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Abstract
Background: Population growth and increasing the utilization of fossil fuels have increased
carbon emissions and the global warming phenomenon with detrimental impacts on the human
life and the environment. Therefore, finding a sustainable substitution for fossil fuels becomes a
great challenge for all societies from all over the world. Renewable energies such as biofuels are
the appropriate alternative to decrease environmental concerns.
Methods: This study develops a multi-objective multi-period multi-echelon biofuel supply chain
(BSC) from switch grass regarding economic, environmental and social aspects of the
sustainability. For considering the environmental aspect, four carbon policies are taken into
account; namely the carbon cap, the carbon tax, the carbon trade and the carbon offset. The fuzzy
interactive programming method is implemented to solve the multi-objective model and the
fuzzy best-worst method (FMWM) is applied for weighting social objective components.
Results: To illustrate the applicability of the model, an actual case study in Iran is considered. It
is revealed that different solutions are obtained for the location of switch grass resources,
preprocessing centers, and bio-refineries under different carbon policies. Numerical results also
demonstrate that biofuel production and transportation activities have a great share in carbon
emissions and BSC costs. Applying the carbon cap policy in the proposed case study decreases
the carbon emission over 14% in comparison to the basic situation. Moreover, implementing the
carbon trade policy increases the total BSC profit about 11% in comparison to the basic situation.
The carbon offset policy plays a significant role in improving social considerations compared
with other policies. Overall, since three aspects of sustainability have appropriate values under
the carbon trade policy, it can be concluded that this policy is the most appropriate policy.
Conclusions: The proposed model can aid policy makers and governments to optimize the
profitability of the BSC, the carbon emission reduction, and the social consideration,
simultaneously.
Keywords: Renewable energy, Biofuel supply chain design, Economic growth, Social
consideration, Carbon policies
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Background
In recent years, the population growth, the urban development and the industrialization of
countries have led to increase the usage of fossil fuels, generate incalculable greenhouse gas
emissions and accelerate global warming [1]. It is reported that by continuing on using fossil
fuels, their limited resources will be depleted in the next 40-60 years [2]. Nowadays, most of the
countries in the world are attempting to find a sustainable substitution for fossil fuels [3].
Renewable energies are the best alternatives for this purpose. Biofuel is one kind of renewable
energies that produces from renewable resources and it develops in four generations. The first
generation of biofuel is produced from edible products like sugar cane, corn grains and animal
fats. The second generation uses nonedible products like agricultural residual, switch grass and
biomass. The third generation mostly uses algae to produce biofuels, and the fourth generation
concentrates on using materials with less carbon emissions [4-6]. The first generation has been
mostly used, because it does not need modern and complicated technologies in comparison to
other generations, but social problems like food shortage occurs by continuity on producing this
generation of biofuel [7, 8]. The second generation handles this problem by using nonedible
products. Todays, most populated and developed countries use the second generation of biofuel,
because it emits less carbon in comparison to the first generation and protects the society against
food shortage problems [9, 10].
The transportation sector has a big share in the fuel consumption, greenhouse gas emissions and
the increase in supply chain costs [11-13]. It is reported that in 2012, the ratios of the fuel
consumption and carbon emissions of the transportation sector were about 25% [14] and 22%
[15], respectively. To maintain the global livable and sustainable, it is necessary to control
carbon emissions [16]. Regarding environmental concerns such as the global warming and the
climate change, [17-18] governments and legislators are focused on developing different carbon
emission policies, including the carbon cap, the carbon tax, the carbon trade and the carbon
offset [19]. The carbon cap policy limits the carbon allowance for companies. The carbon tax
policy determines a penalty for emitting each unit of carbon. In the context of the carbon trade, a
trading market can be established in which companies can sell/ purchase the additional/ shortage
amounts of carbon allowance to keep their production activities. Under the carbon offset policy,
the companies only can purchase the additional amounts of the carbon allowance to keep their
production processes. The proposed policies by different structures must be applied to decrease
carbon emissions in supply chains. Recent studies show that these policies have notable impacts
on the carbon emission reduction, the environmental improvement and also the economic
profitability in supply chains [20].
According to the importance of the sustainable development in last decade [21], all aspects of
sustainability must be considered to design an efficient and effective biofuel supply chain (BSC).
The most considerable aspect of sustainability of BSCs is the economic aspect, because
designing BSCs requires high investment and operating costs [22]. For supporting the biofuel
production, the Renewable Fuel Standard (RFS) was established by the US Congress in 2007.
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The RFS determined that the amount of produced biofuels will reach 36 billion gallons per year
by 2022 and it must include 21 billion gallons of the second generation of biofuels. In addition,
only 15 billion gallons of biofuels can be produced from the first generation [23]. Although
environmental and social aspects of BSC designs have not received much attention in the
literature, some researches showed that countries which implemented nonedible feedstock for
producing biofuels, can achieve the economic growth, reduce greenhouse gas emissions, and
enhance job opportunities, especially in rural regions [24, 25].
Choosing an appropriate biofuel feedstock is a strategic decision [26]. There are different kinds
of biofuel feedstocks, including animal fat, sugarcane, corn grain, forest wood, micro algae and
agricultural residual. Switch grass is known as an appropriate and reasonable resource for
producing biofuels. It can grow in various soil with different level of nutrient and it needs low
water consumption and low production cost. Other benefits of switch grass include decreasing
carbon emissions, developing the economic condition of rural regions and obtaining high energy
from one unit of it [27, 28].
Regarding the importance of designing the BSC, this study proposes a multi-objective network
design for a BSC which produces biofuels from switch grass resources. The model considers all
aspects of the sustainable development paradigm, simultaneously. The economic aspect
considers the maximization of the total profit. For investigating the environmental aspect of
sustainability, the proposed model evaluates the impacts of carbon policies on the economic
growth, the social improvement and carbon emissions reduction. These policies include the
carbon cap, the carbon tax, the carbon trade and the carbon offset. The social aspect of
sustainability considers job opportunities, the regional development, employee’s welfare,
employee’s laid-off and lost days due to occupational accidents. To solve the model, a fuzzy
interactive programming method is developed. To determine the appropriate weight for social
components, a fuzzy best-worst method (FBWM) is considered. A practical case study is
presented to illustrate the efficiency of the proposed model.
This study is structured as follows: The “Literature review” section reviews the literature on
BSCs. The “Method” section formulates the multi-objective sustainable BSC model and
develops the mathematical model under different carbon policies. The “Case study” section
presents a real case study and numerical results. The “Sensitivity analysis” section evaluates the
effect of key parameters on the proposed model. Finally the “Conclusions” section presents
results and future research outlines.
Literature review
This section reviews the relevant literature in the context of designing and optimizing BSCs.
Zamboni et al. [29] developed an optimization bioethanol supply chain from biomass in which
the economic and environmental aspects of the sustainability are considered. Their proposed
mixed integer linear programming (MILP) model are applied in Italy and the results showed that
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using biomass can improve the market sales and reduce environmental effects. Corsano et al.
[30] presented a sustainable bioethanol supply chain from sugar cane in which the profit of
selling bioethanol is maximized. You and Wang [31] designed the BSC from biomass to
minimize the total cost and greenhouse gas emissions during installing facilities and operating
activities. Then, You et al. [32] developed the model of You and Wang [31] by considering the
social aspect of the sustainability in terms of created job opportunities. Azadeh et al. [33]
presented a multi-period model for improving BSC profitability in which the facility location,
production/distribution system and material flows are considered. Cambero and Sowlati [34]
presented a multi-objective BSC in which forest and wood residual are used for producing
biofuels. Hombach et al. [10] proposed a mathematical model to design the second-generation
BSC by considering greenhouse gas emissions with the objective of maximization of the net
present value in Germany. Fattahi and Kannan [35] designed a sustainable multi-echelon BSC
from biomass under the uncertainty in order to minimize costs. They considered greenhouse gas
emissions and implemented the model in a real case study to show its applicability. Xie and
Yongxi [36] developed a multi-echelon BSC under the uncertainty to minimize supply chain
costs. They performed the proposed model in South Colombia and observed that producing
ethanol is more profitable than other biofuels. Kesharwani et al. [8] considered both centralized
and distributed preprocessing centers in a second-generation BSC from corn residual in which
minimizing BSC costs and carbon emissions are considered as objectives. Ghosh et al. [37]
designed a BSC to concentrate on reducing harmful effects of algal blooms on the water in the
nature. Their objectives are minimizing supply chain costs and harmful runoffs during biofuel
production activities. Nugroho and Zhu [38] developed a mathematical model for planning and
optimizing a BSC by considering economic, environmental and social aspects of sustainability to
reduce BSC costs, reduce carbon dioxide emissions and increase the gross domestic product.
They showed that producing biodiesel is more proper than ethanol. Haji Esmaeili et al. [39]
proposed a first-generation BSC design by considering the financial aspect which maximizes the
profit of the bioethanol supply chain.
There are some studies in the literature that applied different carbon policies in the supply chain
configuration to consider the environmental aspects of the sustainability. As a first study in the
context of carbon policies, Ramudhin et al. [40] proposed an MILP model for designing a supply
chain and solve it by the goal programming. Marufuzzaman et al. [41] studied the effect of
carbon polices on a biodiesel supply chain. Agrali et al. [42] addressed a mathematical model for
a fossil-fired power industry. The proposed model is implemented to choose a preferable policy
from several policies, including the carbon capture and storage, the carbon capture and
utilization and the carbon trading. It is revealed that the carbon capture and utilization is the
more preferable policy. Li et al. [43] introduced a stochastic programming model in product
configuration under carbon policies. The experimental analysis illustrates that carbon policies
can reduce products configuration costs. Gonela [19] presented an electricity supply chain model
under carbon policies. They illustrated that the carbon trade policy can improve economic and
environmental aspects of the electricity supply chain. Waqas and Biswajit [44] addressed a
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sustainable model for the second-generation biofuel by considering the carbon emission tax. The
results showed that the considerable amounts of carbon emitted during transportation activities
and the notable numbers of jobs are created in rural areas. Li et al. [11] considered different
carbon policies for a sustainable coal supply chain design under carbon policies and showed that
implementing the carbon trade policy can reduce carbon emissions significantly. He et al. [45]
addressed a supply chain network design by considering carbon policies. They concluded that
intermediate amounts of carbon cap rather than tighter amounts are more profitable since they
can control carbon emissions. Bijarchiyan et al. [46] developed a sustainable BSC network by
considering economic and social aspects of sustainability. They showed that the presented model
can increase the BSC profit, job creation and economic development through a practical case
study. Rezaei et al. [47] presented a scenario-based robust optimization to design a biodiesel
supply chain by considering economic and environmental aspects of sustainability.
Most of previous studies in the context of designing the BSC investigate the economic aspect of
sustainability. Although some papers consider environmental issues in terms of carbon
emissions, carbon-related policies rarely are taken into account. Among these researches, only
Waqas and Biswajit [44] evaluated carbon policies in designing the BSC. Moreover, social
issues have not received great attention. Thus, this study presents a multi-objective BSC design
considering the sustainable development paradigm. To control carbon emissions during BSC
activities, different carbon policies are considered. The effects of proposed policies on the BSC
profitability and social considerations are also evaluated.
Methods
This paper designs a multi-objective multi-period multi-echelon sustainable BSC for producing
biofuel from switch grass regarding carbon policies. Fig.1 shows the proposed BSC structure. As
it can be seen, the supply chain consists of switch grass resources, preprocessing centers, biorefineries and markets. Switch grasses are transported from resources to preprocessing centers.
The preprocessed switch grasses are transported to bio-refineries and they are converted to
biofuels and finally biofuels are transported to markets to satisfy customers’ demand. The most
attention in designing the BSC is on pre-processing centers and bio-refineries due to the
significant effects of their production and transportation processes on the sustainability of the
BSC. Two objective functions are considered in the model. The economic objective function
maximizes the BSC profit and the social objective function considers the regional development,
job opportunities, employee welfare, employees’ laid-off and lost days due to occupational
accidents. Also, four carbon policies are considered that include the carbon cap, the carbon tax,
the carbon offset and the carbon trade. The effects of these policies are evaluated on the BSC
profitability, carbon emissions reduction and social sustainability.
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Fig. 1 An illustration of the BSC structure

