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Abstract 

Resilience and sustainable supply chain has become an integral part of the corporate strategy. In 

this paper, a real case study of the natural gas supply chain has been investigated. Using concepts 

related to natural gas industry and the relations among the components of gas and oil wells, 

refineries, storage tanks, dispatching, transmission and distribution network, a seven-level sup-

ply chain has been introduced and presented schematically. The aim of this paper is to optimize 

a case study using a fuzzy goal programming multi-period and multi-product model considering 

recovery, environmental and economic costs, total revenue and service level as fuzzy goals and 

maximize the total degree of satisfaction of goals as objective function. 

A small-sized problem was solved using GAMS 23.2.1 software and sensitivity analysis was 

conducted on its parameters. To the best of our knowledge, this is the first study that presents a 

fuzzy goal-programming model for the optimization of resilience and sustainable natural gas 

supply chain by trade-offs among recovery, environmental and economic costs, total revenue 

and service level approach in order to help decision makers make an optimal decision. 

 
Keywords: Optimization, Resilience, Sustainable, Supply Chain, Fuzzy goal programming. 

 

 

1- Introduction 

Nowadays, companies have indisputable consequence on the economy of their countries [1]. 

On the other hand, competition between companies has been replaced by competition between 

supply chains. In other words, there is a network of companies converting raw materials into 

finished products and delivering them to end consumers [2]. Events leading to the stoppage in 

the flow of materials, even happening in a faraway area, can interfere the production process 

on a large scale. Such stoppages may be distributed along the supply chain, leaving extremely 

disagreeable effects. In a worst-case scenario, many companies fail to retain their productivity 

levels when a disruption occurs. Consequently, interrupted companies lose competitiveness 

[3]. In other words, if supply chain activities fail to resolve unforeseen disruptions appropri-

ately, there will be potentially harmful consequences. Finally, it escalates the risk of business 

continuity, causing huge amounts of financial loss [4]. Supply chain resilience can define the 

capacity of disruptions and retaining the basic, structural supply chain tasks in the face of stop-

pages [5].  

http://www.elitesjournal.ir/
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On the other hand, Sustainable development has become a major jargon in the business termi-

nology. Influenced by sustainability practices through the integration of economic, environ-

mental and social goals, professions extensively gain a competitive edge when sustainable sup-

ply chains are projected. Most organizations pay attention to the strategic importance of sus-

tainable investments. In this environment, the development and availability of analytical mod-

els and decision support tools can help organizations make more effective, informed decisions 

[6]. In response, academic research has been developed on the design and management of sus-

tainable supply chains over the past two decades [7-10]. Most efforts in sustainable supply 

chain have been orchestrated to mitigate the supply chain’s burden of environmental responsi-

bility in measuring greenhouse gas emissions and consumption of resources [11]. In terms of 

social sustainability, the focus has mostly been shifted on damages to human community health 

[12]. An evaluation involving the dimensions of sustainability is different from an evaluation 

of traditional business-oriented performance. When dimensions of sustainability are consid-

ered, the scope of evaluation should be expanded. In addition to its economic dimension, sus-

tainable development covers environmental and social dimensions [13]. Despite the growing 

efforts in the design and management of sustainable supply chain, there is little known about 

the effects of sustainability dimensions on resilient supply chains. In a specific environment 

affected by frequent inevitable stoppages, sustainable supply chain management requires a sus-

tainable modeling and analysis adaptable to that dynamic complexity. Static sustainability anal-

ysis is simple because the sustainable economic and non-economic performances of a supply 

chain can be influenced by interruptive events such as supply stoppage [6].  

On the other hand, natural gas is one of the most substantial sources of energy for many resi-

dential, power plant, industry and commercial consumers throughout the world. It has an enor-

mous and complex supply chain which is in need of manifold investments in all the levels of 

exploration, extraction, production, refinement, transmission, storage and distribution. In re-

cent years, economic and environmental problems in the supply chain engrossed so much at-

tention of researches. In other words, the two dimensions of the sustainable development such 

as environment and economy in the natural gas supply chain are very significant. Given that a 

number of researches have been conducted in recent years on the dimensions of sustainability 

and resilience in some levels of the supply chain, some dimensions of resilience such as the 

service level, or adequate inventory on the network and facilities and decreasing penalty per 

underutilized capacity, or recovery, and some dimensions of sustainability such as the environ-

mental or social costs of greenhouse gas emissions, economic or supply chain costs, and total 

revenue earned in the consumption nodes at all levels and components of the natural gas supply 

chain, are investigated in the present study and provided as the contribution of this research 

while considering the trade-offs among them. This study presents a fuzzy-goal programming 

model for the resilience and sustainable natural gas supply chain in the Iranian gas industry, in 

a one-year time horizon, including maximizing the service level and total revenue and mini-

mizing the recovery, environmental and economic costs in order to assess trade-offs among 

them and advice decision makers for the natural gas supply chain management. 

The schematic representation of the natural gas supply chain under study in Iran is shown in 

Fig. 1. In this research, natural gas supply chain modeling was carried out in seven levels. At 

the first level, there are three types of suppliers, including gas collection wells, imports and 

storage tanks. The gas refineries, the compressor stations, the city-gate stations, the dispatch-

ing, the town bordering stations are at the second, third, fourth, fifth, and sixth levels, respec-

tively. The nine groups of customers including: 1. Injection into the oil wells 2. The export of 

liquid and gas products, 3. Liquid and gas products for domestic use 4. Natural gas exports 5. 

Major industries 6. Power Plants 7. Small industries 8. Residential consumers and 9. Commer-

cial consumers are at the seventh level. In the entire supply chain, gas is transmitted through 

pipelines of varying sizes, nodes and pressures, according schematic representation figure of 

the natural gas supply chain. Dispatching directorate through monitoring and using information 

from refineries, compressor stations and city-gate stations, balances the volume and pressure 
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of the gas transmission lines in order to maintain resilience, sustainability, and customer de-

mand throughout the supply chain [14, 15].  
 

 
Fig. 1- Schematic representation of the natural gas supply chain    

 

Therefore, the rest of the paper is organized as follows: In Section 2, literature review of resil-

ience and sustainable supply chains. Section 3 presents mathematical modelling. In Section 4, 

case study is presented. Finally, the discussions with sensitivity analysis and conclusions are 

given in Sections 5 and 6, respectively.  

2- Resilience and Sustainable Supply Chains 

In recent years, several researches have surveyed the effects of the technical parameters on the 

natural gas supply chain. In their research, Nikbakht et al. proposed a framework for integrating 

the operational parts of natural gas transmission [16]. Pambour et al. presented a simulation 

motor for calculating the flow of gas in the supply chain and the network operations in case of 

gas crises in the future [17]. In their research, Ghaithan et al. developed a multi-objective inte-

grated model for the medium-term tactical decision-making of the downstream oil and gas 

supply chain through an improved augmented ε-constraint algorithm [18]. Gohari Bahabadi et 

al. found that the South Pars gas field has the optimal production rate when the technical pa-

rameters are optimized due to operational and economic constraints [19].  

Numerous attempts have been made to model the environmental and green areas of sustainable 

supply chain, involving disruptions in sustainable environmental and economic calculations 

during the design and management of sustainable supply chain [20]. Minimization of green-

house gas emissions has so far been the most desirable environmental goal [21]. The optimal 

models for strategic supply chain design sought to balance the supply chain cost and CO2 emis-

sions [22-24]. Tactical and operational design tools for the emission-cost balance in supply 

chains [11, 25, 26].  Design and planning of closed-loop supply chains with a concentration on 
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emission-cost of forward and reverse networks [27-29]. Apart from studies on the management 

and design of green supply chains, there have only been few attempts made to model the com-

bined performance criteria in three dimensions of sustainability. In fact, there is no consensus 

on the measurement and reporting of supply chain social sustainability [30], which is a primary 

explanation for insufficient research in this area. On the other hand, Zhang et al. conducted 

several studies on optimal design and cost planning in supply chains, greenhouse gas emissions, 

lead time, and social and environmental performance criteria [31]. Boukherroub et al. studied 

supply chain planning problems from the perspective of employee distance to industrial sites 

and job stability as criteria for social performance [12]. As evident in these studies, the selection 

of social and environmental criteria combined in supply chain models is a special technical 

problem.  

In recent years, several researches have surveyed the economic and environmental effects and 

sustainable aspects of the natural gas supply chain [12, 32-34]. In their research, Zamanian et 

al. developed natural gas supply chain and presented a fuzzy goal-programming model for op-

timization of sustainable natural gas supply chain by focusing on the environmental and eco-

nomic costs and total revenue of gas products [14, 15].  

