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Abstract

Effective design of biodiesel supply chain network can reduce many of its high production costs. There are various uncer-
tain parameters in real world that if ignored may greatly affect the optimal configuration of the designed biodiesel supply
chain. Scenario planning is a powerful tool which can help the decision makers for long-term planning under uncertain-
ties. Therefore, in this paper, a scenario-based robust optimization model is presented for designing the biodiesel supply
chain networks under uncertainties. Some of the parameters including demand, supply, costs, and environmental impacts
have uncertain nature. For the first time, in this study, the values of these uncertain parameters are estimated by a proposed
scenario-planning method. The presented scenario-planning approach is based on cross-impact analysis and visualization
methods. Non-edible sources such as Jatropha, Norouzak, and waste cooking oil are considered as raw materials of biodiesel
production, and for the first time Norouzak has been used as one of the sources in designing biodiesel supply chain. In addi-
tion, an environmental constraint is considered and the environmental impacts of all processes are obtained by Eco-indicator
99 method. The presented model can determine the number, location, and capacity of the facilities. The proposed model is
implemented in a real case study in Iran for a 7-year planning horizon. The results show the effectiveness of the presented
approach in designing the biodiesel supply chain networks under uncertainties.

Keywords Bioenergy - Biodiesel - Supply chain - Sustainable development - Scenario planning - Scenario-based robust
optimization

Introduction

Nowadays, energy plays an important role in the develop-
ment of societies. Sustainable energy is a form of energy that
is produced and consumed in a way that ensures all social,
economic, and environmental dimensions. In this regard,
renewable energy has a direct relationship with sustainable
development through its impact on human development and
productivity and economics [1].

After coal and gas, biomass is the third-highest source
of primary energy worldwide [2, 3]. Biofuels are fuels pro-
duced from biomass sources which have a significant poten-
tial for reducing environmental pollutions [4]. Biodiesel
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presents a competitive advantage compared to petrodiesel,
because it has a high field of applicability in the existing car
fleet, as many of its attributes and characteristics are like
those of petrodiesel [5].

One of the main challenges in developing these types of
energy is their high cost. The most important of these costs
are logistics costs. If the supply chain of these energies is
designed optimally, many of these costs can be reduced, so
that their production will be economical.

The world is full of uncertainties that if we ignore them,
the proposed model will be significantly different from real-
ity. In the design of the supply chain network, many of the
parameters have uncertain nature. Certainty assumption of
the parameters leads to a non-optimized solution. Scenario
analysis is an effective method for planning under uncer-
tainty conditions. The scenarios provide a comprehensive
overview of the environment and consider the interactions
of trends and events in the future [6].

In this study, a scenario-based robust optimization model
is proposed to design a biodiesel supply chain network under
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uncertainty. The presented model is implemented in a real case
study in Iran. Although Iran has large reserves of fossil fuels,
due to the finitude and the environmental pollution caused
by these fuels, it is unavoidable to develop renewable energy
resources. Iran has a high potential for renewable energies, of
which one of the most important is biomass energy. Biodiesel,
which is a good alternative to petrodiesel, can partly reduce
air pollution in large cities. One of the problems associated
with the development of biodiesel in Iran is its expensive price
compared to other fossil fuels. If the biodiesel supply chain
network is designed efficiently, many of these costs will be
greatly reduced.

Most researches have been carried out on producing bio-
diesel from edible sources or sources that require high water
and fertile soil for cultivation [7]. Since almost 80% of edible
oils in Iran are obtained through imports, it is not justifiable to
use the sources of edible oils for biodiesel production [8]. In
addition, semi-desert with salty soil and arid climate has the
most potential for exploitation in Iran [7]. Thus, it is necessary
to use sources that are compatible with Iran’s climate and have
little water requirement. Therefore, Jatropha and Norouzak
(Salvia leriifolia), which are non-edible and also compatible
with the climate of Iran, are suitable for biodiesel production.
In addition, another problem with the use of edible sources
to produce biodiesel is their relatively high production costs.
In this regard, waste cooking oil (WCO) which is less costly
than edible oils, can be used to produce biodiesel. Therefore,
in this study, Jatropha, Norouzak, and waste cooking oil are
used as biodiesel production sources. In addition, due to the
high air pollution problems in the big and industrial cities of
the country, an environmental constraint is considered in the
proposed model.

In this paper, a mathematical programming model based
on robust optimization method is presented for designing
the biodiesel supply chain. In this model, some parameters
such as demand, supply, costs, and environmental impacts
are assumed uncertain. In the robust optimization model, the
value of uncertain parameters must be estimated in each sce-
nario and the probability of the scenarios must be determined.
Therefore, in this study, a scenario-planning approach which
is based on cross-impact analysis and visualization methods
is presented to design the diesel scenarios. By this scenario-
planning method, the probability of occurrence of the designed
scenarios is determined and, based on the conditions and struc-
ture of the scenarios, the uncertain parameters are estimated in
each scenario over the time planning horizon. The algorithm
of the presented approach is shown in Fig. 1.

Literature review

In this section, similar studies on the topic of the research
will be reviewed.
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Fig.1 The algorithm of the presented approach

Various modeling approaches are used by researchers
for designing biofuel supply chain, including simulation,
mathematical programming, and GIS [9]. The mathemati-
cal programming models are the most used methods in the
literature [10]. The related researches to our work are dis-
cussed in the following.

Ahn et al. [11] presented a deterministic mathemati-
cal programming model for the design of a biodiesel sup-
ply chain network. This model determined the number and
location of supply centers and biorefineries with the goal of
minimizing the total cost. Ledo et al. [12] developed a math-
ematical model for designing the biodiesel supply chain from
castor oil in Brazil. They considered the production, crushing
of oilseeds, and transportation along the planning horizon.

In some studies, non-linear models were used in design-
ing the biodiesel supply chain network. For example, Ren
et al. [13] proposed a mixed integer non-linear programming
model that used the energy sustainability index to meas-
ure the sustainability of the biodiesel supply network. They
developed a multi-product model in which multiple transport
modes, multiple locations for biorefineries, and distribution
centers were considered.

Several papers considered multi-objective models for design-
ing the biodiesel supply chains. Rincén et al. [14] proposed a
multi-objective model for designing the biodiesel supply chain
network from oil palm in Columbia. The goal of this model
was to minimize the total costs and the total emissions across
the supply chain. Orjuela-Castro et al. [15] developed a multi-
objective model for designing a biodiesel supply chain network
that took into account all three aspects of sustainable develop-
ment. They analyzed the relationship among the economic, envi-
ronmental, and social dimensions in the biodiesel supply chain.

One of the important challenges in designing a biofuel sup-
ply chain is the uncertainty that exists in the supply chain. If
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these parameters are assumed deterministic, the designed sup-
ply chain will be far away from the real world [16, 17]. There
are various approaches to dealing with uncertainty in the litera-
ture, which are used according to the type of data uncertainty.

