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�is paper aims to design a robust waste cooking oil- (WCO-) for-biodiesel supply chain under WCO supply and price as well as
biodiesel demand and price uncertainties, so as to improve biore�neries’ ability to cope with the poor environment. A regional
supply chain is �rstly introduced based on the biggest WCO-for-biodiesel company in Changzhou, Jiangsu province, and it
comprises three components: WCO supplier, biore�nery, and demand zone. And then a robust mixed integer linear model with
multiple objectives (economic, environmental, and social objectives) is proposed for both biore�nery location and transportation
plans. A	er that, a heuristic algorithm based on genetic algorithm is proposed to solve this model. Finally, the 27 cities in Yangtze
River delta are adopted to verify the proposed models and methods, and the sustainability and robustness of biodiesel supply are
discussed.

1. Introduction

China has announced that it will reach the peak of carbon
emission by 2030 or so at the Economic Cooperation Asia-
Paci�c Meeting 2014. �is not only has put great pressure
on China government but also calls for a diversi�ed energy
structure. Transportation sector has occupied nearly 1/3 of
oil consumption in China and resulted in nearly 1/4 of
emission worldwide; thus, it is a key to apply new energy to
transportation sector. Green transportation and sustainable
transportation are also an important focus of previous trans-
port studies [1–4].

Biofuel has become one of the most promising energies
[5] to replace fossil fuels in transportation sector, because of
its various biomass and wide range of sources as well as huge
potential for energy saving and emission reduction [6–8].
�e “Technology Roadmaps: Biofuels for Transport (2012)”
published by International Energy Agency (IEA) points out
that the proportion of fossil fuels replaced by biofuel in the
transportation sector will increase from 2% to 27% by 2050.

In practice, China has published lots of policies to support
the development of biodiesel industry, and some cities (such
as Beijing, Shanghai, and Guangzhou) have launched a pilot
project to use biodiesel instead of fossil fuels for buses. �e

biomass cost occupies nearly 75%–80% of the supply chain
cost; thus,WCOhas gained wide attentions for its lower price
than other biomasses’ [9]. It is suggested in the document
“Biodiesel Industry Development Policy (2015)”that WCO
should be the main feedstock for biodiesel production.

Although a lot of biore�neries are set up by the support
of Chinese government before 2012, most of them have gone
out of production due to both feedstock supply and biodiesel
demand limitations until now. For one thing, WCO price
has gone up and biore�neries have su�ered from short WCO
supply, due to the competition of WCO-for-biodiesel and
WCO-for-gutter oils industry. For another thing, biodiesel
price is failing and biodiesel demand is still low, because of
the public’s lowwillingness to pay for biodiesel and the failing
price of fossil fuels. �erefore, there is an urgent call for the
study on optimizing WCO-for-biodiesel supply chain with
uncertainties to improve biore�neries’ ability to cope with the
poor environment (such as failing biodiesel price, increasing
WCO price, and lack of WCO or biodiesel demand).

2. Literature Review

WCO-for-biodiesel conversion has proved to be feasible for
both economic and environmental considerations. Ou et
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al. [10] adopted life-cycle-analysis to calculate the energy
consumption and greenhouse gas emission for the six biofuel
pathways in China and found the WCO-for-biodiesel path-
way can reduce both fossil fuel consumption and GHG emis-
sions. Iglesias et al. [11] analyzed the environmental impact of
WCO-for-biodiesel conversion and concluded that central-
ized production was more suitable for small territories, while
decentralizationwasmore advisable as the territory increased
in area. Kelloway et al. [12] performed technical-economic
analysis on the small-scale production of biodiesel from
soybean andWCO; the results show that the use of soybean to
produce biodiesel is unfeasible when the production is small-
scale, while the adoption of WCO is feasible. Sheinbaum-
Pardo et al. [13] evaluated the potential use of WCO-for-
biodiesel conversion in Mexico based on the 2010 data and
found the biodiesel produced from WCO could represent
1.5%–3.3% of petrodiesel consumption for the road transport
sector and could reduce 0.51–1.02Mt of CO2 emission.

However, the management of WCO-for-biodiesel supply
chain is full of complexity; it includes a large number of
supply chain members (such as WCO collectors, logistics
company, biore�nery, biodiesel sales company, and biodiesel
demander), involves several processes (WCO collection,
WCO pretreatment, transportation, storage, biodiesel pro-
duction and sales, waste management, etc.), and has to make
decisions on strategic, tactical, and operational levels (facility
location, technology selection, transportation plans, inven-
tory strategy, production plans, vehicle routing and schedul-
ing, etc.). �erefore, the supply chain coordination and
optimization problem has been one of the most important
factors that limit the industrialization of WCO-for-biodiesel
[14].

Until now, few studies have especially analyzed the
coordination and design ofWCO-for-biodiesel supply chain.
Ramos et al. [9] planned the collection routes for urbanWCO
and the case study showed that a decrease of 13% on mileage
and 11% on �eet hiring cost is achieved a	er planning. Li
and Hu [15] studied the in�uence of government policy on
“gutter oil” and biodiesel production from WCO and found
that a punishment with at least 0.51 of WCO price should be
on “gutter oil” producers to ensure the competitive edge of
biodiesel production. Jiang and Zhang [16] proposed a mixed
integer linear programming model for both economic and
environmental optimization, so as to determine the facility
location, transportation plans, and technology choice.

However, WCO-for-biodiesel supply chain is a kind of
biofuel supply chain, and lots of studies optimized the biofuel
supply chain from other kinds of feedstock, such as forest-
based biomass [17], empty fruit bunch [18], and agricultural
waste. As for a regional biofuel supply chain, the biore�neries
are sometimes far away from biomass suppliers; thus, the
transportation mode for biomass is no longer limited to one
mode, and then a multimodal transportation network can be
integrated into the supply chain design. Marufuzzaman et al.
[19] designed a reliable multimodal transportation network
for biofuel supply chain when the intermodal hubs are
subject to site dependent probabilistic disruptions, and the
results show that it is more reasonable to adopt multimodal
transportation when the disruption probability is low. Zhang

et al. [17] designed a forest-based biofuel supply chain with
road and rail transportation to minimize the supply chain
cost and concluded that rail transportation plays role in
the long-distance transportation, while the road transport is
adopted for the short distance transportation.