In the following, sets, parameters and decision variables are defined.
Sets
Set of switch grass resources
𝑖
Set of preprocessing centers
𝑗
Set of bio-refineries
𝑘
Set of markets
𝑚
Set of periods
𝑡
Parameters
Interest rate
𝜗
Supply capacity of resource i (Ton)
𝑆𝑖
Revenue of bio-refinery k in period t (Rial per Gallon)
𝑅𝑘𝑡
Fixed installation cost of preprocessing center j in period t (Rial)
𝐹𝑗𝑡
Conversion rate at preprocessing centers
𝛼
Capacity of preprocessing center j (Ton)
𝑃𝑗
Fixed installation cost of bio-refinery k in period t (Rial)
𝐹𝑘𝑡
Conversion rate at bio-refineries
𝛽
Capacity of bio-refinery k (Ton)
𝑃𝑘
Demand of biofuel in market m in period t (Ton)
𝐷𝑚𝑡
Harvesting, collecting and loading costs of switch grass in resource i in period t (Rial per ton)
𝐶𝑖𝑡𝑏
Storage cost of switch grass in resource i in period t (Rial per ton)
𝐶𝑖𝑡ℎ
Transportation cost of switch grass from resource i to preprocessing center j in period t (Rial per ton)
𝐶𝑖𝑗𝑡
Distance between resource i and preprocess center j (Km)
𝐷𝑖𝑗
Amounts of carbon emissions during harvesting, collecting and loading of switch grass in resource i (Kg per
𝐸𝑖
ton)
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𝐸𝑖𝑗
𝐹𝐶𝑗𝑡
𝑉𝐶𝑗𝑡
𝐸𝑗
𝐸𝑗𝑘

