
Research Article
Stochastic Programming of Sustainable Waste Cooking Oil for
Biodiesel Supply Chain under Uncertainty

Nana Geng ,1 Qihong Fu,1 and Yixiang Sun 2

1Nanjing University of Posts and Telecommunications, Nanjing 210023, China
2Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China

Correspondence should be addressed to Yixiang Sun; sunyixiang@nuaa.edu.cn

Received 13 May 2021; Revised 4 July 2021; Accepted 7 July 2021; Published 20 July 2021

Academic Editor: xinyuan chen

Copyright © 2021 Nana Geng et al. *is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

As an important emission reduction source for the transportation industry, biofuel has received strong support from the Chinese
government. However, the development of the biofuel industry is still struggling. *e high degree of uncertainty makes the
development of the industry face huge challenges. Kitchen waste, as a biodiesel raw material with a large yield, has good de-
velopment prospects. Reuse of kitchen waste can solve public health and safety problems. *is paper proposes a two-stage
stochastic programming model under supply disturbance to optimize the supply chain from the perspective of contract. *en
current three main flow directions of kitchen waste are analysed and the reasonable price for biodiesel operators to purchase is
determined. By signing contracts with the biodiesel operators, restaurant is guaranteed and encouraged to provide a certain
percentage of kitchen waste to meet the demand for biodiesel production. Using actual case in the Yangtze River Delta region, the
performance of the stochastic programming model under disturbance was compared. *rough the sensitivity analysis of different
parameters, this paper determines the influence of its supply chain network design and expected total system cost. *rough the
optimization of the waste cooking oil (WCO) for biodiesel supply chain, this paper can effectively improve the efficiency of the
supply chain, reduce system costs, increase the profits of biofuel operators, and promote the sustainable development of the
biofuel industry.

1. Introduction

In China, with the expansion of the bioenergy development
planning in recent years, the amount of biodiesel needed in
transport fuels is projected to increase. Moreover, the
current biodiesel blend ratio of 5% in China is likely to
increase to 15% or more in the near future, which will also
create more biodiesel demand. To meet the growing demand
of the biodiesel industry, society must provide more sus-
tainable material to produce biodiesel. *e Chinese gov-
ernment highly supports the development of the biodiesel
industry with kitchen waste as the raw material. *e de-
velopment policy of the biodiesel industry (2015) clearly
states that kitchen waste should become the main raw
material of biodiesel, and its supply chain needs effective
design to improve the overall operational efficiency. How-
ever, some studies have shown that few restaurants provide

kitchen waste to biodiesel operators due to uncertainty of the
implementation of kitchen waste production in most res-
taurants and the lack of understanding.*erefore, this paper
will focus on putting forward strategies to increase the
supply of kitchen waste in restaurants and reduce the cost of
the WCO-biodiesel supply chain.

*e paper firstly defines and describes the supply chain
problems. Previous studies have shown that providing a
financial benefit to restaurants is a viable way to encourage
restaurants to provide kitchen waste [1, 2]. *rough signing
a contract, ensure that restaurants sell a certain percentage of
kitchen waste at a certain purchase price, which can effec-
tively solve the problem of the uncertainty in the supply of
raw materials for biodiesel [3]. Based on the above two
models, the paper reconstructs the stochastic programming
model under the supply disturbance. In this paper, biodiesel
operators provide restaurants with the price of unit kitchen
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waste by signing contracts to achieve a stable supply source,
and the price is determined by the restaurant’s allocation
decision model. *e supply uncertainty of kitchen waste is
an important factor in the design of supply chain network.
*erefore, in the process of contract pricing and supply
chain model construction, this paper also considers the
uncertainty of the total supply of kitchen waste into the
supply chain stochastic model construction, so as to enhance
the antidisturbance of supply chain network. Based on the
above two models, the paper reconstructed stochastic pro-
gramming model of the supply chain. At last, we choose a
case study and do the sensitivity analysis from trans-
portation cost, pretreatment rate, kitchen waste residual
value, and penalty fee. *e research on the supply chain
network in the biodiesel collection stage can facilitate the
transportation of kitchen waste from restaurants to biodiesel
refineries for biodiesel production. *e structure of this
paper is as follows. Section 1 analyses the research back-
ground and purpose of this paper. Section 2 reviews the
relevant literature. In Section 3, the network optimization of
the restaurant kitchen waste supply chain is described. In
Section 4, the basic stochastic programming model, allo-
cation decision model, and reconstructed stochastic pro-
gramming model of the restaurant kitchen waste supply
chain under supply disturbance are presented. Section 5
discusses the acquisition of data and discussion of results for
the case study. Finally, in Section 6, the research results of
this paper are summarized.

2. Literature Review

2.1. Biodiesel SupplyChainUncertainty. In the supply chain,
the supply is uncertain due to the capacity limitation of
internal enterprises (endogenous factors) and the demand
change of external market (exogenous factors). Uncertainty
comes from all stages and activities in the biodiesel supply
chain, and its type and degree are all different [4]. At
present, a large number of literature studies reported that
the problems in production, procurement, inventory
management, coordination, and other aspects of the biofuel
supply chain are caused by supply uncertainty. Zahraee
et al. [5] considered the cost-effectiveness problem of the
biofuel supply chain under the uncertainty of supply and
built a deterministic planning and scheduling model
aiming at minimizing the cost. Geng et al. [3] considered
the problem of two-level supply chain composed of farmers
and producers in the environment of uncertain supply and
proposed a cooperation mechanism to improve the profit
of each member in the supply chain, but it was limited to
the case that market supply and demand fluctuated less.
Giarola et al. [6] considered the uncertainty of biomass
supply and carbon emission quota trading plan, aimed at
maximizing the net present value of supply chain and
minimizing carbon emissions, and established a multi-
period and multilevel mixed-integer linear programming
model, so as to solve the problems of raw material allo-
cation, production technology selection, and plant location
of upstream supply chain of bioethanol. Osmani and Zhang
[7] established a two-stage stochastic programming model

to maximize profits and minimize carbon emissions and
carried out a case study on biomass supply, biofuel de-
mand, and price uncertainty in four Midwest states of the
United States using wood fiber as raw material for biofuel
supply chain. Biomass supply uncertainty is one of the most
important uncertainty factors in the procurement process.
As for agricultural waste, on the one hand, biomass de-
pends on planting and harvesting operations and requires a
relatively fixed growth cycle, so the supply of biomass
presents obvious seasonal characteristics [8]. On the other
hand, under the joint action of farmers’ planting willing-
ness, weather conditions, soil conditions, and other factors,
biomass yield in different planting or harvesting periods
and locations also presents certain differences [8, 9]. For
waste cooking oil and other municipal wastes, on the one
hand, biomass production depends on the dining con-
sumption habits of urban residents and economic devel-
opment, and so on, and there is a spatial-temporal
difference. On the other hand, the actual amount of bio-
mass collected by refining plants is also subject to com-
petition from the illegal production industry chain of
“gutter oil,” which further aggravates the uncertainty of the
amount of biomass. Nguyen and Chen [10] proposed a
mathematical model to tackle the supplier selection and
operation planning problem in biomass supply chains to
help decision-makers facing uncertainty of biomass feed-
stock supply. Hu and Feng [11] model a supply chain of
service requirement and supply and demand uncertainty
with revenue sharing contract and derive the buyer’s op-
timal ordering policy and the supplier’s optimal supply
policy. Lin et al. [12] analysed equilibrium solutions for the
coopetitive supply chain across different channel structures
under supply uncertainty.