Asmentioned before, biofuel supply chain is full of uncer-
tainties, such as biomass supply uncertainties, transportation
and logistics uncertainties, production and operation uncer-
tainties, demand and price uncertainties, and policies uncer-
tainties [6]. �erefore, a new trend of the recent studies is to
optimize the biofuel supply chain with uncertainties, mostly
via stochastic optimization, fuzzy optimization, and robust
optimization [20, 21]. A robust supply chain has the ability
to ensure sustainable development when dealing with both
internal and external uncertainties [22, 23]. In general, a
robust supply chain is not simply to pursuit the supply chain
bene�ts (such as pro�t, cost, and emission). It is a choice to
balance the bene�t and ability to deal with uncertainties. Foo
et al. [18] proposed a robust linear programming model to
design �exible empty fruit bunch allocation networks under
multiple biomass supply scenarios. Tong et al. [20] tried to
take advantage of the existing petroleum infrastructure in
biofuel supply chain and proposed a robust mixed inte-
ger linear programming model with demand and supply
uncertainty. Shabani and Sowlati [21] analyzed the e�ect of
biomass water content uncertainty on biomass power plant’s
economic bene�t and established a multiperiod stochastic-
robust hybridmodel to determine the biomass allocation and
inventory.

All in all, there are few studies for the design of robust
biofuel supply chain, and most of these studies just take
economic objective into consideration.�us, it is still a blank
to takemultiple objectives (such as economic, environmental,
and social objectives) into the design of robust biofuel supply
chain. �is paper aims to ful�ll this blank and proposes a
robust mixed integer linear model with multiple objectives
(economic, environmental, and social objectives) under sup-
ply and demand uncertainty.

3. Problem Statement

3.1. Explanation of the Regional WCO-for-Biodiesel Supply
Chain. �is paper abstracts a regional WCO-for-biodiesel
supply chain based on the biggest WCO-for-biodiesel com-
pany in Changzhou, Jiangsu province, and its process is
illustrated in Figure 1. WCO suppliers, biore�neries, and
demand zones are regarded as the three-level supply chain,
and its process can be explained as follows: (a) several WCO
recycle sites (or WCO suppliers in this paper) are chosen
or set up by biore�neries; (b) they purchase WCO that
has been pretreated by local traders, who collect kitchen
waste from restaurants or hotels and then extract WCO; (c)
the purchased WCO is then transported to biore�neries to
produce biodiesel via ship or road transportation; (d) the
biodiesel is �nally delivered to the demand zones via road
transportation. It should be noted that although the supply
chain mode discussed in the paper is abstracted from a real
case in China, it is similar to the regional biomass-for-biofuel
conversions in other countries, such as America [24, 25],
Canada [26], and Finland [27].
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Figure 1: Illustration of the regional WCO-for-biodiesel supply chain.

Such a supply chain can be divided into the WCO trans-
portation system and biodiesel production system as well as
biodiesel sales system. Since the distance for WCO trans-
portation in a region is sometimes long, the WCO is not
limited to road transportation, and the ship transportation
can be adopted. �e selection of transportation mode can be
explained as three cases: (a) when the WCO supplier is close
to biore�nery, it is better to adopt road transportation; (b)
when the WCO supplier is far away from the biore�nery and
there exists at least one port for them, it is better to adopt
ship transportation; (c) when the WCO supplier is far away
from the biore�nery but there is no port for WCO supplier
or biore�nery, it has to transport the WCO to other cities by
road transportation �rst and then the ship transportation can
be adopted.

As the purchased WCO has been pretreated, the process
of biodiesel production is quite simple. In other words, there
is only one kind of main feedstock (i.e., WCO), one kind of
product (i.e., biodiesel), and one kind of technology (i.e., the
WCO to biodiesel conversion). �e most important in this
process is the amount of biodiesel to produce, and it is
denoted by the size and number of biore�neries to set up.
In the biodiesel sales system, the most important problem is
how to improve the pro�t to sell biodiesel, and it includes two
problems: (a) the amount of biodiesel to sell, and it is deter-
mined by both biodiesel demand and biore�nery capacity; (b)
the allocation or transportation plans for biodiesel to achieve
an e�cient transportation.

�e regional WCO-for-biodiesel supply chain is full of
uncertainties: (a) the biore�nery pays the local traders for
WCO procurement; thus, WCO supply and price may be
uncertain due to competitions, labor cost, and so on; (b) the
capacity of biore�nery is bigger and the biodiesel demanders
distribute in a large area; thus, the uncertainty of biodiesel
demand is more signi�cant; (c) the biodiesel price is highly
related to diesel price which is �uctuating in recent year.
�erefore, this paper tries to design a robust supply chain
under WCO supply and price as well as biodiesel demand

level and price uncertainties, and then three decisions are
made: (a) the transportation plans of WCO; (b) the number,
sizes, and locations of biore�neries; (c) the transportation
plans of biodiesel. For ease of presentation, see Notations.

3.2. Deterministic Mathematical Formulation

3.2.1. Economic Objective Functions. Pro�t is the most direct
and e�ectivemotivation for biore�nery, and it equals the total
revenue minus the total cost:

pro�t = revenue − cost. (1)

�e revenue is the income for selling biodiesel:

revenue = GP� ×∑
�∈�
∑
�∈�
����. (2)

�e total cost consists of �ve components: the discounted
capital cost for biore�nery construction (denoted by FFC), as
well as the procurement cost forWCO (denoted by BFCs), the
transportation cost for both WCO and biodiesel (denoted by
TTCs), the transshipment cost for WCO (denoted by LUCs),
and the production cost for biodiesel (denoted by BPCs) in
each scenario s:

cost = FFC + LUC� + BFC� + TTC� + BPC�,
FFC = 1� ∑

�∈	
∑
�∈�
���FC��,

BFC� = ∑
�∈�
∑
�∈�

MP� × 1� × ����,
TTC� = ∑

�∈�
∑
�∈�
∑
��∈�
�
�����
��� +∑

�∈�
∑
�∈�
�������,

LUC� = ∑
�∈�
∑
��∈�

UC × ��1���,
BPC� = ∑

�∈�
∑
�∈�

MC × ����.

(3)
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�erefore, the economic objective can be expressed as
follows:

max pro�t = GP� ×∑
�∈�
∑
�∈�
���� − [[

1� ∑
�∈	

∑
�∈�
���FC��

+∑
�∈�
∑
�∈�

MP × 1� × ���� + ∑
∈�∑�∈�∑��∈��
����
�

���

+∑
�∈�
∑
�∈�
������� +∑

�∈�
∑
��∈�

UC × ��1��� +∑
�∈�
∑
�∈�

MC × ����]] .