The relevant literature suggests that sustainability and resilience have been explored inde-

pendently [35, 36]. By the same token, the efforts made to model supply chains did not explic-

itly link the dimensions of resilience and sustainability. In fact, there are scenarios where the 

dimensions and effects of sustainability in supply chain capacity are inconsistent with unfore-

seen stoppages. For instance, the majority of sustainability capabilities serve to enhance effi-

ciency in utilization of resources and mitigation of redundant protections (similar to inventory 

points and fewer storage areas across the supply chain). Although such practices may be envi-

ronmentally consistent and economically viable, supply chains may be more vulnerable to stop-

pages due to limited accessibility to safety inventory to cope with variations in supply and 

demand [37]. Murino et al. proposed a supply chain model construction based on several fac-

tors including inventory level, number of suppliers and production rate through simulation soft-

ware and promotion through analysis of critical outcomes and strengths in the supply chain 

[38]. Moreover, they argued that supply chain sustainability could be achieved through the 

functional tasks of resilience. Hanke and Krumme presented a conceptual model while demon-

strating the complex relationships between risk, resilience, and sustainability in the supply 

chain [39].  

In their research, Hawker and Edmonds showed that sustainability challenges the basic as-

sumption of performance analysis seeking maximization of profits, not to mention that effi-

ciency may serve as a trap for lower resilience in markets facing sudden changes [40]. Edgeman 

and Wu emphasized that strength, resilience, and sustainability of transcendental firms are cru-

cial, desirable and complementary to various stakeholders [41]. Fahimnia and Jabbarzadeh in-

vestigated the relationship between resilience and sustainability at the design level of supply 

chains. Providing a multi-objective optimal model developing a sustainability performance 

scoring method and probabilistic fuzzy ideal planning approach, they managed to design a sus-

tainable, resilient supply chain through dynamic sustainable performance analysis [6]. This 

approach could progress from static resilient supply chain toward dynamic analysis to deal with 

unpredictable disruptions in the supply chain. Zahiri et al. developed a linear multi-objective 

mixed-integer integrated resilient-sustainable planning model to design a supply chain under 

conditions of uncertainty [42]. In their research, they developed new benchmarks and imported 

them in the model for resilience and sustainability. Their new model integrated strategic and 



 ( 9399سال  -4شماره  -5جلد ) مجله نخبگان علوم و مهندسی
 

 

139 

 

tactical decisions. Razmi et al. proposed a mix-integer linear programming (MILP) model op-

timizing the hydrogen supply chain network [43]. Karbassi Yazdi et al. presented a meta-heu-

ristic Binary Particle Swarm Optimization (BPSO) algorithm to come with an optimized solu-

tion for ship routing and scheduling of Liquefied Natural Gas (LNG) transportation [44]. Fur-

thermore, Pavlov et al. showed a problem of contingency plan optimization for seaport opera-

tions under supply and network structural dynamics [45]. Their research methodology is based 

on a structural dynamics control approach solved by mathematical programming. 

Review of literature shows that in the scope of the resilience and sustainable development in 

the natural gas supply chain, no significant research has been conducted. Therefore, presenting 

a fuzzy goal-programming model for optimization of resilience and sustainable natural gas 

supply chain, by trade-offs among recovery, environmental and economic costs, total revenue 

and service level approach, in their all levels, would be very useful for gas industries manage-

ment in order to help decision makers make an optimal decision. Finally, the contributions of 

this research, compared to the former researches, are as follows: 1. Consideration of the resili-

ence aspect including the first and second goals and the sustainability aspect including the third, 

fourth and fifth goals in the proposed model, and trade-offs among them, 2. Application of 

fuzzy goal programming method of the proposed model, 3. A great compatibility of the pro-

posed model and all its parameters with Iran's natural gas supply chain, 4. Considering the 

validity of the proposed model through the implementation and use of the actual parameters 

and the desired and optimal results of its outputs, 5. Considering the increase in the pressure of 

the oil wells and reservoirs through the injection of gas into them and, consequently, increasing 

their oil recovery while preserving the resilience and sustainability aspects of the natural gas 

supply chain. The key features of this model, along with previous studies are presented in Table 

1. 

 
Table 1- Classification and features of this study with previous studies 
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Tabkhi et al. [46] 

 

✓ 

 

  ✓   ✓    Branch and bound 

 

Hamedi et al. [33]   ✓ ✓   ✓    A hierarchic algorithm 

Mahdavi et al. [47]  ✓  ✓   ✓    Minimum spanning tree 

Dos Santos et al. [48]  ✓   ✓  ✓    Monte Carlo simulation 

Santibanez-Gonzalez et 

al. [49] 

✓ 

 

   ✓  ✓ ✓   Genetic Algorithm 

Jamshidi et al. [50] ✓ 

 

  ✓   ✓ ✓  

 

 

 

Hybrid genetic Taguchi algo-

rithm 

Azadeh et al. [51]   ✓  ✓  ✓ ✓  

 

 

 

An interactive method resolu-

tion 

Azadeh et al. [32] 

 

✓ 

 

   ✓  ✓ ✓   ε-constraint algorithm 

Ghaithan et al. [18]   ✓  ✓ ✓ ✓   ✓ ε-constraint algorithm 

Sapkota et al. [34]   ✓  ✓  ✓ ✓   A comparative assessment 
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Zamanian et al. [14] 

 

  ✓  ✓ ✓ ✓ ✓   Fuzzy goal programming 

 

Zamanian et al. [15] 

 

  ✓  ✓ ✓ ✓ ✓ ✓ ✓ ε-constraint algorithm 

This study   ✓  ✓ ✓ ✓ ✓ ✓ ✓ Fuzzy goal programming 

 

3- Mathematical Modelling 

The proposed model consists of sets and indices, decision variables, parameters, goals and 

constraints (mathematical model), and problem solving approach. 
 

Sets and indices 

w: Set of gas wells 

a: Set of importations 

r:                Set of refineries 

y: Set of compressor stations 

s: Set of storage tanks 

g: Set of city gate stations 

b: Set of town bordering stations 

o: Set of oil wells 

e: Set of exportations 

el: Set of equal liquid products 

d: Set of industrial customers 

p: Set of power plant customers 

l: Set of residential customers 

f: Set of commercial customers 

m: Set of small industrial customers 

t: Time period 

i: Starting nodes      i ∈ {𝑤 ∪ 𝑎 ∪ 𝑟 ∪ 𝑦 ∪ 𝑔 ∪ 𝑏 ∪ 𝑠} 

j: Finishing nodes    j ∈ {𝑟 ∪ 𝑦 ∪ 𝑔 ∪ 𝑜 ∪ 𝑒 ∪ 𝑑 ∪ 𝑝 ∪ 𝑠 ∪ 𝑏 ∪ 𝑙 ∪ 𝑓 ∪ 𝑚} 

 

Decision variables in period t: Transported gas volume from: 

xwrwrt: Gas well to the refinery  

xwowot: Gas well to the oil well  

xryryt: Refinery to the compressor station  

xrorot:    Refinery to the oil well  

xayayt: Importation to the compressor station  

xysyst:    Compressor station to the storage tank  

xsysyt: Storage tank to the compressor station  

xyeyet: Compressor station to the exportation  

xydydt: Compressor station to the industrial customer  

xypypt: Compressor station to the power plant customer  

xyy’yy’t: Compressor station to the another compressor station 

xygygt: Compressor station to the city-gate station  

xgmgmt: City-gate station to the small industrial customer  

xgbgbt: City-gate station to the town bordering station  

xblblt:     Town bordering station to the residential customer  

xbfbft:     Town bordering station to the commercial customer  

SLGt:      Service level gas in period t 

SL: A minimum target for the service level 
 

Capacity parameters in period t: 
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ocot: Delivery capacity of oil well  

wcwt: Gas well  

acat: Importation  

rcrt:     Refinery  

ycyt: |Compressor station  

gcgt: City-gate station  

bcbt: Town bordering station  

scs:     Storage tank(constant) 
 

 

Fuel parameters: Fuel consumption coefficient of: 

βr: Refinery 

βy: Compressor station 

βg: City-gate station 
 

Volume parameters: Decreased volume coefficient consequence of liquids analysis in the  

 refinery as equal liquid product: 

α1: Type one 

α2: Type two 

α3: Type three 

α4: Type four 

α5: Type five 

Percent parameters: Percent of α as equal liquid product type: 

