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Abstract

Background: Carbon emissions and global warming have increased as a result of population growth and greater
usage of fossil fuels. Finding a long-term replacement for fossil fuels, such as biofuels, has become a major problem
for energy supply management in recent years. Sustainability must be addressed as a key problem in building biofuel
supply chains (BSCs), given the pressing need for societies to limit environmental consequences and promote social
responsibility of company activities. Various modeling frameworks have been established so far to design a BSC. At
the same time, no research exists that examines both the sustainable development paradigm and the influence of
various carbon regulatory policies on the strategic and operational decisions made by BSCs.

Methods: This study develops a multi-objective, multi-period, multi-echelon BSC from switch grass regarding the
economic, environmental and social aspects of sustainability. Four carbon policies are taken into account when
assessing the environmental aspect: the carbon cap, the carbon tax, the carbon trade, and the carbon offset. To solve
the multi-objective model, the fuzzy interactive programming method is used, and the fuzzy best-worst method is
used to weight the social objective components.

Results: An actual case study in Iran is studied to demonstrate the model’s applicability. Under various carbon
policies, different network configurations are obtained based on the location of switch grass resources and installed
facilities. Biofuel production and transportation activities account for approximately 28% and 51% of total carbon
emissions, respectively, according to numerical results. Furthermore, these activities account for roughly 62% of over-
all expenses. In the suggested case study, implementing the carbon trade policy reduces carbon emissions by more
than 30% while increasing total profit by about 27%. In comparison to other policies, the carbon trade policy has a
substantial impact on enhancing social considerations. Overall, the carbon trade policy can greatly improve the eco-
nomic and environmental components of sustainability without significantly decreasing in the social sustainability.

Conclusions: The proposed model can assist policymakers and governments in simultaneously optimizing BSC
profitability, carbon emission reduction, and social concern.

Highlights
Developing amulti-period and multi-objective model for BSC design.
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Considering the proposed model’s economic, environmental, andsocial components of the sustainabledevelopment

paradigm.

Considering the effectsof various carbon regulatory policies onstrategic and operational decisions.

Weighting social indicators usingthe fuzzy best-worth method.

Validate the proposed model using a real-life casestudy in Iran.

Keywords: Renewable energy, Biofuel supply chain design, Economic growth, Social consideration, Carbon policies

Background

In recent years, increased use of fossil fuels, unquantifi-
able greenhouse gas emissions, and an acceleration of
global warming have resulted from population growth,
urbanization, and industrialization [1]. It is estimated
that continuing to use fossil fuels will deplete their finite
supplies in less than a century [1-3]. The transportation
sector accounts for a significant portion of fuel consump-
tion, greenhouse gas emissions, and operating expenses
[4—6]. In 2008, the global percentage of fossil fuel usage
was expected to be over 88%. Furthermore, the transpor-
tation sector was linked to huge scales of fossil fuel usage
[7]. In 2012, the transportation sector’s fuel consump-
tion and carbon emissions ratios were approximately 25%
[8] and 22% [9], respectively. These issues highlight the
critical need for society to take a range of steps to find
a long-term substitute for fossil fuels and decrease the
environmental consequences of commercial operations,
particularly in the transportation sector.

Biofuel, as a substitute for fossil fuels, is becoming
increasingly important in achieving low-carbon and sus-
tainable society [10]. Biofuel is made from renewable
resources and has four generations of development. The
first generation of biofuels is generated from food items,
such as sugar cane, corn grains, and animal fats. The sec-
ond generation makes use of nonedible products, such
as agricultural residual, switch grass and biomass. The
third generation primarily produces biofuels from algae,
whereas the fourth generation focuses on materials with
lower carbon emissions [11-13]. The first generation has
been widely utilized in comparison to succeeding genera-
tions, since it does not necessitate the adoption of new
and complicated technology. However, the production of
first-generation biofuels exacerbated social and ecologi-
cal issues, such as food scarcity and land use change [14,
15]. The second generation alleviates the problem by uti-
lizing non-edible items, such as Jatropha and agricultural
waste. Second-generation biofuels’ feedstock requires
much less water to cultivate and avoids food competi-
tion [6]. Today, the second generation of biofuels is used
in most populous and affluent nations, since it emits less
carbon than the first generation and has little impact on
food supplies [1, 8, 16].

Controlling carbon emissions is vital for a living and
sustainable planet [17]. Concerns about global warming
and climate change [18, 19] have prompted governments
and legislators to establish various carbon emission regu-
lations, such as the carbon cap, carbon tax, carbon trade,
and carbon offset [20]. Companies’ carbon allowances
are limited under the carbon cap policy. The carbon tax
policy establishes a penalty for each unit of carbon emit-
ted. In the context of the carbon trade, a trading market
can be developed, where enterprises can sell/purchase
additional/shortage carbon allowances to continue their
industrial activities. Companies can only acquire the
additional quantity of carbon allowance to keep their
production operations under the carbon offset policy.
The policies proposed are aimed at reducing carbon
emissions in supply chains. Recent studies have found
that these policies have a significant influence on carbon
emission reduction, environmental improvement, and
supply chain economic profitability [21].

To create an efficient and successful BSC, all areas of
sustainability must be considered, according to the impor-
tance of sustainable development in the last decade [22].
The economic component of BSC sustainability is the most
important because designing BSCs needs a large initial
investment and ongoing running costs [23]. The Renew-
able Fuel Standard (RFS) was established by the United
States Congress in 2007 to stimulate biofuel development.
According to the RFS in the United States, biofuel produc-
tion will reach 36 billion gallons per year by 2022, with 21
billion gallons of second-generation biofuels required. Fur-
thermore, the first generation can only create 15 billion gal-
lons of biofuel [24]. The Sustainable Development Goals
(SDGs) were adopted by 193 countries in 2015 to safeguard
economic, environmental, and social perspectives [25].
Economic growth, the number of new work possibilities
produced, the number of days lost due to occupational acci-
dents, the number of employees laid off, and employee job
satisfaction are some of the social indicators [26, 27]. Envi-
ronmental and social factors in BSC designs have received
little attention in the literature among SDG indicators.
According to certain studies, countries that employ non-
edible feedstock to produce biofuels can achieve economic
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growth, lower greenhouse gas emissions, and increase job
possibilities, particularly in rural areas [28, 29].