2.2.MathematicalModellingMethods forUncertainProblems.
In recent years, stochastic programming methods are mostly
used to deal with supply uncertainty in the supply chain [13].
Stochastic programming is one of the emerging methods to
deal with uncertain problems. *e stochastic programming
method was developed by Danzig and Beare, aiming to
model random variables by using a set of discrete scenarios
with known probabilities [14–17]. *e demand assumption
in stochastic planning is a random variable that obeys a
uniform distribution, a normal distribution, or a Poisson
distribution. *en, an optimal solution is found through
stochastic programming to minimize (or maximize) the
expected value of the objective function in the supply chain
[18]. Due to the characteristics of supply chain design, two-
stage stochastic planning has been widely used in problems
related to supply chain management [19]. In the first stage,
the strategic or long-term decision of supplier selection
(such as the number and combination of suppliers) should
be made before the realization of random variables. When
the random variables are realized, tactical and operational
decisions such as order allocation, inventory, production,
and transportation will be made in the second stage. When
the model is constructed, the uncertainty problem is usually
transformed into a deterministic mathematical
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programming method, which helps to minimize the impact
of uncertainty factors. Dantzig et al. [20] proposed this
concept and pointed out that stochastic programming can be
divided into two types: two-stage stochastic programming
model and multistage stochastic programming model. At
present, two-stage stochastic programming is more com-
mon. Gupta and Maranas [21] pointed out that the two-
order stochastic programming in uncertain supply chain
design can be divided into twomodels, namely,Wait and See
model and Here and Now model. An et al. [22] studied the
reliable P-median location problem using a two-stage robust
model. Ghodratnama et al. [23] conducted robust and fuzzy
target planning for the new multitarget hub location allo-
cation problem. Stochastic programming has been gradually
applied to various supply chain optimization and man-
agement problems.

2.3. Sustainability of Biodiesel Supply Chain. Sustainable
supply chain design and optimization have become an
emerging method, which tries to take environmental, eco-
nomical, and social decisions into full consideration [24].
Geng and Sun [25] summarized the literature related to
biodiesel supply chain optimization research. Economic
sustainability means the most important objective of the
biodiesel supply chain is to produce biodiesel in an eco-
nomically viable manner [26]. Liu et al. [27] studied amixed-
integer linear programmingmodel for optimizing economic,
energy, and environmental objectives in a biofuel supply
chain network design problem. *e energy objective is
measured by the fossil energy input per megajoule of biofuel
production. Early work tends to focus on some environ-
mental aspects of the engineering process, such as waste
management and net heat consumption [28]. Giarola et al.
[29] studied a biofuel supply chain network design model
with the aim of cost and CO2-eqv. minimization. Social
sustainability reflects as the development of the bioenergy
industry is likely to create new employment opportunities
and bring greater economic vitality in rural areas [30–33].

In general, the optimization of biodiesel supply chain is
extremely important in the development system of the
bioenergy industry. Scholars have done extensive research
on theories and methods of biodiesel supply chain opti-
mization, especially in the areas of biodiesel supply chain
facility location. However, the theory of supply chain op-
timization using kitchen waste as raw material in view of
China’s national conditions is relatively insufficient. *ere
are few papers on both the tactical design of sustainable
supply chains and the optimization of biodiesel modelling
under uncertain conditions. *is paper introduces the
strategy of price contract between restaurants and biofuel
operators to guarantee restaurants to supply appropriate
kitchen waste to biodiesel refineries. *rough the con-
struction of a two-stage stochastic programming model, the
disturbance of kitchen waste supply was integrated into the
design of biodiesel supply chain network. *e negotiated
purchase price of kitchen waste and the structure of biodiesel
supply chain network were determined to ensure the normal
operation of biodiesel refineries under disturbance.

3. Problem Description

WCO for biodiesel supply chain is a three-level supply chain
including kitchen waste supply point, pretreatment facility,
and the demand point (biodiesel refinery). *e first level of
kitchen waste supply point is the restaurants. *e second
level is the kitchen waste pretreatment facility, which is used
for pretreating kitchen waste. It is built by the biodiesel
operator according to the economic cost and environmental
impact. *e biodiesel operators can sell the excess kitchen
waste at the pretreatment facility and buy the kitchen waste
when the kitchen waste shortage occurs according to the
demand of biodiesel and the supply of kitchen waste. *e
third level is biodiesel refinery, where all waste cooking oil
processed by the pretreatment facility is transported to the
refinery for biodiesel production. *e kitchen waste is
provided by the restaurants and transported by truck to the
kitchen waste pretreatment facility, where the treated
kitchen waste is transported to the biodiesel refinery, as
shown in Figure 1.

Biodiesel production from kitchen waste faces more
uncertainties in the future such as feedstock supply, biodiesel
demand, and changing regulations and policies. According
to statistics in the past 10 years, the total kitchen waste has
increased by 1%–8% in different proportions [34]. *e
government has introduced a series of measures to reduce
the amount of kitchen waste. Kitchen waste will continue to
have obvious uncertainty in the future. *e purpose of this
paper is to establish a stochastic programming model
considering the contract establishment and provide reliable
solutions for designing the whole kitchen waste supply chain
under the potential supply disturbances in the future. *e
specific problems to be solved by the stochastic program-
ming model include the determination of the purchase price
of the kitchen waste in the contract signed by the biodiesel
operator and the restaurants; the location of the infra-
structure supporting this biodiesel supply chain system; and
whether biodiesel derived from kitchen waste can be part of
sustainable energy solutions that are economically viable
and environmentally acceptable.

4. Model Construction

4.1. Two-Stage Stochastic ProgrammingModel. *e objective
of WCO for biodiesel supply chain stochastic programming
model under supply disturbance is to minimize the expected
total system cost and carbon emission cost by satisfying
some constraints. *is paper assumes that the kitchen waste
supply by restaurants depends on two factors: (a) the pro-
portion of kitchen waste supplied to biodiesel refineries and
(b) the total supply of kitchen waste. Biodiesel refineries offer
a group of prices per unit kitchen waste of restaurants and
promise to buy the kitchen waste they provide. Under this
commitment, the biodiesel refiners buy the kitchen waste at
that price and then the restaurants supply a percentage of
kitchen waste. As the purchase price increases, the per-
centage may increase. After the kitchen waste is collected, it
is treated by a pretreatment facility established by the
biodiesel refinery and transported to the biodiesel refinery.
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Pretreatment facilities pretreated kitchen waste from dif-
ferent kitchens and transported it to biodiesel refineries.
Other assumptions include the following: (a) location of the
pretreatment facility is determined by the biodiesel operator
and selected from a set of known candidate sites; (b) bio-
diesel refineries need to process and convert the pretreated
kitchen waste into biodiesel; (c) location of biodiesel re-
fineries and demand for kitchen waste are deterministic; and
(d) if the kitchen waste from the restaurants cannot meet the
needs of the biodiesel refinery, the biodiesel operator needs
to obtain it from an external supplier and there will be
penalty charges for purchasing the unit’s external kitchen
waste. On the other hand, if the biodiesel operator has a
surplus after meeting all the demand, it can sell the kitchen
waste to make up for the loss of the excess raw materials.