α3i: Three for internal consumption    α3i%+ α3e%= 1 

α3e: Three for exportation consumption     

α4i: Four for internal consumption      α4i%+ α4e%= 1 

α4e: Four for exportation consumption 
 

Demand parameters in period t: Demand volume of: 

odot: Oil well  

edet: Exportation  

dddt: Industrial customer  

pdpt: Power plant customer  

ldlt: Residential customer  

fdft: Commercial customer  

mdmt: Small industrial customer  

eldrt: Equal liquid products in the refinery  

 

Route parameters 

dij: length of the unique route between node i and node j 

hij: Hardness coefficient of the unique route between node i and node j 

ʎ ij: If there is a unique route between node i and node j, 1 otherwise 0 

𝑄𝑖𝑗
𝑀𝑖𝑛  :   Minimum flow unique route between node i and node j                  

𝑄𝑖𝑗
𝑀𝑎𝑥  : Maximum flow unique route between node i and node j 

 

Greenhouse gas emissions parameters: Average amount of greenhouse gas emissions  

 produced by: 

gw: Gas well per unit 

gr:    Refinery per unit 

gy: Compressor station per unit 

gg:   City-gate station per unit 



 ( 9399سال  -4شماره  -5جلد ) مجله نخبگان علوم و مهندسی
 

 

142 

 

gb:   Town bordering station per unit 

go: Oil well per unit 

gd: Industrial customer per unit 

gp: Power plant customer per unit 

gl: Residential customer per unit 

gf: Commercial customer per unit 

gm: Small industrial customer per unit 

gs: Storage tank per unit 

gα3i: Equal liquid product type three per unit 

gα4i: Equal liquid product type four per unit 
 

Cost parameters in period t 

cwwt: Cost of supply by gas well per unit  

caat: Cost of supply by importation per unit  

crrt:    Cost of production by refinery per unit  

cyyt: Operation cost of compressor station per unit  

cggt: Operation cost of city gate station per unit  

cbbt: Operation cost of town bordering station per unit  

csst:   Operation cost of storage tank per unit  

ct: Transportation cost per product unit per distance unit 

sc: Social cost caused by per unit of greenhouse gas emissions (Convert parameter) 

 

Penalty parameters: Penalty per underutilized capacity unit of: 

c1: Gas well 

c2: Refinery 

c3: Compressor station 

c4: City-gate station 

c5: Town bordering station 
 

Price parameters in period t: Selling price of: 

Pwowot: Gas product by gas well for oil well per unit  

Prorot:      Gas product by refinery for oil well per unit  

Pyeyet:     Gas product by compressor station for exportation per unit  

Pydydt: Gas product by compressor station for industrial customer per unit  

Pypypt:    Gas product by compressor station for power plant customer per unit  

Pgmgmt: Gas product by city gate station for small industrial customer per unit  

Pblblt: Gas product by town bordering station for residential customer per unit  

Pbfbft:     Gas product by town bordering station for commercial customer per unit  

Pα1t: Equal liquid product as type one per unit  

Pα2t: Equal liquid product as type two per unit  

Pα3it: Equal liquid product as type three for internal consumption per unit  

Pα3et:      Equal liquid product as type three for exportation per unit  

Pα4it: Equal liquid product as type four for internal consumption per unit  

Pα4et:     Equal liquid product as type four for exportation per unit  
 
 

Aspiration level, lower and upper tolerance parameters for goals: 

AL1: Aspiration level for the service level 

AL2: Aspiration level for the recovery costs 

AL3: Aspiration level for the environmental or social costs 

AL4: Aspiration level for the economic costs 

AL5: Aspiration level for the total revenue of gas products 
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ԑ 1: The lower tolerance limit for the service level 

ԑ 2: The upper tolerance limit for the recovery costs 

ԑ 3: The upper tolerance limit for the environmental or social costs 

ԑ 4: The upper tolerance limit for the economic costs 

ԑ 5: The lower tolerance limit for the total revenue of gas products 
 

3.1 Mathematical Model 

This natural gas supply chain is formulated in terms of the dimensions of resilience such as the 

service level and penalty per underutilized capacity, or recovery costs and sustainability such 

as the environmental and economic costs and total revenue.This study presents a fuzzy goal-

programming model for optimization of resilience and sustainable natural gas supply chain in 

the Iranian gas industry, including maximizing the service level and total revenue and mini-

mizing the recovery, environmental and economic costs in the consumption nodes at all levels 

and components of the natural gas supply chain in a one-year time horizon, in order to assess 

trade-offs among them and advice decision makers for the natural gas supply chain manage-

ment. Goals and constraints of the proposed model are presented as follows: 
 

G1: Maximizing the service level gas in period t  (Goal 1)   

 G1 = SL 
(1) 

𝐺2 = (∑∑∑xwrwrt
tr

+∑∑∑xwowot
to

−∑∑wcwt
twww

)C1 + 

(∑∑∑xryryt
ty

+∑∑∑xrorot
to

+∑∑∑xwrwrt
tr

×

wrr

(α1 + α2 + α3 + α4 + α5 + βr)

−∑∑rcrt
tr

)C2 + 

(

 
 
 (∑∑∑xyýyýt

týy

+∑∑∑xygygt +

tgy

∑∑∑xysyst +

tsy

∑∑∑xyeyet +

tey

∑∑∑xydydt +

tdy

∑∑∑xypypt
tpy )

 
 
 
+ 

((   ∑∑∑xryryt +

tyr

∑∑∑xayayt +

tya

∑∑∑xsysyt +

tys

∑∑∑xýyýyt
tyý

)

× βy−∑∑ycyt
ty

)C3 + 

(∑∑∑xgmgmt
tm

+∑∑∑xgbgbt +

tbg

∑∑∑xygygt ×

tgyg

βg −∑∑gcgt
tg

)C4 + 

(∑∑∑xblblt
tl

+∑∑∑xbfbft
tf

−

bb

∑∑bcbt
tb

)C5 

(2) 

G3: Minimizing the environmental costs of emission of greenhouse gases (Goal 3) (3) 
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𝐺3 = sc { 𝑔𝑤 [∑∑∑𝑥𝑤𝑟𝑤𝑟𝑡
𝑡𝑟𝑤

+∑∑∑𝑥𝑤𝑜𝑤𝑜𝑡
𝑡𝑜𝑤

] + 𝑔𝑟 [∑∑∑𝑥𝑟𝑦𝑟𝑦𝑡
𝑡𝑦𝑟

+∑∑∑𝑥𝑟𝑜𝑟𝑜𝑡
𝑡𝑜𝑟

]

+ 𝑔𝑦 [∑∑∑𝑥𝑦�́�𝑦�́�𝑡
𝑡�́�𝑦

+∑∑∑𝑥𝑦𝑔𝑦𝑔𝑡 +∑∑∑𝑥𝑦𝑠𝑦𝑠𝑡
𝑡𝑠𝑦𝑡𝑔𝑦

+∑∑∑𝑥𝑦𝑒𝑦𝑒𝑡   +∑∑∑𝑥𝑦𝑑𝑦𝑑𝑡 +

𝑡𝑑𝑦

∑∑∑𝑥𝑦𝑝𝑦𝑝𝑡
𝑡𝑝𝑦𝑡𝑒𝑦

] + 

𝑔𝑠 [∑∑∑𝑥𝑠𝑦𝑠𝑦𝑡
𝑡𝑦𝑠

] + 𝑔𝑔 [∑∑∑𝑥𝑔𝑏𝑔𝑏𝑡 +

𝑡𝑏𝑔

∑∑∑𝑥𝑔𝑚𝑔𝑚𝑡
𝑡𝑚𝑔

] + 

𝑔𝑏 [∑∑∑𝑥𝑏𝑙𝑏𝑙𝑡
𝑡

+∑∑∑𝑥𝑏𝑓𝑏𝑓𝑡
𝑡𝑓𝑏𝑙𝑏

] + 𝑔𝑜 [∑∑∑𝑥𝑤𝑜𝑤𝑜𝑡
𝑡

+∑∑∑𝑥𝑟𝑜𝑟𝑜𝑡
𝑡𝑜𝑟𝑜𝑤

] + 

      [𝑔𝑑∑∑∑𝑥𝑦𝑑𝑦𝑑𝑡
𝑡𝑑𝑦

+ 𝑔𝑝∑∑∑𝑥𝑦𝑝𝑦𝑝𝑡
𝑡𝑝𝑦

+ 𝑔𝑙∑∑∑𝑥𝑏𝑙𝑏𝑙𝑡 + 𝑔𝑓∑∑∑𝑥𝑏𝑓𝑏𝑓𝑡  + 𝑔𝑚∑∑∑𝑥𝑔𝑚𝑔𝑚𝑡
𝑡𝑚𝑔𝑡𝑓𝑏𝑡𝑙𝑏

+ (𝑔𝛼3𝑖∑∑∑𝑥𝑤𝑟𝑤𝑟𝑡
𝑡𝑟𝑤

× 𝛼3𝑖) + (𝑔𝛼4𝑖∑∑∑𝑥𝑤𝑟𝑤𝑟𝑡
𝑡

× 𝛼4𝑖
𝑟𝑊

)]} 

 