Many researchers have looked into the BSC'’s design.
Zamboni et al. [30] developed a strategic design tool for
biomass-based bioethanol supply chains that considers
both economic and environmental sustainability. Their
proposed mixed integer linear programming (MILP) model
was tested in Italy, and the findings revealed that biomass
can boost market sales while also lowering environmental
impacts. Corsano et al. [31] proposed a sugar cane-based
sustainable bioethanol supply chain in which the profit
from selling bioethanol is maximized. The BSC from bio-
mass was designed by You and Wang [32] to reduce total
cost and greenhouse gas emissions during the installation
and operation of facilities. The model of You and Wang
[32] was then expanded by You et al. [33], who took into
account the social component of sustainability in terms
of creating job opportunities. Azadeh et al. [34] presented
a multi-period model for boosting BSC profitability that
takes into account the location of the facility, the produc-
tion/distribution system, and material flows. Cambero and
Sowlati [35] presented a multi-objective BSC that uses for-
est and wood residuals to produce biofuels. Hombach et al.
[8] provided a mathematical model for designing a second-
generation BSC that takes greenhouse gas emissions into
account with the goal of maximizing net present value in
Germany. Fattahi and Govindan [36] built a cost-effective
multi-echelon BSC using biomass in the face of variable
biomass availability. They took into account greenhouse gas
emissions and put the model to the test in a real case study
to demonstrate its utility. To reduce supply chain costs,
Xie and Huang [37] devised a multi-echelon BSC under
uncertainty. In South Colombia, they tested the proposed
model and discovered that manufacturing ethanol is more
profitable than other biofuels. In a second-generation BSC
using corn residue, Kesharwani et al. [15] evaluated both
centralized and distributed preprocessing centers, with the
goal of reducing BSC costs and carbon emissions. Ghosh
and Bakshi [38] created a BSC with the goal of decreasing
the negative effects of algal blooms on natural water. Their
objectives are to reduce supply chain costs and hazardous
runoffs during biofuel production. Nugroho and Zhu [39]
devised a mathematical model for planning and optimiz-
ing a BSC by taking into account economic, environmen-
tal, and social elements of sustainability to lower BSC costs,
lower carbon dioxide emissions, and boost gross domestic
product. They demonstrated that biodiesel production is
more appropriate than ethanol production. Haji Esmaeili
et al. [40] suggested a first-generation BSC design that max-
imizes the profit of the bioethanol supply chain by consid-
ering the financial element. Bijarchiyan et al. [41] designed
a long-term BSC network that took into account both
economic and social factors. Through a case study, they
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demonstrated that the proposed model may boost BSC
profit, job creation, and economic development. Rezaei
et al. [42] proposed a scenario-based robust optimization to
construct a biodiesel supply chain that takes into account
both economic and environmental factors.

In the literature, there are some studies that used various
carbon policies in supply chain configurations to evalu-
ate environmental elements of sustainability. Ramudhin
et al. [43] developed a MILP model for supply chain design
and used goal programming to solve it. The impact of car-
bon policies on a biodiesel supply chain was investigated
by Marufuzzaman et al. [44]. Agrali et al. [45] looked at a
mathematical model for a fossil-fired power industry. The
suggested model is used to select a preferred policy from a
list of options, including carbon capture and storage, car-
bon capture and utilization, and carbon trading. The study
reveals that the carbon capture and utilization is the more
preferable policy. In the product configuration under car-
bon policies, Li et al. [21] proposed a stochastic program-
ming approach. The results of the experiment show that
carbon policies can lower product configuration costs. Gon-
ela [20] proposed a carbon-policy-based electricity supply
chain model. He demonstrated how a carbon trading policy
can benefit the electricity sector’s economic and environ-
mental aspects. By incorporating the carbon emission tax,
Ahmed and Sarkar [46] developed a sustainable model for
second-generation biofuels. The findings revealed that
transportation activities release a significant quantity of car-
bon and create a significant number of employment in rural
areas. Li et al. [4] looked at alternative carbon policies for a
sustainable coal supply chain design and found that apply-
ing a carbon trade policy can greatly cut carbon emissions.
He et al. [47] considered carbon policies when designing
a supply chain network. They came to the conclusion that
intermediate carbon cap amounts are more profitable than
tighter carbon cap because they can limit carbon emissions.

We can infer that the majority of prior studies in the
context of constructing BSC focus on the economic ele-
ment of sustainability, with only a few works, namely,
Zamboni et al. [30] and You et al. [33], addressing all
aspects of sustainability at the same time. While some
papers look at environmental challenges in terms of
carbon emissions, carbon-related strategies are rarely
considered. Only Ahmed and Sarkar [46] evaluated
carbon policies when designing the BSC out of all of
these studies. In addition, social issues have gotten lit-
tle attention. The majority of studies focus on edible
feedstock for biofuel production, such as corn grain,
which is classified as a first generation biofuel, while the
second-generation biofuel has gotten little attention. A
multi-echelon, multi-period, and multi-objective math-
ematical model for the BSC is also rare. Moreover, none
of these researches take the fuzzy best-worth method
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(FBWM) into account when determining the signifi-
cance of social factors.

In conclusion, the following questions are addressed by
this study:

+ How can an optimal BSC be designed to meet all of
the sustainable development goals, simultaneously?

+ How can the BSC be designed to take into account
various social indicators, such as the number of new
job opportunities, the level of regional development,
the number of lost days, the number of employees
laid off, and employee job satisfaction by following
the Global Reporting Initiative (GRI) guidelines [48]?

+ How can one assess the impact of possible carbon
regulation measures on the BSC’s strategic and oper-
ational decisions?

« Is it possible in the proposed supply chain to achieve
the desired trade-off between costs, emissions, and
social aspects?

This study offers a multi-objective network design for a
sustainable BSC that produces biofuels from switch grass
resources to satisfy the above-mentioned questions. The
economic aspect addresses the entire profit maximiza-
tion. The suggested model assesses the effects of carbon
policies on economic growth, social improvement, and
carbon emissions reduction to investigate the environ-
mental element of sustainability. These policies include
the carbon cap, carbon tax, carbon trade, and carbon off-
set. Job opportunities, regional development, employees’
job satisfaction, employee’s laid-off and lost days due to
occupational accidents are all considered in the social
element of sustainability. A fuzzy interactive program-
ming method is devised to solve the model. The FBWM
is used to calculate the appropriate weight for social com-
ponents. A practical case study is presented to illustrate
the efficiency of the proposed model. Therefore, the main
contributions of this paper are as follows:

+ Proposing a new multi-echelon, multi-period, and
multi-objective mathematical model for constructing
a BSC with switch grass resources, pre-processing
centers, bio-refineries, and markets.