In this paper, a scenario-based two-stage stochastic
programming model is constructed. In the first stage, the
location of the pretreatment facility and purchase price of
the kitchen waste provided to the restaurants are deter-
mined. *en, based on the purchase price offered by the
biodiesel operator, each restaurant decides how much
kitchen waste allocates to biodiesel refineries for production.
*e total amount of kitchen waste was provided by each
kitchen, which is influenced by random events such as the
size of a city’s population, consumption habits, and policy
guidance. Supply uncertainty is addressed through a limited
set of scenarios. When one scenario occurs, the total supply
of the kitchen becomes known. In the second stage, the
biodiesel refinery makes some decisions based on the cal-
culated supply when the supply ratio and total supply are
known. *e decisions include the amount of kitchen waste
transported from the restaurants to the pretreatment facility,
the amount of kitchen waste transported from the pre-
treatment facility to the biodiesel refinery, the amount of
kitchen waste purchased externally by each biodiesel

operator, and the amount of excess kitchen waste to be sold.
Under the standard two-stage stochastic programming
model, the first-stage decision must be made before the
actual system uncertainty is realized. After random events
occur, decisions are made in the second stage. *e goal of a
typical two-stage programming model is to make decisions
by minimizing the cost of the first stage and randomizing the
expected cost of the second stage. A two-stage stochastic
programming based on scenario divided uncertain spaces
into countable scenarios, and each scenario is provided with
a corresponding probability. Although scenario-based two-
stage stochastic programming sacrifices the solution’s op-
timality, it ensures that the second-stage decision is made
based on the occurrence of uncertainty. It is a good ap-
proximation of the total solution. Table 1 lists the symbols
used in the model construction.

*e two-stage stochastic programming model is
expressed as follows:

F1 � Min􏽘
j∈J

fj × Yj + E ψ Yj, π,Φs
i􏼐 􏼑􏽨 􏽩, (1)

F2 � Min􏽘
j∈J

ehj × Yj + E χ Yj, π,Φs
i􏼐 􏼑􏽨 􏽩, (2)

􏽘
j∈J

M
c

× Yj ≥ 􏽘
k∈K

Dk

μ
, (3)

h≤ π ≤ c, (4)

Yj ∈ 0, 1{ }, ∀j ∈ J. (5)

Specific to a given specific scenario:

ψ(s) � ψ Yj, π,Φs
i􏼐 􏼑 � Min􏽘

i∈I
􏽘
j∈J

c
f d

× q
s
ij × dij + 􏽘

j∈J
􏽘
k∈K

c
w d

× q
s
jk × djk

+ 􏽘
j∈J

􏽘
k∈K

CPR × q
s
jk + 􏽘

s∈S
􏽘
i∈I
Φs

i × π × Γi(π) + 􏽘
k∈K

c × Q
s
j − 􏽘

i∈I
h × W

s
i ,

(6)

χ(s) � χ Yj, π,Φs
i􏼐 􏼑 � Min􏽘

i∈I
􏽘
j∈J

EHV × q
s
ij + 􏽘

i∈I
􏽘
j∈J

ECT × q
s
ij × dij

+ 􏽘
j∈J

􏽘
k∈K

ECT × X
s
jk × djk + 􏽘

j∈J
􏽘
k∈K

EBD × q
s
jk,

(7)

Biodiesel refineryKitchen waste
pretreatment facility

Kitchen waste
supply point

Energy

Energy WasteWaste
CO2

Energy
EnergyEnergy CO2 CO2CO2

Figure 1: Waste cooking oil for biodiesel supply chain.
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F � Min α 􏽘
i∈I

􏽘
j∈J

c
f d

× q
s
ij × dij + 􏽘

j∈J
􏽘
k∈K

c
w d

× q
s
jk × djk + 􏽘

j∈J
􏽘
k∈K

CPR × q
s
jk

⎛⎝

+ 􏽘
s∈S

􏽘
i∈I
Φs

i × π × Γi(π) + 􏽘
j∈J

c × Q
s
j − 􏽘

i∈I
h × W

s
i
⎞⎠ +(1 − α) 􏽘

i∈I
􏽘
j∈J

EHV × q
s
ij

⎛⎝

+ 􏽘
i∈I

􏽘
j∈J

ECT × q
s
ij × dij + 􏽘

j∈J
􏽘
k∈K

ECT × X
s
jk × djk + 􏽘

j∈J
􏽘
k∈K

EBD × q
s
jk

⎞⎠ × CEP.

(8)

*e objective functions F1 and F2 minimize the expected
total cost and carbon emissions of the system, respectively.
*e objective function F1 includes the cost of the first stage
and the expected cost of the second stage. Operators Eψ
represent mathematical expectations about random pa-
rameters ψ(s). In objective function (1), the first-stage cost
package is the fixed cost of the preprocessing facility con-
struction, which is constant with the implementation of
random parameters.*e cost of the second stage depends on
the scenario that is in formula (6): the transport cost of the
biodiesel kitchen waste, the cost of the kitchen waste pre-
treatment facility, the purchase cost of the raw material
kitchen waste, and the possible fuel shortage loss cost.
Objective function (2) also includes the first stage cost and

the second stage expected cost. Operators Eχ represent
mathematical expectations about random parameters χ(s).
*e first stage of carbon emissions includes fixed carbon
emissions from the construction of the pretreatment facility,
the value of which is constant with the implementation of
the random parameters. *e second stage of carbon emis-
sions is scenario-dependent in formula (7), including
kitchen waste collection carbon emission, pretreatment
carbon emission, and transport carbon emission. It is as-
sumed that the cost function of raw material purchase has a
piecewise linear relationship with the purchase quantity. For
the calculation of carbon emissions, this paper mainly refers
to the relevant carbon emission factor method. *ese factors
are mainly calculated by quoting scholars’ literature and

Table 1: Description of symbols used in the base model.

Set
I Set of kitchen waste supply points i
J Set of potential pretreatment facility locations j
K Set of biodiesel refinery locations k
S Set of uncertain scenarios s
Parameter
Γi(π) Function of the kitchen waste amount of supply point i provided for the biodiesel operator according to the price π
dij Distance from supply point i to pretreatment facility j
djk Distance from the pretreatment facility j to the biodiesel refinery k
Φs

i Total amount of annual kitchen waste supply in each supply point i under scenario s
fj Fixed construction cost of the pretreatment facility j
ps Probability of scenario s
C Penalty fees for shortage demand of biodiesel
H Residual value of excess kitchen waste
Dk Demand for biodiesel at the biodiesel refinery k
cf d Transport costs for kitchen waste by truck
cw d Transport costs for waste cooking oil by truck
EHV Carbon emissions from unit kitchen waste collection
ECT Carbon emissions from transportation by truck
Mc Maximum processing capacity of the pretreatment facility
ehj Carbon emissions from the construction of pretreatment facility j
EBD Carbon emissions from pretreatment facilities deal with unit kitchen waste
CPR Processing cost from unit kitchen waste at the pretreatment facility
μ Pretreatment rate of unit kitchen waste at pretreatment facility
α *e weight
CEP Trading price from unit carbon emissions
Decision variables
qs

ij Quantity of kitchen waste from supply point i to pretreatment facility j in scenario s
qs

jk Quantity of waste cooking oil from pretreatment facility j to biodiesel refinery k in scenario s
Yj 1 when location j is used to build a pretreatment facility, 0 otherwise
Qs

j Quantity of outsourcing kitchen waste at the pretreatment facility j in the situation s
Ws

i Quantity of excess kitchen waste at supply point i in scenario s
π Negotiated purchase price for unit kitchen waste
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some extrapolated data. Carbon emissions used in different
processes are linear functions. *e other constraint set is as
follows:

􏽘
i∈I

q
s
ij ≤M

c
× Yj, ∀j ∈ J, (9)

μ × 􏽘
i∈I

q
s
ij + Q

s
j

⎛⎝ ⎞⎠ � 􏽘
k∈K

q
s
jk, ∀j ∈ J, (10)

􏽘
j∈J

q
s
ij + W

s
i � Γi(π) ×Φs

i , ∀i ∈ I, (11)

􏽘
j∈J

q
s
jk ≥Dk, ∀k ∈ K, (12)

q
s
ij, q

s
jk, W

s
i , Q

s
k ≥ 0. (13)

Constraint (3) means that the total capacity of the
pretreatment facility must be greater than the total demand
of the system because all kitchen waste need transport passes
through the pretreatment facility. Constraint (4) defines the
lower and upper limits of unit kitchen waste purchase price.
*e purchase price of kitchen waste must be greater than the
residual value and must be less than the penalty cost. If the
kitchen waste purchase price is lower than the residual value,
the biodiesel operator only needs to make a profit by selling
the kitchen waste. Conversely, if the purchase price is higher
than the unit penalty cost, the biodiesel operator canmeet all
demand by purchasing from an external supplier. Constraint
(5) is a binary variable. Objective function (6) represents the
economic cost throughout the whole supply chain. Objective
function (7) represents carbon emission throughout the
whole supply chain. Objective function (8) is the total cost
after taking unit carbon emissions trading price into ac-
count. Constraint (9) is the capacity constraints of each
pretreatment facility. Constraint (10) is the balance between
the inflow and outflow of the pretreatment facility. Con-
straint (11) is the supply constraint that ensures that all
supply is transported to biodiesel refineries. Constraint (12)
biodiesel refineries meet a demand greater or equal to the
total biodiesel demand. Since the objective function and the
constraint condition both contain Φs

i × Γi(π), the problems
ψ and χ change with different implementations of the
random variable Φs

i . For each first-stage decision, the
problems ψ and χ are feasible for all scenarios. Constraint (4)
ensures that the capacity of kitchen waste transported
through the pretreatment facility is sufficient so that all the
pretreatment facility locations are feasible in the first stage.
Biodiesel refineries can be outsourced to meet demand, so
that the demand of each biodiesel refinery can always be
outsourced regardless of the kitchen waste acquisition price
and supply situation. *erefore, the properties of the
mathematical model are largely dependent on Γi(π).

4.2. Stochastic Programming Model Reconstruction

4.2.1. Allocation Decision Model for Restaurants. In order to
determine the function Γ introduced in the mathematical
formula, it is necessary to take the restaurant’s decision into
consideration. A model which determines the relationship
between the price and the supply proportion of kitchen
waste is needed. In this paper, we followed the methods of
Uster andMemişoğlu [35] andMemisoglu [36] to determine
the relationship between the price and the supply proportion
of kitchen waste. To form a hypothesis, restaurant makes a
supply decision totally based on its expected profit. As a
consequence, the kitchen uses the biodiesel operator if the
expected profit is higher than the kitchen’s current expected
profit which is supplied to at least one other vendor. Suppose
that restaurant i provides kitchen waste Ri to vendor r. *e
following symbols to construct the allocation decisionmodel
of the kitchen are shown in Table 2.

For each restaurant and vendor, the following equation
must be followed:

Supir × Pepr − Ckpir � Supi∗ × Bkpir( 􏼁 − Ckpi∗ . (14)

*e left and right sides of equation (14), respectively,
represent the expected unit profit (Yuan/year) that the
restaurant provides to all vendors r and the biodiesel op-
erators. A kitchen will supply kitchen waste to a biodiesel
operator only if its expected profit is greater than its expected
profit from supplying at least one of the other vendors. For
kitchen i, there is |Ri| vendor demands, and therefore, there
is Ri balance price between the biodiesel operators, each
represented by Bkpir, where r belongs to Ri. *ese prices can
be determined by resolving (14) Bkpir, which is a supply-
demand balance price that can persuade restaurants to
supply kitchen waste to biodiesel operators rather than to
other vendors.

4.2.2. Reconstruction of Stochastic Programming Model of
WCO for Biodiesel Supply Chain under Supply Disturbance.
*e optimal purchase price is one of the equilibrium prices
of the restaurant’s supply and demand. *us, the set of
continuous price values can be reduced to a set of discrete
price points since each restaurant has a finite supply and
demand equilibrium price. Let us define the set ξ, which
represents all the supply and demand equilibrium prices ξ �

∪ i,rρir,∀i ∈ I, r ∈ Ri for all the kitchens, and a new set F⊆ξ,
representing all the possible different prices. Pf is assumed
to be a binary decision variable, f ∈ F; if the price f is
selected, then Pf � 1; otherwise, it is 0 and πf is the relevant
price value. ωif means that when the price f is provided, the
proportion of allocation ωif to the biodiesel operator de-
termined by a kitchen i is equal to Γi(πf) which can be
calculated relatively easily. For each scenario, the cost of the
biodiesel operator to purchase kitchen waste is a function πf.
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*e probability ps of each scenario is assumed to be known.
*erefore, the purchase cost item can be extracted from the
problems ψ and χ and can be placed separately in the

objective functions (1) and (2). According to these modi-
fications, the model proposed in Section 4.1 is reconstructed
as follows:

F1 � Min􏽘
j∈J

fj × Yj + 􏽘
i∈I

􏽘
s∈S

􏽘
f∈F

πf × p
s

× Pf × wif ×Φs
i + E Δ Yj, Pf,Φs

i􏼐 􏼑􏽨 􏽩,
(15)

F2 � Min􏽘
j∈J

ehj × Yj + 􏽘
i∈I

􏽘
s∈S

􏽘
f∈F

EHV × p
s

× Pf × wif ×Φs
i + E λ Yj, Pf,Φs

i􏼐 􏼑􏽨 􏽩.
(16)

Subject to (3), (5) and the following:

􏽘
f∈F

Pf � 1,
(17)

Pf ∈ 0, 1{ }, ∀f ∈ F. (18)

