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Abstract: In China, more than 14 million tons of waste cooking oil is recycled to biodiesel each year. As the recycling supply
chain is not matured, the Chinese government is trialing various policies to improve the management of waste cooking oil.
However, evidence shows that current policies have shortcomings, which reduce the efficiency and sustainability of the supply
chain. It is not trivial to quantify the impacts of policies and only limited amount of research has reported the supply and value
chain of waste cooking oil to be used as biodiesel. To bridge this gap, this paper proposes an optimization-based model to
quantify the likely impacts from policy interventions, i.e. integrating and opening the third party take-back supply chains,
motivation policies, subsidy policies and demand adjustments due to policy changes. A case study, which includes 63
stakeholders in Shandong Province, China, is selected to demonstrate the impacts such changes can have. The new research
method and computational results of the economic and environmental assessments show that the integration of stakeholders
brings superior efficiency and sustainability. Whilst the opening markets make fairer profit allocations across the stakeholders.
In addition, and to the best of authors’ knowledge for the first time, it is shown that unfair profit allocations will decrease the
amount of recycled materials. The research presented here has wider applications to policy developments and governmental
interventions that want to promote cleaner production of goods and services. For example, the optimization model can be
applied to other circumstances such as electricity supplies, raw material extraction or the recycling of other materials like
construction and demolition wastes or plastics.
Keywords: waste cooking oil; biodiesel supply chain; government policy; efficiency; sustainability
Highlights:
⚫ A policy evaluation approach is proposed for the WCO-to-biodiesel supply chain.
⚫ Cooperative game theory is considered in the optimization model.
⚫ Integrating and opening markets and management modes are compared.
⚫ Four different policy interventions are evaluated.
⚫ A real case in Shandong province is studied to validate the model.
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B100
BET
CNY
GHG
LP
MINLP
MMKW
SOS2
TPT
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Neat biodiesel
Biodiesel enterprise take-back
Chinese Yuan
Greenhouse gas
Linear programming
Mixed-integer nonlinear programming
Management Measures of Kitchen Waste
Special ordered set of type 2
Third party take-back
Unburned hydrocarbons
Waste cooking oil

1. Introduction
As estimated by China Statistical Yearbook 2018, the annual edible oil consumption in China has reached 1.446×107 t
(National Bureau of Statistics of China, 2018), which should result in a similar magnitude of scale of waste cooking oil (WCO)
that needs to discharged each year. If the WCO cannot be recycled efficiently, it needs to be discharged into the sewer, which
can create foul odors, clogging and environmental pollutions. Converting the WCO to biodiesel can reduce environmental
emissions such as particulate, carbon monoxide, unburned hydrocarbons (UHC) and achieve economic value (Rajaeifar et al.,
2019). However, the WCO-to-biodiesel supply chain in China has been operated with low efficiency, as the recycling rate of
WCO is estimated only 10-15% and the capacity of biorefineries has never exceed more than 50% of that capacity in the last
ten years (Kim, 2018).
The inefficient and environmental damaging situations have attracted wide attention from both academia and society;
thus Section 1.2 provides a literature review. This review points that governmental polices can steer the industry and
applications and should bear more responsibility (Yang et al., 2018). Indeed, the government of China has been aware of this,
by introducing a series of policies and recycling initiatives in ranges of regions. It is hoped to support the development of the
industry (National Energy Administration, 2015a).
Government policy and subsidy interventions can promote better operating efficiencies and sustainability for the supply
chain (Villarroel et al 2017). However, government lacks the knowledge and guidance to formulate optimal policies and
strategies due to the difficulty of calculating the likely impacts of such interventions (Zhou et al., 2020). Besides, few papers
focused on the quantitative policy impacts on this sort of supply chain. To bridge this gap, this paper aims to provide
recommendations for the government from both efficient and sustainable perspectives (Tangtinthai et al. 2019). In this paper,
an optimization-based approach is proposed and applied to the most implemented WCO-to-biodiesel recycling mode in China,
namely Third Party Take-back (TPT). The model considers cooperative games between supply chain agents and uses transfer
prices to figure procurement behaviors. It also includes integration/opening management modes, as well as different
motivation policies, subsidy policies, and demand adjustments interventions.