In some studies, fuzzy mathematical programming
approaches were applied. For example, Ubando et al. [18]
developed a fuzzy mathematical programming model for
designing a biodiesel supply chain network. This was a
multi-objective model that considered multi-regions. Many
papers used stochastic models in designing a biodiesel sup-
ply chain under uncertainty. Senna et al. [19] presented a
two-stage and a three-stage stochastic model for design-
ing the castor-based biodiesel supply chain. The results of
comparing these formulations showed that the total logistic
cost in the three-stage model was lower. There is a growing
body of literature that applies robust optimization methods
for biodiesel supply chain network design. Zhang et al. [20]
proposed a robust mixed integer linear model to design a
biodiesel supply chain network under demand and supply
uncertainty. In this research, multiple objectives (economic,
environmental, and social) were considered in the design
of the supply chain. They applied the genetic algorithm to
solve this model.

In this study, a scenario-based robust optimization model
is presented to design a biodiesel supply chain network under
uncertainty. In the proposed model, some parameters includ-
ing biodiesel demand, supply of WCO, costs (fixed, variable,
production, inventory holding, and transportation costs), and
environmental impact parameters have uncertain nature. To
estimate the values of these uncertain parameters in this study,
for the first time a scenario-planning approach is presented,
which is based on cross-impact analysis and visualization
methods. Non-edible sources including Jatropha, Norouzak,
and WCO are considered as sources of biodiesel produc-
tion, and for the first time Norouzak is used as one of the raw
materials in designing biodiesel supply chain. In addition, the
environmental impacts of the processes are calculated through
SimaPro software. The amount of CO, emissions from the
processes through the constructed supply chain must not
exceed the considered upper bound. To assess the effective-
ness and performance of the proposed model, it is applied in
a real case study in Iran for a 7-year planning horizon.

Scenario-based robust optimization
formulation

Mathematical programming models are a powerful tool for
designing supply chain networks. Since there are many uncer-
tainties in the real world, some mathematical programming
models are developed in the literature for designing supply
chains under uncertainty. In this section, robust optimiza-
tion method, which is developed for designing the proposed

biodiesel supply chain network under uncertainty, will be
explained.

The robust optimization method is presented by Mulvey
et al. [21]. This is one of the most appropriate approaches
to planning in the conditions that there are risks and distur-
bances in the surrounding environment. There are two kinds of
constraints in a robust optimization: structural constraint and
control constraint. The control constraints are influenced by
noisy data, while in structural constraints there is no noise in
the input data. In addition, there are two types of variables in
a robust optimization: design and control. While the value of
design variables can be determined before the scenario realiza-
tion, the value of control variables can be changed according to
various simulations of the uncertain parameters [22].

A scenario-based robust optimization model based on the
mathematical programming problem can be stated as follows:

Min (X, y1.y5,-...¥;), (1)
Ax = b, )
Bx+Cy,=e, Vs, 3)
x>0, y,20, “)

where x and y are vectors of design and control variables,
respectively. b and e are parameter vectors, and A, B, and C
are parameter matrices. As shown in the above-mentioned
equations, some parameters (b, A) are known deterministi-
cally and the others (e, B, C) are uncertain. Equation 2 is a
structural constraint that there is no noise in its coefficients,
while Eq. 3 is a control constraint that its parameters are
influenced by noise. In the robust optimization program-
ming, there are a set of scenarios. The control variable
is denoted as y, and, similarly, uncertain coefficients are
denoted as e, B;, and C, for scenario s with probability p.,
which indicates the probability of occurrence of scenario s.

Assume £ shows f(x,y) that is a benefit or cost function.
Therefore, &, = f (x, ys) for each scenario. If the variance for
&, is high, the risk of decision making will be high. In fact, in
these conditions, small changes in the uncertain parameters
will cause large changes in the objective function. Mulvey
et al. [21] proposed Eq. 5 to represent the solution robustness.

2
o)=Y P&+ Zm(é - Zpsla/> : )

where in the above-mentioned equation, p, is the associ-
ated probability, and y is the weight placed on solution vari-
ance. When y increases, the solution will be less sensitive to
changes in the uncertain parameters.

As shown in Eq. 5, there is a quadratic term in the formu-
lation. So this model is non-linear and requires a long time
of computation. In this regard, Yu and Li [23] proposed the
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following form (absolute deviation instead of the quadratic
form):

6() = Zpsés +v Zps §s - Zps’és’

According to the absolute deviation form, Eq. 6 is still
non-linear. To solve this problem, Pan and Nagi [24] used two
non-negative deviational variables and proposed the following
equations. Indeed, instead of minimizing the absolute devia-
tion form in Eq. 6, these two introduced positive variables are
minimized subject to the main constraints and the added soft
constraint.

: (6)

Min Y p&+7v ) (OF +07), ™
és - Zps’és’ = Q: - QS_ VS’ (8)
or.o; 0. ©)

The proposed biodiesel supply chain
network

Before designing the mathematical programming model, it
is necessary to define the structure of the supply chain and
explain its assumptions. The structure of the proposed supply

4

Fig. 2 Structure of the proposed biodiesel supply chain network
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chain network is shown in Fig. 2. It is a four-echelon, multi-
product, multi-period model under uncertainty. As shown in
Fig. 1, the Jatropha yields are transported from their cultivation
areas to oil extraction centers. Similarly, the Norouzak yields
are transported from their cultivation areas to the oil extraction
centers. Jatropha and Norouzak oil are obtained at oil extrac-
tion centers and then shipped to refineries. Waste cooking oils
are also collected from supply centers and shipped to refiner-
ies for pretreating. In the refineries, the biodiesel is produced
from Jatropha oil, Norouzak oil, and pretreated WCO. Then,
the produced biodiesel is transported to distribution centers.
Finally, biodiesel is transported from distribution centers to
consumer locations for blending with petrodiesel.

Assumptions

The assumptions of the proposed supply chain network are
as follows:

e Transportations are performed through two modes (road
and rail).

e All biodiesel demands must be satisfied (shortage is not
allowed).

o The biodiesel consumer centers are known (7 cities).

e The candidate areas for cultivating Jatropha and Norou-
zak, and all the other facilities’ potential locations are
known.

/ Norouzak cultivation ce@

JCL cultivation centers

‘ WCO supply centers
JCL collection and oil
extraction centers
. Bio-refinery
. Distribution centers
\@ Consumer centers /
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e The capacity of the Jatropha and Norouzak cultivation
centers, oil extraction centers, and distribution centers
are determined through continuous decision variables.

e The capacity of refineries is accounted for by adding
the determined capacity options to the initial considered
capacity.

e Some parameters including biodiesel demand, supply of
WCO, costs (fixed, variable, production, inventory hold-
ing, and transportation costs), and environmental factors
are assumed uncertain. All of the other parameters have
deterministic nature.

e Transshipment of biodiesel among the distribution cent-
ers is not allowed.