Amounts of carbon emissions during transporting switch grass from resource i to preprocessing j (Kg per ton).
Fixed preprocessing cost in preprocessing center j in period t (Rial per ton)
Variable preprocessing cost in preprocessing center j in period t (Rial per ton)
Amounts of carbon emissions during preprocessing switch grass in preprocessing center j (Kg per ton)
Amounts of carbon emissions during transporting preprocessed switch grass from preprocess center j to biorefinery k (Kg per ton)
Transportation cost of preprocessed switch grass from preprocessing center j to bio-refinery k in period t (Rial
𝐶𝑗𝑘𝑡
per ton)
Distance between preprocess center j and bio-refinery k (Km)
𝐷𝑗𝑘
Fixed operating cost in bio-refinery k in period t (Rial)
𝐹𝐶𝑘𝑡
Variable operating cost in bio-refinery k in period t (Rial per ton)
𝑉𝐶𝑘𝑡
Amounts of carbon emissions during producing biofuel in bio-refinery k (Kg per ton)
𝐸𝑘
Amounts of carbon emissions during transporting biofuels from bio-refinery k to market m (Kg per ton)
𝐸𝑘𝑚
Transportation cost of biofuel from bio-refinery k to market m in period t (Rial per Ton)
𝐶𝑘𝑚𝑡
Distance between bio-refinery k and market m (Km)
𝐷𝑘𝑚
𝐽𝑗
The number of created job opportunities in preprocessing center j
The number of created job opportunities in transporting preprocessed switch grass from preprocessing center j to
𝐽𝑗𝑘
bio-refinery k
The number of created job opportunities in bio-refinery k
𝐽𝑘
The number of created job opportunities in transporting biofuels from bio-refinery k to market m
𝐽𝑘𝑚
The number of lost days due to occupational accidents in preprocessing center j
𝐿𝑗
The number of lost days due to occupational accidents in bio-refinery k
𝐿𝑘
𝐹𝑟𝑗
The number of employees’ laid-off in preprocessing center j
The number of employees’ laid-off in bio-refinery k
𝐹𝑟𝑘
Employees’ job satisfaction in preprocessing center j in period t
𝑆𝑗𝑡
Employees’ job satisfaction in bio-refinery k in period t
𝑆𝑘𝑡
Employees’ welfare cost in preprocessing center j in period t (Rial)
𝑊𝑎𝑗𝑡
𝑊𝑎𝑘𝑡 Employees’ welfare cost in bio-refinery k in period t (Rial)
The weight of work opportunity in the social objective
𝑊1
The weight of regional development in the social objective
𝑊2
The weight of employees’ welfare in the social objective
𝑊3
The weight of employees’ laid-off in the social objective
𝑊4
The weight of lost days in the social objective
𝑊5
Regional development level of preprocessing center j
b𝑗
Regional development level of bio-refinery k
b𝑘
Economic value of installing preprocessing center j
va𝑗
Economic value of installing bio-refinery k
va 𝑘
𝑐𝑎𝑝
Maximum amounts of carbon emissions in switch grass resources in period t
𝐶1𝑡
𝑐𝑎𝑝
Maximum amounts of carbon emissions in preprocessing centers in period t
𝐶2𝑡
𝑐𝑎𝑝
Maximum amounts of carbon emissions in bio-refineries in period t
𝐶3𝑡
Tax rate on emitting carbon in period t
𝑇𝑥𝑡
Carbon selling price (Rial per kg)
𝜌
Carbon purchasing price (Rial per kg)
Ө
Variables
Binary variables
1 If preprocessing center j is installed,0 otherwise
𝑌𝑗𝑡
1 If bio-refinery k is installed, 0 otherwise
𝑌𝑘𝑡
Continuos variables
Amounts of transported switch grass from resource i to preprocessing center j in period t (Ton)
𝑋𝑖𝑗𝑡
Amounts of transported preprocessed switch grass from preprocessing center j to bio-refinery k in period t (Ton)
𝑋𝑗𝑘𝑡
Amounts of transported biofuel from bio-refinery k to market m in period t (Ton)
𝑋𝑘𝑚𝑡
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Model formulation
In the following, the mathematical formulation of the basic model is presented:
𝑀𝑎𝑥 𝑧1 = ∑
𝑡

1
[∑ ∑ 𝑅𝑘𝑡 𝑋𝑘𝑚𝑡 − ∑ ∑ 𝐹𝑗𝑡 𝑌𝑗𝑡 − ∑ ∑ 𝐹𝑘𝑡 𝑌𝑘𝑡
(1 + 𝜗)𝑡−1
𝑘

𝑡

𝑗

− ∑ ∑ ∑(𝐶𝑖𝑡𝑏
𝑖
𝑗
𝑡

+ 𝐶𝑖𝑡ℎ ) 𝑋𝑖𝑗𝑡

𝑡

𝑘

𝑗

𝑡

− ∑ ∑ ∑ 𝐷𝑖𝑗 𝐶𝑖𝑗𝑡 𝑋𝑖𝑗𝑡
𝑖

𝑗

𝑡

− ∑ ∑ ∑(𝐹𝐶𝑗𝑡 + 𝑉𝐶𝑗𝑡 ) 𝑋𝑖𝑗𝑡 − ∑ ∑ ∑ 𝐷𝑗𝑘 𝐶𝑗𝑘𝑡 𝑋𝑗𝑘𝑡
𝑖

𝑗

𝑡

𝑗

𝑘

𝑡

− ∑ ∑ ∑(𝐹𝐶𝑘𝑡 + 𝑉𝐶𝑘𝑡 ) 𝑋𝑗𝑘𝑡 − ∑ ∑ ∑ 𝐷𝑘𝑚 𝐶𝑘𝑚𝑡 𝑋𝑘𝑚𝑡
𝑗

𝑘

𝑡

𝑘

𝑚

𝑡

− ∑ ∑ 𝑊𝑎𝑗𝑡 𝑌𝑗𝑡 − ∑ ∑ 𝑊𝑎𝑘𝑡 𝑌𝑘𝑡 ]
𝑗

𝑡

𝑘

(1)

𝑡

𝑀𝑎𝑥 𝑧2 = 𝑊1 (∑ ∑ ∑(𝐽𝑗 + 𝐽𝑗𝑘 )𝑌𝑗𝑡 + ∑ ∑ ∑(𝐽𝑘 + 𝐽𝑘𝑚 )𝑌𝑘𝑡 )
𝑗

𝑘

𝑡

𝑘

𝑚

𝑡

+ 𝑊2 (∑ ∑ va𝑗 (1 − b𝑗 )𝑌𝑗𝑡 + ∑ ∑ va 𝑘 (1 − b𝑘 )𝑌𝑘𝑡 )
𝑗

𝑡

𝑘

𝑡

+ 𝑊3 (∑ ∑ 𝑆𝑗𝑡 𝑌𝑗𝑡 + ∑ ∑ 𝑆𝑘𝑡 𝑌𝑘𝑡 )
𝑗

𝑡

𝑘

𝑡

− 𝑊4 (∑ ∑ ∑ 𝐹𝑟𝑗 𝑌𝑗𝑡 + ∑ ∑ ∑ 𝐹𝑟𝑘 𝑌𝑘𝑡 )
𝑖

𝑗

𝑡

𝑗

𝑘

𝑡

− 𝑊5 (∑ ∑ 𝐿𝑗 𝑌𝑗𝑡 + ∑ ∑ 𝐿𝑘 𝑌𝑘𝑡 )
𝑗

𝑡

𝑘

(2)

𝑡

𝑠. 𝑡.
∑ 𝑋𝑖𝑗𝑡 ≤ 𝑆𝑖

∀ 𝑖, 𝑡

(3)

∀ 𝑗,t

(4)

∀ 𝑘, 𝑡

(5)

∀ 𝑗,t

(6)

∀ 𝑘, 𝑡

(7)

∀ 𝑚, 𝑡

(8)

∀ 𝑗, 𝑡

(9)

∀ 𝑘, 𝑡

(10)

𝑗

∑ 𝑋𝑗𝑘𝑡 ≤ 𝑃𝑗
𝑘

∑ 𝑋𝑘𝑚𝑡 ≤ 𝑃𝑘
𝑚

∑ 𝛼𝑋𝑖𝑗𝑡 = ∑ 𝑋𝑗𝑘𝑡
𝑖

𝑘

∑ 𝛽𝑋𝑗𝑘𝑡 = ∑ 𝑋𝑘𝑚𝑡
𝑗

𝑚

∑ 𝑋𝑘𝑚𝑡 = 𝐷𝑚𝑡
𝑘

∑ 𝑋𝑖𝑗𝑡 ≤ 𝑀 𝑌𝑗𝑡
𝑖

∑ 𝑋𝑗𝑘𝑡 ≤ 𝑀 𝑌𝑘𝑡
𝑗
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𝑌𝑗𝑡 ≥ 𝑌𝑗𝑡−1
𝑌𝑘𝑡 ≥ 𝑌𝑘𝑡−1
𝑋𝑖𝑗𝑡 , 𝑋𝑗𝑘𝑡 , 𝑋𝑘𝑚𝑡 ≥ 0
𝑌𝑗𝑡 ∈ {0,1}
𝑌𝑘𝑡 ∈ {0,1}

∀ 𝑗, 𝑡
∀ 𝑘, 𝑡
∀ 𝑖, 𝑗, 𝑘, 𝑡
∀ 𝑗, 𝑡
∀ 𝑘, 𝑡

(11)
(12)
(13)
(14)
(15)