For a given particular implementation, scenario s,

Δ Yj, Pf,Φs
i􏼐 􏼑 � Min􏽘

i∈I
􏽘
j∈J

􏽘
k∈K

c
f d

× q
s
ij × dij + c

w d
× q

s
jk × djk􏼐 􏼑 + 􏽘

j∈J
􏽘
k∈K

CPR × q
s
jk

+ 􏽘
j∈J

c × Q
s
j − 􏽘

i∈I
h × W

s
i ,

λ Yj, Pf,Φs
i􏼐 􏼑 � Min􏽘

i∈I
􏽘
j∈J

􏽘
k∈K

ECT × q
s
ij × dij + q

s
jk × djk􏼐 􏼑 + 􏽘

j∈J
􏽘
k∈K

EBD × q
s
jk,

F � Min α × 􏽘
j∈J

fj × Yj + 􏽘
i∈I

􏽘
s∈S

􏽘
f∈F

πf × p
s

× Pf × wif ×Φs
i + 􏽘

i∈I
􏽘
j∈J

c
f d

× q
s
ij × dij

⎛⎝

+ 􏽘
j∈J

􏽘
k∈K

c
w d

× q
s
jk × djk + 􏽘

j∈J
􏽘
k∈K

CPR × q
s
jk + 􏽘

j∈J
c × Q

s
j − 􏽘

i∈I
h × W

s
i
⎞⎠ +(1 − α)

× 􏽘
j∈J

ehj × Yj + 􏽘
i∈I

􏽘
s∈S

􏽘
f∈F

EHV × p
s

× Pf × wif ×Φs
i + 􏽘

i∈I
􏽘
j∈J

ECT × q
s
ij × dij

⎛⎝

+ 􏽘
j∈J

􏽘
k∈K

ECT × q
s
jk × djk + 􏽘

j∈J
􏽘
k∈K

EBD × q
s
jk + 􏽘

j∈J
ehjYj

⎞⎠ × μ.

(19)

Table 2: Description of the symbols used in the allocation decision model.

Symbol Description
Supir Quantity that i expects to provide to vendor r for kitchen waste purchase (tons/year)
Pepr Expected purchase price given by vendor r (Yuan/ton)
Ckpir Fees of restaurants i providing kitchen waste to vendor r (Yuan/year)
Supi∗ Quantity expected to be supplied by the restaurant i to the biodiesel operator (tons/year)
Bkpir *e equilibrium price between supply and demand of restaurant i and vendor r (Yuan/ton)
Ckpi∗ Fees for the provision of kitchen waste by restaurant i to the biodiesel operator (Yuan/year)
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Subject to (9), (10), (12), and the following:

􏽘
j∈J

X
s
ij + W

s
i � 􏽘

f∈F
Pf ×Φs

i × wif, ∀i ∈ I.
(20)

In the reconstructing model, the first and second for-
mulas of objective function (15) represent the total fixed cost
and the expected acquisition cost, respectively. *e first and
second formulas in (16) represent carbon emissions during
construction and collection, respectively. Constraint (4) no
longer needs to be removed from the entire model, while
constraints (17) and (18) are added to the new model, which
ensure that only one of the supply and demand equilibrium
prices is selected. At the same time, the overall problem with
this new model becomes linear. Although the introduction
of new binary variables wif into this model increases the
number of decision variables, it also reduces the pricing
decision to a limited set of choices.

4.2.3. Solutions. Aiming at the economic and environmental
objectives involved in the model, this paper introduces the
environmental cost (carbon emission trading price), con-
verts the environmental target into the economic cost target,
and refers to the weight coefficient between the environ-
mental target and the economic target value [37], so as to
transform the multiobjective problem into a single-objective
problem. *us, the single-objective supply chain optimi-
zation model can be solved by MATLAB programming
software. Combined with the solution idea of two-stage
stochastic programming model, this paper introduces sit-
uational variables to transform the optimization model
under certain conditions into stochastic programming
model under uncertain conditions.*e specific solution idea
of the two stages is as shown in Figure 2 [36]:

Step 1: make a first-stage decision to determine the
construction status of each pretreatment facility
Step 2: calculate the cost of the first stage
Step 3: at the beginning of the second phase, realize all
the uncertain supplies
Step 4: at the end of the second stage, see the realization
of uncertainty and the decision of the first stage, and
make the second stage decision, namely, supply price
and transportation volume
Step 5: calculate the scenario cost of the second stage
Step 6: calculate the expected total cost

In this article, according to different circumstances,
supply points calculated the average supply of decision
variables in the first phase of Yj, whether to choose pre-
processor facilities with value of 1, then Yj value will not be
affected by changes in supply, will also receive a preliminary
objective function value, and corresponds to a suitable
supply chain network structure. In order to get the optimal
allocation decision, the decision of the second stage is
needed. In this stage, a subproblem is generated according to
each different supply situation. In each subproblem, the
objective function is no longer a decision about the

construction of pretreatment facilities, but a decision about
the distribution of food and kitchen waste, that is, it de-
termines qs

ij and qs
jk. Based on the sequential decision of

location and distribution problems based on two-stage
stochastic programming, the optimal design scheme of food
waste supply chain network can be obtained.

5. Case Analysis

5.1. Disturbance Factors. *e disturbance factor in the
supply chain is the total supply of kitchen waste, and the
specific calculation process is as follows: first, the supply
quantity is estimated under the basic scenario. *e case
analysis in this section adopts the real data of the Yangtze
River Delta region. It is assumed that the kitchens on the
supply point of the kitchen waste in each city are clustered at
the central position of the cities in the Yangtze River Delta.
*en the geographic location and coordinates of the city
centre are obtained through GIS as the location of the
restaurants in the supply point. *e calculation of the total
supply of kitchen waste is estimated by the following
equation [38]:

Mi � κi × M, (21)

where κi is the population of city i and M represents the
annual production of kitchen waste per capita in China. In this
paper, the statistical value of 2019, namely, 0.18 kg/day person,
is used to get the total quantity of kitchen waste supply in each
city. However, within the scope of China, although Shanghai,
Nanjing, Suzhou, and other cities have carried out the first
practice of garbage recycling and achieved preliminary results,
most of the recycling objects are only for the kitchen waste
produced by catering enterprises and large canning rooms,
while the recycling cost of household waste is relatively high.
Some studies have shown that kitchen waste from enterprises
and large dining room takes only about 25% of the total
current kitchen waste output; therefore, the proportion of
restaurant waste that can be recycled for the firms in current
Yangtze normal situation all is set to 25%. We concluded that
the number of kitchen waste supply is used as a normal
situation in this case in Table 3.

5.1.1. Determination of Kitchen Waste Supply Scenario. It
can be seen from the data statistics in the previous section
that people’s increasing consumption in catering has
brought about a rapid growth of kitchen waste. *e gov-
ernment has introduced a series of measures to reduce the
amount of kitchen waste. *e Yangtze River Delta is also
trying to introduce some policies to reduce the generation of
kitchen waste, for example, “Empty Plate Campaign” and so
on to encourage the moderate consumption. Considering
the reduction policy on the influence of the amount of
kitchen waste in this case study, we divided 10 classes
according to 0.5% of the total recursive difference, respec-
tively. Ten kinds of scenario have the same probability.
Supply and geographical distribution of kitchen waste under
standard circumstances are shown in Figure 3.
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5.2. Deterministic Factors