Mathematical programming model

In this section, the mathematical programming model devel-
oped for designing the biodiesel supply chain based on the
robust optimization method will be introduced. This model is
designed according to the specific characteristics of the case
study. Detailed notation of indices, parameters, and variables
that are used in the proposed model are given in the nomen-
clature in “Appendix”. The objective function and constraints
of the proposed model are described in the following.

Objective function
The objective function of the presented biodiesel supply chain
minimizes the total costs: this consists of fixed opening costs

(FC), variable opening costs (VC), production costs (PC),
inventory holding costs (IC), and transportation costs (TC).

- rtl)

FC,(fixed opening costs)

—ZFC'v1+ZFC§(vi+ZFC3 +ZZFC4<
+ Z Z Z Foortv COppy — )or.t—l + z FCkAvvk
k

10)

VC,(variable opening costs)

- ZVC1 g + ZV a0+ Z ZVCM% + Z Z VG,
+ Z Z VCknqkt

an

PC,(production costs )

- Z Z PC jtSp}IS + Z Z PCntspms + Z Z PC?”XWSMS
+ Z Z PCetspcts + Z Z PCetspcts + Z Z PCrtx D s
+ Z Z PCrts D rse

12

IC, (Inventory holding costs )
=Y Y ICh Al + YD IC R+ Y Y IC 1,
+€ Zt > IC kY o -
Y (13)

TC,(transportation costs)

RRIDIDIDILE TP INIDIP ISR

+ Z PIDIP IS
+ z 2 z Z TCelrt elrts + z Z z z TCebz elrts
+ Z Z Z Z TCllkt rikts + ; Z ; Z TCklulsfkluts'

(14)

Equations 10 and 11 are the fixed and variable costs for
establishing the facilities. Equation 12 represents the produc-
tion costs of different products (Jatropha, Norouzak, WCO,
Jatropha oil, Norouzak oil, pretreated WCO, and biodiesel).
Equation 13 shows the inventory holding costs of the facili-
ties (oil extraction centers, refinery centers, and distribution
centers). Finally, Eq. 14 represents the total transportation
costs of shipping different products between the various
facilities. Therefore, the objective function of the proposed
supply chain network is shown by Eq. 15.

Y py(FC, + VC, + PC, +1IC, + TC,) +7 ). (Qf + 0} ).

(15)

The first term in the objective function (Eq. 15) is the

mean value cost and the second term is the variance of the
total cost.

Constraints

In this section, all the constraints that are used in the math-
ematical model will be explained. As stated in the previ-
ous section, Eq. 16 is used to linearize the initial objective
function.

(FC, + VC, + PC, + IC, + TC,)
= Y py(FCy + VC, +PC, +1C, + TC,)

=07 -0; Vs (16)

Constraint 17 ensures that the amount of biodiesel trans-
ported from refineries to a consumer center is equal to its
demand. Constraint 18 represents that all Jatropha seeds
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are moved to oil extraction sites in each time period. Simi-
larly, Constraints 19 ensures that all Norouzak products are
moved to oil extraction sites. Constraint 20 states that all
WCO are collected and transported from WCO supply sites
to refineries.

; ZI:fIZluts = DBM[X vu’ t’ s7 (17)
Z Zf =p,

2 — .2
: : Z nlets — Prts Vn, s, (19)
! e

Vj, t,S, (18)

z]: zr:fvzlrts =WS,,, Yw,is. 20)

Equation 21 shows the amount of Jatropha products
obtained from Jatropha cultivation areas. Similarly, Eq. 22
represents the amount of Norouzak products obtained from
Norouzak cultivation areas. Equations 23 and 24 state the
amount of oil extracted from Jatropha and Norouzak in
oil extraction centers, respectively. Equation 25 shows the
amount of pretreated WCO in the refineries. Equation 26
represents the amount of biodiesel produced from Jatropha
oil, Norouzak oil, and pretreated WCO in the refineries.

pjlts = Jltqjl V], t,s, (21)
pim = azqi Vn, t, (22)
4 _ al 1
Py =B 2 Zfﬂm Ve,t,s, 23)
jo!
5 _ 2 2
Pous = i ; ; nlets Ve,t,s, (24)
6 _ 3 3
prm - ﬁ gzw Zl:fWZrlX Vr, t,s, (25)
7 = ! 4 2 5 3.6
Pus =@ ZZ eris TP ZZ eirts T O Py Vr,t,s.
o o (26)

Equation 27 states that the inventory level of Jatropha
seeds in oil extraction sites at each period is equal to its
inventory level at the previous period plus the amount of Jat-
ropha moved from its cultivation areas minus the amount of
Jatropha converted to oil and moved to refineries. Similarly,
Eq. 28 provides the inventory balance level at oil extraction
sites with respect to Norouzak products. Finally, Egs. 29 and
30 show the inventory balance level at refineries and distri-
bution sites, respectively.
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hits = h;,t—l,s + z ;Jj}em - (%) Z Z :lrm Ve, t,s,

j 27
hgzs = hi,l—l,s + Z anzlets - <%> Z Zfeslm Ve,t,s,

n 1 | r (28)
hirs = hit—l,s +p}7’z‘s - Z ; r(l)kts vr’ LS, (29)

hits = hi,t—l,s + Z Z r6lkm - Z Zf/Zluts Vk’ LS. (30)

Equation 31 refers to a logical constraint. Equation 32
ensures that when a refinery is established, it will be active
until the end of the period. Equation 33 also ensures that
when a capacity is added, it will be active until the end of
the period. Constraints 34 and 35 show the minimum and
maximum allowable areas for cultivation of Jatropha and
Norouzak, respectively. Minimum areas are applied for con-
sidering the advantage of economy of scale, and maximum
areas are considered due to biodiversity concern. Constraints
36-38 indicate the minimum and maximum allowable
capacity of oil extraction sites, refineries, and distribution
sites, respectively.

Constraints 39 and 40 indicate the minimum number
of locations that must be considered for the cultivation of
Jatropha and Norouzak, respectively. This equation is for
consideration of biodiversity. Constraints 41-43 show the
maximum number of locations that can be considered for
the oil extraction, refineries, and distribution centers. These
equations are considered due to budget limitations.

Equations 44 and 45 indicate the amount of capacity
expansion for oil extraction and distribution centers, respec-
tively. Equation 46 calculates the total capacity of each refin-
ery. As shown in Eqs. 44-46, the capacity of oil extraction
centers and distribution centers is determined through con-
tinuous decision variables, while the capacity of refineries
is accounted for by adding determined capacity options to
the initial considered capacity.