Objective function (1) maximizes the profit of selling biofuels. The first term considers the total
revenue. The other terms of the first objective include the costs of installation, harvesting,
collecting, loading and storage of switch grass, transportation and production. Objective function
(2) maximizes job opportunities, the regional development and employee’s welfare, and also
minimizes the number of employee’s laid-off and lost days due to occupational accidents.
Constraint (3) ensures that the amount of transported switch grass from each resource to
preprocessing centers does not exceed its capacity. Constraints (4) and (5) ensure that amounts of
transported switch grass to preprocessing centers and preprocessed switch grass to bio-refineries
do not exceed the capacity of preprocessing centers and bio-refineries, respectively. Constraint
(6) is considered to balance the amounts of transported switch grass from resources to
preprocessing centers and the amounts of preprocessed switch grass to bio-refineries. Constraint
(7) specifies the balance between the amounts of the preprocessed switch grass from
preprocessing centers to bio-refineries and the amounts of biofuels to markets. Constraint (8) is
considered to satisfy market demands. Constraints (9) and (10) indicate that the switch grass and
the preprocessed switch grass are transported to installed preprocessing centers and biorefineries, respectively. Constraints (11) and (12) indicate that each preprocessing center and biorefinery must be installed in the specific period and remains open in next future periods,
respectively. Constraints (13) to (15) determine the type of decision variables.
The extension of the model by considering carbon policies
The proposed model in the previous section is extended under four carbon policies in the
following to evaluate the impacts of environmental concerns on the BSC.
The extended model under the carbon cap policy
The carbon cap policy limits the carbon consumption of a company. Under the carbon cap
policy, the amount of the carbon consumption for a company is limited to the given value.
Therefore, for posing this policy on the BSC, constraints (16) to (18) are added to the proposed
model and the following model will be obtained:
𝑀𝑎𝑥 𝑧1 , 𝑀𝑎𝑥 𝑧3
𝑠. 𝑡. (3)-(15)
𝑐𝑎𝑝

∀𝑡

(16)

𝑐𝑎𝑝

∀𝑡

(17)

∑ ∑(𝐸𝑖 + 𝐸𝑖𝑗 ) 𝑋𝑖𝑗𝑡 ≤ 𝐶1𝑡
𝑖

𝑗

∑ ∑(𝐸𝑗 + 𝐸𝑗𝑘 )𝑋𝑗𝑘𝑡 ≤ 𝐶2𝑡
𝑗

𝑘
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∀𝑡

𝑐𝑎𝑝

∑ ∑(𝐸𝑘 + 𝐸𝑘𝑚 )𝑋𝑘𝑚𝑡 ≤ 𝐶3𝑡
𝑘

(18)

𝑚

Constraint (16) denotes that the carbon emissions of switch grass resource activities are limited.
These activities include harvesting, collecting, loading, storage and transportation of switch
grass. Constraints (17) and (18) impose the maximum permissible amount of carbon emissions
for preprocessing and producing activities in the BSC, respectively.
The extended model under the carbon tax policy
In the context of the carbon tax policy, a specific tax is considered for each unit of emitted
carbon. Unlike the carbon cap policy, there is no limitation for the released carbon in this policy.
The proposed model under this policy will be:
𝑀𝑎𝑥 𝑧3
𝑀𝑎𝑥 𝑧1 = ∑
𝑡

1
[∑ ∑ 𝑅𝑘𝑡 𝑋𝑘𝑚𝑡 − ∑ ∑ 𝐹𝑗𝑡 𝑌𝑗𝑡 − ∑ ∑ 𝐹𝑘𝑡 𝑌𝑘𝑡
(1 + 𝜗)𝑡−1
𝑘

𝑡

− ∑ ∑ ∑(𝐶𝑖𝑡𝑏
𝑖
𝑗
𝑡

𝑗

+ 𝐶𝑖𝑡ℎ ) 𝑋𝑖𝑗𝑡

𝑡

𝑘

𝑗

𝑡

− ∑ ∑ ∑ 𝐷𝑖𝑗 𝐶𝑖𝑗𝑡 𝑋𝑖𝑗𝑡
𝑖

𝑗

𝑡

− ∑ ∑ ∑(𝐹𝐶𝑗𝑡 + 𝑉𝐶𝑗𝑡 ) 𝑋𝑖𝑗𝑡 − ∑ ∑ ∑ 𝐷𝑗𝑘 𝐶𝑗𝑘𝑡 𝑋𝑗𝑘𝑡
𝑖

𝑗

𝑡

𝑗

𝑘

𝑡

− ∑ ∑ ∑(𝐹𝐶𝑘𝑡 + 𝑉𝐶𝑘𝑡 ) 𝑋𝑗𝑘𝑡 − ∑ ∑ ∑ 𝐷𝑘𝑚 𝐶𝑘𝑚𝑡 𝑋𝑘𝑚𝑡 ]
𝑗

𝑘

𝑡

𝑘

𝑚

𝑡

− ∑ ∑ ∑ 𝑇𝑥𝑡 (𝐸𝑖 + 𝐸𝑖𝑗 ) 𝑋𝑖𝑗𝑡 − ∑ ∑ ∑ 𝑇𝑥𝑡 (𝐸𝑗 + 𝐸𝑗𝑘 )𝑋𝑗𝑘𝑡
𝑖

𝑗

𝑡

𝑗

𝑚

𝑡

(19)

− ∑ ∑ ∑ 𝑇𝑥𝑡 (𝐸𝑘 + 𝐸𝑘𝑚 )𝑋𝑘𝑚𝑡
𝑘

𝑘

𝑡

𝑠. 𝑡. (3)-(15)

The extended model under the carbon trade policy
Under the carbon trade policy, a trading market is established for the carbon consumption. If a
company needs more carbon allowance to keep its production activities, it can purchase the
amounts of the carbon shortage from companies which have more carbon allowance than the
+
−
determined cap level. Let 𝜌 be the price of each unit of trading carbon. 𝑒1𝑡
and 𝑒1𝑡
denote the
amounts of the purchased carbon and the sold carbon in switch grass resources, respectively. Let
+
–
𝑒2𝑡
and 𝑒2𝑡
show the amounts of the purchased carbon and the sold carbon in preprocessing
+
–
centers and 𝑒3𝑡
and 𝑒3𝑡
demonstrate the amounts of the purchased carbon and the sold carbon in
bio-refineries. The proposed model under the carbon trade policy is as follows:
𝑀𝑎𝑥 𝑧3
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𝑀𝑎𝑥 𝑧1 = ∑
𝑡

1
[∑ ∑ 𝑅𝑘𝑡 𝑋𝑘𝑚𝑡 − ∑ ∑ 𝐹𝑗𝑡 𝑌𝑗𝑡 − ∑ ∑ 𝐹𝑘𝑡 𝑌𝑘𝑡
(1 + 𝜗)𝑡−1
𝑘

𝑡

𝑗

𝑡

𝑘

𝑗

𝑡

− ∑ ∑ ∑(𝐶𝑖𝑡𝑏 + 𝐶𝑖𝑡ℎ ) 𝑋𝑖𝑗𝑡 − ∑ ∑ ∑ 𝐷𝑖𝑗 𝐶𝑖𝑗𝑡 𝑋𝑖𝑗𝑡
𝑖

𝑗

𝑡

𝑖

𝑗

𝑡

− ∑ ∑ ∑(𝐹𝐶𝑗𝑡 + 𝑉𝐶𝑗𝑡 ) 𝑋𝑖𝑗𝑡 − ∑ ∑ ∑ 𝐷𝑗𝑘 𝐶𝑗𝑘𝑡 𝑋𝑗𝑘𝑡
𝑖

𝑗

𝑡

𝑗

𝑘

𝑡

− ∑ ∑ ∑(𝐹𝐶𝑘𝑡 + 𝑉𝐶𝑘𝑡 ) 𝑋𝑗𝑘𝑡 − ∑ ∑ ∑ 𝐷𝑘𝑚 𝐶𝑘𝑚𝑡 𝑋𝑘𝑚𝑡 ]
𝑗

−

𝑘

𝑡

+
∑ 𝜌(𝑒1𝑡
𝑡

𝑘
−)
+
− 𝑒1𝑡
− ∑ 𝜌(𝑒2𝑡
𝑡

−

𝑚

𝑡

−)
+
𝑒2𝑡
− ∑ 𝜌(𝑒3𝑡
𝑡

−)
− 𝑒3𝑡

(20)