(4)

3.2.2. Environmental Objective Functions. �eWell-to-Pump
(WTP) stage is �rstly adopted to estimate the emission of
biore�nery. Herein, three stages are considered, and they
are WCO transportation (�1), biodiesel production (�2),
and biodiesel transportation (�3) stage. It should be noted
that biore�nery purchase pretreated WCO directly from the
collectors in the cities; thus, the emission for producingWCO
from kitchen waste is ignored. To sum up, the environmental
objective can be expressed as follows:

emission = ∑

∈�
∑
�∈�
∑
��∈�

�����
��� +∑

�∈�
∑
��∈�

UE × ��1���
+∑
�∈�
∑
�∈�

ME × ���� +∑
�∈�
∑
�∈�
������. (5)

�is paper considers an emission allowances trading
scheme adapted from Dal-Mas et al. [28]. �erefore, the
environmental objective functions with emission allowances
trading scheme can be expressed as follows:

min EPR × (PE − SE) ,
emission = Max� + PE − SE,

Max� = TG × (1 − �) ,
(6)

where EPR is carbon emission trading price, PE is the amount
of carbon emission allowance purchased, SE is the amount of
carbon emission allowance sold, Max� is carbon emission
allowance for biore�nery, TG is the amount of carbon
emission for producing fossil fuels, and � is the proportion
of carbon emission allowed for producing biodiesel when
compared to fossil fuel.

3.2.3. Social Objective Functions. WCO-for-biodiesel conver-
sion not only is a waste-to-gold process but also helps to deal
with the illegal edible oil in China. From the point of view of
the whole society, it is meaningful to collect WCO as more
as possible. �us, this paper takes the amount of uncollected
WCO as an objective that re�ects the social responsibility of
biore�nery:

min unuse = ∑
�∈�
��� − 1� ×∑�∈�∑�∈�����. (7)

3.2.4.WCOSupplier Constraints. Constraint (8) ensures that,
for every region, the amount of WCO transported to other

regions should not exceed the sum of the amounts of WCO
self-supplied and transported. Constraint (9) ensures that
only if there exists a link of transportationmode between two
regions can the transportation plan be applied to them:

∑

∈�
∑
��∈�
��
��� ≤ ��� + ∑


∈�
∑
��∈�
��
���, ∀� ∈ �, � ∈ �, (8)

��
��� ≤ � × � 
���, ∀��, � ∈ �, � ∈ �. (9)

3.2.5. Biore�nery Constraints. Constraint (10) enforces the
fact that a biore�nery should have nomore than one capacity
level at the same time. Constraint (11) ensures that the
amount of biodiesel produced in biore�nery should not
exceed its capacity. Constraints (12) and (13) limit the fact
that all of the WCO transported to biore�nery should be
converted into biodiesel. Constraint (14) enforces the fact
that only if a biore�nery is built can the transportation plans
be allocated within the region, and the amount of WCO
transported should not exceed the amount the region can
supply. Constraint (15) ensures that only when the biore�nery
is open can the biodiesel sales plans be carried out:

∑
�
��� ≤ 1, ∀� ∈ �, (10)

� × (∑

∈�
∑
��∈�
��
��� − ∑


∈�
∑
��∈�
��
��� + ��� )

≤ ∑
�∈	

���CF� + � ×��� × (1 − ∑
�∈	

���) ,
∀� ∈ �, � ∈ �,

(11)

� × (−∑

∈�

∑
��∈��

��
��� + ∑

∈�

∑
��∈��

��
��� − ��� ) +∑
�∈�
����

≤ � × (1 − ∑
�∈	

���) , ∀� ∈ �, � ∈ �,
(12)

� × (−∑

∈�
∑
��∈�
��
��� + ∑


∈�
∑
��∈�
��
��� − ��� ) +∑

�∈�
���� ≥ 0,

∀� ∈ �, � ∈ �,
(13)

��� ≤ ��� × ∑
�∈	

���, ∀� ∈ �, ! ∈ ", � ∈ �, (14)

���� ≤ � × ∑
�∈	

���, ∀� ∈ �, ! ∈ ", � ∈ �. (15)

3.2.6. Biodiesel Demand Zone and Other Constraints. Con-
straint (16) de�nes that all the biodiesel transported to the
demand zones should not exceed its demand.Constraints (17)
and (18) are decision variable constraints:
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∑
�∈�
���� ≤ #��, ∀! ∈ ", � ∈ �, (16)

��� ∈ {0, 1} , ∀� ∈ �, $ ∈ %, (17)

��
���, ����, ��� ≥ 0, ∀& ∈ ', �, �� ∈ �, ! ∈ ", � ∈ �. (18)

3.3. Mathematical Formulation for Robust Optimization. In
a robust supply chain optimization, the decisions can be
divided into two parts [5, 15, 29]: (1) decisions that should
be made before uncertainties, such as locations and sizes of
facilities and technology selection; (2) decisions that should
be made a	er uncertainties, such as transportation plans
and inventory strategies. �erefore, two kinds of decision
variables can be identi�ed in the robust optimization: control
variable and design variable [30]. Control variables can be
adjusted with uncertain data, while design variables are
determined before uncertainty.

Scenario analysis method has been widely adopted to
deal with supply chain uncertainties, and the wait-and-see
approach is discussed most. Wait-and-see approach assumes
the realization of di�erent scenarios and then makes the
decisions in each scenario in turn [31]. Mulvey et al. [32]
introduced a robust linearization method when scenario
is adopted to describe uncertainty �rstly, and then lots of
studies have improved this method. �ese studies have been
reviewed and applied by Jabbarzadeh et al. [30]; thus, this
paper adopts the robust linearization method adapted from
Jabbarzadeh et al. [30].

To separate the design variable and control variables, a
linear programming model can be explained as follows [33]:

min ��* + -�/,
3* = 4,
5* + 6/ = ,
*, / ≥ 0,

(19)

where * denotes the vector of design variables and / denotes
the vector of control variables; B, C, and  represent the
uncertain parameters; 3* = 4 denotes the constraints whose
coe�cients are free of uncertainties; 5* +6/ =  denotes the
constraints whose coe�cients are subject to uncertainties.

Robustness includes two aspects: solution robustness and
model robustness. Herein, the solution robustness means the

solution remains “close” to optimal for any scenario, while the
model robustness means that the solution is “almost” feasible
[30]. �erefore, the solution robustness can be measured by
evaluating the closeness of a solution to optimality in each
scenario, while the model robustness can be measured by
evaluating the violations of constraints.