 

 

 

G4: Minimizing the economic costs (Goal 4)  

𝐺4 =∑∑∑𝑥𝑤𝑟𝑤𝑟𝑡
𝑡𝑟

(𝑐𝑤𝑤𝑡 + 𝑑𝑤𝑟
 ℎ𝑤𝑟

 𝑐𝑡) + 
𝑤

∑∑∑𝑥𝑤𝑜𝑤𝑜𝑡(𝑐𝑤𝑤𝑡 + 𝑑𝑤𝑜
 ℎ𝑤𝑜

 𝑐𝑡) +

𝑡𝑜𝑤

 

∑∑∑𝑥𝑟𝑦𝑟𝑦𝑡(𝑐𝑟𝑟𝑡 + 𝑑𝑟𝑦
 ℎ𝑟𝑦

 𝑐𝑡)       +

𝑡𝑦𝑟

  ∑∑∑𝑥𝑟𝑜𝑟𝑜𝑡(𝑐𝑟𝑟𝑡 + 𝑑𝑟𝑜
 ℎ𝑟𝑜

 𝑐𝑡)        +

𝑡𝑜𝑟

 

∑∑∑𝑥𝑎𝑦𝑎𝑦𝑡(𝑐𝑎𝑎𝑡 + 𝑑𝑎𝑦
 ℎ𝑎𝑦

 𝑐𝑡)     +

𝑡𝑦𝑎

  ∑∑∑𝑥𝑦�́�𝑦�́�𝑡(𝑐𝑦𝑦𝑡 + 𝑑𝑦�́�
 ℎ𝑦�́�

 𝑐𝑡)    +

𝑡�́�𝑦

 

∑∑∑𝑥𝑦𝑔𝑦𝑔𝑡(𝑐𝑦𝑦𝑡 + 𝑑𝑦𝑔
 ℎ𝑦𝑔

 𝑐𝑡)    +

𝑡𝑔𝑦

  ∑∑∑𝑥𝑦𝑠𝑦𝑠𝑡(𝑐𝑦𝑦𝑡 + 𝑑𝑦𝑠
 ℎ𝑦𝑠

 𝑐𝑡)       +

𝑡𝑠𝑦

 

∑∑∑𝑥𝑠𝑦𝑠𝑦𝑡(𝑐𝑠𝑠𝑡 + 𝑑𝑠𝑦
 ℎ𝑠𝑦

 𝑐𝑡)        +  

𝑡𝑦𝑠

∑∑∑𝑥𝑦𝑒𝑦𝑒𝑡(𝑐𝑦𝑦𝑡 + 𝑑𝑦𝑒
 ℎ𝑦𝑒

 𝑐𝑡)     +

𝑡𝑒𝑦

 

(4) 
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∑∑∑𝑥𝑦𝑑𝑦𝑑𝑡(𝑐𝑦𝑦𝑡 + 𝑑𝑦𝑑
 ℎ𝑦𝑑

 𝑐𝑡)     +

𝑡𝑑𝑦

  ∑∑∑𝑥𝑦𝑝𝑦𝑝𝑡(𝑐𝑦𝑦𝑡 + 𝑑𝑦𝑝
 ℎ𝑦𝑝

 𝑐𝑡)    +

𝑡𝑝𝑦

 

∑∑∑𝑥𝑔𝑚𝑔𝑚𝑡(𝑐𝑔𝑔𝑡 + 𝑑𝑔𝑚
 ℎ𝑔𝑚

 𝑐𝑡) +

𝑡𝑚𝑔

  ∑∑∑𝑥𝑔𝑏𝑔𝑏𝑡(𝑐𝑔𝑔𝑡 + 𝑑𝑔𝑏
 ℎ𝑔𝑏

 𝑐𝑡)   +

𝑡𝑏𝑔

 

∑∑∑𝑥𝑏𝑙𝑏𝑙𝑡(𝑐𝑏𝑏𝑡 + 𝑑𝑏𝑙
 ℎ𝑏𝑙

 𝑐𝑡)          +

𝑡𝑙𝑏

  ∑∑∑𝑥𝑏𝑓𝑏𝑓𝑡(𝑐𝑏𝑏𝑡 + 𝑑𝑏𝑓
 ℎ𝑏𝑓

 𝑐𝑡)

𝑡𝑓𝑏

 

                                                          
 

𝐺5: 𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑖𝑛𝑔 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑟𝑒𝑣𝑒𝑛𝑢𝑒 𝑜𝑓 𝑔𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (𝐺𝑜𝑎𝑙 5)   

G5 = (∑∑∑xwowot
tow

× Pwowot       )  + (∑∑∑xrorot
t

× prorot
or

          ) + 

(∑∑∑xyeyet
tey

× Pyeyet          )  + (∑∑∑xydydt
t

× pydydt
dy

       ) + 

(∑∑∑xypypt
tpy

× Pypypt         )  + (∑∑∑xgmgmt
t

× pgmgmt
mg

  ) + 

(∑∑∑xblblt
tlb

× Pblblt              )  + (∑∑∑xbfbft
t

× pbfbft
fb

         ) + 

(∑∑∑xwrwrt
trw

× α1 × Pα1t    )  + (∑∑∑xwrwrt
t

× α2 × Pα2t
rW

  ) + 

(∑∑∑xwrwrt
trw

× α3e × Pα3et)  + (∑∑∑xwrwrt
t

× α3i × Pα3it
rW

) + 

(∑∑∑xwrwrt
trw

× α4e × Pα4et)  + (∑∑∑xwrwrt
t

× α4i × Pα4it
rW

) 

(5) 

Equation (1) refers to the service level at consumption nodes along the supply chain. 

Equation (2) refers to the penalty per underutilized capacity along the supply chain or recovery 

costs. This goal is considered as the fines resulting from the use of low-capacity equipment or 

gas transmission at total levels, and each section of it is as follows: 

2-1: The gas transmission or capacity of equipment form gas wells to oil wells and refineries 

and the associated shortage penalty 

2-2: The gas transmission or capacity of equipment form refineries to oil wells and compressor 

stations and the associated shortage penalty 

2-3: The gas transmission or capacity of equipment form compressor stations to another Com-

pressor stations, city-gate stations, storage tanks, exportations, industrials and power plants and 

the associated shortage penalty 

2-4: The gas transmission or capacity of equipment form city-gate stations to town bordering 

stations and small industrials and the associated shortage penalty 

2-5: The gas transmission or capacity of equipment form town bordering stations to residential 

and commercial customers and the associated shortage penalty 

Equation (3) refers to the costs of emission of greenhouse gases along the supply chain, or 

environmental cost. This goal is considered as the average amount of emission of greenhouse 

gases at all levels of the supply chain including supply and demand by gas wells, oil wells, 
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refineries, equal liquid products type three and four, compressor stations, storage tanks, indus-

trials, power plants, city-gate stations, town bordering stations, small industrials, residential 

customers and commercial customer. 