𝑠. 𝑡. (3)-(15)
𝑐𝑎𝑝
−
+
∑ ∑(𝐸𝑖 + 𝐸𝑖𝑗 ) 𝑋𝑖𝑗𝑡 + 𝑒1𝑡
≤ 𝐶1𝑡 + 𝑒1𝑡
𝑖

∀𝑡

(22)

∀𝑡

(23)

∀𝑡

(24)

𝑘

𝑐𝑎𝑝
−
+
∑ ∑(𝐸𝑘 + 𝐸𝑘𝑚 )𝑋𝑘𝑚𝑡 + 𝑒3𝑡
≤ 𝐶3𝑡 + 𝑒3𝑡
𝑘

(21)

𝑗

𝑐𝑎𝑝
−
+
∑ ∑(𝐸𝑗 + 𝐸𝑗𝑘 )𝑋𝑗𝑘𝑡 + 𝑒2𝑡
≤ 𝐶2𝑡 + 𝑒2𝑡
𝑗

∀𝑡

𝑚

+
−
+
−
+
−
𝑒1𝑡
. 𝑒1𝑡
. 𝑒2𝑡
. 𝑒2𝑡
. 𝑒3𝑡
. 𝑒3𝑡
≥0

According to constraints (21) to (23), switch grass resources, preprocessing centers and biorefineries can purchase the amounts of the carbon shortage or sell the amounts of additional
carbon allowance to keep their activities, respectively. Constraint (24) defines the decision
variables type.
The extended model under the carbon offset policy
The carbon offset and the carbon trade policies have the same mechanism, but a company cannot
sell the additional carbon allowance to other companies under this policy. The model formulation
under this policy will be:
𝑀𝑎𝑥 𝑧3
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𝑀𝑎𝑥 𝑧1 = ∑
𝑡

1
[∑ ∑ 𝑅𝑘𝑡 𝑋𝑘𝑚𝑡 − ∑ ∑ 𝐹𝑗𝑡 𝑌𝑗𝑡 − ∑ ∑ 𝐹𝑘𝑡 𝑌𝑘𝑡
(1 + 𝜗)𝑡−1
𝑘

𝑡

𝑗

𝑡

𝑘

𝑗

𝑡

− ∑ ∑ ∑(𝐶𝑖𝑡𝑏 + 𝐶𝑖𝑡ℎ ) 𝑋𝑖𝑗𝑡 − ∑ ∑ ∑ 𝐷𝑖𝑗 𝐶𝑖𝑗𝑡 𝑋𝑖𝑗𝑡
𝑖

𝑗

𝑡

𝑖

𝑗

𝑡

− ∑ ∑ ∑(𝐹𝐶𝑗𝑡 + 𝑉𝐶𝑗𝑡 ) 𝑋𝑖𝑗𝑡 − ∑ ∑ ∑ 𝐷𝑗𝑘 𝐶𝑗𝑘𝑡 𝑋𝑗𝑘𝑡
𝑖

𝑗

𝑡

𝑗

𝑘

𝑡

− ∑ ∑ ∑(𝐹𝐶𝑘𝑡 + 𝑉𝐶𝑘𝑡 ) 𝑋𝑗𝑘𝑡 − ∑ ∑ ∑ 𝐷𝑘𝑚 𝐶𝑘𝑚𝑡 𝑋𝑘𝑚𝑡 ]
𝑗

𝑘

+
− ∑ Ө𝑒1𝑡
𝑡

𝑡
+
− ∑ Ө𝑒2𝑡
𝑡

𝑘

𝑚

𝑡

+
− ∑ Ө𝑒3𝑡
𝑡

(25)

𝑠. 𝑡. (3)-(15)
∀𝑡

𝑐𝑎𝑝
+
∑ ∑ ∑(𝐸𝑖 + 𝐸𝑖𝑗 ) 𝑋𝑖𝑗𝑡 ≤ 𝐶1𝑡
+ 𝑒1𝑡
𝑖

𝑗

𝑡

𝑐𝑎𝑝
+
∑ ∑ ∑(𝐸𝑗 + 𝐸𝑗𝑘 )𝑋𝑗𝑘𝑡 ≤ 𝐶2𝑡
+ 𝑒2𝑡
𝑗

𝑘

𝑚

∀𝑡

(27)

∀𝑡

(28)

∀𝑡

(29)

𝑡

𝑐𝑎𝑝
+
∑ ∑ ∑(𝐸𝑘 + 𝐸𝑘𝑚 )𝑋𝑘𝑚𝑡 ≤ 𝐶3𝑡
+ 𝑒3𝑡
𝑘

(26)

𝑡

+
+
+
𝑒1𝑡
. 𝑒2𝑡
. 𝑒3𝑡
≥0

Note that θ shows the price of each unit of the purchased carbon. Constraints (26) to (28) denote
that switch grass resources, preprocessing centers and bio-refineries can purchase the shortage
amounts of the carbon allowance to keep production activities, respectively. Constraint (29)
shows the type of decision variables.
Solution approach
To solve the proposed model, a two-stage solution approach is developed. A fuzzy interactive
programming approach is considered to solve the multi-objective model in the first stage. The
FBWM is applied to determine the weight of social components in the second stage.
The fuzzy interactive programming approach
Fuzzy approaches have been mostly applied in recent researches for solving multi-objective
models [20, 47]. Fuzzy approaches are known as strong approaches due to the ability of
determining the satisfaction level of objective functions [48]. According to this capability,
decision makers can choose an efficient solution. In this paper, an attractive fuzzy programming
approach developed by Torabi and Hassini [48] is applied for solving the presented multiobjective model. This method is described below.
Step 1. Specify positive and negative ideal solutions for each objective as follows:
𝑍1𝑃𝐼𝑆 = 𝑚𝑎𝑥 𝑍1 , 𝑍1𝑁𝐼𝑆 = 𝑚𝑖𝑛 𝑍1
𝑍2𝑃𝐼𝑆 = 𝑚𝑎𝑥 𝑍2 , 𝑍2𝑁𝐼𝑆 = 𝑚𝑖𝑛 𝑍2

(30)
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Step 2. Define a linear membership function for each objective as:
𝑖𝑓 𝑍𝑘 < 𝑍𝑘𝑃𝐼𝑆

1
𝑁𝐼𝑆
𝑍𝑘 − 𝑍𝑘
𝜇𝑘 (𝑧) =
𝑍𝑘𝑁𝐼𝑆 − 𝑍𝑘𝑃𝐼𝑆
0
{

𝑖𝑓 𝑍𝑘𝑃𝐼𝑆 ≤ 𝑍𝑘 ≤ 𝑍𝑘𝑁𝐼𝑆
𝑖𝑓 𝑍𝑘 > 𝑍𝑘𝑁𝐼𝑆

(31)

Step 3. Transform the multi-objective model into a single-objective one according as:
max 𝑍 = 𝛾𝜆0 + (1 − 𝛾) ∑ 𝜃𝑘 𝜇𝑘
𝑘

𝑠. 𝑡.
𝜆0 ≤ 𝜇𝑘
𝑣 ∈ 𝐹(𝑣)
𝛾 ∈ [0,1]

𝑘 = 1, 2

(32)