De�ne Ω = {1, 2, . . . , 8} as a set of uncertain scenarios
for describing the uncertainty of WCO supply and biodiesel
demand as well as the price of both WCO and biodiesel, and
assume each scenario occurs with probability of 9; we have∑∈Ω 9 = 1. Let / denote the solution of control variables
in scenario 8; ; represents the objective value in scenario8, < represents the infeasibility of the model in scenario8, and 5, 6, and  represent random variables in scenario.
�e robust optimization model can be formulated as follows
[30]:

min ∑
∈Ω

9;
+ >∑
∈Ω

9 [[(; − ∑
�∈Ω

9�;�) + 2�]]
+ ?∑
∈Ω

9<,
; − ∑
∈Ω

9; + � ≥ 0, ∀8 ∈ Ω,
� ≥ 0, ∀8 ∈ Ω,
3* = 4,
5* + 6/ + < = , ∀8 ∈ Ω,
* ≥ 0, / ≥ 0, < ≥ 0, ∀8 ∈ Ω,

(20)

where ∑∈Ω 9; + >∑∈Ω 9[(; − ∑�∈Ω 9�;�) + 2�] and?∑∈Ω 9< is the measure of solution robustness and model
robustness, respectively. ? is used to express the tradeo�
between themodel robustness and solution robustness. > and� are auxiliary variables to linearize the model.

�erefore, the robust optimization model for biodiesel
supply chain optimization can be expressed as follows.

Objectives. Consider

min −∑
�∈�
9�(GP ×∑

�∈�
∑
�∈�
���� − FFC − LUC� − BFC� − TTC� − BPC�)

− >∑
�∈�
9� [[GP ×∑�∈�∑�∈��

�
�� − FFC − LUC� − BFC� − TTC� − BPC� − ∑

��∈�
9�� (GP ×∑

�∈�
∑
�∈�
���� − FFC − LUC� − BFC� − TTC� − BPC�) + 2��]] + ?1∑

�∈�
9�<�

min ∑
�∈�
9�(∑

∈�
∑
�∈�
∑
��∈�

�����
��� +∑

�∈�
∑
�∈�
������ +∑

�∈�
∑
��∈�

UE × ��1��� +∑
�∈�
∑
�∈�

ME × ����)

+ >∑
�∈�
9� [[∑
∈�∑�∈�∑��∈�
����

�

��� +∑
�∈�
∑
�∈�
������ +∑

�∈�
∑
��∈�

UE × ��1��� +∑
�∈�
∑
�∈�

ME × ���� − ∑
��∈�

9�� (∑

∈�
∑
�∈�
∑
��∈�

�����
��� +∑

�∈�
∑
�∈�
������ +∑

�∈�
∑
��∈�

UE × ��1��� +∑
�∈�
∑
�∈�

ME × ����) + 2@�]]
min ∑

�∈�
9� [[∑�∈��

�
� − 1� ×∑�∈�∑�∈�����]] + >∑

�∈�
9�{{{∑�∈��

�
� − 1� ×∑�∈�∑�∈����� − ∑�∈�∑�∈�9� [[�

�
� − 1� × ∑�∈�∑�∈�∑�∈�9�����]] + 28�}}} .

(21)
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Constraints. Consider

− (GP ×∑
�∈�
∑
�∈�
���� − FFC − LUC� − BFC� − TTC�

− BPC�) + ∑
��∈�

9�� (GP ×∑
�∈�
∑
�∈�
���� − FFC − LUC�

− BFC� − TTC� − BPC�) + �� ≥ 0, ∀� ∈ �,
∑

∈�
∑
�∈�
∑
��∈�

�����
��� +∑

�∈�
∑
�∈�
������ +∑

�∈�
∑
��∈�

UE × ��1���
+∑
�∈�
∑
�∈�

ME × ���� − ∑
��∈�

9�� (∑

∈�
∑
�∈�
∑
��∈�

�����
���

+∑
�∈�
∑
�∈�
������ +∑

�∈�
∑
��∈�

UE × ��1���
+∑
�∈�
∑
�∈�

ME × ����) + @� ≥ 0, ∀� ∈ �,

∑
�∈�
��� − 1� ×∑�∈�∑�∈����� −∑�∈�9� [[∑�∈��

�
� − 1�

×∑
�∈�
∑
�∈�
����]] + 8� ≥ 0, ∀� ∈ �,

��, @�, 8�, <� ≥ 0, ∀� ∈ �,
∑
�∈�
���� + <� = #��, ∀! ∈ ", � ∈ �

(22)

(8)∼(15), (17)∼(18).
4. Solution Procedure

�e model for a regional biofuel supply chain with multiple
transportation modes is a challenging NP-hard problem [19].
Similarly, the complexity for solving the model in this paper
increases rapidly with the number of network nodes (cities).
Let � represent the number of network nodes, let S be the
number of uncertain scenarios, and let % be the number
of grades that the biore�neries can be. �en, the possible

location solutionswill be%×2�, the size of transportation dis-
tribution network will be�2, and the times of transportation
plans calculationwill be asmany as%×2�×�.When there are
dozens of nodes in the regional network (such as the twenty-
seven nodes in the paper), the transportation plans should be
calculated more than 10 million times. �erefore, a heuristic
algorithm should be applied to deal with this problem.

As mentioned before, the decisions in the robust opti-
mization should be divided into two parts: decisions before
and a	er the realization of uncertainties. Similarly, this paper
adopts a horizontal decomposition method to divide the

robust supply chain optimization problem into biore�nery
location problem and transportation plan problem. �en,
the biore�nery location problem is solved by genetic algo-
rithm, while the transportation plan problem is solved by
CPLEX. Herein, the submodel for transportation plans in
each scenario is deterministic, and themultiple objectives are
transformed to single objective by weight coe�cient method.
�e solution procedure for robust supply chain optimization
is shown in Figure 2.

5. Case Study

It is reported that most of WCO are distributed in relatively
developed cities, such as Beijing, Shanghai, Shenzhen, and
Guangzhou. Yangtze River delta includes 27 cities and has
been one of the most developed areas in China; thus, it is
meaningful to take this area as an example to verify the
proposed model. All of the cities are numbered as 1–27 and
shown in Figure 3.