5.2.1. Proportion and Quantity Supplied to Biodiesel
Refineries. In order to determine the proportion and
quantity of kitchen waste supplied to biodiesel refineries,
three directions of kitchen waste in Jiangsu Province in
recent years should be determined first. According to the
investigation, they are, respectively, gutter oil production,
animal husbandry, and organic fertilizer production, and the
vendors are represented by r. According to the survey data,
the flow proportion of total kitchen waste in the Yangtze
River Delta was determined, and the supply proportion of
kitchen waste in each city was calculated. *en, according to
the total 2018 kitchen waste in Yangtze River Delta, calculate
the supply to the above three parties Supir, in order to
determine the kitchen waste purchase price of each demand
point r, and this paper takes questionnaire investigation and
gets the purchase price of all the demand point in 2016, 2017,

and 2018. *en we determine the average value to the
purchase price. For restaurants supply costs Ckpir, the
survey found when a restaurant supplies kitchen waste for
cooking oil production and organic fertilizer production
manufacturers, and kitchens need to do a series of garbage
classification which is simple to handle, so the cost is rel-
atively a bit higher which is about 50 Yuan/ton. While
provided to livestock feed manufacturers, restaurants pro-
cessing fee is very low, only artificial collection and handling
are needed, so the cost is relatively low. Here we assumed
that the kitchen waste supply fee Ckpi∗ is roughly the same as
that of supply fee for gutter oil production, which is

First stage Second stage

Decisions: negotiate price and 
location

Decisions:
transportation

Kitchen waste
collection

Biodiesel
production

Figure 2: Solution idea of the two-stage stochastic programming model of WCO for biodiesel supply chain.

Table 3: Total supply of recyclable kitchen waste in the Yangtze
River Delta.

Supply point Quantity of food waste (tons)
Shanghai 396657
Hefei 127960.1
Ma’anshan 37155.23
Hangzhou 117533.6
Ningbo 95889.95
Jiaxing 57175.03
Huzhou 43329.95
Shaoxing 72772.1
Zhoushan 16003.03
Wenzhou 133643.4
Jinhua 78028.1
Quzhou 41983.9
Taizhou (Zhejiang Province) 98069.28
Lishui 43629.08
Nanjing 134946.7
Wuxi 106765.2
Xuzhou 141719.7
Changzhou 77130.73
Suzhou 174174.5
Nantong 119862.5
Lianyungang 73113.95
Huai’an 79694.63
Yancheng 118644.6
Yangzhou 73541.28
Zhenjiang 52089.95
Taizhou (Jiangsu province) 76190.63
Suqian 79545.08

0 150 300
km

N

Pretreatment facility
Biodiesel refinery

10,000–50,000
Kitchen waste supply

50,000–100,000
100,000–150,000
150,000–200,000
200,000–400,000

Figure 3: Supply of kitchen waste in the Yangtze River Delta under
standard scenario.
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estimated to be 50 Yuan/ton. *en, the above parameters
were substituted into equation (14) to find the supply-de-
mand balance price Bkpir of kitchen waste supplied to
biodiesel operators. *ese figures were corresponding to the
break-even price (πf) in the model proposed in Section 4.

5.2.2. Kitchen Waste Demand Point and Candidate Facility
Locations. Figure 4 shows the locations of candidate pre-
treatment facilities. After preliminary investigation, 27
prefecture-level cities can be listed as candidate cities for the
construction of pretreatment facilities in the Yangtze River
Delta. *e geographic centre of each city is selected as the
location coordinates of candidate pretreatment facilities and
used in the case study.

*e optimization of WCO for biodiesel supply chain
aims at the process of biodiesel operators purchasing kitchen
waste, so the location of the demand point here is the lo-
cation of the demand point of kitchen waste, that is, the
location of biodiesel refinery. Biodiesel production statistics
website provides the list of the biological diesel oil refinery,
and this paper chooses five large- and medium-sized bio-
diesel refining company according to the preliminary re-
search as shown in Figure 4. *ey are Shanghai Jinshan
Biological Diesel Co., Ltd., Hangzhou Xiaoshan Yuanhua
Energy Technology Co., Ltd., Changzhou Yueda Carter New
Energy Co., Ltd., and Jiangsu Clean Environment Co., Ltd.
In order to determine the total demand of kitchen waste, this
paper uses the company’s annual report to estimate the
demand for biodiesel of each company. According to the
current biodiesel processing rate, calculations of total de-
mand for kitchen waste are about 530,947 tons.

5.2.3. Other Parameters. *ere are other parameters in this
paper, as shown in Table 4.

5.3. Result Analysis. In order to verify the model, the paper
uses the actual data of the Yangtze River Delta region to
conduct a case study. We first analyze the basic setting
results of the standard parameter value, then change some
parameter values, and analyze their effects on supply chain
network design, total cost, and negotiated purchase price.

5.3.1. Analysis of Facility Location under Stochastic
Programming. *e above basic setting parameters are used
here to obtain the optimal pretreatment facility location, as
shown in Figure 5. Eight pretreatment facilities have been
opened around the Yangtze River Delta. Four pretreatment
facilities in the northwest and the middle of the Yangtze
River Delta serve biodiesel refineries in Jiangsu and Anhui
provinces. Another four pretreatment facilities opened in
the south and east parts of the Yangtze River Delta serve
biodiesel refineries in Zhejiang Province and Shanghai City.

*e optimization results of the model show that the
estimated total system cost is about 303.4096 million Yuan.
Among them, more than half of the total system cost (about
46.8%) is the fixed cost for the construction of pretreatment
facilities and the purchase cost for buying kitchen waste.

Most of the remaining expected cost is for transportation.
*e optimization results show that it is more economical to
transport the kitchen waste from the middle part of the
Yangtze River Delta where the supply is relatively high, to
the middle part of the Yangtze River Delta where most of
the demand occurs. It is better than to offer higher prices
for the restaurant in the north and south of the Yangtze
River Delta to provide a greater proportion of the kitchen
waste to the biodiesel refineries. *ere is a trade-off be-
tween the purchase price of kitchen waste and the logistics
cost in the system. *e results of this section show that it is
more economical to set a low purchase price for restaurants
in the central part of the Yangtze River Delta to increase the
proportion of kitchen waste supply than to transport
kitchen waste supply from the north and south of the
Yangtze River Delta to meet the demand.

5.3.2. Analysis of the Negotiated Purchase Price under the
Base Scenario. Using the model proposed in Section 4, the
optimal supply price is 348.2 Yuan/ton, and the supply ratio
is shown in Table 5. At present, the purchase price of kitchen
waste in the market is about 500 Yuan/ton. *erefore,
biodiesel refineries under contract can not only guarantee

0 150 300
km

N

Potential pretreatment
facility
Biodiesel refinery

10,000–50,000
Kitchen waste supply

50,000–100,000
100,000–150,000
150,000–200,000
200,000–400,000

Figure 4: Location of alternative points of pretreatment facilities.
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the supply of kitchen waste, but also reduce the purchasing
cost. At the same time, according to the calculation results,
restaurants in Shanghai have the largest supply ratio
according to the optimal price, with a supply ratio of 21.3%.
*is ratio obviously does not meet the national goal of
vigorously developing the kitchen waste recycling for bio-
diesel production. At the optimal price offered to restaurants
(348.2 Yuan/ton), the Yangtze River Delta provided a total of
515,637.8 tons of kitchen waste, which was lower than the
total demand of 530,947 tons. In fact, in order to have a total

expected supply of about 530,947 tons of kitchen waste, the
price should be set at 350 Yuan/ton.