Zow SVE Vo,rt, (1)
vft < vf’m vr,t, (32)
Zort S Zopyr1 VO, T, 1, (33)
vk <4 <vUp Y (34
viLﬁ < qﬁ < viUﬁ Vn, 35)
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Vng < qgt < vg US’ Ve,t, (36)
vith < qjt < szUf vr. 1, (37)
L < q, < VU] Vi, (38)
1 1
2V 2 MN (39)
J
Vi > MNz, (40)
VZ) < M)(1 . (41)
4 2
2 Vrt < MX Vt, (42)
5 3
Tor = Qoo +4€,  Verl, @4)
5 _ 5 2
By = Dy T 9€, VK1 45)

4 _ 4 EW (4 —
9y =4 rt (vrt - vr,z—l) + 2 CW,iZon VI, 1.
o

(46)
Equation 47 requires that the amount of Jatropha and
Norouzak shipped from their cultivation sites to each oil
extraction site does not exceed its capacity. Equation 48
ensures that the amount of Jatropha oil, Norouzak oil, and
WCO transported to refineries does not exceed their capaci-
ties. Similarly, Eq. 49 is a capacity constraint at distribution
sites. Equations 50-52 are capacity constraints for inventory
holding at oil extraction sites, refineries, and distribution sites,
respectively. In other words, these equations enforce that the
inventory level of each facility does not exceed its capacity.

2 Zﬁﬁm +2 zllle <q, Ves, @)
J n

Z ZZ“ £+ Z z," 4+ Z Z]: <4l vris,

w e ¢

(48)

6 5
Z Z s <@, Yk s, )
ho+nE <q. Vets, 50)

3 4
k. <q, Vrts, S
g @3, k1. (52)

Equation 53 limits the amount of CO, emissions from
the processes through the constructed supply chain. In this
equation, MGW is the maximum permitted global warm-
ing by the constructed supply chain. Determination of this
parameter will be explained in the data-gathering section.

EC, + EP, + ET, + EI, < MGW Vs. (53)

This equation consists of environmental effect of opening
the facilities (EC), production (EP), transportation (ET), and
inventory holding (EI).

EC, = ) EClg + Y EC2.g+ Y Y ECl.q}
J n e
+ 2 XECLq) + Y Y EC)q,
rot kot
BP, = 3 Y ERL PG, + 3 YRR, + 3 DB,
! e 1 rot

e
(55)
ETS = Z ; Z Z Eleles'Djllefj;ets + z ; Z Z ETzles'Dilefr?lets
J e n e

+ Z Zl: Z Z ETaflrx'Diflrfvilrrs + Z ; Z Z ETglrs'Dﬁlrfjlrts
n e e r

+ Z ZI: Z Z ETglrs'D:IrfeSIrrS + Z z]: z]\: zt: ETE]k:'Dflk'fgktx
e r r Y

NP IDIDID I (56)

u

= 3 S, + 3 R,
e 1 e t
+ 3 Y ERR + Y Y ELR
r t k t

Equations 58 and 59 refer to binary and non-negative con-
tinuous decision variables, respectively.

(54)

(57)

VLV Ve Vi Vi Zor € {0, 1), (58)
Continuous decision variables > 0. (59)
Data gathering

In the previous section, the mathematical programming
model developed in designing the proposed biodiesel supply
chain network is presented. The presented model is applied
in a case study in Iran. In this section, data of the param-
eters which are used in this model and where these data are
extracted will be described. In the next section, the estima-
tion of the uncertain parameters will be explained.
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The data of the parameters used in the presented method
are achieved through historical data and also the scientific
researches of the literature. In this study, non-edible sources
which are compatible with Iran’s climate conditions, i.e.,
Jatropha and Norouzak, are considered for biodiesel produc-
tion. Babazadeh et al. [8] used a unified data envelopment
analysis method to obtain suitable places for cultivating Jat-
ropha in Iran. According to them, in this study 11 potential
regions for cultivating Jatropha are considered. Similarly,
seven regions compatible with Iran’s climatic conditions are
selected as candidate locations for cultivating Norouzak. In
addition, waste cooking oil (WCO) is considered as a bio-
diesel source.

There are 30 cities in Iran. Therefore, 30 potential loca-
tions for supplying WCO are considered. The quantity of
WCO produced in cities is obtained from the IFCO (www.
ifco.ir). Similarly, 30 potential locations for oil extraction
and 30 potential locations for distribution centers are con-
sidered. Large and industrial cities of Iran (9 cities) are taken
into account as potential locations for establishing refiner-
ies. Cities with the most diesel consumption and high air
pollution problems (7 locations) are selected as biodiesel
consumer centers.

In addition, the time period of 7 years and two trans-
portation modes are considered. Transportation of products
between cities is performed by road and rail transportation
modes. Road mode can be used among all cities, though rail
mode can be used exclusively among 11 cities. Transporta-
tion cost among the locations is determined by multiplying
the unit cost of transportation (extracted from [25]), in dis-
tance among them (taken from www.mrud.ir) for road mode,
and (www.asiaseiraras.com) for rail mode). Also, conversion
factor parameters are achieved from literature.

To calculate the environmental impacts of the processes,
SimaPro 8 software equipped with Ecoinvent version 3 data-
base is used. The values of these parameters are obtained
in the standard conditions, while in the real world the con-
ditions are not stable. Consequently, in the next section,
the values are calculated according to the structure of the
scenarios.

As mentioned in the previous section, in this study an
environmental constraint is considered, so that the amount of
CO, emissions from the processes through the constructed
supply chain must not exceed the upper bound MGW). To
determine the amount of MGW, the environmental objective
function (left side of Eq. 53) is replaced with the cost objec-
tive function. After running the model, according to experts’
opinions, the value of the environmental objective function
is multiplied by 1.1 to obtain the MGW values.

In the proposed model, some uncertain parameters
including biodiesel demand, supply of WCO, costs, and
environmental impacts are taken into account. How to esti-
mate these parameters will be explained in the next section.

* @ Springer

Scenario planning

In the proposed biodiesel supply chain, there are some
uncertain parameters including demand, supply, costs, and
environmental impacts. In this study, a scenario-based robust
optimization model is developed for designing the supply
chain. As mentioned in the previous sections, in the robust
optimization model the uncertain parameters must be esti-
mated under each scenario and, also, the probability of sce-
narios must be determined. In this section, a scenario-plan-
ning method is presented to design the diesel scenarios. By
this method, the probability of scenarios can be determined
and the uncertain parameters will be estimated according to
the conditions of each scenario.

Considering different options for the possible future will
help to better plan the future [26]. It improves significantly
the ability to face uncertainty [27]. Scenario analysis, as
a prime method of futures studies, has long been applied
by government planners, corporate executives, and military
analysts to help the decision-making process under future
uncertainty [28]. The advantage of scenarios is the selection
of complex elements and combining them to present a story
in a coherent, systematic, and comprehensive way.

Abbaszadeh et al. [29] presented a scenario analysis
method for analyzing the future of Iran’s oil. According
to their work, in this study, based on cross-impact analysis
(CIA) and visualization methods, some scenarios will be
developed. Through cross-impact analysis, the relationships
between trends will be determined to analyze them and con-
sider their mutual consequences. Then, through visualization
method, the designed scenarios will be introduced. Descrip-
tions of these two methods are given in this section.