Equation (4) refers to the economic costs along the supply chain. This goal is considered as the 

cost of supplying at each level and the cost of transmission to the next level and each section 

of it is as follows: 

4-1: Supply cost by gas wells and transmission to the refineries 

4-2: Supply cost by gas wells and transmission for sour gas injection to oil wells  

4-3: Production cost by refinery and transmission to the compressor stations 

4-4: Supply cost by importations and transmission to the compressor stations  

4-5: Production cost by refinery and transmission for sweet gas injection to the oil wells 

4-6: Operation cost of compressor station y and transmission to other compressor Stations ŷ

  

4-7: Operation cost of compressor station and transmission to city-gate stations, storage tanks, 

exportations, industrials and power plants  

4-8: Operation cost of storage tank and transmission to compressor stations 

4-9: Operation cost of city-gate station and transmission to town bordering station and small  

industrials 

4-10: Operation cost of town bordering station and transmission to residential and commercial  

customers 

Equation (5) refers to the total revenue of gas products along the supply chain. This goal is 

considered as the price of gas products and each section of it is as follows: 

5-1: Selling price of gas product by gas wells for oil wells  

5-2: Selling price of gas product by refineries for oil wells  

5-3: Selling price of gas product by compressor stations for exportations, industrials, and Power 

plants 

5-4: Selling price of gas product by city gate stations for small industrials 

5-5: Selling price of gas product by town bordering stations for residential and commercial 

customers 

5-6: Selling price of equal liquid products as type one and two for exportation 

5-7: Selling price of equal liquid products as type three and four for internal consumption  

5-8: Selling price of equal liquid products as type three and four for exportation 
 

Constraints of the proposed model are presented as follows: 

∑𝑥𝑤𝑜𝑤𝑜𝑡
𝑤

+∑𝑥𝑟𝑜𝑟𝑜𝑡 ≥ 𝑜𝑑𝑜𝑡             
𝑟

∀𝑜, 𝑡                  (6) 

∑𝑥𝑦𝑒𝑦𝑒𝑡
𝑦

≥ 𝑒𝑑𝑒𝑡                                                    ∀𝑒, 𝑡   (7) 

∑𝑥𝑦𝑑𝑦𝑑𝑡
𝑦

≥ 𝑑𝑑𝑑𝑡                                    ∀𝑑, 𝑡 (8) 

∑𝑥𝑦𝑝𝑦𝑝𝑡
𝑦

≥ 𝑃𝑑𝑝𝑡                                     ∀𝑃, 𝑡 (9) 

∑𝑥𝑏𝑙𝑏𝑙𝑡
𝑏

≥ 𝑙𝑑𝑙𝑡                                        ∀𝑙, 𝑡                  (10) 

∑𝑥𝑏𝑓𝑏𝑓𝑡
𝑏

≥ 𝑓𝑑𝑓𝑡                                     ∀𝑓, 𝑡                 (11) 

∑𝑥𝑔𝑚𝑔𝑚𝑡
𝑔

≥ 𝑚𝑑𝑚𝑡                               ∀𝑚, 𝑡                (12) 

∑𝑥𝑤𝑟𝑤𝑟𝑡 ×

𝑤

(𝛼1 + 𝛼2 + 𝛼3 + 𝛼4) ≥ 𝑒𝑙𝑑𝑟𝑡     ∀𝑟, 𝑡 (13) 

 

Constraints (6) – (13) guarantee demand satisfaction for each oil well, exportation, industrial, 

power plant, residential, commercial, small industrial and equal liquid products, respectively. 
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∑𝑥𝑤𝑟𝑤𝑟𝑡
𝑟

+∑𝑥𝑤𝑜𝑤𝑜𝑡 ≤ 𝑤𝑐𝑤𝑡           ∀𝑤, 𝑡

𝑜

 (14) 

∑𝑥𝑎𝑦𝑎𝑦𝑡
𝑦

≤ 𝑎𝑐𝑎𝑡                                     ∀𝑎, 𝑡                 (15) 

∑𝑥𝑟𝑦𝑟𝑦𝑡
𝑦

+∑𝑥𝑟𝑜𝑟𝑜𝑡 +∑𝑥𝑤𝑟𝑤𝑟𝑡 × (𝛼1+𝛼2 + 𝛼3 + 𝛼4 + 𝛼5)

𝑤

≤ 𝑟𝑐𝑟𝑡                            ∀𝑟, 𝑡

𝑜

 (16) 

∑𝑥𝑦𝑔𝑦𝑔𝑡
𝑔

+∑𝑥𝑦𝑠𝑦𝑠𝑡 +∑𝑥𝑦𝑒𝑦𝑒𝑡 +∑𝑥𝑦𝑑𝑦𝑑𝑡 +∑𝑥𝑦𝑝𝑦𝑝𝑡 +∑𝑥𝑦�́�𝑦�́�𝑡 ≤ 𝑦𝑐𝑦𝑡
�́�

   ∀𝑦, 𝑡

𝑝𝑑𝑒𝑠

 (17) 

∑𝑥𝑔𝑏𝑔𝑏𝑡
𝑏

+∑𝑥𝑔𝑚𝑔𝑚𝑡 ≤ 𝑔𝑐𝑔𝑡         ∀𝑔, 𝑡

𝑚

 (18) 

∑𝑥𝑏𝑙𝑏𝑙𝑡
𝑙

+∑𝑥𝑏𝑓𝑏𝑓𝑡 ≤ 𝑏𝑐𝑏𝑡         
𝑓

      ∀𝑏, 𝑡    (19) 

∑∑𝑥𝑦𝑠𝑦𝑠�́� −

𝑡

�́�=1𝑦

∑∑𝑥𝑠𝑦𝑠𝑦�́�

𝑡

�́�=1

≥ 𝑜

𝑦

    ∀𝑠, 𝑡                 (20) 

∑∑𝑥𝑦𝑠𝑦𝑠�́� −

𝑡

�́�=1𝑦

∑∑𝑥𝑠𝑦𝑠𝑦�́�

𝑡

�́�=1

≤ 𝑠𝑐𝑠
𝑦

 ∀𝑠, 𝑡   (21) 

Each gas well, importation, refinery, compressor station, city-gate station, town bordering sta-

tion and storage tank capacity are represented by constraints (14) – (21), respectively. 

∑𝑥𝑤𝑟𝑤𝑟𝑡
𝑤

=∑𝑥𝑟𝑦𝑟𝑦𝑡 +∑𝑥𝑟𝑜𝑟𝑜𝑡 +∑𝑥𝑤𝑟𝑤𝑟𝑡 × (𝛼1+𝛼2+𝛼3 + 𝛼4 + 𝛼5 + 𝛽𝑟) 
𝑤𝑜𝑦

     ∀𝑟, 𝑡 (22) 

(∑𝑥𝑟𝑦𝑟𝑦𝑡 +

𝑟

∑𝑥𝑎𝑦𝑎𝑦𝑡 +∑𝑥𝑠𝑦𝑠𝑦𝑡 +∑𝑥�́�𝑦�́�𝑦𝑡
�́�𝑠𝑎

) =            

  ∑𝑥𝑦𝑔𝑦𝑔𝑡 +∑𝑥𝑦𝑠𝑦𝑠𝑡 +∑𝑥𝑦𝑒𝑦𝑒𝑡 +∑𝑥𝑦𝑑𝑦𝑑𝑡 +∑𝑥𝑦𝑝𝑦𝑝𝑡
𝑝𝑑𝑒

+∑𝑥𝑦�́�𝑦�́�𝑡 +   

�́�𝑠𝑔

 

(∑𝑥𝑟𝑦𝑟𝑦𝑡
𝑟

+∑𝑥𝑎𝑦𝑎𝑦𝑡 +∑𝑥𝑠𝑦𝑠𝑦𝑡
𝑠𝑎

+∑𝑥�́�𝑦�́�𝑦𝑡
�́�

) × 𝛽𝑦          ∀𝑦, 𝑡 

(23) 

∑𝑥𝑦𝑔𝑦𝑔𝑡 =∑𝑥𝑔𝑏𝑔𝑏𝑡 +∑𝑥𝑔𝑚𝑔𝑚𝑡 +∑𝑥𝑦𝑔𝑦𝑔𝑡 × 𝛽𝑔           ∀𝑔, 𝑡     

𝑦𝑚𝑏𝑦

 (24) 

∑𝑥𝑔𝑏𝑔𝑏𝑡 =∑𝑥𝑏𝑙𝑏𝑙𝑡 +∑𝑥𝑏𝑓𝑏𝑓𝑡                                                    ∀𝑏, 𝑡

𝑓𝑙𝑔

 (25) 

 

Equations (22 – (25) represent the flow balance constraints in each refinery, compressor sta-

tion, city gate station and town bordering station, respectively. 
 