5.3.3. Sensitivity Analysis. *is section mainly analyses the
difference in pricing decisions and supply chain network
structure by changing the value of parameters. *is is done
by changing the value of one input parameter in the base
scenario and keeping the others at their standard values, to
generate four scenarios as shown in Table 6. In the first
scenario (S1), the unit kitchen waste transportation cost is
changed. In the second scenario (S2), the pretreatment rate
of kitchen waste is changed. In the third scenario (S3), the
residual value price per unit of food waste is changed, and
finally, in the fourth scenario (S4), the unit penalty fee is
changed when demand is insufficient [36].

Table 4: Other parameters.

Other parameters Parameter value
*e conversion factor of kitchen waste to waste cooking oil 7%
Preprocessing cost for unit kitchen waste 15 Yuan/ton [39]
Penalty fees for shortage demand of biodiesel 700 Yuan/ton [40]
Disposal price of excess kitchen waste 60 Yuan/ton [41]
*e distance transportation cost of unit kitchen waste 0.20 Yuan/ton/km [27]
*e distance transportation cost per unit of waste oil 0.25 Yuan/ton/km [42]
*e carbon emissions of unit kitchen waste collection 5.6 kg CO2 eqv./ton [43]
*e carbon emission of unit kitchen waste pretreatment 12.6 kg CO2 eqv./ton [44]
Carbon emissions from transportation 0.1215 kg CO2 eqv./ton [43]

0 150 300
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Pretreatment facility
Biodiesel refinery

10,000–50,000
Kitchen waste supply

50,000–100,000
100,000–150,000
150,000–200,000
200,000–400,000

Figure 5: Optimization results of biodiesel supply chain in the
collection stage under basic setting scenario.

Table 5: Proportion of kitchen waste supply points in the Yangtze
River Delta.

Supply point Supply ratio
Shanghai 0.212979563
Hefei 0.204015776
Maanshan 0.19505199
Hangzhou 0.204015776
Ningbo 0.19505199
Jiaxing 0.186088204
Huzhou 0.177124417
Shaoxing 0.19505199
Zhoushan 0.177124417
Wenzhou 0.19505199
Jinhua 0.186088204
Quzhou 0.177124417
Taizhou (Zhejiang Province) 0.186088204
Lishui 0.177124417
Nanjing 0.204015776
Wuxi 0.19505199
Xuzhou (Jiangsu Province) 0.186088204
Changzhou 0.19505199
Suzhou 0.19505199
Nantong 0.186088204
Lianyungang 0.177124417
Huaian 0.177124417
Yancheng 0.177124417
Yangzhou 0.186088204
Zhenjiang 0.186088204
Taizhou 0.186088204
Suqian 0.177124417
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(1) Sensitivity Analysis of Transportation Costs S1. *is
scenario analyses different unit transportation cost systems
ranging from 0.14 Yuan/ton-km to 0.26 Yuan/ton-km. As
can be seen from Figure 6(a), for unit transportation cost
ranging from 0.14 Yuan/ton-km to 0.24 Yuan/ton-km, the
optimal purchase price is determined to be 348.2 Yuan/ton,
which is the same as the basic scenario result. However, for a
higher unit transport charge, that is, 0.26 Yuan/ton-km, the
best purchase price offered to kitchens dropped to 325.5
Yuan/ton km. *e main reason behind the change is that as
unit transport costs increase, it becomes less economical for
restaurants in distant locations to meet the biodiesel re-
fineries demand. In other words, it becomes more eco-
nomical for biodiesel refiners to choose to outsource rather

than pay high logistics costs to meet demand. As a result, the
price of food waste will be lower and the expected supply will
be reduced. Pretreatment facility decisions are also affected
when unit transportation costs change.

Figures 7(a) and 7(b) show the network structure when
the unit transportation cost is 0.14 Yuan/ton-km and 0.26
Yuan/ton-km.

For lower unit transportation cost, we can see that the
supply chain system has fewer preprocessing facilities. *e
increase in the number of pretreatment facilities (from 7 to
9) is in line with the increase in unit transport costs. *at
means biodiesel refineries need to open pretreatment fa-
cilities in more dispersed locations to reduce the increase in
transport costs. Although restaurants are less able to meet

Table 6: Setting of sensitivity analysis.

Scenario S1 S2 S3 S4
Transportation cost (Yuan/ton/km) 0.14–0.26 0.2 0.2 0.2
Pretreatment rate of kitchen waste (%) 0.07 0.055–0.085 0.07 0.07
Kitchen waste residual value (Yuan/ton) 60 60 60 0–120
Penalty fee (Yuan/ton) 700 700 400–1,000 700
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Figure 6: Network structure sensitivity analysis of penalty fee. (a) Penalty fee of 400 Yuan/ton. (b) Penalty fee of 1000 Yuan/ton.
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demand due to lower prices for kitchen waste, more pre-
treatment facilities have been opened to increase the supply
of pretreated kitchen waste for transporting to biodiesel
refineries. As shown in Figure 8(a), the estimated total
system cost gradually increases as the unit transportation
cost increases. When the unit transportation cost is from
0.14 Yuan/ton-km to 0.26 Yuan/ton-km, the expected total
system cost will increase by about 7%. *at indicates the
logistics cost has some impact on the expected total system
cost.

(2) Sensitivity Analysis of Kitchen Waste Pretreatment
Rate S2. *is scenario is mainly to analyse the sensitivity of
kitchen waste pretreatment rate. Considering different
kitchen waste pretreatment rates ranging from 5.5% to 8.5%,
we observed the change in negotiated purchase price and
network structure. *e results show that, with the change in
the pretreatment rate of kitchen waste, the purchase price
provided to kitchens does not change basically (except for a
small increase in 1 case), as shown in Figure 9(b). For all the
kitchen waste pretreatment rates considered, the price re-
mains the same as the basic scenario result, that is, 348.2

Yuan/ton. *is indicates that the current range of kitchen
waste pretreatment rate has no significant impact on the
negotiated purchase price of kitchen waste. However, with
the change of kitchen waste pretreatment rate, the structure
of supply chain network has changed greatly. *e paper
found that, with the increase of kitchen waste pretreatment
rate, pretreatment facilities opened decreased from 9 to 5,
because increase in the rate of pretreatment compared with
previous less eat hutch garbage can meet the demand, so
biodiesel operators choose to reduce the number of facilities
built pretreatment, in order to reduce building and oper-
ating costs. In addition, it can be observed from
Figures 10(a) and 10(b) that after the pretreatment rate is
improved, the location of pretreatment changes from the
original area with small population and small food waste
supply to the area with large supply and large population,
which improves the overall supply chain efficiency.
Figure 8(b) shows the relationship between the discount
factor for economies of scale and the expected total system
cost. Obviously, with the increase of the kitchen waste
pretreatment rate, because the same amount of rawmaterials
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Figure 7: Network structure sensitivity analysis of transportation cost. (a) Transport cost of 0.14 Yuan/ton-km. (b) Transport cost of 0.26
Yuan/ton-km.
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Figure 8: Influence of parameter values on the expected total system cost. (a) Transportation cost (Yuan/ton-km). (b) Pretreatment rate of
kitchen waste. (c) Residual value of kitchen waste (Yuan/ton). (d) Penalty cost (Yuan/ton).
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Figure 9: Influence of parameter values on price. (a) Transportation costs (Yuan/ton-km). (b) Pretreatment rate of kitchen waste.
(c) Residual value of kitchen waste (Yuan/ton). (d) Penalty fee (Yuan/ton).
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can produce more products, the expected total system cost is
reduced, and the reduction is very significant. For example,
when the increase in the kitchen waste pretreatment rate is
doubled from its baseline pretreatment rate, the expected
total system cost is reduced by nearly 25%. *erefore, it can
be considered that the pretreatment rate of kitchen waste has
a significant impact on the expected total system cost.