Cross-impact analysis

Cross-impact analysis (CIA) is used in determining the
causal relationships between the most important trends
and to obtain the probability of occurring of these events.
This method is used for long-term forecasting of events and
assumes that the occurrences of these events are not inde-
pendent. In this method, the scenarios are designed accord-
ing to the highest possible probabilities that are consistent
with the estimates.

Visualization

Judgmental approaches which are mainly based on the judg-
ment of one or more experts, are among the most used sce-
nario-planning methods. Judgmental approaches can be sup-
ported by some methods including visualization, genius, role
playing, etc. The ordering of individual perceptions involves


http://www.ifco.ir
http://www.ifco.ir
http://www.mrud.ir
http://www.asiaseiraras.com

International Journal of Energy and Environmental Engineering (2020) 11:111-128 119

visualization so that scenarios can be thought of as images
or mental maps of the future in a story. Visualization uses
meditative and relaxation methods for directing the mind to
various aspects of the future.

Diesel and biodiesel scenarios

In this section, the developed scenario-planning method is
presented. This method is a combination of cross-impact
analysis and visualization methods. One of the advantages
of the presented method is its simplicity. In most of the
scenario-planning methods that exist in the literature, after
designing the scenarios, scenario reduction is necessary,
while in this study, the most important scenarios can be
selected without these problems. In addition, as mentioned
in the previous section, in the robust optimization model
there is a need to have the probability of scenarios, which the
values are determined by the presented scenario-planning
method.

In the following, the presented method is applied to
design the diesel and biodiesel scenarios of Iran. These
scenarios are designed based on the combination of vari-
ous biodiesel production and diesel consumption trends
in Iran. Among the various trends of these parameters, the
most important trends are selected according to the news,
researches of this field, and experts’ opinions (Table 1).

The Delphi method is used to determine and integrate
experts’ opinions for obtaining the cross-impact matrix
(Table 2). The values are between — 2 and + 2. Positive val-
ues indicate the beneficial impact of trends on each other.

Using Eq. 60, the probability matrix is obtained (Table 3).

(0.5 x SENS x CI)
* 2

P=05 , (60)
where CI is the value of the cross-impact matrix and SENS
is the sensitivity coefficient that on average is 0.75.

According to Table 3, the cells T1TS, T1T6, T2T4, and
T3T4 have the highest probability values. In fact, the prob-
ability of occurrence of these trend combinations is more
than that of others. The perspectives of these combined
trends form the initial structure of the scenarios. Table 4
shows the result of this method to attain the initial structure
of the scenarios. Based on the assumptions and the com-
bined trends, the scenarios are designed and are presented
in the following.

Government supports

Biodiesel production costs have been high in the country.
This has led to a high price for these fuels compared to other
fossil fuels that are subsidized to a large extent. It is assumed
that in this scenario the government supports the private sec-
tor to develop biodiesel production. Among these supports
are lending to them, guarantee to purchase the generated
electricity, and so on.

Moreover, the prices of fossil fuels that were heavily sub-
sidized formerly have been increased and are close to their
actual prices. Therefore, the private sector’s incentive to
invest in this field is increased and, as a result, the biodiesel
production will be increased.

A large amount of diesel consumption in recent years has
been related to the smuggling of these fuels. In this scenario,

Table 1 Assumptions and trends of biodiesel production and diesel consumption in Iran

Assumptions ID Trends

Biodiesel production will increase T1 Government support for developing biodiesel production; actualizing the price of fuels

Biodiesel production will stay fixed T2 Focus on fossil fuels, including petrodiesel

Biodiesel production will decrease T3 Unwillingness of the people to use biodiesel

Diesel consumption will increase T4 Unsuccessful implementation of the targeted subsidy plan

Diesel consumption will stay fixed T5 Applying an incremental tariff system; fuel rationing to prevent smuggling

Diesel consumption will decrease T6 Changing consumption pattern by increasing culture and awareness of people; phasing

out old diesel vehicles and using standard vehicles

Table 2 Cross-impact matrix T1 ™ T3 T4 T5 T6
T1 - -13 -0.8 —-1.38 1.23 1.55
T2 - 1.03 1.32 0.73 -0.63
T3 - 1.12 -0.33 -1.1
T4 - -0.47 -1.23
T5 - 1.03
T6 -

]
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Table 3 Probability matrix

T1 T2 T3 T4 TS5 T6

T1 - 0.256 0.35 0.241 0.731 0.791

T2 - 0.694 0.747 0.638 0.381

T3 - 0.709 0.438 0.294

T4 - 0413 0.269

T5 - 0.694

T6 -
Table 4, Results of the method Scenario State of biodiesel State of diesel Combination of trends with
for attaining the scenarios production consumption high probability of occur-
framework rence

Government support High Constant TITS

Sustainable energy High Low TIT6

Profusion Constant High T2T4

Unwillingness of consumers Low High T3T4

by providing smart fuel cards and fuel rationing, the govern-
ment has been able to largely prevent the release of this vol-
ume of oil products from the country and the loss of national
capital. In addition, since a particular stratum of society
consumes inefficiently, the government uses an incremental
tariff system to improve the pricing of this fuel, so that these
groups will pay higher charges for high consumption.

By these actions, the consumption of diesel has been
largely reduced and has remained almost constant.

Sustainable energy

The costs of establishing biorefineries have been much
higher compared to returning capital through the purchase of
clean electricity by the Ministry of Energy. In this scenario,
the government provides more incentives for the private
sector by adopting supportive policies, including determin-
ing the appropriate price for purchasing clean electricity
from biorefineries and providing the possibility of selling
by-products.

In addition, by actualizing the price of fuels, there is a fair
contest between biodiesel and other fossil fuels, including
petrodiesel, which will increase the biodiesel production. In
this scenario, fuel prices have been increased and are close
to their actual prices.

Since people must pay very high charges for fuel con-
sumption, many changes have been made in their consump-
tion pattern. Old diesel vehicles have been phased out. They
also attempt to use standard vehicles, which have less diesel
consumption.

With these measures, the consumption of diesel is
decreased.

]
* @ Springer

This is the ideal scenario that can be imagined for the
country. As diesel consumption decreases and biodiesel
production increases, the produced diesel can be exported
to increase Iran’s international position. In addition, in this
scenario, part of the air pollution problems in the big cities
will be reduced.

Profusion

The low price of petrodiesel, which is the result of the
unsuccessful implementation of the targeted subsidy plan,
has prevented people from worrying about its consumption.
Therefore, these fuels are consumed profusely. Such pro-
fuse behavior exists in many of the energy sectors, including
transport, industry, agriculture, and so on, which will further
increase the country’s diesel consumption. Low petrodiesel
prices reduced the willingness of the private sector to invest
in the field of biodiesel production.

According to the presence of abundant fossil resources
and the delivery of cheap fossil fuels to power plants and the
transportation system, in this scenario, supporting renewable
energy production, including biodiesel, is not a priority for
the country regarding energy supplies.