𝑥𝑤𝑟𝑤𝑟𝑡 ≤ 𝑀𝜆𝑤𝑟
  , 𝑥𝑤𝑜𝑤𝑜𝑡 ≤ 𝑀𝜆𝑤𝑜

  ,  𝑥𝑟𝑦𝑟𝑦𝑡 ≤ 𝑀𝜆𝑟𝑦 
 , 𝑥𝑎𝑦𝑎𝑦𝑡 ≤ 𝑀𝜆𝑎𝑦

  (26) 

𝑥𝑟𝑜𝑟𝑜𝑡 ≤ 𝑀𝜆𝑟𝑜
  , 𝑥𝑦�́� ≤ 𝑀𝜆𝑦�́�

  ,   𝑥𝑦𝑔𝑦𝑔𝑡 ≤ 𝑀𝜆𝑦𝑔
  ,   𝑥𝑦𝑒𝑦𝑒𝑡 ≤ 𝑀𝜆𝑦𝑒

  (27) 

𝑥𝑦𝑑𝑦𝑑𝑡 ≤ 𝑀𝜆𝑦𝑑
  , 𝑥𝑦𝑝𝑦𝑝𝑡 ≤ 𝑀𝜆𝑦𝑝

  ,  𝑥𝑦𝑠𝑦𝑠𝑡 ≤ 𝑀𝜆𝑦𝑠
  ,  𝑥𝑠𝑦𝑠𝑦𝑡 ≤ 𝑀𝜆𝑠𝑦

  (28) 

𝑥𝑔𝑏𝑔𝑏𝑡 ≤ 𝑀𝜆𝑔𝑏 
 ,  𝑥𝑔𝑚𝑔𝑚𝑡 ≤ 𝑀𝜆𝑔𝑚

  ,  𝑥𝑏𝑙𝑏𝑙𝑡 ≤ 𝑀𝜆𝑏𝑙
  ,  𝑥𝑏𝑓𝑏𝑓𝑡 ≤ 𝑀𝜆𝑏𝑓 

  (29) 
 

Equations (26) – (29) show the constraints on presence/absence of a path in the model. Param-

eter λ represents the presence or absence of a certain path. If this parameter accepts a value of 

1, the corresponding decision variable can take a value, otherwise the corresponding decision 

variable is zero. (M is a big number). 
 

 𝜆𝑤𝑟
 𝑄𝑤𝑟

𝑚𝑖𝑛  ≤ 𝑥𝑤𝑟𝑤𝑟𝑡 ≤ 𝜆𝑤𝑟
 𝑄𝑤𝑟

𝑚𝑎𝑥           ∀𝑤, 𝑟           (30) 
𝜆𝑤𝑜
 𝑄𝑤𝑜

𝑚𝑖𝑛  ≤ 𝑥𝑤𝑜𝑤𝑜𝑡 ≤ 𝜆𝑤𝑜
 𝑄𝑤𝑜

𝑚𝑎𝑥          ∀𝑤, 𝑜 (31) 

𝜆𝑟𝑜
 𝑄𝑟𝑜

𝑚𝑖𝑛  ≤ 𝑥𝑟𝑜𝑟𝑜𝑡 ≤ 𝜆𝑟𝑜
 𝑄𝑟𝑜

𝑚𝑎𝑥              ∀𝑟, 𝑜 (32) 

𝜆𝑟𝑦
 𝑄𝑟𝑦

𝑚𝑖𝑛  ≤ 𝑥𝑟𝑦𝑟𝑦𝑡 ≤ 𝜆𝑟𝑦
 𝑄𝑟𝑦

𝑚𝑎𝑥             ∀𝑟, 𝑦 (33) 

𝜆𝑎𝑦
 𝑄𝑎𝑦

𝑚𝑖𝑛  ≤ 𝑥𝑎𝑦𝑎𝑦𝑡 ≤ 𝜆𝑎𝑦
 𝑄𝑎𝑦

𝑚𝑎𝑥            ∀𝑎, 𝑦            (34) 
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𝜆𝑦�́�
 𝑄𝑦�́�

𝑚𝑖𝑛  ≤ 𝑥𝑦�́�𝑦�́�𝑡 ≤ 𝜆𝑦�́�
 𝑄𝑦�́�

𝑚𝑎𝑥           ∀𝑦, �́�            (35) 

𝜆 𝑦𝑔
 𝑄𝑦𝑔

𝑚𝑖𝑛  ≤ 𝑥𝑦𝑔𝑦𝑔𝑡 ≤ 𝜆𝑦𝑔
 𝑄𝑦𝑔

𝑚𝑎𝑥          ∀𝑦, 𝑔 (36) 

𝜆𝑦𝑒
 𝑄𝑦𝑒

𝑚𝑖𝑛  ≤ 𝑥𝑦𝑒𝑦𝑒𝑡 ≤ 𝜆𝑦𝑒
 𝑄𝑦𝑒

𝑚𝑎𝑥            ∀𝑦, 𝑒 (37) 

𝜆𝑦𝑑
 𝑄𝑦𝑑

𝑚𝑖𝑛  ≤ 𝑥𝑦𝑑𝑦𝑑𝑡 ≤ 𝜆𝑦𝑑
 𝑄𝑦𝑑

𝑚𝑎𝑥           ∀𝑦, 𝑑            (38) 

𝜆𝑦𝑝
 𝑄𝑦𝑝

𝑚𝑖𝑛  ≤ 𝑥𝑦𝑝𝑦𝑝𝑡 ≤ 𝜆𝑦𝑝
 𝑄𝑦𝑝

𝑚𝑎𝑥           ∀𝑦, 𝑝 (39) 

𝜆𝑦𝑠
 𝑄𝑦𝑠

𝑚𝑖𝑛  ≤ 𝑥𝑦𝑠𝑦𝑠𝑡 ≤ 𝜆𝑦𝑠
 𝑄𝑦𝑠

𝑚𝑎𝑥              ∀𝑦, 𝑠 (40) 

𝜆𝑠𝑦
 𝑄𝑠𝑦

𝑚𝑖𝑛  ≤ 𝑥𝑠𝑦𝑠𝑦𝑡 ≤ 𝜆𝑠𝑦
 𝑄𝑠𝑦

𝑚𝑎𝑥             ∀𝑠, 𝑦 (41) 

𝜆𝑔𝑏
 𝑄𝑔𝑏

𝑚𝑖𝑛  ≤ 𝑥𝑔𝑏𝑔𝑏𝑡 ≤ 𝜆𝑔𝑏
 𝑄𝑔𝑏

𝑚𝑎𝑥           ∀𝑔, 𝑏 (42) 

𝜆𝑔𝑚
 𝑄𝑔𝑚

𝑚𝑖𝑛  ≤ 𝑥𝑔𝑚𝑔𝑚𝑡 ≤ 𝜆𝑔𝑚
 𝑄𝑔𝑚

𝑚𝑎𝑥      ∀𝑔,𝑚 (43) 

𝜆𝑏𝑙
 𝑄𝑏𝑙

𝑚𝑖𝑛  ≤ 𝑥𝑏𝑙𝑏𝑙𝑡 ≤ 𝜆𝑏𝑙
 𝑄𝑏𝑙

𝑚𝑎𝑥               ∀𝑏, 𝑙 (44) 

𝜆𝑏𝑓
 𝑄𝑏𝑓

𝑚𝑖𝑛  ≤ 𝑥𝑏𝑓𝑏𝑓𝑡 ≤ 𝜆𝑏𝑓
 𝑄𝑏𝑓

𝑚𝑎𝑥            ∀𝑏, 𝑓 (45) 
 

Equations (30) – (45) represent the guarantee continuing net flow constraints. This set of 

constraint represents the range of possible physical flows that are limited to certain lower and 

upper bounds. These bounds are determined based on pipeline diameters, and the primal and 

secondary gas pressure in the related nodes 
    
𝑺𝑳𝑮𝒕 =
∑ ∑ 𝒙𝒘𝒐+∑ ∑ 𝒙𝒓𝒐+𝒐 ∑ ∑ 𝒙𝒚𝒆+𝒆 ∑ ∑ 𝒙𝒚𝒅+∑ ∑ 𝒙𝒚𝒑+∑ ∑ 𝒙𝒃𝒍+∑ ∑ 𝒙𝒃𝒇+𝒇 ∑ ∑ 𝒙𝒈𝒎+∑ ∑ 𝒙𝒘𝒓×(𝜶𝟏+𝜶𝟐+𝜶𝟑+𝜶𝟒)𝒓𝒘𝒎𝒈𝒃𝒍𝒃𝒑𝒚𝒅𝒚𝒚𝒓𝒐𝒘

∑ 𝒐𝒅𝒐𝒕𝒐 +∑ 𝒆𝒅𝒆𝒕𝒆 +∑ 𝒅𝒅𝒅𝒕𝒅 +∑ 𝒑𝒅𝒑𝒕𝒑 +∑ 𝒍𝒅𝒍𝒕𝒍 +∑ 𝒇𝒅𝒇𝒕𝒇 +∑ 𝒎𝒅𝒎𝒕𝒎 +∑ 𝒆𝒍𝒅𝒆𝒍𝒕𝒓
  

∀ 𝑡 ∈ 𝑇   
                                                 

(46) 

𝑆𝐿 ≤ 𝑆𝐿𝐺𝑡              ∀ 𝑡 ∈ 𝑇 (47) 
 

Equation (46) represent the Service level gas constraint in period t that is defined for inventory 

or impacted gas line volume along supply chain and at consumption nodes, divided by the total 

demand. A new decision variable defined as a minimum target for the service level (SL), Equa-

tion (47), and the model then maximizes the minimum amount of the service level gas at any 

period t. 
 