5.1. Description of Case Study

5.1.1. WCO Suppliers. As mentioned before, WCO is mainly
produced from kitchen waste whose amount is highly corre-
lated with the city population; thus, each city is regarded as
the WCO suppliers [34] and the amount of WCO produced
is estimated based on the population.

�e proportion of WCO recycled is full of uncertainty in
China. It is reported that 55% of WCO are transformed to
illegal cooking oil, 37% ofWCO are disposed, and merely 8%
are recycled for industrial use (Respect Marketing Research
Inc., 2014). However, China government has paid great
attention toWCOrecycling in the cities, and some cities (such
as Shanghai, Nanjing, and Suzhou) have launched programs
to recycle WCO produced in the restaurants, hotels, and so
on. So it is reasonable to believe the proportion of WCO
recycled will increase in the future. �erefore, to take these
factors into consideration, this paper set the proportion of
WCO recycled in positive, normal, and negative scenario to
be 40%, 25%, and 10%, respectively.

Let >� denote the population of city �; H the average
consumption of cooking oil per capita in China, which equals
12.3 kg/capita according to the China Statistical Yearbook
2014; I the average amount of WCO by consuming cooking
oil per unit which varies from 20% to 30% [35] and this paper
set it to be 25%; and �� the proportion of WCO recycled for
biodiesel production in each scenario �. �erefore, the yield
ofWCO in each city H� can be calculated by the following and
the results are shown in Table 1:

H� = >� × H × I × ��. (23)

Driven by the rapid development of biodiesel industry
and illegal cooking oil industry, the value of WCO has
been gradually admitted by the society. Correspondingly, the
recycling price of WCO has shown a climbing trend from
3000RMB/ton in 2009 to 5500 RMB/ton in 2014 (Respect
Marketing Research Inc., 2014), which exerts great pressure
on biodiesel manufacturers. �us, this paper set the WCO
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Figure 2: Solution procedure for robust supply chain optimization.

price in positive, normal, and negative scenario to be 3500,
4500, and 5500 RMB/ton, respectively.

5.1.2. Production Facilities. China has produced more than
onemillion tons of biodiesel annually and Jiangsu, Shandong,
and Hebei province are the biggest producer. However, the
annual yield of other provinces is less than 20,000 tons/year.
Jiangsu Kate New Energy Company is the biggest biodiesel
producer in Jiangsu whose capacity is 200,000 tons/year.
�erefore, it is reasonable to set the biore�nery capacity into
three grades: 50,000, 100,000, and 200,000 tons/year, and
they are numbered as grades 1, 2, and 3, respectively. Similarly,
the twenty-seven cities in the Yangtze River delta are chosen
as the biore�nery candidates [29], and their capital costs are
estimated based on regional economic development and land
cost, as shown in Table 2.

5.1.3. Market Demand. Biodiesel is highly supported by the
Chinese government to replace the fossil diesel for both
energy-saving and environment-protecting considerations.
�e annual biodiesel consumption of China has increased
from 560,000 tons in 2009 to 2,050,000 tons in 2014 (Respect
Marketing Research Inc., 2014), and the corresponding pro-
portion of diesel replaced by biodiesel has increased from
0.33% in 2009 to 1.19% in 2014. Besides that, although China
has launched policies to suggest that 5%–15% of biodiesel
should be added to fossil diesel sold in refueling stations, it
has no signi�cant e�ect actually on the low public willingness
to pay biodiesel.�us, biodiesel demand is full of uncertainty,
and the proportion of diesel replaced by biodiesel is set to be
5%, 2%, and 1.5% for positive, normal, and negative scenario,
respectively.

�e twenty-seven cities chosen in the Yangtze River delta
are also regarded as the demand zones for biodiesel, whose

demands are estimated based on city population [15, 28]. Let>� denote the population of city �;# the average consumption
of diesel per capita in China, which equals 12.61 kg/capita
according to the China Statistical Yearbook 2014; and J�
the proportion of diesel replaced by biodiesel in scenario�. �erefore, the biodiesel demand in each city #�� can be
calculated by (24) and shown in Table 3. Besides that, the
average biodiesel price ranges from 5400 to 6729 RMB/ton
during 2009 and 2014; thus, this paper set the biodiesel price
in positive, normal, and negative scenario to be 5000, 6500,
and 8000RMB/ton, respectively:

#�� = >� × # × J�. (24)

5.1.4. Other Parameters. According to the biodiesel supply
chain in practice, twelve typical scenarios are chosen to
describe the four uncertainties in this paper, and the corre-
sponding information is shown in Table 4. As for the other
parameters in the model, they are shown in Table 5.

5.2. Results and Discussion. �e model is solved by CPLEX
in a personal computer Core(TM) i7-4720HQ CPU 5.19GHz
and 4G RAM, and the results are shown as follows.

5.2.1. Basic Results

Comprehensive Bene�ts. Table 7 shows the objective values
in twelve scenarios. Herein, the robust objective measures
the infeasibility of the model in every scenario (actually
the cost for unsatis�ed biodiesel demand in this paper).
As shown in Table 6, the value of comprehensive objective
�uctuates greatly from−9.536millionRMB to 168.542million
RMB. Besides that, when the results of di�erent scenarios are
compared, the di�erence between WCO price and biodiesel
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Figure 3: Illustration of Yangtze River delta in eastern China.

price is identi�ed to be the dominant factor that determines
the biore�nery’s pro�t: (a) when the di�erence is less than
1500 RMB/ton (scenarios 5 and 6), the biore�nery is out of
production even if the WCO supply is positive; (b) when the
di�erence is between 1500 and 2000RMB (scenarios 7 and
11), the biodiesel demand becomes an important factor that
determines whether a biore�nery is pro�table or not; in other

words, the biore�nery will be out of production when the
biodiesel demand is low (such as scenarios 10 and 11); (c) the
WCO supply also has a signi�cant in�uence on biore�nery’s
pro�t when scenarios 1 and 2 are compared.

Furtherly, this paper discusses the proportion of cost and
emission in each stage. As shown in Table 7, most of cost
happens in WCO procurement stage, while most of carbon
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Table 1: Amount of collectable WCO in the regions/ton.