« Considering the economic, environmental, and social
components of the sustainable development para-
digm in the proposed model.

« Examining how alternative carbon regulation policies
affect strategic and operational decisions.

+ Weighting social indicators using the FBWM.

+ Use an actual case study in Iran to validate the sug-
gested model.
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This study is organized as follows: The “Methods” sec-
tion builds the mathematical model for the multi-objec-
tive sustainable BSC under various carbon policies. The
section on “Solution approach” describes how to solve
the model using the fuzzy interactive programming and
the FBWM. An actual case study and numerical results
are presented in the “Results and discussion” section. The
section under “Sensitivity analysis” assesses the impact
of important factors on the proposed model. Finally, in
the “Conclusions” section, the results and future research
plans are presented.

Methods

In light of carbon policies, this paper proposes a multi-
objective, multi-period, multi-echelon sustainable BSC
for producing switch grass biofuel. Switch grass is a
well-known biofuel source. It can grow in a variety of
soils with varying nutrient levels, and it requires little
water and has a low production cost. Switch grass also
has other advantages, such as lowering carbon emis-
sions, improving the economic condition of rural areas,
and generating a lot of energy from a single unit [49,
50]. The proposed BSC structure is shown in Fig. 1. The
supply chain is made up of switch grass resources, pre-
processing centers, bio-refineries, and markets, as can
be seen. Switch grasses are transported to preprocessing
centers from resources. Preprocessed switch grasses are
delivered to bio-refineries, where they are turned into
biofuels, and then transported to markets to meet cus-
tomers’ demand. Because of the considerable implica-
tions of their production and transportation procedures
on the BSC’s sustainability, pre-processing facilities and
bio-refineries receive the most consideration when devel-
oping the BSC. The model takes into account two objec-
tive functions. The economic objective function seeks
to maximize BSC earnings, whereas the social objective
function examines the proposed BSC’s social responsi-
bility. Various guidelines and standards for social evalu-
ation have been produced to date, including Guidance
on Social Responsibility-ISO 26000 [51], Social Account-
ability 8000 [52], and GRI [48]. To determine the com-
ponents of the social aim in this study, GRI guideline
indicators [48] were used. As a result, several social indi-
cators, such as job opportunities, regional development,
employee job satisfaction, the number of employees laid
off, and lost days due to occupational accidents are taken
into account. There are also four carbon policies to con-
sider: the carbon cap, the carbon tax, the carbon offset,
and the carbon trade. The impact of these policies on
BSC profitability, carbon emissions reduction, and social
sustainability are assessed. It should be noted that the
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Preprocessing

Switch grass
resources centers

Fig. 1 lllustration of the BSC structure

Bio-refineries Markets

carbon stored in biomass during the cultivation process
is not taken into account in this work.

Road routes connect all of the infrastructures in the
projected biofuel network. Furthermore, it is believed
that road routes exist between all infrastructures. The
transfer of raw materials and finished goods between
resource zones and facilities is done by truck. The
paper analyzes a multi-period formulation to reflect the
dynamic variation of costs, demands, and capacity of
switch grass resources, pre-processing facilities, and bio-
refineries in real-world circumstances. As a result, sev-
eral strategic and operational decisions are made over a
period of time. Locating pre-processing centers and bio-
refineries, allocating switch grass from resources to pre-
processing centers, allocating preprocessed switch grass
from preprocessing centers to bio-refineries, and allocat-
ing biofuel from bio-refineries to markets are all part of
these considerations.

Assumptions This paper is developed based on the fol-
lowing assumptions:

+ Biofuel is made from a single feedstock.

+ The location of facilities and markets are constant.

+ The model under consideration is multi-period and
multi-echelon.

« Each period’s biofuel demand is predictable and must
be met in full.

+ The shortage is not permitted.

+ The suggested model’s economic, environmental, and
social elements are all deterministic.

+ No safety stock is considered in pre-processing cent-
ers or bio-refineries.

+ Road transport is used to carry feedstock and bio-
fuel via supply chain levels. Trucks deliver switch
grass from resource zones to facilities. Furthermore,
biofuel is carried from bio-refineries to markets via
tanker.

« The transportation distances between facilities are
known.

The capacity of facilities is deterministic and
restricted but it can be improved by developing the
current equipment and implementing advanced
technologies.

In the following, sets, parameters and decision vari-
ables are defined.

Sets
/ Set of switch grass resources
J Set of preprocessing centers
K Set of bio-refineries
M Set of markets
T Set of periods
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center j to bio-refinery k in period t
(Rial per ton)

Distance between preprocessing
center j and bio-refinery k (Km)
Fixed operating cost in bio-refinery
kin period t (Rial)

Variable operating cost in bio-
refinery k in period t (Rial per ton)
Amount of carbon emissions during

producing biofuel in bio-refinery k
(Kg per ton)

Exm

Ckmt

Dim

Jik

Jk

Jkm

Ly

Frj

ka

Skt
Waﬂ

Wak[

br
vaj
Vag

cap
CW t

cap
C2l‘

Amount of carbon emissions during
transporting biofuels from bio-
refinery k to market m (Kg per ton)

Transportation cost of biofuel from
bio-refinery k to market m in period
t (Rial per Ton)

Distance between bio-refinery k and
market m (Km)

The number of created job opportu-
nities in preprocessing center

The number of created job opportu-
nities in transporting preprocessed
switch grass from preprocessing
center j to bio-refinery k

The number of created job opportu-
nities in bio-refinery k

The number of created job opportu-
nities in transporting biofuels from
bio-refinery k to market m

The number of lost days due to
occupational accidents in preproc-
essing center j

The number of lost days due to
occupational accidents in bio-
refinery k

The number of employees' laid-off
in preprocessing center j

The number of employees' laid-off
in bio-refinery k

Employees'job satisfaction in pre-
processing center jin period t

Employees'job satisfaction in bio-
refinery k in period t

Employees'welfare cost in preproc-
essing center jin period t (Rial)

Employees' welfare cost in bio-
refinery k in period t (Rial)