Therefore, the government does not pay much attention to
the development of biodiesel production and its focus is on
fossil fuels, including petrodiesel, and as a result biodiesel
production has remained almost constant.

Unwillingness of the consumers
It is assumed that in this scenario, the targeted subsidy

plan is not well implemented, and many subsidies are still
paid for petrodiesel. Therefore, the culture of saving and
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optimizing energy consumption has not been established
in the country, and as a result diesel consumption contin-
ues to increase.

In addition, because biodiesel production costs are high
and its price is low compared to the price of subsidized
petrodiesel, the private sector has no interest to invest in
biodiesel production.

In this scenario, people are reluctant to use biodiesel.
One of the main reasons for this is the higher cost of this
fuel than other fossil fuels, including petrodiesel. In addi-
tion, because people are not aware of the importance and
benefits of this fuel, they are not very interested in using
this new fuel.

Consequently, there is no incentive to produce biodiesel
that its production will reduce.

This is the worst possible scenario. By increasing diesel
consumption and reducing biodiesel production, environ-
mental problems such as air pollution will be aggravated.
In addition, it can no longer be possible to export die-
sel, and if this trend continues Iran will become a diesel
importer.

Estimation of uncertain parameters

As stated in “Data gathering”, the current values of each of
the parameters were extracted from the relevant references.
In this research, a 7-year (periods) planning horizon is con-
sidered. To solve the proposed mathematical programming
(robust optimization) model, it is necessary to estimate the
values of the uncertain parameters for each of the periods.
Predictive methods focus only on the most likely event and
lead to a point estimate of the future and ignore the uncer-
tainties, while scenario planning is a powerful tool that con-
siders uncertainties and possible future occurrences.

Therefore, in this study, a scenario-planning method is
presented for estimating the uncertain parameters. In the
proposed supply chain model, biodiesel demand, supply of
WCO, costs (fixed, variable, production, inventory hold-
ing, and transportation costs), and environmental impacts
have uncertain nature. These parameters are estimated so
that their values will change by a percentage in each period,
based on the structure of each scenario (the conditions
that may occur in the future), which are shown in Table 5.
These values are obtained according to the structure of the
designed scenarios and based on experts’ opinions (with
Delphi method).

For example, as mentioned in the previous section in
the description of “sustainable energy” scenario, in this
scenario, there is the highest biodiesel demand, the highest
biodiesel production, the lowest air pollution, and the low-
est costs in comparison to other scenarios. Similarly, these
values are estimated for other scenarios (shown in Table 5).

Results and discussions

In this study, a scenario-based robust optimization model is
proposed for designing a biodiesel supply chain network. In
this section, the results of solving the proposed model will
be discussed. This model determines the optimal number,
location, and capacity of the facilities (Jatropha cultivation
sites, Norouzak cultivation sites, oil extraction sites, refiner-
ies, and distribution sites) over the planning horizon.

The proposed supply chain and the developed mathemati-
cal programming model are based on the specific character-
istics of Iran. For example, non-edible sources including Jat-
ropha and Norouzak which are compatible with the climate
of Iran, are considered as biodiesel production sources. The
most suitable places for cultivating these plants are selected
as the candidate locations, with 11 locations for cultivating
Jatropha, and 7 locations for cultivating Norouzak being con-
sidered. The other suitable source for producing biodiesel in
the country is WCO, in which 30 locations for supplying this
source are selected. Similarly, 30 locations for extracting oil,
9 locations for refineries, 30 locations for distributing, and 7
locations for consumer centers are considered. In addition,
the time period of 7 years and two transportation modes are
taken into account. Hence, the size of the proposed network
iIS1IX7x30%x30x9%x30%x7x2x7.

GAMS software and its CPLEX solver are used to solve
this model. The optimum solution is obtained after 25 min.
Since strategic decisions are taken by the proposed model,
this solving time is reasonable.

The optimal value of the objective function and its com-
ponents are summarized in Table 6. As shown in Table 6,
all components have high share in total costs; however, the
maximum cost is related to variable opening costs.

The optimal number, location, and capacity of the facili-
ties which are determined by the model will be stated in the
following. It is worth noting that, due to budget limitations,
some upper bounds for the capacity of facilities are consid-
ered. In addition, for considering the advantage of economy
of scale, some lower bounds are applied. Therefore, these
capacities are between their corresponding lower and upper
bounds.

Table 5 Changes of the uncertain parameters in each period (%)

Scenarios Sup- Costs Environ- Biodiesel
ply of mental demand
WCO impacts

Government support 2 0.6 -0.3

Sustainable energy 3 0.3 -1 3

Profusion 0 1.5 0.5

Unwillingness of consum- —1 3 1.2 -1

ers
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Table 6 The share of different costs in the objective function (million Iranian rials)

Fixed opening cost Variable opening cost Production cost Inventory holding cost Transportation cost Total

1372676.238 1.235663E+9 4.668789E+8 1. 495950E+07 8.184992E+7 1.800724E+49
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for cultivation of Jatropha and Norouzak are determined by

solving the model.
The optimal locations for establishing oil extraction centers
Gom

and their capacities are summarized in Table 7. These values
are sum of the initial capacities and the expansion of capaci-
ties in each period. As shown in Table 7, oil extraction centers
are established in Jatropha and Norouzak cultivation centers.
This result can be explained based on reducing transportation
costs. Chahar Mahaal and Bakhtiari, Ilam, and Khorasan R.
cities have major capacities. Therefore, more attention and
funding must be paid to these cities by the decision makers.

The best locations for establishing refineries and their
capacities are illustrated in Fig. 5. According to Fig. 5, the
capacity of refineries increases almost linearly over the plan-
ning horizon.

Figure 6 shows the location and capacity of established
distribution centers. The total capacities of distribution cent-
ers are the sum of their initial capacities and their expansions
in each period. To reduce transportation costs, distribution
centers are established in refinery centers and some of their
surrounding provinces. As shown in Fig. 6, Isfahan and Ker-
man have the highest and lowest capacities, respectively.

The summary of the best locations for cultivation of Jat-
ropha and Norouzak, oil extraction sites, refineries, and dis-
tribution sites are shown in Fig. 7. As shown in Fig. 7, the
number of distribution sites is more than the other facilities.
This can be justified based on reducing transportation costs,
i.e., the model prefers to establish more distribution sites

Capacity (Ton)
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Fig.3 Optimal locations for cultivating Jatropha
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and Boyer-
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Fig.4 Optimal locations for cultivating Norouzak

The best locations for cultivating Jatropha and Norouzak
are shown in Figs. 3 and 4, respectively. These figures show
that it is necessary to cultivate more Jatropha than Norou-
zak for biodiesel production. In addition, these two figures
indicate that in each of the selected cities, equal capacities

for reducing transportation costs. In addition to the reduc-
tion of transportation costs, when the number of established
facilities is increased, the disruption risks will be reduced.
However, in this condition, the fixed and variable opening
costs may be increased.