1.1. Related works
The literature review showed that researchers have studied the WCO-to-biodiesel supply chain issues from different
disciplines and perspective (Table A1 presents a review of recent studies). It was found that the research of the WCO-tobiodiesel supply chain originated mainly from developing countries with large populations, e.g. China, India, Brazil, and Iran,
which is possibly due to the scale effect. As described in Table A1, different countries face different barriers for
implementation and policy is the most frequently mentioned intervention to support sustainable supply and value chains for
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the Chinese WCO market. Zhang et al. (2012, 2014, 2017) proposed that laws of WCO resources are the main issues, such as
the penalty mechanisms, rewarding mechanisms, and the kitchen waste disposal fee systems. Zhang et al. (2012) also suggest
that resource aspects should bare main responsibilities, as they mentioned the absence of restaurant recycling facilities and
ignorance of the recycling process. Xu et al. (2016) proposed that the supply of raw materials is the barrier. Yang (2018)
considered that the reasons are the high cost of biorefineries and information asymmetric between stakeholders. In addition
to China, there are also researches from other developing countries. The proposed barriers include identification of the
stakeholders and unfair profit allocations in Brazil (César et al., 2017), lack of processing technology and inadequate
production facilities in India (Avinash et al., 2018), and high transportation cost in Iran (Babazadeh et al., 2019). However,
previous studies are generally lacking of optimization-based guidance and combination with cooperative game theory, which
could depict the real-world behavior and connect to practical cleaner production well. Therefore, this paper aims to fill this
gap.
This paper adopts optimization as the method of evaluating policy impacts. To better describe the behaviors of
stakeholders, the optimization model descents from cooperative game theory and uses transfer price to figure trades. This
optimization model is presented by Gjerdrum et al.,(2001, 2002), which optimized the supply chain performance by
maximizing the Nash product. Based on that work, several pieces of research have been taken from different fields and
methods. Chen and Lee (2004) considered the stakeholder behaviors of a multi-echelon supply chain by proposing a fourobjective optimization model and used a two-phase fuzzy decision-making method to obtain the compromised solution.
Rosenthal (2008) studied the fair transfer behavior of a vertically integrated supply chain with three stakeholders by Shapley
value and linear programming (LP) in complete/asymmetric information cases. Leng and Parlar (2012) studied the profit
allocation behavior of a multidivisional firm by cooperative game approaches and calculated the Shapley-value based transfer
prices of it. Zhang et al. (2014; 2013) applied the original approach in the field of microgrids to optimize the cost distribution
among stakeholders. Yue and You (2014a, b) applied the approaches on the biofuel supply chain of Illinois to optimize the
operational planning and profit distribution behaviors among supply chain stakeholders. Ortiz-Gutiérrez et al. (2015) applied
the Nash bargaining approach to biofuel supply chains in Northern Italy. Liu and Papageorgiou (2018) developed a fair profit
distribution framework model and applied the Nash bargaining and Lexicographic maximin approach to solving it. Zheng et
al. (2019) considered the profit allocation behaviors of a three-echelon closed-loop supply chain by threefold: Shapley value,
nucleolus solution, and equal satisfaction. Although this sort of model has wide applications, the existing models cannot be
directly applied to the WCO-to-biodiesel supply chain in China due to the uniqueness of policies, e.g. the tailored recycling
mode and regional supply process. To this end, this paper reports on a new model that describes the supply and value chain
and applies it to the TPT WCO-to-biodiesel supply chains in China.