The weight of work opportunity in
the social objective

The weight of regional develop-
ment in the social objective

The weight of employees’job satis-
faction in the social objective

The weight of employees’ laid-off in
the social objective

The weight of lost days in the social
objective

Regional development level of
preprocessing center j

Regional development level of bio-
refinery k

Economic value of installing pre-
processing center j

Economic value of installing bio-
refinery k

Maximum amount of carbon emis-
sions in switch grass resources in
period t

Maximum amount of carbon emis-

sions in preprocessing centers in
period t
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1 If preprocessing center j is t(Kg)
installed in period t, 0 otherwise e Amount of the soled carbon in pre-
1 If bio-refinery kis installed in processing centers in period t (Kg)
period ¢, 0 otherwise o Amount of the purchased carbon in
bio-refineries in period t (Kg)
Amount of transported switch grass e Amount of the soled carbon in bio-

from resource j to preprocessing
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centerjin period t (Ton)

Amount of transported preproc-
essed switch grass from preproc-
essing center j to bio-refinery kin
period t (Ton)

Model formulation
In the following, the mathematical formulation of the basic
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The objective function (1) seeks to maximize the profit
from the sale of biofuels. The total revenue is considered
in the first term. The costs of installation, harvesting, col-
lecting, loading and storing switch grass, as well as trans-
portation and production, are all included in the first
objective. Objective function (2) promotes job opportu-
nity, regional development, and employee job satisfac-
tion while reducing the amount of employees laid off and
days lost due to occupational accidents. Constraint (3)
ensures that the amount of switch grass delivered from
each resource to preprocessing centers does not exceed
the resources’ supply capacity.
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Constraints (4) and (5) ensure that the amount of pre-
processed switch grass transported to bio-refineries and
the amount of biofuel delivered to markets does not
exceed the capacity of the preprocessing centers and bio-
refineries, respectively. Constraint (6) is used to maintain
a balance between the amount of switch grass delivered
from resources to preprocessing centers and the amount
of preprocessed switch grass transferred to bio-refineries.
The balance between the amount of preprocessed switch
grass from preprocessing centers to bio-refineries and the
amount of biofuels to markets is specified by constraint (7).
Constraint (8) is considered to satisfy market demands. The
switch grass and preprocessed switch grass are transferred
to preprocessing centers and bio-refineries, respectively,
according to constraints (9) and (10). Constraints (11) and
(12) state that each preprocessing center and bio-refin-
ery must be built in a certain period and stay operational
in subsequent period. The types of decision variables are
determined by constraints (13) to (15).

The extension of the model by considering carbon policies
In the following section, the suggested model is extended
under four carbon policies to assess the effects of envi-
ronmental concerns on the BSC.

The extended model under the carbon cap policy
The amount of carbon consumption for a corporation is
limited to the stated value under the carbon cap policy.
As a result, constraints (16) to (18) are added to the pro-
posed model for expressing this policy on the BSC, yield-
ing the following model:

Maxz;, Maxz; s.t. (3—15)

Z Z (El +Ez/)Xz1t = C;?p Vit (16)
i

Xj: Zk: (Ej + Ejk)X/’kt = C;?p Vit (17)

> " (Ex + Eton) Xime < Cs/” ¥t (18)

k m

The carbon emissions from switch grass resource
activities are limited, according to constraint (16). These
activities include growing, harvesting, collecting, loading,
storage and transportation of switch grass. Constraints
(17) and (18) set the maximum quantity of carbon emis-
sions allowed in the BSC for preprocessing and generat-
ing operations, respectively.

The extended model under the carbon tax policy
A distinct tax is considered for each unit of emitted
carbon in the context of carbon tax policy. This policy,
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unlike the carbon cap policy, has no restriction on the Ei + E )X - ap | et
k)X + ey, < Cy” + ey, V2
amount of carbon released. Under this policy, the follow- ; ; ( P ) i 2 o 2

ing model will be proposed:

(22)

Maxzo

Maxz; = Z a+ ﬁ)t 1 Z ZRkthmt ZF/t jt — ]t 1 ZFkt Yie — th—l)
k m
- Z Zijt (Cf’t + Cf}) - Z ZDijCithijt - Z Z (FCit + VCi¢) Xijt
ey iy ey
- Z Z ik Gt Xt — Z Z FCit + VCi) Xjie — Z Zka Clomt Xiome (19)

- Z Waje (Yie = Y1) Z Watie (Y — Yie-1) — Z Z T, (E; + Ey) X
j

=Y > Tx(E+ Ei) Xje — Y > Txe(Ex + Exgn) Xome
j k k m

- cap |+
s.t.(3-15). 3> Bk + Eton) Xime + €3, < CafF + e, Ve 23)
k m
The extended model under the carbon trade policy e} el €3p €5, €3, 3, = 0Vt (24)

A trading market for carbon use is formed under the car-
bon trade policy. If a company requires more carbon
allowance to continue operating, it can buy the amount of
carbon allowance it lacks from enterprises with more car-
bon allowance than the maximum level. The following is
the proposed model for the carbon trade policy:

According to constraints (21) to (23), switch grass
resources, preprocessing centers and bio-refineries can
purchase the amount of the carbon shortage or sell the
amount of additional carbon allowance to keep their
activities, respectively. The type of decision variables is
defined by constraint (24).

Maxzy

Maxz; = Z a1+ ﬁ)t 1 Z ZRkthmt ZF/t jt — ]t 1 ZFkt Yie — th—l)
— Z ZXW (Clbt + Cf;) — Z ZDijCithijt — Z Z (FC/',: + VCjt)Xijt
i i i
- Z Z jk /kt jkt — Z Z (FCit + Vth)Xjkt - Z Zka Crmt Xkt

Kk m
— Z Wﬂ/’t th }t 1 Z Wae(Yie — Yie—1) — pr (eﬂ - el_t)

(20)

—pi(e5 —ex) = peles, — e??t)]

s.t.(3-15) The extended model under the carbon offset policy
7 cap 4 The carbon offset and carbon trade policies use the same
Z Z (Ei + EiJ')XiJ't t+ey =Cy te vt (21) method; however, under this policy, a corporation cannot
i sell more carbon allowances to other companies. The fol-
lowing is a model formulation for this policy:
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Step 1. For each objective, specify positive and negative
ideal solutions as follows:

1
Maxe; = ) —————
— (1+9) £

- Z ZXijt (Cf; + Cfé) - Z ZDijCithijt - Z Z (FCit + VCit) Xijt
i i i

Z ZRkthmt - Zl‘}t(th — Y1) — ZFkt(th — Yie-1)
J k

(25)
Y DiCiXie = > > (FCit + Vi) Xkt = D > DiomComt Xiome
j ok j kK m
- Z Waj (Yie — Y1) — Z War (Yie — Yie—1) — Oref, — Ore5, — Oes,
j
s.t. (3-15) Z{)IS = max Z;, Zi\HS = min Z;
E +EiX C% 4 ot v ZPS = max Z,, ZN'® = min Z (30)
> D (Ei+Ey) Xy < CF +ef, vt (26) 2 ) 2
b Step 2. For each objective, create a linear membership
Z Z ( ) a o+ function as follows:
Ej + Eji) Xjke = Cop + €3, V1
e (27) 1 itz > ZPS  k=1,2
z _ZNIS .
mi(v) = ﬁ le/I:HS <Zp < Z,I;IS k=1,2
DD Ex+ Ex)Xams < C5F + €3, Vit (28) 0 itz < ZNS  k=1,2
K m (31)
o4 Step 3. Convert the multi-objective model to a single-
e €y 3 = 0 V2 (29)  objective model using the following formula:

Switch grass resources, preprocessing centers, and bio-
refineries can purchase the shortage amount of the car-
bon allowance to continue their production operations,
according to constraints (26) to (28). Constraint (29)
shows the type of decision variables.

Solution approach

A two-stage solution approach is devised to solve the
proposed model. In the first stage, a fuzzy interac-
tive programming approach is suggested for solving the
multi-objective model. In the second stage, the FBWM is
used to determine the weight of social components.

The fuzzy interactive programming approach

In recent research, fuzzy approaches have been primar-
ily used to solve multi-objective models. Because of
their ability to determine the satisfaction level of objec-
tive functions, fuzzy approaches are referred to as strong
approaches [53]. Decision-makers can select the most
effective option based on this solution. The provided
multi-objective model is solved in this study using an
attractive fuzzy programming approach established by
Torabi and Hassini [53]. Below is a description of this
procedure.

max A(v) = yio + (1= ) Y Opii(v)
k

s.L.

0 < pur(Mk =1,2

v e F(®),

YV )LO € [O’ 1]

F(v) represents the feasible region. The compensation
coefficient and the importance of objective k are denoted
by y andéy, respectively. Decision makers define 6; values
based on their importance, and ) ; 6, = 1,6 > 0. g (v)
signifies the level of satisfaction with objective k, and

Table 1 Linguistic variables and the equivalent fuzzy number
[55]

Linguistic variables Membership function

Equally importance (El) a,1,1

Weakly important (WI) (2/3,1,3/2)
Fairly important (FI) (3/2,2,5/2)
Very important (VI) (5/2,3,7/2)
Absolutely important (Al) (7/2,4,9/2)
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Ao = ming{ur(v)} is the lowest level of satisfaction with
objectives.

The fuzzy best-worst method

Rezaei [54] proposes the best—worst method for determin-
ing the weight of criteria based on pairwise comparison. In
this procedure, a decision maker selects the best and worst
criteria, then assesses the best criterion’s preference over
others and other criteria’s preference over the worst criterion
[54]. Guo and Zhao [55] devised the FBWM in response to
the uncertainty of real-world problems and the ambiguity of
decision-makers” opinions. This method is used for weight-
ing social objective components because of the FBWM’s
capability to deal with the ambiguity of real-world circum-
stances. The following are the steps involved in this method:

Step 1. Determine a set of related criteria.

Step 2. Specify the best (Cg) and the worst (Cy) crite-
ria by a decision maker.

Step 3. Using the linguistic variables in Table 1, spec-
ify the fuzzy preference of the best criterion over others.
Ag = (2131,5132, .. ,Zzgy,) is the fuzzy best evaluation vec-
tor. Note that ap; denotes the best criteria’s fuzzy prefer-
ence for criterion j, and agg = (1,1, 1).

Step 4. Using the linguistic variables in Table 1, assign
the fuzzy preference of other criteria to the worst criterion.
Ay = (Zzlw/, AIW s - - - » Zznw) is the fuzzy vector of the oth-
ers to the worst criterion. g; is the fuzzy preference of cri-
teria j over the worst criterion, and aww = (1,1, 1).

Step 5. Compute the optimal fuzzy weights
If the absolute difference between % —ZZB]" and
~ ]

Wj

‘ww — leW’ for all j can be minimized, fuzzy weights

can be derived. It’'s worth noting that wg, w;, and wy are
all triangular fuzzy numbers. The resultant

W = l}”, m?,u ) must be converted to its crisp equiv-

]
alent. The following is the FBWM formulation:

wpe{[5 - o} g}

minmax-s | =— — 4agj|, | = — 4w
J Wi ww

s.t.

n
> Rw) = (33)
j=1
b <
['=0
j=12,...,n

In Eq. (33), wp= (lé”,mg; ug’)’ﬁ’f = <ZJW’ m}ﬂ’,u}."),
VNVW = (l&r ml\d)lVruV\/VY/)’ ZZB] = (lBj’ MmBj» qu)’

ayw = (G, myw, wiw ).
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The above model can be stated as follows:

miné
S.t.
wg . ~
— —apj| <§
wj
W .
o ajw| <§
" (34)
> Rw) =1
j=1
o <
["=0
ji=12...,n

w*here g: ([E, mt, uE). By considering & <mf <uf and
£ = (k* k* k), k* < I, model (34) is reformulated as
follows: W

min &*
S.L.
(lW mly MW)
B Mp,Up
w w w
<lj My Uy )
w w w
(lj U )

iy~ (o) | = (656K

> Rw) =1
j=1

Y < <y’
" =myi < u

["=0

- (lBj’mBj’qu) = (k*’k*)k*)

i=12...,n

(35)

Solving the presented model (35) will yield the optimal

fuzzy weights. After that, Eq. (36) is used to transform
them to crisp values:

w w w
lj —|—4mj +u;

c (36)

R(w)) =

Results and discussion

In this section, the proposed models are applied to a real-
world case study in Iran. The most compelling reasons
for developing biofuels in Iran are population growth,
environmental concerns, and rising fossil fuel consump-
tion [56]. Iran can produce a variety of biofuel feed-
stocks, including corn, sunflower, and switch grass [57].
It also contains promising agricultural zones, as well as
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Caspian Sea

Persian Gulf

‘ Potential locations for switch grass
-
1 : Potential locations for preprocessing center

[ N—

A Potential locations for bio-refinery

. Market

Fig. 2 Geographic map of Iran and potential locations for facilities

Gulf of Oman

favorable meteorological and geographical conditions for
switch grass cultivation [50]. Switch grass is an inedible
feedstock, as previously indicated. In comparison to edi-
ble feedstocks, it is recognized as a suitable and profitable
feedstock for biofuel production [40]. Planning is done
over a 4-year planning horizon. A map of Iran is shown
in Fig. 2.