Collectable amount 1 2 3 4 5 6 7 8 9

Positive scenario 10613 5476 5957 5968 8884 5508 5705 8977 10106

Normal scenario 6633 3422 3723 3730 5553 3442 3566 5610 6316

Negative scenario 2653 1369 1489 1492 2221 1377 1426 2244 2526

Collectable amount 10 11 12 13 14 15 16 17 18

Positive scenario 3901 5777 7995 13043 29705 9582 2782 3244 4282

Normal scenario 2438 3610 4997 8152 18565 5989 1739 2028 2676

Negative scenario 975 1444 1999 3261 7426 2395 696 811 1071

Collectable amount 19 20 21 22 23 24 25 26 27

Positive scenario 8802 5449 7180 1199 3145 5843 7344 3267 10008

Normal scenario 5501 3406 4488 749 1965 3652 4590 2042 6255

Negative scenario 2200 1362 1795 300 786 1461 1836 817 2502

Table 2: Capital cost of biore�neries with di�erent grades in the regions/million RMB.

Capital cost 1 2 3 4 5 6 7 8 9

Grade 1 12.60 15.12 15.12 15.12 12.60 12.60 22.68 12.60 12.60

Grade 2 21.00 25.20 25.20 25.20 21.00 21.00 37.80 21.00 21.00

Grade 3 35.00 42.00 42.00 42.00 35.00 35.00 63.00 35.00 35.00

Capital cost 10 11 12 13 14 15 16 17 18

Grade 1 12.60 15.12 15.12 12.60 25.20 17.64 12.60 17.64 15.12

Grade 2 21.00 25.20 25.20 21.00 42.00 29.40 21.00 29.40 25.20

Grade 3 35.00 42.00 42.00 35.00 70.00 49.00 35.00 49.00 42.00

Capital cost 19 20 21 22 23 24 25 26 27

Grade 1 20.16 12.60 22.68 12.60 22.68 12.60 20.16 15.12 12.60

Grade 2 33.60 21.00 37.80 21.00 37.80 21.00 33.60 25.20 21.00

Grade 3 56.00 35.00 63.00 35.00 63.00 35.00 56.00 42.00 35.00

dioxide is emitted in biodiesel production stage. It is because
the WCO purchased in the regional supply chain has been
pretreated for the ease of long-distance transportation, so
the biore�nery should pay more cost to those pretreated
WCO, and the emission in kitchen waste-for-WCO stage is
not included.

Biore�nery Locations. �e results show that three biore�ner-
ies with a capacity of 50,000 tons/year should be built at
Shaoxing (candidate 8), Xuzhou (candidate 17), and Suzhou
(candidate 19), respectively. It should be noted that there is a
biore�nery with a capacity of 200,000 tons/year in practice.
�erefore, when compared with the current biore�nery
locations, the biore�neries are more dispersed.

Transportation Plans. Both road and ship transportation
are considered for WCO transportation, and the results are
displayed in Tables 8 and 9. As shown in the tables, only
one transportation mode (either road or ship transportation)
is adopted in most scenarios. It is because most of the
cities (except candidate 14, Lishui) in Yangtze River delta
have at least one port; thus, it is more e�cient to adopt
the ship transportation directly. However, the road and ship

transportation are adopted meanwhile in scenario 2 due to
the lack of port in Lishui (candidate 14).

To furtherly analyze the in�uence of transportation
modes on economic objective, the cases for road and ship
transportation and road transportation are compared. As
displayed in Figure 4, the adoption of both road and ship
transportation helps to reduce the WCO transportation cost
and carbon emission, to the extent of 0.64%–31.03% and
8.31%–42.68%, respectively.Notably,most of these reductions
are due to the replacement of road transportation by ship
transportation, while the direct e�ect of road-water joint
transportation is very small.

5.2.2. Discussion

Comparison of Di�erent Optimization Objectives on Biodiesel
Supply Chain Design. To explain the in�uence of introducing
environmental and social objectives, sensitivity analysis is
applied for both carbon emission trading price and uncol-
lectedWCO cost.�is paper sets the carbon emission trading
price and uncollected WCO cost to be 10–145 RMB/ton and
5–140 RMB/ton, respectively. �en, as shown in Figure 5,
there is a linear relationship between objective value and
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Table 3: Annual biodiesel demand in the regions/ton.

Biodiesel demand 1 2 3 4 5 6 7 8 9

Positive scenario 5440 2807 3054 3059 4554 2823 2925 4601 5180

Normal scenario 3264 1684 1832 1836 2732 1694 1755 2761 3108

Negative scenario 1088 561 611 612 911 565 585 920 1036

Biodiesel demand 10 11 12 13 14 15 16 17 18

Positive scenario 2000 2961 4098 6686 15227 4912 1426 1663 2195

Normal scenario 1200 1777 2459 4011 9136 2947 856 998 1317

Negative scenario 400 592 820 1337 3045 982 285 333 439

Biodiesel demand 19 20 21 22 23 24 25 26 27

Positive scenario 4512 2793 3681 615 1612 2995 3765 1675 5130

Normal scenario 2707 1676 2208 369 967 1797 2259 1005 3078

Negative scenario 902 559 736 123 322 599 753 335 1026

Table 4: Twelve typical uncertain scenarios.

Uncertainty/scenarios Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6

WCO supply Normal Negative Positive Normal Positive Normal

WCO price High High Low Low Low Low

Biodiesel demand Positive Positive Negative Normal Negative Negative

Biodiesel price High High Medium Medium Low Low

Probability 0.09 0.05 0.05 0.09 0.05 0.05

Uncertainty/scenarios Scenario 7 Scenario 8 Scenario 9 Scenario 10 Scenario 11 Scenario 12

WCO supply Positive Normal Normal Normal Negative Positive

WCO price Medium Medium Medium Medium Medium Medium

Biodiesel demand Normal Positive Normal Negative Negative Positive

Biodiesel price Medium Medium Medium Medium Medium Low

Probability 0.12 0.12 0.12 0.12 0.09 0.05

Table 5: Value of other parameters in the model.

Parameters Values

Depreciation year of biore�nery� 20 years

Conversion rate of biodiesel fromWCO � 90% [36]

Production cost of biodiesel per unit MC 1300 RMB/ton [37]

Production emission of biodiesel per unit ME 39.61 CO2 eqv./MJ [10]

Road transportation cost per unit 0.35 RMB/ton [38]

Road transportation emission per unit 0.04795 kg CO2 eqv./ton-kilometer [39]

Ship transportation cost per unit 0.0165 RMB/ton [40]

Ship transportation emission per unit 0.01733 kg CO2 eqv./ton-kilometer [39]

Transshipment cost per unit 38 RMB/ton [41]

Transshipment emission per unit 0.0070 kg CO2 eqv./ton

Carbon emission allowance for producing 1 ton biodiesel 41.56 CO2 eqv./ton
a

Carbon emission trading price 20b

Social cost for uncollected kitchen waste per unit 5 RMB/ton

Robust risk coe�cient > 0.1
a�e life cycle carbon emission of fossil fuel is 103.92 CO2 eqv./MJ [10]; this paper takes 40% of the carbon emission of fossil fuel as the carbon emission
allowance for producing biodiesel [28].
bChina has carried out carbon emissions trading pilot project Beijing, Shenzhen, Shanghai, and so on, and the carbon emission trading price is about 20–
25 RMB/ton.
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Table 6: Objective values in every scenario/thousand RMB.