Table 7 Optimal locations and capacities of oil extraction centers

City Years
1 2 3 4 5 6 7

Tlam 20,000 60,000 180,000 340,000 540,000 740,000 940,000
Tehran 20,000 60,000 120,000 160,000 200,000 400,000 600,000
Chahar Mahaal and Bakhtiari 251,000 291,000 351,000 391,000 431,000 741,843 1,172,843
Khorasan R. 251,000 291,000 351,000 391,000 431,000 431,000 841,088
Fars 231,000 231,000 231,000 231,000 231,000 231,000 462,000
Gom 20,000 60,000 120,000 160,000 360,000 560,000 760,000
Kohgiluyeh and Boyer-Ahmad 231,000 231,000 231,000 231,000 231,000 231,000 462,000
Total 1,024,000 1,224,000 1,584,000 1,904,000 2,424,000 3,334,843 5,237,930
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Fig.5 Optimal locations and 800000
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There are some air pollution problems in the country,
especially in big cities. Therefore, in this study, the envi-
ronmental impacts of all the processes of the proposed sup-
ply chain are also considered. This issue is addressed by a
constraint in the mathematical programming model so that
the amount of CO, emissions from the processes through
the constructed supply chain must not exceed the considered
upper bound. Total CO, emissions in each of the scenarios
are shown in Fig. 8. As shown in Fig. 8, “sustainable energy”
and “unwillingness of the consumers” scenarios have the
lowest and the highest CO, emissions, respectively. These
results are in accordance with the structure of the designed
scenarios.

The results of this study show the effectiveness of the
presented approach in designing the biodiesel supply chain
network. Presenting a mathematical programming model
based on the specific characteristics of the country will
greatly improve its performance. The results can help
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energy planners, policy makers, private industry, and oth-
ers for taking appropriate strategic decisions about the bio-
diesel supply chain network, considering the uncertainties
in the model makes it closer to the real world. Predictive
methods focus only on the most likely event, while sce-
nario planning is a powerful tool that considers uncertain-
ties and possible future occurrences. Therefore, estima-
tion of the parameters by the presented scenario-planning
method gives the government, organizations, and decision
makers the ability to worry less about future events and
uncertainties. Furthermore, considering environmental
constraint in the model can help in reducing air pollution
problems in the industrial and big cities of Iran. In addi-
tion to the advantage of reducing air pollution problem,
the development of these biofuels brings the opportunity
for exporting of fossil fuels to increase Iran’s geopolitical

position in the region.
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Conclusion

The most important challenge for developing biodiesel is its
high production cost, which by optimally designing the sup-
ply chain network will be reduced. In this paper, a scenario-
based robust optimization model is proposed to design a bio-
diesel supply chain network under uncertainty. Non-edible
sources including Jatropha, Norouzak, and WCO are used as
sources of biodiesel production. In addition, in this study, an
environmental constraint is considered, in that the amount of
CO, emissions from the processes through the constructed
supply chain must not exceed the considered upper bound.
In the proposed supply chain, some parameters including
biodiesel demand, supply of WCO, costs, and environmental
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impact parameters have uncertain nature. In this study, a
scenario-planning approach which is a combination of cross-
impact analysis and visualization methods is proposed to
determine the probability of scenarios and to estimate the
values of the uncertain parameters under each scenario.
The proposed model tries to optimize average condition of
scenarios subject to reach feasibility for all scenarios. The
presented model is implemented in a real case study in Iran
for a 7-year planning horizon. This model determines the
number, location, and capacity of facilities with the goal of
minimizing the total cost.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

Appendix: Nomenclature

Sets

Jj Possible locations for cultivating Jatropha

n Possible locations for cultivating Norouzak

w Possible locations for WCO supply sites

e Possible locations for oil extraction sites

r Possible locations for refineries

k Possible locations for distribution sites

u Biodiesel consumer centers

l Transport modes

o Capacity options for refineries

t Time period

s Scenarios

Technical parameters

DB, Demand for biodiesel at consumer center u at period ¢
under scenario s

WS, Quantity of WCO supplied by supply site w at period ¢
under scenario s

le Minimum Jatropha cultivation area in location j

Ujl Maximum Jatropha cultivation area in location j

Lﬁ Minimum Norouzak cultivation area in location n

Ufl Maximum Norouzak cultivation area in location n

Lg Minimum capacity of oil extraction site e

Ufj Maximum capacity of oil extraction site e

L‘r‘ Minimum capacity of refinery r

U;‘ Maximum capacity of refinery r

Lz Minimum capacity of distribution site k

U]f Maximum capacity of distribution site k

MN! Minimum number of locations that must be consid-
ered for cultivating Jatropha

MN? Minimum number of locations that must be consid-

ered for cultivating Norouzak

Mmx! Maximum number of locations that can be considered
for opening oil extraction centers
MX? Maximum number of locations that can be considered
for opening refineries
Mxe Maximum number of locations that can be considered
for opening distribution centers
aj‘t Quantity of Jatropha yields per hectare in site j at
period ¢
o? Quantity of Norouzak yields per hectare
p! Conversion rate of Jatropha to Jatropha oil
p? Conversion rate of Norouzak to Norouzak oil
I Conversion rate of WCO to pretreated WCO
@' Conversion rate of Jatropha oil to biodiesel
@*? Conversion rate of Norouzak oil to biodiesel
@’ Conversion rate of pretreated WCO to biodiesel
FW,, Initial capacity of refinery r at period ¢
Cw,,, Capacity of option o for refinery r at period ¢
PR, Probability of scenario s
Cost parameters
FC,'IS Fixed cost of cultivating Jatropha in site j under
scenario s
}?Civ Fixed cost of cultivating Norouzak in site n under
' scenario s
chY Fixed cost of establishing oil extraction site e at period
) ¢ under scenario s
FCi- Fixed cost of establishing refinery » under scenario s
Fcib Fixed cost of establishing distribution site £ under
scenario s
FO,, Fixed cost of adding capacity option o to refinery r at
period 7 under scenario s
VCJ!S Variable unit cost of cultivating Jatropha in site j
under scenario s
v(C? Variable unit cost of cultivating Norouzak in site n
ns .
under scenario s
ch” Variable unit cost of oil extraction site e at period ¢
: under scenario s
Vij“_ Variable unit cost of refinery r at period # under
scenario s
VCZ‘_ Variable unit cost of establishing distribution site k at
' period 7 under scenario s
PC }m Production cost per unit of Jatropha in Jatropha culti-
vation site j at period 7 under scenario s
PCim Production cost per unit of Norouzak in Norouzak
cultivation site n at period ¢ under scenario s
PCfv " Collection cost per unit of WCO in supply site w at
period 7 under scenario s
ch” Production cost per unit of Jatropha oil in oil extrac-
’ tion site e at period 7 under scenario s
Psz Production cost per unit of Norouzak oil in oil extrac-
tion site e at period 7 under scenario s
PCf"m Production cost per unit of pretreated WCO in refinery
r at period ¢ under scenario s
PCZ” Production cost per unit of biodiesel in refinery r at
‘ period ¢ under scenario s
IC! Inventory holding unit cost of Jatropha in oil extrac-