As can be seen, switch grass resources are assessed in
five prospective provinces. These provinces were chosen
based on yearly rainfall, accessible water resources, geo-
graphic circumstances, available space for switch grass
cultivation, soil potential for producing switch grass, and
available equipment and methods for cultivation, accord-
ing to Ghaderi et al. [58]. It should be highlighted that the
above-mentioned elements also influence the capacity of
switch grass resources. Preprocessing centers and bio-
refineries will be built in ten and six provinces, respec-
tively. These regions were chosen based on geographical
and climatic circumstances, distances from human soci-
eties, communication channels, and faults, among other

factors. Furthermore, Iran’s most populous provinces
with significant energy use are chosen as biofuel markets.
It should be emphasized that these populated provinces
have greater transportation and industrial operations
than other provinces.

The case study’s numerical results are presented.
GAMS 24.1.2 is used to code the proposed models. All
tests are run on a laptop with an Intel Core i5 5200U
CPU (2.20 GHz), 4.00 GB of RAM, and a 64-bit operat-
ing system. The range of case study parameters is shown
in Table 2. It’s worth noting that facility installation costs
are calculated based on their location, utilized technolo-
gies and capacity. The expenses of pre-processing and
biofuel production are evaluated based on the materi-
als, labor force, machinery, energy supply sources, cli-
matic conditions of the located facilities, etc. These
expenses are estimated using the Iran Customer Price
Index. Previous feasibility studies in Iran are also taken
into account. During a 4-year planned horizon, the cost
of biofuel will climb by 10% every year. Transportation
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Parameter Range Parameter Range Parameter Range

4 0.15 Gkt [0, 15200] Sit [50%, 87%]

Si [500, 000, 700, 000] Djk [0, 1581] Skt [57%, 87%]

Rit [76 x 107,79 x 107] FCu [5% 107,54 x 107] Waj [180000, 206000]

Fit [50 x 10%,72 x 10°] VG [2x107,5 x 107] Way, (190000, 208000]

o 045 Ex [2055.6,2065.6] by [60%, 90%]

P [300, 000, 400, 000] Exm [0.2022,0.2033] by [60%, 85%]

Fie [400 x 107,680 x 107 Cemt [0,15200] vaj (13,19

B 0.80 Dim [0, 1754] vag [14,19]

Pk [300, 000, 340, 000] Jj [150,220] Cff” [52 x 10°,63 x 06}
Dme (35000, 70000] Jik [5,13] csP [80 x 10°,88 x 109]
ct [8000000, 12000000] Ji [180,290] csP [12 x 108,13 x 108]
C/*; [500000, 600000] Jkm [6,15] Txt [30%, 35%]

Giie [0, 17200] L [22,27] Pt [30000, 31000]

Dy [0,1784] Ly [17,22] [ [50000, 50050]

Ei [3,4.5] VCje [10000000, 40000000] Ej [14.3,17.2]

Ejj [0.2002,0.2005] Ejk [0.2022,0.2024] Fri [14,21]

FCj [40000000, 44000000] Frj [12,17]

Table 3 Fuzzy preference of the best social component over other components

Social components

Work opportunities Regional development Employees’job satisfaction Employees’laid-off Lost days

Best component (Regional devel-
opment)

(152,25 (1,1,1)

(3.5,4,4.5) (25,3,35) (25,3,35)

Table 4 Fuzzy preference of other social components over the
worst component

Social components Worst component
(Employees’ job

satisfaction)

Work opportunities (15,2,25)
Regional development (3.5,4,4.5)
Employees'job satisfaction 11n
Employees'laid-off (066, 1,1.5)
Lost days (15,2,25)

costs are determined by the kind of loading items, dis-
tances between facilities, and vehicle capacity. Because
each facility is in a separate city in Iran, road lengths
between cities are calculated using data from the Minis-
try of Roads and Urban Development [59].

We used published studies on creating sustainable
supply chains such as Ghelichi et al. [60], Meyer et al.
[61], Rahimi et al. [62], and Perez et al. [10] to measure
the social indicators. According to Ghelichi et al. [60],

Table 5 Weight of social objective components

Weight 44 W W3 Wy Ws

Value 0.2394 0.3765 0.1531 0.1243 0.1067

the number of newly created fixed job opportunities in
preprocessing centers is estimated to be between 150
and 220, while that in bio-refineries is estimated to be
between 180 and 290. Furthermore, we calculated that
transportation activities create between 5 and 15 fixed
job opportunities. According to Meyer et al. [61], the
regional development coefficient in pre-processing cent-
ers is between 0.6 and 0.9, while it is between 0.6 and
0.85 in bio-refineries. According to Rahimi et al. [62],
the number of days lost due to occupational accidents in
preprocessing centers is estimated to be between 22 and
27 days, whereas that in bio-refineries is estimated to be
between 17 and 22 days. The number of employees laid
off in preprocessing centers is estimated to be between
12 and 17 operatives, while the number of employees laid
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Caspian Sea
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‘ Switch grass resource

D Preprocessing center

A Bio-refinery
‘ Market

Fig. 3 The optimal design of the basic model

Gulf of Oman

Table 6 Numerical results of the basic model

" "o z1(Rial) 7 Carbon emissions
(Kg)
0.771 0.142  1,240,490,000,000,000 5634.695 1,817,763,000

off in bio-refineries is estimated to be between 14 and 21
operatives. According to Perez et al. [10], employee job
satisfaction in preprocessing centers is estimated to be
between 50 and 87%, while it is estimated to be between
57 and 87% in bio-refineries.

Tables 3, 4 show the decision maker’s fuzzy preferences
for the best social component over other components, as
well as various social components over the worst com-
ponent. The ideal weight of social objective components
generated by the FBWM is shown in Table 5.

From solving the basic model, Fig. 3 graphically depicts
the best sites for preprocessing centers and biorefiner-
ies. Kurdistan, Fars, and Sistan and Baluchestan are the
three provinces chosen as switch grass resources, as can

be observed. Kermanshah, Bushehr, and Sistan and Bal-
uchestan each have one preprocessing center. Kerman-
shah, Bushehr, Esfahan, Razavi Khorasan, and South
Khorasan each have one bio-refinery. The numerical
results of solving the basic model are shown in Table 6.