Xijijt, SLGt, SL, t, ≥ 0                       (48) 
 

Equation (48) represent that Xijijt, SLGt, SL, and t are equal or greater than 0. 
 

3-2- Problem Solving Approach 

Multi-objective problems solving methods are classified into three categories based on decision-mak-

ers’ preferences. These categories are the priori, interactive, and posteriori approaches [52]. In the priori 

approach, the decision-maker is rolled before the problem is resolved. While in the interactive approach, 

it usually converges to the best after several iterations. The main defects of the first and second catego-

ries are that the decision-maker does not have a general view about the trade-off before getting the 

Pareto optimal set. To avoid the mentioned defects, in the posteriori approach, such as the ε-constraint 

approach, at first, the set of Pareto optimal points are generated, then the decision-maker selects among 

them. In the ε-constraint approach, the objective function with the highest priority is optimized by add-

ing the other objectives as unbinding constraints. Then the set of Pareto optimal points, including the 

weakly efficient solutions, are generated. To eliminate the weakly efficient solutions, Mavrotas and 

Florios developed a new issue of the ε-constraint algorithm called an augmented ε-constrained to gen-

erate Pareto optimal solutions without the weakly efficient solutions by adding the other objectives as 

binding constraints [53]. Therefore, the augmented ε -constraint algorithm avoids the generation of 

weakly Pareto optimal solutions and accelerates the whole process by avoiding redundant iterations. On 

the other hand, fuzzy-goal programming (FGP) approach has been a universal method to solving multi-

objective supply chain problems. Several of usages have been investigated in a supply chain network 

design [6] and performance [54]. In this paper, the fuzzy goal-programming model consists of five goals 

formulated in a fuzzy manner. Equations (49)– (53) formulate the degree of satisfaction of each goal 

[6, 14, 55].  
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Degree of satisfaction of goal 1 =  μ1 =
G1 − ε1 
AL1 − ε1  

 (49) 

Degree of satisfaction of goal 2 =  μ2 =
ε2 − G2
ε2 − AL2 

 (50) 

Degree of satisfaction of goal 3 =  μ3 =
ε3 − G3
ε3 − AL3 

 (51) 

Degree of satisfaction of goal 4 =  μ4 =
ε4 − G4
ε4 − AL4 

 (52) 

Degree of satisfaction of goal 5 =  μ5 =
G5 − ε5 
AL5 − ε5  

 (53) 

 

Regarding the fuzzy goal-programming approach, the obtained values of the absolute priorities 

method for aspiration levels and the obtained values of the payoff results for the lower and 

upper tolerance limits for each aspiration level are presented in the Table 2. Where 𝐴𝐿1–𝐴𝐿5 

define the aspiration levels of the goals 1–5, respectively. ԑ 1 and ԑ 5 represent the lower toler-

ance limits for the total service level gas (AL1) and total revenue of gas products (AL5) situa-

tions, respectively. ԑ 2, ԑ 3 and ԑ 4 define the upper tolerance limits for the recovery (AL2), 

environmental (AL3), and economic (AL4)   costs situations, respectively. According to the 

definition of Tiwari et al., the objective function of the fuzzy goal programming model is as 

follows: [55]. 

Maximizef(μ) = ∑ Wiμi

5

i=1

 (54) 

 

The fuzzy goal programming model is subject to: Constraints (6) – (53) 

In the objective function of the obtained deterministic model that follows the Tiwari’s method, 

it was aimed to maximize the total satisfaction levels of the goals, for which all the values of 

satisfaction membership degree were summed up. The point to be considered is the different 

importance of each of the goals for decision makers. Therefore, it is necessary to determine the 

weight of each goal by one of the common methods of determining weights by decision-makers 

[55]. Then each of these weights is multiplied by the degree of satisfaction of the corresponding 

goal; and finally, the results of each value are summed up, and the objective function will seek 

to maximize the obtained equation.  
   

 

 

 

 

 

 
 

4- Case study 

Any process that takes place requires the use of a series of data and resources [56]. In this research, the 

multi-objective model has been solved using the fuzzy goal-programming algorithm. The fuzzy goal-

programming is accorded and practiced in the GAMS 24.1.2−64 bit to solve the presented multi-objec-

tive model using the CPLEX solver. The specifications of the PC used to run the software are as follows: 

Intel Corei5 3.4 GHz processor with 4 GB of RAM. For verifying and validating the proposed model, 

a small-sized problem with real data has been solved. The natural gas supply chain of the problem 

includes forty-one gas wells, six oil wells, eight refineries, nine compressor stations, two storage tanks, 

ten city-gate stations, dispatching, twenty town bordering stations, two origin of importation, five ex-

portation customers, two industrial customers, three power plant customers, twenty residential custom-

ers, three commercial customers and four small industrial customers [14, 15]. The model statistics and 

a small-size of the natural gas supply chain are shown in the Table 3 and Fig. 2, respectively.  
   

Table 2- Aspiration levels values and tolerance limits 

AL1 1.083891  lower 1.02 

AL2 94100.92  upper 270231.384 

AL3 1787535  upper 1930970.048 

AL4 345000000  upper 374224100 

AL5 7900000000   lower 7888496000 
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Table 3- Model Statistics 

Blocks of Equations      81     Single Equations       63,863 

Blocks of Variables       21     Single Variables       20,532 

Non Zero Elements    219,130 

 

 
 

Fig. 2- A small-sized of the natural gas supply chain 

 

5- Discussions 

In this section, the obtained values and the mentioned real case study are analyzed. Table 4 

epitomizes the results obtained by the optimization of the five goals, including, maximizing 

the service level (G1:1.083891), minimizing the recovery (G2:94906.147294), environmental  

(G3:1809853.031645) and economic costs (G4:3.45E+08), maximizing the total revenue 

 (G5:7.9E+09) and objective function (0.967738). Consequently, there is big trade-offs among 

the five goals. The chart of goals values of fuzzy goal programming method is shown in the 

Fig. 3. 
 

Table 4- Goals values and objective function of fuzzy goal programming method 

G1 G2 G3 G4 G5 f(μ) 

1.083891  94906.147294 
     

1809853.031645 3.45E+08 
 

    7.9E+09 
 

0.967738 

 

 

Fig. 3- The chart of goals values of fuzzy goal programming method 
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5-1- Sensitivity Analysis 

Sensitivity analysis of various w, α and β values and the amount of the goals and objective 

function are shown in the Table 5, 6 and 7, respectively. 
 

 Table 5- Results of sensitivity analysis on parameters of w 

∑_( Wi  ) G1 G2 G3 G4 G5 f(μ) 

0.2,0.2,0.2,0.2,0.2 1.083891 94910.690439 1809993.175 345000000 7900000000 0.967766 

0.4,0.15,0.15,0.15,0.15 1.083891 94911.306249 1810012.171 345000000 7900000000 0.975804 

0.6,0.1,0.1,0.1,0.1 1.083891 94912.881197 1810060.754 345000000 7900000000 0.983835 

0.8,0.05,0.05,0.05,0.05 1.083891 96254.759921 1829394.332 345000000 7900000000 0.984797 

0.15,0.4,0.15,0.15,0.15 1.083891 94910.828316 1809997.428 345000000 7900000000 0.974670 

0.1,0.6,0.1,0.1,0.1 1.083676 94902.114825 1809728.641 345000000 7900000000 0.981461 

0.05,0.8,0.05,0.05,0.05 1.082293 94834.954977 1807656.945 345000000 7900000000 0.988401 

0.15,0.15,0.4,0.15,0.15 1.066824 94182.645599 1787535 345000000 7900000000 0.959860 

0.1,0.1,0.6,0.1,0.1 1.066700 94182.645599 1787535 345000000 7900000000 0.973047 

0.05,0.05,0.8,0.05,0.05 1.065333 94872.006882 1787535 345000000 7900000000 0.985258 