Index/scenarios Scenario 1 Scenario 2 Scenario 3∗ Scenario 4 Scenario 5∗ Scenario 6∗

Comprehensive objective 55,604 18,466 −9,536 75,609 −5,440 −5,066
Economic objective 55,501 24,139 −2,394 75,796 −2,394 −2,394
Environmental objective 158 72 0 96 0 0

Social objective −55 0.0 −999 −283 −999 −624
Robust objective 0.0 5,745 6,143 0.0 2,048 2,048

Index/scenarios Scenario 7 Scenario 8 Scenario 9 Scenario 10∗ Scenario 11∗ Scenario 12

Comprehensive objective 8,211 100,182 8,032 −9,161 −8,787 168,542

Economic objective 8,772 100,369 8,219 −2,394 −2,394 168,812

Environmental objective 97 96 96 0 0.0 159

Social objective −657 −283 −283 −624 −250 −430
Robust objective 0 0 0 6,143 6,143 0
∗�e biore�nery is out of production in the scenario.

Table 7: �e proportion of cost and emission in each stage.

Index
WCO procurement stage Biodiesel production stage Biodiesel sales stage

Cost Emission Cost Emission Cost Emission

Maximum 81.59% 0.30% 25.43% 99.49% 0.95% 0.46%

Minimum 73.63% 0.16% 18.13% 99.31% 0.30% 0.21%

Table 8: Road transportation plans of WCO in di�erent scenarios.

Scenario Facility 8 Facility 17 Facility 19

1 4/5501, 8/3406 17/6633, 27/3273 1/18565, 6/2676, 7/2028, 16/4997, 18/3610, 19/8152, 20/5610

2∗ 4/2200, 8/1362, 11/1461 17/2653, 27/1489 1/7426, 6/1071, 7/811, 16/1999, 18/1999, 19/3261, 20/2244

4 4/5501, 8/3406 17/6633, 27/3273 1/14858, 6/2676, 7/2028, 16/4997, 18/3610, 19/8152, 20/1239

7 4/8802, 8/5449 17/10613, 27/2235 1/3291, 6/4282, 7/3244, 16/7995, 18/5557, 19/13043

8 4/5501, 8/3406 17/6633, 27/3273 1/14858, 6/2676, 7/2028, 16/4997, 18/3610, 19/8152, 20/1239

9 4/5501, 8/3406 17/6633, 27/3273 1/14858, 6/2676, 7/2028, 16/4997, 18/3610, 19/8152, 20/1239

12 4/8802, 8/5449 17/10613, 27/5957 1/22582, 6/4282, 7/3244, 16/7995, 18/5777, 19/13043, 20/5676
∗817 tons of WCO is transported from region 14 to region 10 in this scenario.

Table 9: Ship transportation plans of WCO in di�erent scenarios.

Scenario Facility 8 Facility 17 Facility 19

1
3/1739, 5/4488, 9/749, 10/6255,

12/1965, 13/4590, 15/1060
3/612, 22/3422, 23/3730, 24/3294

16/5256, 24/2259, 25/3442, 26/2438,
27/3566

2 10/3093 21/1369, 22/1492
2/2395, 3/696, 5/1795, 9/300, 10/225,
12/786, 13/1836, 15/2526, 23/2221,

24/1377, 25/975, 26/1426

4 1/3707, 5/4488, 9/749 22/2491

7 10/3600

8 1/3707, 5/4488, 9/749 22/2491

9 1/3707, 5/4488, 9/749 22/2491

12 1/7123, 5/7180, 9/1199 22/4843

uncollected WCO cost when the carbon emission trading
price is �xed, and vice versa.

Comparison of Optimizations in Uncertain and Deterministic
Environment. In order to analyze the in�uence of uncertain-
ties on the supply chain decisions, this paper optimizes the
supply chain for the most positive scenario and the medium

scenario, respectively. A positive scenario means a high level
of WCO supply, biodiesel demand, and price as well as a
low WCO price. �e results show that �ve biore�neries with
a capacity of 50,000 tons/year are chosen in the positive
scenario, and the number is more than the robust optimiza-
tion’s (three biore�neries with a capacity of 50,000 tons/year).



12 Scienti�c Programming

Transportation cost for both road and ship transportation

Transportation cost for road transportation only

Transportation emission for both road and ship transportation

Transportation emission for road transportation only

0

100

200

300

400

500

600

700

800

T
ra

n
sp

o
rt

at
io

n
 e

m
is

si
o

n
/t

o
n

0

S
ce

n
ar

io
 1

S
ce

n
ar

io
 2

S
ce

n
ar

io
 3

S
ce

n
ar

io
 4

S
ce

n
ar

io
 5

S
ce

n
ar

io
 6

S
ce

n
ar

io
 7

S
ce

n
ar

io
 8

S
ce

n
ar

io
 9

S
ce

n
ar

io
 1

0

S
ce

n
ar

io
 1

1

S
ce

n
ar

io
 1

2

1000

2000

3000

4000

5000

6000

T
ra

n
sp

o
rt

at
io

n
 c

o
st

/t
h

o
u

sa
n

d
 R

M
B

Figure 4: Comparison of the cost and carbon emission for di�erent
transportation modes.
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Figure 5: Sensitivity analysis onunit social cost of uncollectedWCO
and unit price of carbon emission.

As for a medium scenario, it means the level of both
supply and demand side is normal. �e results show that
three biore�neries with a capacity of 50,000 tons/year are
chosen, but the locations of these biore�neries are di�erent
from the robust optimization’s. Hence, this paper concludes
that uncertainties do in�uence the location as well as the
transportation plans in biodiesel supply chain.