Note that 𝐹(𝑣) shows the feasible region. 𝛾 and 𝜃𝑘 denote the coefficient of the compensation
and the importance of objective k, respectively. 𝜃𝑘 values are defined by decision makers
according to their importance, and also ∑𝑘 𝜃𝑘 = 1 , 𝜃𝑘 > 0. 𝜇𝑘 denotes the satisfaction degree of
objective k and 𝜆0 = 𝑚𝑖𝑛𝑘 {𝜇𝑘 } is the minimum satisfaction degree of objectives.
The fuzzy best-worst method
The best-worst method (BWM) is presented by Rezaei [49] to determine the weight of criteria
based on the pairwise comparison. In this method, a decision maker determines the best and the
worst criterion and then evaluates the preference of the best criterion over others and other
criteria over the worst criterion [49, 50]. According to the uncertainty of real world problems and
the ambiguity of decision makers’ judgments, Guo and Zhao [51] developed the fuzzy BWM
(FBWM). Due to the capability of the FBWM in dealing with the actual situation vague, this
method is applied for weighting social objective components. The steps of this method can be
presented as follows:
Step 1. Determine a set of related criteria.
Step 2. Specify the best (𝐶𝐵 ) and the worst (𝐶𝑊 ) criterion by a decision maker.
Step 3. Specify the fuzzy preference of the best criteria over others according to linguistic
variables presented in Table 1. The fuzzy best evaluation vector is as 𝐴̃𝐵 = (𝑎̃𝐵1 , 𝑎̃𝐵2 , … , 𝑎̃𝐵𝑛 ).
Note that 𝑎̃𝐵𝑗 presents the fuzzy preference of the best criterion over criterion j and 𝑎̃𝐵𝐵 =
(1,1,1).
Step 4. Assign the fuzzy preference of other criteria over the worst criterion, using linguistic
variables in Table 1. The fuzzy vector of others to the worst criterion is as 𝐴̃𝑊 =
(𝑎̃1𝑊 , 𝑎̃2𝑊 , … , 𝑎̃𝑛𝑊 ). Note that 𝑎̃𝑗𝑊 is the fuzzy preference of criteria j over the worst criterion
and 𝑎̃𝑊𝑊 = (1,1,1).
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̃1∗ , 𝑊
̃2∗ , … , 𝑊
̃𝑛∗ ).
Step 5. Compute the optimal fuzzy weights (𝑊
̃
𝑊

̃
𝑊

𝑊𝑗

𝑊𝑊

The fuzzy weights are obtained if the absolute difference of | ̃𝐵 − 𝑎̃𝐵𝑗 | and | ̃ 𝑗 − 𝑎̃𝑗𝑊 | for all j
̃𝐵 , 𝑊
̃𝑗 and 𝑊
̃𝑊 are triangle fuzzy numbers. The obtained 𝑊
̃𝑗 =
can be minimized. Note that 𝑊
(𝑙𝑗𝑤 , 𝑚𝑗𝑤 , 𝑢𝑗𝑤 ) must be converted to its equivalent crisp value. The FBWM formulation is
presented as follows:
min max {|
𝑗

̃𝑗
̃𝐵
𝑊
𝑊
− 𝑎̃𝐵𝑗 | , |
− 𝑎̃𝑗𝑊 |}
̃
̃
𝑊𝑗
𝑊𝑊

s.t.
𝑛

̃𝑗 ) = 1
∑ 𝑅(𝑤
𝑗=1

𝑙𝑗𝑤 ≤ 𝑚𝑗𝑤 ≤ 𝑢𝑗𝑤
𝑙𝑗𝑤 ≥ 0
𝑗 = 1,2, … , 𝑛

(33)

𝑤
𝑤
𝑤)
In equation (33), 𝑤
̃ 𝐵 = (𝑙𝐵𝑤 , 𝑚𝐵𝑤 , 𝑢𝐵𝑤 ) , 𝑤
̃𝑗 = (𝑙𝑗𝑤 , 𝑚𝑗𝑤 , 𝑢𝑗𝑤 ), 𝑤
̃ 𝑊 = (𝑙𝑊
, 𝑚𝑊
, 𝑢𝑊
, 𝑎̃𝐵𝑗 =

(𝑙𝐵𝑗 , 𝑚𝐵𝑗 , 𝑢𝐵𝑗 ), 𝑎̃𝑗𝑊 = (𝑙𝑗𝑊 , 𝑚𝑗𝑊 , 𝑢𝑗𝑊 ).
The above model can be stated as follow:
min 𝜉
𝑠. 𝑡.
̃𝐵
𝑊
|
− 𝑎̃𝐵𝑗 | ≤ 𝜉
̃𝑗
𝑊
̃𝑗
𝑊
|
− 𝑎̃𝑗𝑊 | ≤ 𝜉
̃𝑊
𝑊
𝑛

̃𝑗 ) = 1
∑ 𝑅(𝑤
𝑗=1

𝑙𝑗𝑤 ≤ 𝑚𝑗𝑤 ≤ 𝑢𝑗𝑤
𝑙𝑗𝑤 ≥ 0
𝑗 = 1,2, … , 𝑛

(34)

where 𝜉̃ = (𝑙 𝜉 , 𝑚𝜉 , 𝑢𝜉 ). By considering 𝑙 𝜉 ≤ 𝑚𝜉 ≤ 𝑢𝜉 and 𝜉̃∗ = (𝑘 ∗ , 𝑘 ∗ , 𝑘 ∗ ), 𝑘 ∗ ≤ 𝑙 𝜉 , model (34)
is reformulated as follows:
min 𝜉
𝑠. 𝑡.
(𝑙𝐵𝑤 , 𝑚𝐵𝑤 , 𝑢𝐵𝑤 )
| 𝑤 𝑤 𝑤 − (𝑙𝐵𝑗 , 𝑚𝐵𝑗 , 𝑢𝐵𝑗 )| ≤ (𝑘 ∗ , 𝑘 ∗ , 𝑘 ∗ )
(𝑙𝑗 , 𝑚𝑗 , 𝑢𝑗 )
(𝑙𝑗𝑤 , 𝑚𝑗𝑤 , 𝑢𝑗𝑤 )
| 𝑤 𝑤 𝑤 − (𝑙𝑗𝑊 , 𝑚𝑗𝑊 , 𝑢𝑗𝑊 )| ≤ (𝑘 ∗ , 𝑘 ∗ , 𝑘 ∗ )
(𝑙𝑊 , 𝑚𝑊 , 𝑢𝑊 )
𝑛

̃𝑗 ) = 1
∑ 𝑅(𝑤
𝑗=1

𝑙𝑗𝑤 ≤ 𝑚𝑗𝑤 ≤ 𝑢𝑗𝑤
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𝑙𝑗𝑤 ≥ 0
𝑗 = 1,2, … , 𝑛

(35)

The optimal fuzzy weights will be obtained by solving the presented model (35). Then equation
(36) is used to convert them to the equivalent crisp value.
̃
𝑅(𝑤
𝑗) =

𝑙𝑗𝑤 + 4𝑚𝑗𝑤 + 𝑢𝑗𝑤
6

(36)

Table1 Linguistic variables and the equivalent fuzzy number [51]
Linguistic variables
Equally importance (EI)
Weakly importance (WI)
Fairly importance (FI)
Very importance (VI)
Absolutely importance (AI)

Membership function
(1,1,1)
(2/3,1,3/2)
(3/2,2,5/2)
(5/2,3,7/2)
(7/2,4,9/2)

Results and discussion
Case study description
In this section, the proposed models are applied to a practical case study in Iran. The population
growth, environmental concerns and increasing the fossil fuel consumption are the most
significant motivation for developing biofuels in Iran [52]. Iran has a great capability for
producing different biofuel feedstocks such as corn, sunflower and switch grass [53]. Also it has
the potential agricultural zones and the great climatic geography for growing switch grass [54].
As mentioned before, switch grass is a nonedible feedstock. It is known as an appropriate and
profitable feedstock for producing biofuel in comparison with edible feedstocks [39]. Therefore,
in this study, Iran is selected to illustrate the applicability of presented models. A 4-year planning
horizon is considered. Fig. 2 shows a geographic map of Iran.
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Switch grass
Preprocessing center
Bio-refinery
Market