Figure 4 depicts the amount of carbon emissions in
several BSC sectors of the basic model. According to
this data, bio-refineries account for a significant por-
tion of the total supply chain’s carbon emissions. Fur-
thermore, transportation between different levels of the
BSC accounts for 51% of carbon emissions. Switch grass
resources account for the smallest percentage of the
entire environmental impacts of the BSC, accounting
for only 8% of total carbon emissions. Different carbon
policies are being considered in attempt to reduce carbon
emissions.

The components of the economic objective are
depicted in Fig. 5. The expenses of operating activities
such as growing, harvesting, collecting, preprocessing
and producing biofuel account for 12%, 26% and 24% of
total BSC costs, respectively, according to this data. As a
result, these components account for the majority of the
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Fig. 4 Total carbon emissions in the basic model

m Switch grass resources

® Transportation from switch grass
resources to preprocessing centers

B Preprocessing centers

® Transportation from preprocessing
centers to biorefineries

B Bio-refineries

H Transportation from bio-refineries to
markets

Fig. 5 Components of the economic objective of the basic model

B Growing, harvesting, collecting storage
costs

B Transportation from switch grass
resources to preprocessing centers

B Preprocessing costs

B Transportation from preprocessing
centers to bio-refineries

B Biofuel production costs in bio-
refineries

B Transportation costs from bio-refineries
to markets

entire cost. Moreover, the transportation sector accounts
for 38% of the entire BSC cost. It’s worth noting that
greater biofuel production costs lead to higher market
price. Increasing the capacity of facilities using innova-
tive technology is one feasible method for lowering the
total cost of the BSC.

The components of the social objective are demon-
strated in Fig. 6. As illustrated in Fig. 6, the installation
of preprocessing centers and bio-refineries in the basic
model creates a substantial number of job opportuni-
ties, with this social indicator accounting for 85% of
the overall social objective. Employees’ job satisfaction,
regional development and employees’ laid-off play a

minor influence, accounting for only 1%, 2%, and 3% of
the social objective, respectively. It should be highlighted
that one of the most pressing social concerns in any soci-
ety is job opportunities, particularly in rural areas, and
this model has the potential to considerably address this
necessity.

The effects of various carbon policies on the basic
model are evaluated based on the relevance of lowering
carbon emissions in the BSC. Figure 7 depicts the best
BSC design for various carbon policies.

Note that policies 1 through 4 depict the carbon cap,
carbon tax, carbon trade, and carbon offset policies,
respectively. Different alternatives for the location of



Zarrinpoor and Khani Energ Sustain Soc (2021) 11:38

Page 16 of 22

%1 %2

Fig. 6 Social objective components of the basic model

M Created job opportunities
B Lost days

& Employees’ job satisfaction
M Regional development

B Employees’ laid-off

switch grass resources, preprocessing facilities, and bio-
refineries are evident. Kermanshah, Esfahan, Bushehr,
Khuzestan, Razavi Khorasan, and South Khorasan, for
example, have been chosen for the installation of bio-
refineries under the carbon tax policy. Kermanshah, Esfa-
han, Bushehr, and South Khorasan are the 4 provinces
chosen for bio-refineries under the carbon offset policy.

Table 7 summarizes the optimal results of the pro-
posed models. According to this table, the carbon trade
policy yields solutions with the highest degree of sat-
isfaction for the economic objective value, whereas
the carbon offset policy yields solutions with the high-
est degree of satisfaction for the social objective value.
Note that Z shows the objective function of the fuzzy
interactive programming method proposed in model
(32).

The profit of the BSC under various carbon policies,
as well as the basic model, are shown in Fig. 8. Accord-
ing to this figure, the BSC gains the highest economic
profit through the carbon trade. Carbon tax, carbon
trade, and carbon offset policies boost the economic
value by 16%, 27% and 5%, respectively. Furthermore,
imposing a carbon cap policy reduces profitability by
about 11% because it restricts the amount of carbon
allowance available for various operational operations.

Figure 9 shows the consequences of the social objec-
tive under various carbon policies and the basic model.
Carbon cap, carbon tax, carbon trade and carbon off-
set policies all reduce the social value by around 5%,

7%, 2% and 4%, respectively. As a result, in this case
study, it can be argued that implementing carbon poli-
cies is ineffective in enhancing the social component.
However, in comparison to other policies, the carbon
trade policy is the most important, while the carbon
tax policy is the poorest in terms of enhancing social
considerations.

The total quantity of carbon emissions in the BSC
under various carbon policies and the basic model is
depicted in Fig. 10. Carbon cap, carbon tax, carbon trade,
and carbon offset policies result in reductions in carbon
emissions of over 24%, 2%, 30%, and 8%, respectively.
Therefore, the BSC is revealed to have the lowest carbon
emissions under the carbon trade policy. Most BSC facili-
ties can sell their excess carbon allowance on the exist-
ing trading market, resulting in a significant reduction in
their carbon emissions.

Based on prior findings, it can be inferred that enact-
ing carbon policies has a major impact on supply chain
profitability, social considerations, and the reduction
of carbon emissions. Furthermore, due to a 27% rise in
the economic value of the BSC compared to the basic
model, the carbon trade policy can be regarded the most
profitable policy. In addition, the carbon trade policy is
the most environmentally friendly policy because it can
reduce carbon emissions by more than 30% when com-
pared to the basic model. These policies have a substan-
tial impact on strategic facility location decisions. As a
result, applying these policies may be the most effective
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C) Policy 3.