Furthermore, when compared with robust optimization’s,
the di�erences of the objective values in the most positive
scenario and medium scenario are also discussed. As shown
in Figure 6, the decisionsmade according to themost positive
scenario have lower ability to deal with uncertainties, which
results in a bigger �uctuation in di�erent scenarios. However,
the decisions made according to the medium scenario per-
form a close value to the robust optimizations.

6. Conclusions

�is paper tried to improve the robustness and sustain-
ability for regional WCO-for-biodiesel supply chain under
supply and demand uncertainty. A regional supply chain
including WCO suppliers, biore�neries, and demand zones

�e most positive scenario

�e medium scenario
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Figure 6: Di�erences of the objective values in the most positive
scenario, medium scenario, when compared with robust optimiza-
tions.

in practice was �rstly introduced, and then a model without
uncertainties was proposed for economic (pro�t), environ-
mental (carbon emission), and social (uncollected WCO)
optimization. Secondly, a robust model was proposed by
describing the main uncertainties (e.g., WCO supply and
price as well as biodiesel demand and price uncertainty) as
several uncertain scenarios. �irdly, the genetic algorithm
was applied to solve the robust model by dividing the model
into several submodels through horizontal decomposition.
Finally, a case study on the Yangtze River delta region was
performed to verify the model e�ciency, and the robustness
and sustainability of biodiesel supply chain are discussed.
�is paper described the main research �ndings and gave
some suggestions to support the development of biodiesel
industry:

(i) All of the uncertainties (WCOsupply andprice aswell
as biodiesel demand level and price uncertainties)
discussed in the model play a role in determining
the biore�nery’s pro�t which may �uctuate greatly.
�erefore, the future of both feedstock and product
market should be well evaluated by biore�neries
and a consideration of robust decision is useful and
necessary at the strategic level, especially when the
market is pessimistic.

(ii) �ree biore�neries with a capacity of 50,000 tons/year
should be built in the optimal decisions. �e decision
prefers decentralized production for biodiesel when
comparedwith the practice that has a biore�nerywith
a capacity of 200,000 tons/year. �erefore, a decen-
tralized production is more pro�table for biore�nery
if the management convenience is considered.

(iii) �e adoption of both road and ship transportation
helps to reduce the WCO transportation cost and
carbon emission, to the extent of 0.64%–31.03% and
8.31%–42.68%, respectively. �erefore, the coordi-
nation of di�erent transport modes (such as road
transportation, ship transportation) should be well
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planned so as to ease the implementation of multiple
transportation.

(iv) �e introduction of environmental and social objec-
tives does in�uence the biore�neries’ pro�t; thus,
some policies about the environmental and social
goals can be published by the government to encour-
age biore�neries to go green and ful�ll social respon-
sibility.

To take both robustness and sustainability into consider-
ation in the biofuel supply chain design stage was important
and meaningful. It could not only improve biore�neries’
ability to overcome supply chain uncertainties but also ensure
an acceptable loss in pessimistic situation. However, this
paper just tried to design a supply chain from the point
of view of modelling; thus, there were some aspects to
improve in the future work. On one hand, the description of
sustainability was limited to three quantitative objectives, but
some qualitative indicators that are not easy to measure are
also important. �us, it may be more reasonable to take both
quantitative and qualitative objectives into consideration. On
the other hand, this paper described the fourmain uncertain-
ties by several scenarios, but the interaction between di�erent
uncertainties (such as the WCO supply and price, WCO and
biodiesel price, and biodiesel demand and price) was not
discussed. It may be interesting to adopt both mathematical
modelling and simulation to design a robust biodiesel supply
chain.

Notations

Sets

�: Set of region � (also set of WCO suppliers
and biore�nery candidates)": Set of biodiesel demand zone !%: Set of biore�nery capacity level $': Set of transportation mode &, equal to 0 if
road transportation is chosen and 1 if ship
transportation is chosen�: Set of uncertain scenario �.

Parameters

MP�: Price of WCO per unit in uncertain scenario���� : Amount of WCO that supply point � can
supply in uncertain scenario �#��: Biodiesel demand of zone ! in uncertain
scenario �

GP�: Price of biodiesel per unit in uncertain
scenario ��: Depreciation year of biore�nery

CF�: Amount of biodiesel that a biore�nery with
capacity level $ can produce

FC��: Capital cost to build a biore�nery with
capacity level $ at candidate ��: Conversion rate of biodiesel fromWCO

MC: Production cost of biodiesel per unit

�
���: Cost to transport WCO per unit from region�� to region � by transportation mode &�
��: Cost to transport biodiesel per unit from
region � to demand zone !

UC: Cost of WCO transshipment per unit when
the ship transportation is chosen

ME: Carbon emission of producing biodiesel per
unit
���: Carbon emission to transport WCO per unit
from region �� to region � by transportation
mode &��: Carbon emission to transport biodiesel per
unit from region � to demand zone !

UE: Carbon emission to transship WCO per unit
when the ship transportation is chosen� 
��� : Equal to 1 if transportation mode & exists
between region �� and region � and 0
otherwise�: A very big number.

Decision Variables

���: Equal to 1 if a biore�nery with capacity level$ is built at candidate � and 0 otherwise��
���: Amount of WCO transported from region ��
to region � by transportation mode & in
uncertain scenario � (herein � ̸= ��)��� : Amount of WCO supplied by itself � in
uncertain scenario �����: Amount of biodiesel transported from
biore�nery candidate � to demand zone ! in
uncertain scenario �.
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ning waste cooking oil collection systems,”Waste Management,
vol. 33, no. 8, pp. 1691–1703, 2013.

[10] X. Ou, X. Zhang, S. Chang, and Q. Guo, “Energy consumption
and GHG emissions of six biofuel pathways by LCA in (the)
People’s Republic of China,”Applied Energy, vol. 86, supplement
1, pp. S197–S208, 2009.

[11] L. Iglesias, A. Laca, M. Herrero, and M. Dı́az, “A life cycle
assessment comparison between centralized and decentralized
biodiesel production from raw sun�ower oil and waste cooking
oils,” Journal of Cleaner Production, vol. 37, pp. 162–171, 2012.

[12] A. Kelloway, W. A. Marvin, L. D. Schmidt, and P. Daoutidis,
“Process design and supply chain optimization of supercritical
biodiesel synthesis fromwaste cooking oils,”Chemical Engineer-
ing Research and Design, vol. 91, no. 8, pp. 1456–1466, 2013.

[13] C. Sheinbaum-Pardo, A. Calderón-Irazoque, and M. Ramı́rez-
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