝑜𝑑,𝑠𝑐

+  ∑ ∑ ∑ ∑ ∑ 𝐸𝑇𝑊𝐶𝑤,𝑐,𝑚𝑜𝑑

𝑝𝑥𝑝𝑟m𝑜𝑑𝑐𝑤

∗ 𝑋𝑄𝑊𝐶𝑝𝑟,𝑝𝑥,𝑤,𝑐
𝑚𝑜𝑑,𝑠𝑐

+  ∑ ∑ ∑ ∑ 𝐸𝑇𝐶𝐻𝑐,ℎ,𝑚𝑜𝑑

𝑚𝑜𝑑ℎ𝑐𝑘

∗ 𝑋R𝑄𝐶𝐻𝑘,𝑐,ℎ
𝑚𝑜𝑑,𝑠𝑐

+ ∑ ∑ ∑ ∑ 𝐸𝑇𝐻𝑀ℎ,𝑚,𝑚𝑜𝑑

𝑚𝑜𝑑𝑚ℎ𝑘

∗ 𝑋𝑅𝑄𝐻𝑀𝑘,ℎ,𝑚
𝑚𝑜𝑑,𝑠𝑐

+ ∑ ∑ 𝐸𝑇𝐷𝐼𝑃 ∗ 𝐷𝐼𝑆𝑃𝑘,ℎ
𝑠𝑐

ℎ𝑘

+ 𝐸𝐶𝑠𝑐
− 

≤ 𝐶𝑎𝑝 + 𝐸𝐶𝑠𝑐
+         ∀𝑠𝑐 

(61) 

6.2.5 Carbon offset policy 

Equation (15) is modified so that the following is added to it 

𝑂𝑃 ∗ 𝐸𝐶𝑠𝑐
+  (62) 

The following constraint is added proposed constraints (25) -
(57) 

∑ ∑ 𝐸𝑃𝑚 ∗ 

𝑝𝑟

𝑋𝑃𝑝𝑟,𝑚
𝑠𝑐

𝑚

+ ∑ ∑ ∑ ∑ 𝐸𝑇𝑀𝑊𝑚,𝑤,𝑚𝑜𝑑

𝑝𝑟𝑚𝑜𝑑𝑤𝑚

∗ 𝑋𝑄𝑀𝑊𝑝𝑟,𝑚,𝑤
𝑚𝑜𝑑,𝑠𝑐

+ ∑ ∑ ∑ ∑ ∑ 𝐸𝑇𝑊𝐶𝑤,𝑐,𝑚𝑜𝑑

𝑝𝑥𝑝𝑟𝑚𝑜𝑑𝑐𝑤

∗ 𝑋𝑄𝑊𝐶𝑝𝑟,𝑝𝑥,𝑤,𝑐
𝑚𝑜𝑑,𝑠𝑐

+ ∑ ∑ ∑ ∑ 𝐸𝑇𝐶𝐻𝑐,ℎ,𝑚𝑜𝑑

𝑚𝑜𝑑ℎ𝑐𝑘

∗ 𝑋𝑅𝑄𝐶H𝑘,𝑐,ℎ
𝑚𝑜𝑑,𝑠𝑐

+ ∑ ∑ ∑ ∑ 𝐸𝑇𝐻𝑀ℎ,𝑚,𝑚𝑜𝑑

𝑚𝑜𝑑𝑚ℎ𝑘

∗ 𝑋𝑅𝑄𝐻𝑀𝑘,ℎ,𝑚
𝑚𝑜𝑑,𝑠𝑐

+ ∑ ∑ 𝐸𝑇𝐷𝐼𝑃 ∗  𝐷𝐼𝑆𝑃𝑘,ℎ
𝑠𝑐

ℎ𝑘

≤ 𝐶𝑎𝑝 + 𝐸𝐶𝑠𝑐
+         ∀𝑠𝑐 

(63) 

7 Numerical example and results 

7.1 Numerical example 

We consider a hypothetical CLSC network that consists of 3 
plant centers, 3 warehouse locations, 3 collection centers and 6 
market locations that include markets which demand only new 
products, only remanufactured products or both. Table 1, 2, 3 
and 4 summarized some of the data considered in the model. 
Three road transportation modes are available to ship products 
between facilities in the CLSC where each mode has a specified 
size, carbon emission and a transportation cost. A flat 
substitution cost = $10 is penalized for each product 
substituted. The numbers of EOL products returned and the 
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demand of new and remanufactured products are considered 
uncertain. They are represented according to low 
returns/demand scenario, medium returns/demand scenario 
and high returns/demand scenario with a probability of .2, .5 
and .3 respectively. In this example, we set λ = 1 and ω = 1000. 
It is assumed that two components are required to produce one 
unit of product CO = 2. Moreover, 50% of returned products 
have minor defects, 30% have medium defects, 10% have high 
defects and 10% have serious defects. The carbon cap (CAP) is 
assumed to be 10,000 kg and the tax is $30/kg. The cost of 
purchasing (CP+), selling carbon (CP−) and offset price (OP) is 
$15/kg. We used Lingo 18.0 to solve all four formulated  

mathematical models.  