1.2. Contributions of this research
This paper studies the policy impacts on the WCO-to-biodiesel supply chain. To guarantee the practicability of this work,
one of the most widely applied management modes in China, namely TPT mode is employed. It should be noted that there
are several TPT modes in China, e.g. Nanjing mode and Shandong mode, which are slightly different in detail but all of them
contain third-party recyclers. Concretely, this paper chooses the Shandong mode as an example. The main contributions of
this research are as follows:
(1) An optimization-based approach is proposed to quantitate the policy impacts on efficiency/sustainability of the entire
WCO-to-biodiesel supply and value chain.
(2) The cooperative game theory is used helping to develop a model that subsequently is applied to the TPT WCO-tobiodiesel supply and value chain.
(3) A real WCO-to-biodiesel supply chain in Shandong province, China, which contains 63 stakeholders, is studied to
deduce a set of succinct recommendations for the Chinese and indeed any other government.
These contributions are developed in order to address some specific problems in the WCO to Biodiesel supply and value
chain. Specifically, the Chinese Third Party Takeback (TPT) of WCO is investigated.
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2. Problem description
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Figure 1 The overview of the adopted methodology
The description of TPT is shown in the middle of Figure 1. Forced by the Management Measures of Kitchen Waste
(MMKW) in Shandong Province (2014), restaurants should install oil-water separators to recycle the WCO in kitchen waste
and provide it to entrusted recyclers gratis. In return, recyclers should install the separator for restaurants for free. After the
WCO separated, it is delivered to suburban distribution centers by recycler-owned trucks and is pretreated there. Then, the
pre-treated WCO can be sold to biorefineries by optional transportation modes, i.e. road, rail and maritime. After the pretreated
WCO processed by biorefineries, three products can be made: B5, B100, and glycerol. Among them, only B5 products can
be sold to downstream filling stations, the other products should be retailed.
Government policymakers need to decide the management mode of the supply chain, i.e. entirely integrating it or opening
cooperatively bargaining among stakeholders. These two management modes are treated as maximizing the total profit/Nash
product objective functions of the optimization model, which will be demonstrated in Subsection 3.1.1. Also, the
aforementioned different motivation policies, subsidy policies, and demand adjustments interventions are considered by
tuning the parameters in the model, whose results are shown in Subsection 4.2.

3. Methodology
In this Chapter, the methodology of the research is described. To handle with the nonlinearity of the model, this paper
utilizes linearization approaches, which is illustrated in Section 3.2. An overview of the overall methodology is illustrated in
Figure 1. First, it needs to assumes that one government policy is implemented by policymakers (Yuan et al., 2019). Then, the
policies are considered by an optimization model as objective function or parameter. The model outputs provide a range of
solutions and the behaviors of stakeholders can be obtained. Finally, the policy impacts on the efficiency/sustainability are
calculated based on the actual behaviors (Harvey et al 2014; Tangtinthai et al. 2019).
To evaluate the first objective in this paper, i.e. the efficiency, the total profit of the supply chain is calculated, naturally
due to the more efficient the supply chain is, the more profit it can make. On the other hand, to weigh the impacts on the
sustainability (Villarroel et al. 2017)., two widely applied environmental performance of biofuel supply chain are adopted, i.e.
Greenhouse gas (GHG) emissions and the quantity of recycled material (Eskandarpour et al., 2015). As this research focuses
on the supply chain itself, the Pump-to-Wheels life cycle stage is not considered while the other Well-to-Pump stage considers
the collection, production, and transportation stages. The GHG emissions of the three processes can be scaled from the
solutions according to the adopted emission factors, which are presented in Appendix (Table A2). The quantity of recycled
WCO is provided in the model solutions (discuss in Section 4).
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3.1. Optimization model for simulating stakeholder behaviors of WCO-to-biodiesel
supply chain
As illustrated in Chapter 2, this model describes the supply process from upstream restaurants to downstream markets,
as well as midstream recyclers and biorefineries. To make the model technically solvable, the model assumptions are as
follows:
(1) Bargaining between restaurants and recyclers are ignored.
(2) One city is only corresponded to one recycler.
(3) Each county-level city is considered as a market.
(4) B100 and glycerol products are directly retailed by biorefineries and is assumed completely sold out.
(5) The collectable quantity of WCO, the products conversion rate, all operational costs, and the market demand are
considered constant.
Then, based on the assumptions, the model parameters are as follows:
Given are:
⚫ Policies given by policymakers.
⚫ The collectable quantity of WCO, capacity of biorefineries, and market demand.
⚫ Unit operational costs.
⚫ Selling prices of products.
To determine:
⚫ Collection behavior, production behavior, and sales behavior of recyclers, biorefineries, and markets respectively.
⚫ Procurement behavior of biorefineries and markets.
⚫ Tactical planning of stakeholders.
⚫ Cost breakdowns of stakeholders.
For ease of reading the model parameter symbols are generally starting with lowercase and decision variables are starting
with uppercase.