ets . . . .
tion site e at period 7 under scenario s

]
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9y 9 9
Icftr Inventory holding unit cost of Norouzak in oil extrac- ETi s Environmental effect of transporting per unit of
’ tion site e at period 7 under scenario s ! Norouzak oil from oil extraction site e to refinery r
1(}:” Inventory holding unit cost of biodiesel in refinery r at using mode / under scenario s
period ¢ under scenario s ET(;I " Environmental effect of transporting per unit of
IC}, Inventory holding unit cost of biodiesel in distribution biodiesel from reﬁnetry r to distribution site k using
‘ site k at period 7 under scenario s mode / under scenario s
. . 7 i i i i
TC Per unit transportation cost of Jatropha from Jatropha ET,,. Environmental effect of transporting per unit of bio-
) cultivation site j to oil extraction site ¢ using mode / diesel from distribution site k to consumer center u
at period ¢ under scenario s using mode / under scenario s
) ) . . . . .
Tci ors Per unit transportation cost of Norouzak from Norou- EL Env1r0nme.ntal. effect Of. 1nvept0ry holding per unit of
' zak cultivation site n to oil extraction site e using Jatropha in oil extraction sites under scenario s
mode / at period ¢ under scenario s EI? Environmental effect of inventory holding per unit of
TCfv . Per unit transportation cost of WCO from supply Norouzak in oil extraction sites under scenario s
site w to refinery r using mode / at period 7 under EI? Environmental effect of inventory holding per unit of
scenario s ‘ biodiesel in refineries under scenario s
Tc‘:lm Per unit transportation cost of Jatropha oil from oil EI? Environmental effect of inventory holding per unit of
’ extraction site e to refinery r using mode [ at period ¢ ] biodiesel in distribution sites under scenario s
under scenario s D}ze Distance between Jatropha cultivation site j and oil
5 s Per unit transportation cost of Norouzak oil from oil ’ extraction site e using mode /
elrts . . . .
extraction 31t'e e to refinery r using mode / at period ¢ Di ” Distance between Norouzak cultivation site 7 and oil
under scenario s extraction site e using mode /
6 i i iodi . . .
TCS, ., Pf;rtl(l)ﬂéi:; ?Eilz;z)ﬁa:;;nkcl‘;:itn‘;fIE:;’;SS:: pf)re(iri](l) éiﬁlifézr 3 Distance between supply site w and refinery r using
> > S ¢ mode /
; scena}rlo g ) o o D}, Distance between oil extraction site e and refinery r
TC,,. Pe'r umt' tra}(nsportatlon cost of blOdl(?SCl fro(rin (;1str1bu- using mode /
tion site k to consumer center u using mode / at . T
period £ under scenario s g Df]k Distance between refinery r and distribution site k
using mode /
Environmental impact parameters . . o .
MGW M ted elobal ) cential by (h DS, Distance between distribution site k and consumer
aximum permitted global warming potential by the center  using mode
supply chain . .. .
. PPy Binary decision variables
Environmental effect of harvesting per unit of Jatropha . N . . .
EC, under scenario s £p P v} 1 if a Jatropha cultivation center is selected in location
; J; 0 otherwise
2 Environmental effect of harvesting per unit of Norou- . L . .
EC; zak under scenario s gp vi 1 if a Norouzak cultivation center is selected in loca-
tion n; 0 otherwise
3 Environmental effect of establishing per unit capacit; . . . . . . .
EC; of oil extraction sites under scena%ig . pacity Vg 1 if an oil extraction center is established in location e;
0 otherwise
4 Environmental effect of establishing per unit capacit . . . . . .
EC; of refineries under scenario s gp pacity v‘r‘t 1 if a refinery is established in location r at period #; 0
’ otherwise
S Environmental effect of establishing per unit capacit . s . . . .
ECS of distribution sites under scenariirs) pacity vi 1 if a distribution center is established in location k; O
otherwise
1 Environmental effect of producing per unit of Jatropha . . . . .
EP; oil in oil extraction siteps under i Enario s P Zont 1 if capacity option o is added to refinery r at period f;
0 otherwise
2 Environmental effect of producing per unit of Norou- . .. .
EP; P ot pre EP . Continuous decision variables
zak oil in oil extraction sites under scenario s o ) )
EP® Environmental effect of producing per unit of bio- h;m Inventory amount of Jatropha in oil extraction site e at
s . . . ; period ¢ under scenario s
diesel in refineries under scenario s
"2 Inventory amount of Norouzak in oil extraction site e
ET! Environmental effect of transporting per unit of ets Y .
jles Loe . at period 7 under scenario s
Jatropha from Jatropha cultivation site j to oil extrac- R T )
tion site e using mode { under scenario s " Inventory amount of biodiesel in refinery r at period ¢
. . . under scenario s
ETi s Environmental effect of transporting per unit of . o o
: Norouzak from Norouzak cultivation site 1 to oil k. Inven.tory amount of bl.odlesel in distribution site k at
extraction site e using mode [ under scenario s period # under scenario s
. . . 1 i ivati
ET, Environmental effect of transporting per unit of WCO DPj Arr}oupt of J gtropha produced in Jatropha cultivation
from supply site w to refinery r using mode / under site j at period ¢ under scenario s
scenario s P Amount of Norouzak produced in Norouzak cultiva-
ETZ‘]rY Environmental effect of transporting per unit of Jat- tion site n at period 7 under scenario s
] ropha oil from oil extraction site e to refinery r using p‘e‘m Amount of Jatropha oil produced in oil extraction site

mode [ under scenario s

e at period f under scenario s
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Amount of pretreated WCO produced at refinery r at
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Amount of biodiesel produced in refinery r at period ¢
under scenario s

Amount of Jatropha transported from Jatropha cultiva-
tion site j to oil extraction site e using mode / at
period ¢ under scenario s

Amount of Norouzak transported from Norouzak
cultivation site n to oil extraction site e using mode /
at period 7 under scenario s

Amount of WCO transported from supply site w to
refinery r using mode / at period ¢ under scenario s

Amount of Jatropha oil transported from oil extraction
site e to refinery r using mode / at period # under
scenario s

Amount of Norouzak oil transported from oil extrac-
tion site e to refinery r using mode / at period 7 under
scenario s

Amount of biodiesel transported from refinery r to
distribution site k using mode / at period 7 under
scenario s

Amount of biodiesel transported from distribution
site k to consumer center u using mode / at period ¢
under scenario s

Quantity of cultivated area of Jatropha in site j

Quantity of cultivated area of Norouzak in site n

Capacity of oil extraction site e at period ¢

Capacity of refinery r at period ¢

Capacity of distribution site k at period ¢

Quantity of capacity expansion in oil extraction site e
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