(3) Sensitivity Analysis of Kitchen Waste Residual Value
S3. *is scenario mainly analyses the influence of unit
surplus kitchen waste residual value. Considering different
residual values, ranging from 0 Yuan/ton to 120 Yuan/ton,
the paper observes the impact on the first phase decision and
the expected total system cost. When the residual value per
unit is 0 Yuan/ton, the biodiesel refinery will not generate
any revenue by selling excess kitchen waste. Figure 9(c)
shows how the negotiated purchase price varies for different
residual values. When the kitchen waste residual value is 0
Yuan/ton, 20 Yuan/ton, and 40 Yuan/ton, the negotiated
purchase price is 325.5 Yuan/ton, which is lower than the
price of basic settings. When the unit salvage value price is
between 40 Yuan/ton and 80 Yuan/ton, the optimal

purchase price is 348.2 Yuan/ton. On the other hand, when
the unit residual value price is 120 Yuan/ton, the purchase
price of kitchen waste rises to 361.8 Yuan/ton.*erefore, the
results show that as the unit residual value price increases,
the negotiated price offered by biodiesel refineries to
kitchens increases. *e main reason for this result is that,
with the rise in unit residual value prices, the income from
the supply of excess kitchen waste increases. *is incen-
tivizes biodiesel operators to offer higher negotiated price to
kitchens since the loss of excess kitchen waste can be
compensated through residual values. Figures 11(a) and
11(b) show the optimal pretreatment facility decision when
unit residual value is 0 Yuan/ton and 120 Yuan/ton, re-
spectively. With the change of unit residual value, it was
observed that the total number of pretreatment facility
decisions (all are eight) and geographical distribution did
not change, so it could be considered that unit residual value
price had no significant influence on the decision of pre-
treatment facility. *e relationship between unit residual
value and the expected total system cost is shown in
Figure 8(c). As the residual value goes up, the expected
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Figure 10: Network structure sensitivity analysis of kitchen waste pretreatment rate. (a) Pretreatment rate of 5.5%. (b) Transportation rate
of 8.5%.
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reduction in total system cost is not significant. For example,
when the unit residual value price increases by a factor of
two from its nominal value, the expected total system cost
decreases by only 3.4%.

(4) Sensitivity Analysis of Penalty Fee S4. *is scenario
takes into account variations in negotiated price, pretreat-
ment facilities location, and expected total system costs at
different unit penalty fee in the range from 400 Yuan/ton to
1000 Yuan/ton.

Figure 9(d) shows how the negotiated price varies with
the changes in penalty fee. With the increase of unit penalty
fee, the purchase price of kitchen waste increases sharply.
When the unit penalty fee is 400 Yuan/ton, 500 Yuan/ton,
and 600 Yuan/ton, the purchase price of kitchen waste is
325.2 Yuan/ton, which is lower than the optimal purchase
price obtained in the basic scenario. However, when the unit
penalty fee is 1000 Yuan/ton, the best purchase price offered
to restaurants is increased to 359.5 Yuan/ton.*is is because
for a low penalty price, the logistics cost is greater than the
penalty cost, and the biodiesel operator would rather choose
other vendors to buy a certain amount of kitchen waste and

pay the penalty, rather than spend more money to meet the
needs of individual restaurants. With the increase in unit
penalty fees, biodiesel operators find it too costly to obtain
biomass from other sources; therefore, they choose res-
taurants and offer a higher purchase price to capture more of
the expected kitchen waste. *ere is a trade-off between the
purchase price of kitchen waste and the punish fee.

Low purchase prices lead to low supply of kitchens,
which in turn affects decisions at preprocessing facilities.
Figure 6(a) and 6(b) show the location of the optimal
pretreatment facility when the unit penalty cost is 400 Yuan/
ton and 1000 Yuan/ton, respectively. When the unit penalty
fee is 400 Yuan/ton, 7 pretreatment facilities need to be
opened. With low expected supply and penalty costs, bio-
diesel operators can outsource their demand, and thus the
demand for pretreatment facilities is reducing for. As the
penalty fee increases, especially when the penalty fee in-
creased to 1000 Yuan/ton, 9 pretreatment facilities need to
be opened, and the orange area in the central part of the
Yangtze River Delta pretreatment facilities increased by 2;
they are Changzhou and Nantong. *e two increased
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Figure 11: Network structure sensitivity analysis of kitchen waste residual value. (a) Residual value of 0 Yuan/ton. (b) Residual value of 120
Yuan/ton.
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pretreatment facilities in the region of the position are closer
to area with high supply. *e reason is the area with high
supply kitchens open pretreatment facilities become more
economic with the increase in the penalty fee. In this way,
the refinery can get more kitchen waste supply and reduce
the punishment cost. *e relationship between unit penalty
costs and expected total system costs is shown in Figure 8(d).
*e results show that as the unit penalty cost increases, the
expected total system cost also increases in a very significant
way. When the unit penalty cost increases by two times from
its nominal value, the expected total system cost increases by
39%. At the same time, the curve can be understood as
follows: When biodiesel operators are in insufficient de-
mand, the punishment cost increases obviously. If the op-
erators want to reduce total penalty cost, the out-of-stock
rate needs to be decreased. So, the operators have to increase
prices and purchase more raw materials on the basis of the
original plant ensuring meeting production demand and
reducing the punishment cost caused by shortage.

Figures 8 and 9, respectively, show the impact of these
parameters on the price and expected total system cost.

6. Conclusion

In this paper, a stochastic programming model is proposed
to optimize theWCO for biodiesel supply chain.*emodel
proposed a system solution, which is a contract signed by
the biodiesel operator and the restaurant to determine the
purchase price and ensure the supply of kitchen waste. In
order to incorporate this solution into the supply chain
model, this paper presents an allocation decision model,
which includes the relationship between the price of
kitchen waste and the supply ratio. *en, a two-stage linear
stochastic programming model was reconstructed by
combining the restaurant’s allocation decision model with
the original supply chain model. At the same time, the
influence of the kitchen waste supply uncertainty was
considered, and the biodiesel supply chain network under
disturbance was designed.*is paper uses the actual data of
the Yangtze River Delta region to conduct a case study to
test the feasibility of the model. *e results of the research
in the basic scenario show that when the optimal purchase
price provided by the biodiesel operator is set at 350 Yuan/
ton, the restaurant can guarantee the amount of kitchen
waste required by the biodiesel refinery, and the price is
lower than the market price. By sensitivity analysis, the
results show that the unit penalty fee and the residual value
of kitchen waste have significant effects on the purchase
price. *e unit transportation cost will affect the network
structure of supply chain. *e variation of unit penalty fee
and kitchen waste pretreatment rate has a significant
impact on the network structure and the expected total cost
of the system.
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