Fig. 7 Optimal design of the BSC under different carbon policies

d) Policy 4.

way to achieve the sustainable development paradigm
in any society, particularly in emerging countries, where
fossil fuel output is more reliant. It is also worth not-
ing that the impact of carbon regularity rules on fossil
fuel supply chains has been studied. For instance, Lab-
zovskii et al. [63] found that implementing a carbon cap
policy reduces carbon emissions by around 1%, 5% and

8% in South Korea, Mongolia, and China, respectively.
Since implementing the carbon cap policy in the case
study reduces carbon emissions by almost 24%, it can be
argued that using the carbon cap policy in the BSC will
result in a higher degree of improvement than using fossil
fuel supply chains.
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Table 7 Satisfaction degree of objective functions of different

models
Model V4 " 175
Basic 0.293 0.771 0.142
Policy 1 0.308 0.829 0.143
Policy 2 0322 0.887 0.140
Policy 3 0.385 0.998 0.139
Policy 4 0.294 0.774 0.145
1.80E+15 -+
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1.40E+15 -
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1.00E+15 -
8.00E+14 -
6.00E+14 -
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basic policyl policy2 policy3 policy4
Fig. 8 Economic objective function of different models
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Fig.9 Social objective function of different models
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Fig. 10 Total carbon emissions in different models
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N 8.00E+14 » policy 1
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0.00E-+00
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Time period
Fig. 11 The value of economic objective in different time period
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Fig. 12 The value of social objective in different time period
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Fig. 13 The amount of carbon emissions in different time period

We explore the impact of time periods on economic
and social objectives, as well as carbon emissions, using
the basic model and carbon policies. Under the basic
model and carbon policies, we investigate the impact of
time periods on economic and social objectives, as well
as carbon emissions. In the context of carbon policies,
Fig. 11 illustrates the worth of economic objective over
various time periods. Biofuel production rises as mar-
ket demand rises, and as a result, the economic objective
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Fig. 14 The effect of the carbon cap on objective functions
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Fig. 15 The effect of the carbon tax on objective functions
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value rises as the time period lengthens under the basic
model and all carbon policies. The evolution of the social
objective over time is shown in Fig. 12. More job oppor-
tunities are produced when the number of installed facili-
ties is increased over a longer period of time. As a result,
the social objective value rises. The results of time period
variation on the amount of carbon emission under vari-
ous carbon policies are depicted in Fig. 13. Through the
passage of time, the volume of carbon emission under
basic model and carbon policies grows. Carbon emis-
sions in supply chain sectors such switch grass growth,
harvesting, and collecting, switch grass preprocessing
and biofuel production grew as biofuel output increased.

Sensitivity analysis

In this section, a sensitivity analysis is presented to ana-
lyze the effects of various factors on economic and social
objectives.

The impact of the carbon cap on objective functions
is depicted in Fig. 14. The economic value grows as the
quantity of carbon cap increases, unless the change is
10%. The social objective, on the other hand, does not fol-
low any particular pattern. Because an increase in carbon
allowance can lead to an increase in biofuel production,
the economic objective is on the rise. Moreover, increas-
ing biofuel production has no effect on social factors,
such as regional development or the number of new job
opportunities. As a result, policymakers must establish
the ideal amount of carbon allowance for enterprises to
accomplish economic growth while also controlling the
environmental impacts of production activities.

Figure 15 illustrates how objective functions change as
a result of the carbon tax. Unless the carbon tax is higher
than 20%, the profit climbs, while the social objective falls
as the carbon tax rises. Despite the fact that the carbon
tax increases BSC costs, biofuel output rises to meet mar-
ket demand, canceling out the cost increase. As a result of
the increased sales of biofuels, the BSC’s profit increases.
Moreover, to strike a balance between cost and profit,
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the number of employees is reduced, while the number
of laid-off employees rises. It can be deduced that when
the carbon tax rises, it will be necessary to boost biofuel
production to enhance revenues.

The objective functions alter as demand rises, as shown
in Fig. 16. It’s worth noting that, according to constraint
(8), production must be equal to market demand. As a
result, biofuel production in bio-refineries increases as
biofuel demand rises, and the economic objective climbs
in tandem. Unless market demand rises from 15 to 20%,
the social objective is on the rise.

Figure 17 shows that as the amount of carbon trade
increases, the BSC profit fluctuates, but once it reaches
10%, it continues to rise. The social objective decreases
at first, then stabilizes. When the amount of carbon trade
increases, it can be concluded that BSC facilities have
more carbon allowance, and as a result, more profit may
be made by selling more production.

The economic objective fluctuates as the amount of
carbon offset increases, but it begins to decline above a
12% variation, as shown in Fig. 18. The social objective
drops at first, then begins to rise above 10%. It may be
stated that as the amount of carbon offset increases, the
company’s costs rise as more carbon permits are pur-
chased, and profitability falls after a certain point.

Conclusions

This paper develops a sustainable multi-objective,
multi-period, multi-echelon BSC by highlighting the
negative effects of fossil fuels and the significance of
utilizing renewable energies, such as biofuels. Switch
grass resources, preprocessing centers, bio-refineries,
and marketplaces are all part of the supply chain. This
paper considers all aspects of sustainability, includ-
ing economic, environmental, and social aspects. In
the economic aspect, the BSC profit is maximized by
taking into account the revenue as well as the costs of
switch grass harvesting, collecting, loading, and stor-
age, transportation, and operation. Job opportuni-
ties, regional development, employee job satisfaction,
employee’s laid-off and lost days due to occupational
accidents are all factors included in the social aspect.
Different carbon policies, such as the carbon cap, the
carbon tax, the carbon trade, and the carbon offset, are
evaluated to consider the environmental dimension.
Finally, a practical case study is applied to demonstrate
the effectiveness of the model. The findings show that:
(1) the carbon trade policy increases the profitability of
the proposed BSC by about 27%, and this policy yields
the largest economic profit.; (2) implementing the car-
bon cap policy generates the least profit, as it restricts
the amount of carbon allowance available for various
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operational activities; (3) utilizing the carbon tax and
carbon offset policies, respectively, increases the eco-
nomic value by 16% and 5%; (4) applying a carbon
cap, carbon tax, carbon trade, and carbon offset policy
reduces the social value by around 5%, 7%, 2%, and 4%,
respectively. As a result, it can be argued that carbon
policies are ineffective in increasing the social compo-
nent of sustainability in the case study under consid-
eration; however, carbon trade policy performs better
than other policies, and (5) in the basic model, applying
carbon cap, carbon tax, carbon trade, and carbon offset
policies reduce carbon emissions by 24%, 2%, 30% and
8%, respectively. Overall, the findings show that the car-
bon trade policy prioritizes the economic, social, and
environmental aspects of sustainability. As a result, we
can infer that enacting a carbon trade policy achieves
the best trade-off between all aspects of sustainability.
As a result, policymakers and governments can use this
policy to boost economic growth, social indicators,
BSC profitability, and reduce carbon emissions.

For future research, considering the uncertainty of
real-world characteristics such as market demand may
be a good idea. Moreover, selecting various feedstocks
such as sugar cane, corn grain, and agricultural residu-
als could be a useful direction in BSC design. Imple-
menting other solution approaches for addressing the
multi-objective model, such as meta-heuristic algo-
rithms, might also be regarded a novel contribution for
future research.
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