Fig. 2 A geographic map of Iran and potential locations for facilities
As it can be seen, five potential provinces are considered as switch grass resources. Ten and six
provinces are selected for installing preprocessing centers and bio-refineries, respectively. Note
that these provinces are selected based on geographical and climatic conditions, distances from
human societies, communication channels and faults. Ten bigger and the more populated
provinces are selected as locations for the biofuel consumption.
Numerical results based on the case study are presented. The proposed models are coded in
GAMS 24.1.2 software. All experiments are executed on an Intel Core i5 5200U CPU (2.20 GH)
laptop with 4.00 GB of RAM and 64-bit operating system. Table 2 illustrates the range of the
case study parameters. Tables 3 and 4 demonstrate the fuzzy preferences of the decision maker
for the best social component over other components and other social components over the worst
component, respectively. Table 5 gives the optimal weight of social objective components
obtained by the FBWM.
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Table 2 The range of parameters
Parameter

Range

Parameters

Range

Parameter

𝜗
𝑆𝑖
𝑅𝑘𝑡
𝐹𝑗𝑡
Α
𝑃𝑗
𝐹𝑘𝑡
Β
𝑃𝑘
𝐷𝑚𝑡
𝐶𝑖𝑡𝑏
𝐶𝑖𝑡ℎ
𝐶𝒊𝒋𝒕
𝐷𝒊𝒋
𝐸𝒊
𝐸𝒊𝒋
𝐹𝐶𝒋𝒕
𝑉𝐶𝒋𝒕

0.15
[500,000, 700,000]
[76 × 107 , 79 × 107 ]
[50 × 109 , 72 × 109 ]
0.45
[300,000, 400,000]
[400 × 109 , 680 × 109 ]
0.80
[300,000, 340,000]
[35000, 70000]
[8000000, 12000000]
[500000, 600000]
[0, 17200]
[0, 1784]
[3, 4.5]
[0.2002, 0.2005]
[40000000, 44000000]
[10000000, 40000000]

𝐶𝒋𝒌𝒕
𝐷𝒋𝒌
𝐹𝐶𝒌𝒕
𝑉𝐶𝒌𝒕
𝐸𝒌
𝐸𝒌𝒎
𝐶𝒌𝒎𝒕
𝐷𝒌𝒎
𝐽𝒊
𝐽𝒊𝒋
𝐽𝒋
𝐽𝒋𝒌
𝐽𝒌
𝐽𝒌𝒎
𝐿𝒋
𝐿𝒌
𝑇𝒊𝒋
𝐸𝒋𝒌

[0, 15200]
[0, 1581]
[5 × 107 , 5.4 × 107 ]
[2 × 107 , 5 × 107 ]
[2055.6, 2065.6]
[0.2022, 0.2033]
[0, 15200]
[0, 1754]
[0.000898, 0.000899]
[0.000013, 0.000014]
[0.000042, 0.000053]
[0.000010, 0.000012]
[0.000043, 0.000053]
[0.000012, 0.000015]
[22, 27]
[17, 22]
[0, 968]
[0.2022, 0.2024]

𝐹𝑟𝑗
𝐹𝑟𝑘
𝑆𝑗𝑡
𝑆𝑘𝑡
𝑊𝑎𝑗𝑡
𝑊𝑎𝑘𝑡
b𝑗
b𝑘
va𝑗
va 𝑘
𝑐𝑎𝑝
𝐶1𝑡
𝑐𝑎𝑝
𝐶2𝑡
𝑐𝑎𝑝
𝐶3𝑡
𝑇𝑥𝑡
𝜌
Ө
𝐸𝒋

Range
[0.000003, 0.0000053]
[0.000003, 0.000008]
[50%, 87%]
[57%, 87%]
[180000, 206000]
[190000, 208000]
[60%, 90%]
[60%, 85%]
[13, 19]
[14, 19]
[52 × 106 , 63 × 106 ]
[80 × 106 , 88 × 106 ]
[12 × 108 , 13 × 108 ]
[30%, 35%]
30000
50000
[14.3, 17.2]

Table 3 The fuzzy preference of the best social component over other components
Social components
Best component (regional
development)

Work
opportunities
(1.5,2,2.5)

Regional
development
(1,1,1)

Employees’
welfare
(3.5,4,4.5)

Employees
’ laid-off
(2.5,3,3.5)

Lost days
(2.5,3,3.5)

Table 4 The fuzzy preference of other social components over the worst component
Social components
Work opportunities
Regional development
Employees’ welfare
Employees’ laid-off
Lost days

Worst component (Employees’ welfare)
(1.5,2,2.5)
(3.5,4,4.5)
(1,1,1)
(0.66,1,1.5)
(1.5,2,2.5)

Table 5 The weight of social objective components
Weight
Value

𝑊1
0.2394

𝑊2
0.3765

𝑊3
0.1531

𝑊4
0.1243

𝑊5
0.1067

Fig. 3 graphically shows the optimal locations for installing preprocessing centers and biorefineries from solving the basic model. As it can be seen, three provinces are selected as switch
grass resources, namely Kurdistan, Fars and Sistan and Baluchestan. Three preprocessing centers
are installed in Kermanshah, Bushehr and Sistan and Baluchestan. Five bio-refineries are located
in Kermanshah, Bushehr, Esfahan, Razavi Khorasan and south Khorasan. Table 6 illustrates the
numerical results of solving the basic model.
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Switch grass resource
Preprocessing center
Bio-refinery
Market

Fig. 3 The optimal design of the basic mode

Table 6 Numerical results of the basic model
𝜇1
0.860

𝜇2
0.987

𝑧1 (Rial)
1382840000000000

𝑧2
22284.242

Carbon emissions (Kg)
1564251000

The amounts of carbon emissions in different BSC sectors of the basic model are shown in Fig.
4. According to this figure, bio-refineries have a great share in the carbon emissions of the entire
supply chain. Moreover, 50% of carbon emissions are related to the transportation between
different levels of the BSC. In order to decreasing carbon emissions, different carbon policies are
considered.
11%

Switch grass resources

8%

Transportation from switch grass
resources to preprocessing centers

15%

Preprocessing centers
29%

Transportation from
preprocessing centers to biorefineries
Bio-refineries

13%

Transportation from bio-refineries
to markets

24%

Fig. 4 The total carbon emissions in the basic model

18

Fig. 5 shows the components of the economic objective. According to this figure, operating
activities including harvesting, collecting, preprocessing and producing biofuel have the greatest
proportion of the total cost. It is worthy to mention that the higher production cost leads to the
higher market price of biofuel. One possible solution for decreasing the total cost of the BSC is
to increase the capacity of facilities by implementing advanced technologies.
Harvesting, collecting and storage cost
8%

15%
Transportation from switch grass
resources to preprocessing centers

20%

12%

Preprocessing costs
Transportation from preprocessing
centers to bio-refineries
Biofuel production cost in biorefineries

18%

27%

Transportation from bio-refineries to
markets

Fig. 5 The components of the economic objective of the basic model

Fig.6 illustrates the components of the social objective. As shown in Fig. 6, a large number of
job opportunities is created due to the installation of preprocessing centers and bio-refineries in
the basic model. It should be noted that one of the main social concerns in every society is job
opportunities, especially in rural regions. This model can improve significantly this requirement
of societies.
0.1

0. 2

0.3

0.9
Created job opportunities
Lost days
Employees’ welfare
Regional development
Employees’ laid-off

0.85

Fig. 6 The social objective components of the basic model

According to the importance of reducing carbon emissions in the BSC, the effects of different
carbon policies on the basic model are evaluated. Fig. 7 shows the optimal BSC design under
different carbon policies. Note that policy 1 to policy 4 show the carbon cap, the carbon tax, the
carbon trade and the carbon offset policy, respectively. It is clear that different solutions are
obtained for the location of switch grass resources, preprocessing centers, and bio-refineries. For
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example, 6 provinces are selected for installing bio-refineries under the carbon tax policy,
namely Kermanshah, Esfahan, Bushehr, Khuzestan, Razavi Khorasan and South Khorasan. But 4
provinces are selected for bio-refineries under the carbon offset policy in Kermanshah, Esfahan,
Bushehr and South Khorasan.