Table 1: General data. 

Parameters Values 

𝐹𝑀𝑚 Uniform (500000, 1500000) 

𝐹𝑊𝑤 Uniform (400000, 500000) 

𝐹𝐻ℎ Uniform (400000, 450000) 

𝐶𝐴𝑃𝑀𝑚 Uniform (1500, 2500) 

𝐶𝐴𝑃𝑊𝑤 Uniform (3000, 3500) 

𝐶𝐴𝑃𝐻ℎ Uniform (1000, 1500) 

𝐶𝐴𝑃𝑆𝑠 Uniform (6000,7000) 

𝐻𝐶𝑐 Uniform (5, 10) 

𝐸𝑃𝑚 Uniform (2.1, 2.3) 
 

Table 2: Uncertainty parameters data. 

Scenario New product 
demand 

Remanufactured 
product demand 

Number of 
returned 
products 

LOW Uniform 
(350, 450) 

Uniform (245, 
315) 

Uniform 
(200, 230) 

MED Uniform 
(450, 550) 

Uniform (315, 
385) 

Uniform 
(230, 300) 

HIGH Uniform 
(550, 700) 

Uniform (385, 
490) 

Uniform 
(300, 350) 

Table 3: Transportation parameters data. 

Transportation 
mode 

Minimum capacity Maximum capacity 

Heavy duty truck 100 14,000 
Mid-size truck 100 10,000 

Light truck 100 5,000 

Table 4: Transportation mode capacities. 

Transportation 
mode 

Trans. Cost      
($/ton-km) 

Carbon emission 
(kg/ton-km) 

Heavy duty truck 0.125 0.297 
Mid-size truck 0.118 0.0252 

Light truck 0.11 0.048 

7.2 Results 

Table (5) shows the results of running the proposed model 
using the above data. For each carbon regularity policy model, 
we demonstrate the solution of each scenario and its robust 
solution. It shows that the design variables, supplier selection, 
opening facilities and transportation mode selection are the 
same for all carbon regularity policy model. However, the 
quantity of components supplied from suppliers as well as 
products produced and shipped between facilities are different 
for every carbon regularity policy model. 

7.2.1 Results of carbon cap policy 

The results from this policy show that increasing the carbon cap 
increases the total cost of each scenario and lowers the value of 
the robust solution (Table 6). This is because more production 

activities are allowed, which increases the production cost, and 
at the same time, lowers the robust solution value since it is 
associated with infeasibility and shortage. Similarly, it is 
noticed that the higher the carbon emission allowed the higher 
the number of products substituted (Table 7). 

Table 5: Results of CLSC network design under the four carbon 
policies. 

 Carbon cap Carbon tax Carbon cap 
and trade 

Carbon 
offset 

SC1 1,672,571 1,971,590 1,765,601 1,759,794 

SC2 1,672,423 2,084,539 1,765,602 1,765,602 

SC3 1,670,867 2,070,885 1,765,601 1,750,113 

RO 2,336,050 2,365,259 2,038,502 2,038,502 

YM M =2 M =2 M =2 M =2 

YW W =1 W =1 W =1 W =1 

YC H =2 H =2 H =2 H =2 

Raw material 
supplier 

S1,S3 S1,S3 S1,S3 S1,S3 

Transportation 
mode 

MOD 2 MOD 2 MOD 2 MOD 2 

Table 6: Carbon cap vs total cost of each scenario and robust 
solution. 

 Total cost Ro 
Cap SC1 SC2 SC3   

6000  1,490,455   1,445,632   1,420,848   3,577,456  
8000  1,603,973   1,560,199   1,535,677   2,927,227  

10000  1,672,571   1,672,423   1,670,867   2,336,050  
12000  1,696,328   1,746,395   1,732,090   2,019,296  
14000  1,695,977   1,745,963   1,728,474   2,018,863  

Table 7: Carbon cap vs quantity of product substituted and 
carbon emitted each scenario. 

 QWC (subs) Amount of carbon emitted 

Cap SC1 SC2 SC3 SC1 SC2 SC3 

6000 - - - 6,000 6,000 6,000 

8000 296 - - 8,000 8,000 8,000 

10000 727 179 84 9,169 10,000 10,000 

12000 727 645 414 9,732 11,967 11,996 

14000 727 645 100 10,732 13,199 13,352 

7.2.2 Results of carbon tax policy  

As shown in table 8 and 9, when the tax value is neglected, the 
total cost of each scenario and the robust solution value is small 
and the quantity of the products substituted and the carbon 
emitted is high. Rising the tax value raises the total cost of each 
scenario and the robust solution value. The number of products 
substituted and amount of carbon emitted remains constant. 