0.15,0.15,0.15,0.4,0.15 1.083891 94911.306249 1810012.171 345000000 7900000000 0.975804 

0.1,0.1,0.1,0.6,0.1 1.083891 94912.881197 1810060.754 345000000 7900000000 0.983835 

0.05,0.05,0.05,0.8,0.05 1.083891 95002.758703 1823866.572 345000000 7900000000 0.987079 

0.15,0.15,0.15,0.15,0.4 1.083891 94911.306249 1810012.171 345000000 7900000000 0.975804 

0.1,0.1,0.1,0.1,0.6 1.083891 94912.881197 1810060.754 345000000 7900000000 0.983835 

0.05,0.05,0.05,0.05,0.8 1.083891 95234.700207 1824546.788 345000000 7900000000 0.986776 

0.05,0.05,0.1,0.4,0.4 1.062843 95963.659421 1787535 345000000 7900000000 0.983000 

0.4,0.4,0.1,0.05,0.05 1.083891 94912.452035 1810047.516 345000000 7900000000 0.982462 

0.3,0.3,0.2,0.1,0.1 1.083891 94910.581569 1809989.817 345000000 7900000000 0.967311 

0.1,0.1,0.2,0.3,0.3 1.072692 94407.032505 1794456.717 345000000 7900000000 0.972647 

0.25,0.25,0.2,0.15,0.15 1.083891 94906.147294 1809853.032 345000000 7900000000 0.967738 

 
 Table 6- Results of sensitivity analysis on parameters of Storage tanks 

SC G1 G2 G3 G4 G5 f(μ) 

α=0.1 1.02 96810.987090 1790786.437 345262587 7888496000 0.59027 

α=0.2 1.024239 95045.707263 1796359.491 345000000 7899298073 0.74379 

α=0.3 1.02 95258.497123 1788703.207085 345001257 7900000000 0.746722 

α=0.4 1.079124 94684.679495 1803021.360917 345000000 7900000000 0.958924 

α=0.5 1.083891 94903.497632 1809771.296879 345000000 7900000000 0.967855 

α=0.6 1.083891 94902.224497 1809732.024185 345000000 7900000000 0.967912 

α=0.7 1.083891 94903.517390 1809771.906370 345000000 7900000000 0.967855 

α=0.8 1.083891 94901.703462 1809715.951695 345000000 7900000000 0.967935 

α=0.9 1.083891 94904.645252 1809806.697793 345000000 7900000000 0.967804 

α=1 1.083891 94906.147294 1809853.031645 345000000 7900000000 0.967738 
 

Table 7- Results of sensitivity analysis on parameters of demand volume of oil wells 

Od G1 G2 G3 G4 G5 f(μ) 

β= 0.1 1.083891 95553.830942 1787535 345000000 7900000000 0.997937735 

β= 0.4 1.083891 94944.532912 1787535 345000000 7900000000 0.998802574 

β= 0.7 1.083891 94449.145523 1795755.788 345000000 7900000000 0.988042996 

β= 1 1.083891 94906.147294 1809853.032 345000000 7900000000 0.967737702 

β= 1.3 1.080120593 95471.793224 1819377.575 345085986.3 7900000000 0.938459561 

β= 1.6 1.073410442 95874.612134 1824415.258 345166157.4 7900000000 0.904195716 

β= 1.9 1.067772104 96786.797520 1833191.657 345376259.8 7900000000 0.867522768 

β= 2.2 1.05603048 96668.045142 1833120.101 345337286.1 7900000000 0.822047175 

β= 2.5 1.044139778 96668.045142 1833120.101 345337286.1 7900000000 0.775519881 
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β= 2.8 1.032339273 96668.045142 1833120.101 345337286.1 7900000000 0.729345516 

 

The results of the analysis of the model sensitivity to the changes made in the parameters w, α 

and β show that the fuzzy goal programming model can provide a variety of optimal solutions. 

The proposed model demonstrates appropriate changes to the manipulation of the parameters 

and consequently one of the most substantial outputs of this model, i.e. maintaining the resili-

ence and sustainability aspects of the supply chain, is adhered to. Changes in the parameter w 

representing the importance of the degree of satisfaction of the goals based on the preferences 

of the decision makers, lead to different degree of satisfaction in the objective function. Storage 

tanks are other strategic important constraints on the resilience and sustainability of the natural 

gas supply chain. i.e. applying the α parameters 0.1 and 1 of the storage tanks and, conse-

quently, creating changes in the volume of storage capacity of the storage tanks, leading to 

increase of the service level from 1.02 to 1.083891 and increase of the objective function from 

0.59027 to 0.967738, respectively. 

Changes in the β parameter of the demand for gas from oil wells, lead to different amounts in 

the objective functions. i.e. by increasing the β parameter by 1.3, 1.6 and 1.9 times, decrease 

the service level and objective function, while increases the recovery, environmental and eco-

nomic costs. Accordingly, the increase of demand for gas from oil wells, leads to the underuti-

lization of facilities or the increase in the penalty per underutilized capacity. The economic 

costs are increased due to an increase in imported gas to overcome the shortage. Consequently, 

manipulating and making changes to the β parameter that relates to the demand for gas from 

oil wells or, in other words, the increase of gas injection into the oil wells, suggests that the 

increased demand increases the pressure inside oil wells and reservoirs and, as a result, in-

creases oil recovery rates, with respect to the resilience and sustainability aspects of the natural 

gas supply chain. As the goals of the proposed model are fuzzy, changes in the parameters w, 

α and β make the values obtained by the goals to be between the aspiration levels and author-

ized low or high tolerances, and consequently one of the most important outputs of the model, 

i.e. maintaining the resilience and sustainability aspects of the supply chain, is adhered to.  

Information, features, and conditions of the proposed model which, based on consulting with 

experts, are similar to the real model, can help decision makers make an optimal decision in 

terms of production, refinement, injection into oil reservoirs, storage, transmission and distri-

bution of natural gas in warm and cold seasons of the year, and optimally allocate gas to each 

customer while taking into account the resilience and sustainability aspects of the supply chain. 

Finally, the contributions of this research, compared to the previous researches, are as follows:  

1. Consideration of the resilience aspect including the first and second fuzzy goals, and the 

sustainability aspect including the third, fourth and fifth fuzzy goals in the proposed model, 

and trade-offs among them and their optimization, 2. Application of Fuzzy goal programming 

approach and fuzzification of five goals of the proposed model, 3. A great compatibility of the 

proposed model and all its parameters with Iran's natural gas supply chain, 4. Considering the 

validity of the proposed model through the implementation and use of the actual parameters 

and the desired and optimal results of its outputs, 5. Considering the increase in the pressure of 

the oil wells and reservoirs through the injection of gas into them and, consequently, increasing 

their oil recovery while preserving the resilience and sustainability aspects of the natural gas 

supply chain.  
 

6- Conclusions 

The main purpose of this research was the mathematical modeling of the natural gas supply 

chain and its development with the optimized model approach of the fuzzy goal programming 

with conflicting goals by trade-offs among them. In this paper, based on the general structure 

of the Iranian gas industry and the relationship among its components, seven levels were intro-

duced for the natural gas supply chain and a fuzzy goal programming model was developed to 

optimize the resilience and sustainability aspects at all its levels. Fuzzy goals of the proposed 



 ( 9399سال  -4شماره  -5جلد ) مجله نخبگان علوم و مهندسی
 

 

153 

 

model included the recovery, environmental and economic costs, as well as the service level 

and total revenue for the natural gas, and all four products derived from natural gas in multiple 

time periods (12 months) with the objective function of maximizing the total satisfaction de-

gree of the goals. Therefore, the fuzzy goal programming model in this research with real data 

and parameters were resolved by Gams 23.1.2−64-bit software, using the CPLEX solver.    

Sensitivity analysis on the key parameters, and their manipulation, made appropriate changes 

and provided various solutions. As the goals of the proposed model are fuzzy, changes in the 

key parameters, make the values obtained by the goals to be between the aspiration levels and 

authorized low or high tolerances, and consequently one of the most important outputs of the 

model, i.e. maintaining the resilience and sustainability aspects of the natural gas supply chain, 

and decision makers also have the optimal solutions, is adhered to.   

For future studies, this model in the actual size of the supply chain nodes, can be solved through 

such other methods as Differential Evolutionary, Genetic Algorithm, Tabu Search, PSO and 

various heuristic and metaheuristic methods and comparing its results with the proposed model. 

In addition, another suggestion for future researches is considering some goals and constraints 

and adding them to the model.  
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