Switch grass resource

Switch grass resource

Preprocessing center

Preprocessing center

Bio-refinery

Bio-refinery

Market

a) The model under policy 1.

Market

b) The model under policy 2.

Switch grass resource

Switch grass resource

Preprocessing center

Preprocessing center

Bio-refinery

Bio-refinery

Market

Market

d) The model under policy 4.

c) The model under policy 3.

Fig. 7 The optimal design of the BSC under different carbon policies
The optimal results of proposed models are summarized in Table 7. According to this table,
among different carbon policies, the carbon trade policy obtains solutions with the highest
economic objective value and the carbon offset policy obtains solutions with the highest social
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objective value. Note that Z shows the objective function of the fuzzy interactive programming
method proposed in model (32).
Table 7 Numerical results of objective functions
Model
Basic
Policy 1
Policy 2
Policy 3
Policy 4

𝜇1
0.860
0.818
0.883
0.954
0.867

Z
0.880
0.836
0.895
0.948
0.883

𝜇2
0.987
0.935
0.956
0.947
0.968

Fig. 8 presents the profit of the BSC under various carbon policies and also the basic model.
According to this figure, the BSC under the carbon trade policy gains the highest economic
profit. Furthermore, implementing carbon cap policy leads to the least profit because it limits the
amounts of carbon allowance for different operational activities.
1.60E+15
1.55E+15
1.50E+15
1.45E+15

1.40E+15
1.35E+15
1.30E+15
1.25E+15
1.20E+15
basic

policy1

policy2

policy3

policy4

Fig. 8 The economic objective function of different models

The results of the social objective under different carbon policies and the basic model are shown
in Fig. 9. It can be concluded that applying carbon policies are not effective for improving the
social aspect in this case study. However, the carbon offset policy is the most significant policy
in comparison with other policies and the carbon cap policy is the worst one in improving the
social considerations.
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22400
22200
22000

21800
21600
21400
21200
21000
20800
20600
basic

policy1

policy2

policy3

policy4

Fig. 9 The social objective function of different models

Fig. 10 shows the total amounts of carbon emissions in the BSC under various carbon policies
and the basic model. It is revealed that the BSC under the carbon cap policy has the least
amounts of carbon emissions. Moreover, applying carbon cap and carbon trade policies can
reduce the carbon emissions of the basic model significantly.
1.65E+09
1.60E+09
1.55E+09

1.50E+09
1.45E+09
1.40E+09
1.35E+09
1.30E+09
1.25E+09
1.20E+09
basic

policy1

policy2

policy3

policy4

Fig. 10 Total carbon emissions in different models

According to previous results, it can be concluded that implementing carbon policies have
significant effects on the supply chain profitability, social factors and carbon emissions
reduction. Moreover, the strategic decisions of locating facilities are significantly affected by
these policies. Therefore, applying these policies can be the best solution for achieving the
sustainable development paradigm in every society, especially in developing countries in which
their production is more dependent on fossil fuels.
Sensitivity analysis
In this section, a sensitivity analysis is presented to evaluate the effects of different parameters
on economic and social objectives.
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Fig.11 represents how the carbon cap affects objective functions. As the amounts of carbon cap
increase, the economic value increases unless in the range of 10% variation. However, the social
objective does not have a particular trend. Since the increase in the amounts of carbon allowance
can lead to the increase in the biofuel production, the economic objective has an increasing trend.
Moreover, social factors such as regional development and the number of created job
opportunities are not changed more with increasing the biofuel production. Therefore, policy
makers must determine the optimal amounts of carbon allowance for enterprises to achieve the
economic growth and control the environmental effects of production activities.
Social objective

22400
22200
22000
21800
21600
21400
21200
21000
20800

z2

z1

Economic objective

1.37E+15
1.37E+15
1.36E+15
1.36E+15
1.35E+15
1.35E+15
1.34E+15
1.34E+15
1.33E+15
1.33E+15
1.32E+15
3% 5% 8% 10% 12% 15% 18%
Carbon cap variation

Fig. 11 The effect of the carbon cap on objective functions

Fig. 12 illustrates how objective functions vary with the carbon tax. As the amounts of carbon
tax increase, the profit grows while the social objective decreases unless when the amounts of the
carbon tax increases 20%. Although the growth of the carbon tax leads to additional costs in the
BSC, the biofuel production increases to cancel out this increase. As a result, the profit of the
BSC increases due to the selling more biofuels. Moreover, to balance between the cost and the
profit, the number of employees decreases and the number of employees’ laid-off increases. It
can be concluded that when the carbon tax increases, it is essential to increase the biofuel
production to achieve more profit.
Economic objective

Social objective

22500

9.20E+14

22000

9.00E+14

21500

8.80E+14

21000

8.60E+14

20500

8.40E+14

20000
10%

15%
20%
25%
30%
Carbon tax variation

Fig. 12 The effect of the carbon tax on objective functions
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z2

z1

9.40E+14

1.65E+15

Economic objective

Social objective

1.60E+15
1.55E+15

z1

1.50E+15
1.45E+15
1.40E+15
1.35E+15
1.30E+15
3%

5%
8% 10% 12%
Carbon trade variation

22200
22000
21800
21600
21400
21200
21000
20800
20600
20400

z2

Fig. 13 shows that by increasing the amounts of the carbon trade, the BSC profit fluctuates but
after point of 10% it starts to increase. The social objective initially decreases and then becomes
stable. It can be concluded that BSC facilities have more carbon allowance when the amounts of
the carbon trade increase, and as a result, more profit will be obtained by selling more
production.

15%

Fig. 13 The effect of the carbon trade on objective functions

Fig. 14 shows that the economic objective fluctuates by increasing the amounts of the carbon
offset, but it starts to decrease after point of 12% variation. The social objective initially
decreases and then it starts to increase after point of 10%. It can be concluded that by increasing
the amounts of the carbon offset, the company’s costs increase due to purchasing more carbon
allowances, and the profitability decreases after a special point.
Social objective

22200
22100
22000
21900
21800
21700
21600
21500
3%

5%

z2

z1

Economic objective

1.42E+15
1.42E+15
1.41E+15
1.41E+15
1.40E+15
1.40E+15
1.39E+15
1.39E+15
1.38E+15
1.38E+15
8% 10% 12% 15%
Carbon offset variation

Fig.14 The effect of the carbon offset on objective functions

Conclusions
By emerging the detrimental impacts of fossil fuels and the importance of utilizing renewable
energies such as biofuels, this paper develops a sustainable multi-objective multi-period multiechelon BSC. The supply chain includes switch grass resources, preprocessing centers, biorefineries and markets. All dimensions of sustainability are considered in this paper, including
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economic, environmental and social aspects. In the economic aspect, the BSC profit is
maximized by considering the revenue and the costs of harvesting, collecting, loading and
storage of switch grass, transportation and operating. The social aspect takes into account job
opportunities, the regional development, employee’s welfare, employee’s laid-off, and lost days
due to occupational accidents. To consider the environmental aspect, different carbon policies
are considered, namely the carbon cap, the carbon tax, the carbon trade and the carbon offset.
Finally, a practical case study is applied to demonstrate the performance of the presented model.
The results show that the carbon trade policy can lead to more profits. Moreover, the amounts of
carbon emissions under this policy are already low. It is necessary to note that the carbon trade
policy does not have a notable effect on improving social aspects but it can perform better than
the carbon cap policy. Since three aspects of sustainability have appropriate values under the
carbon trade policy, policy makers and governments can apply this policy as a good solution to
optimize the economic growth, the profitability of the BSC and the carbon emission reduction.
For future research, considering the uncertainty of real world parameters such as the market
demand can be a proper direction. Moreover, selecting different feedstocks like sugar cane, corn
grain and agricultural residual might be a valuable direction in designing BSCs. Furthermore,
implementing different solution approaches for solving the multi-objective model such as metaheuristic algorithms can be considered as a new contribution for future research.
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