7.2.3 Results of carbon cap-and-trade policy  

In this policy, the carbon cap (10,000 kg) and the price of 
purchasing or selling carbon is the same. Increasing the carbon 
selling and purchasing price results in an increase in each 
scenario and in the robust solution value (Table 10). This is due 
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to the additional costs added to the objective function. 
However, the number of products substituted fluctuates with 
this increase. It is also noticed that the amount of carbon 
emitted is less in scenario 1 than in scenario 2 and 3. As product 
demand increases, in scenario 2 and 3, the carbon emitted 
increases (Table 11). 

Table 8: Carbon tax vs total cost of each scenario and robust 
solution 

 Total cost Ro 

tax SC1 SC2 SC3  

0 1,695,909 1,745,863 1,731,590 2,018,763 

15 1,834,058 1,915,591 1,899,547 2,191,537 

30 1,971,590 2,084,539 2,070,885 2,365,259 

45 2,109,122 2,253,488 2,242,222 2,538,981 

60 2,246,654 2,422,437 2,413,560 2,712,703 

Table 9: Carbon tax vs quantity of products substituted and 
carbon emitted in each scenario. 

 QWC (subs) Amount of carbon emitted 

tax SC1 SC2 SC3 SC1 SC2 SC3 

0 727 645 186 10,925 13,484 13,700 

15 727 645 5 9,169 11,263 11,423 

30 727 645 5 9,169 11,263 11,423 

45 727 645 5 9,169 11,263 11,423 

60 727 645 5 9,169 11,263 11,423 

Table 10: Carbon purchasing/selling price vs total cost of each 
scenario and robust solution. 

 Total cost Ro 

price SC1 SC2 SC3   

5  1,752,961   1,752,962   1,752,961   2,025,862  

10  1,759,281   1,759,282   1,759,282   2,032,182  

15  1,765,601   1,765,602   1,765,601   2,038,502  

20  1,771,871   1,771,922   1,771,889   2,044,822  

25  1,778,221   1,778,242   1,778,236   2,051,142  

Table 11: Carbon purchasing/selling price vs quantity of 
product substituted and carbon emitted each scenario. 

 QWC (subs) Amount of carbon emitted 

price SC1 SC2 SC3 SC1 SC2 SC3 

5 727 645 5 9,169 11,263 11,441 

10 727 645 493 9,169 11,263 11,480 

15 727 645 186 9,169 11,263 11,440 

20 727 645 5 9,169 11,263 11,423 

25 727 645 694 9,169 11,263 11,496 

7.2.4 Results of carbon offset policy  

As in the carbon cap-and-trade policy, the carbon cap value is 
(10,000 kg) and we change the offset price. The shown results 
follow the trend of using the carbon cap-and-trade policy 
(Table 12, 13). 

 

Table 12: Carbon offset vs total cost of each scenario and 
robust solution. 

 Total cost Ro 

price SC1 SC2 SC3   

5  1,746,467   1,749,924   1,740,705   2,029,125  

10  1,753,071   1,759,282   1,742,718   2,032,182  

15  1,759,794   1,765,602   1,750,113   2,038,502  

20  1,766,191   1,771,922   1,767,131   2,044,822  

25  1,772,832   1,778,242   1,763,816   2,051,142  

Table 13: Carbon offset vs quantity of product substituted and 
carbon emitted each scenario 

 QWC (subs) Amount of carbon emitted 

price SC1 SC2 SC3 SC1 SC2 SC3 

5 727 645 606 9,257 11,391 11,602 

10 727 645 6 9,169 11,263 11,441 

15 727 645 63 9,169 11,263 11,422 

20 727 645 893 9,169 11,263 11,487 

25 727 645 5 9,169 11,263 11,424 

8 Conclusion 

In this paper, we presented a new way of designing a CLSC 
network by allowing product substitution using downward 
product substitution policy. We also considered four carbon 
regularity policies: the carbon cap policy, the carbon tax policy, 
the carbon cap-and-trade policy and the carbon offset policy. In 
the proposed model, uncertainties of product demand and 
number of returned products are taken into account. The 
robust optimization method is used to model the proposed 
problem. The results of the proposed model show that varying 
the carbon cap, the tax value, the selling and purchasing price 
of carbon and the offset price would affect the solution value of 
each proposed scenario, as well as the robust solution value. 
The same effect can be observed in the number of products 
substituted and the carbon emitted. The proposed model in this 
paper would benefit supply chain planners (the decision 
makers) as well as the companies who aim to switch from the 
traditional supply chain network to a closed loop supply chain 
network. For future work, different techniques to solve 
uncertainties, e.g. fuzzy programing and uncertainty set theory, 
can be implemented to solve the problem stated in this paper. 
In addition, the proposed model is based on a single period and 
a single product. Basing a model on multiple periods and 
multiple products would be a very interesting problem to 
investigate. Another possibility is to implement the proposed 
model on a real case study. In case of solving this problem on a 
large scale, using meta-heuristic algorithms would be very 
useful. 
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