3.1.1. Objective functions
As the WCO-to-biodiesel supply chain is integrated, the objective function is naturally set to maximize the total profit
of all stakeholders. Then, the objective function of the integrated mode can be expressed as formula (1). In objective function
(1),

 n refers to the profit obtained by stakeholder n .
max z1 =   n

(1)

n

For the opening mode, this paper adopts the well-accepted generalized Nash bargaining product as the objective function
(2), which was proven to be the equilibrium of the Nash bargaining problem (Roth, 2008), which is treated as the cooperative
games among stakeholders in this paper. In formula (2), vn is the disagreement payoff allocation, which is also called
individual rationality and intuitively represents the minimum profit that a stakeholder can attain if the agreement is not reached.

an refers to the bargaining power of stakeholder n , which is related to its capacity level, scale, and functions. In this
research, it is assumed that all stakeholders are with the same bargaining power and the disagreement payoff is zero, i.e. the
minimum acceptable profits of all stakeholders are zero.
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max z2 =  ( n − vn )

an

(2)

n

3.1.2. Material constraints
The WCO collection capacity constraint of recyclers is defined by constraint formula (3). It illustrates that the WCO
collected by recycler

i

in time period t ( Pi ,t ), cannot be more than the expected quantity of WCO ( maxPi ) per time

period. In subsection 4.2.1, maxPi will be adjusted to show how the efficiency/sustainability of the WCO-to-biodiesel
supply chain is influenced by motivation policies.
Pi ,t  maxPi , i, t

(3)

Constraints (4) and (5) are the capacity constraints of biorefineries; i.e. the quantity of WCO converted to

B5 ( PQ j ,t )

or B100 product ( PR j ,t ) in each time period cannot exceed the maximum capacity:
PQ j ,t  maxPQ j , j, t

(4)

PR j ,t  maxPR j , j , t

(5)

For biorefinery j , whichever kind of biodiesel it produces, a constant proportion (  ) of by-product glycerol is
generated. Here, G j ,t refers to the glycerol production.

G j ,t    ( PQ j ,t + PR j ,t ) , j, t

(6)

For the refining process, there is also a constant conversion rate (  ) between WCO and its biodiesel products. In these
two constraints, Q j ,t refers to the quantity of B5 product and R j ,t refers to that of B100.
Q j ,t    PQ j ,t , j, t

(7)

R j ,t    PR j ,t , j, t

(8)

Constraint (9) is the demand constraint of markets: the blended diesel sold at market k ( S k ,t ) should not exceed the
demand. B5 product refers to the pure biodiesel before blended with fossil diesel and the blended diesel means that the diesel
has been blended.
Sk ,t  dek , k , t

(9)

3.1.3. Transportation constraints
Constraint (10) makes sure that the WCO shipped from recycler

i

(

 FP

i , j , d ,t

) cannot exceed its shipping capacity

j

( maxFPi ,d ). Constraint (11) presents if the transportation mode d between
6

i

and j is not available ( yi , j ,d = 0 ), the

material flow should be 0 . Here,

M is a sufficiently large constant.

 FP

i , j , d ,t

 maxFPi ,d , i, d , t

(10)

j

FPi , j ,d ,t  yi , j ,d  M , i, j, d , t

(11)

Similarly, the material flow from biorefineries to markets should satisfy constraints (12) and (13):

 FQ

j , k , d ,t

 maxFQ j ,d , j , d , t

(12)

j

FQ j ,k ,d ,t  y j ,k ,d  M , j, k , d , t

(13)

3.1.4. Inventory constraints
Constraints (14) and (15) are the inventory constraints of recyclers. In the first time period, the WCO inventory of
recycler
(

( IPi ,t ) equals the the initial stock ( ispi ) plus the collected WCO ( Pi ,t ) and minus the sold quantity

i

 FP

i , j , d ,t

j

). For the following time periods, the term of the initial stock is replaced by the inventory of the last time

d

period ( IPi ,t −1 ).

IPi ,t = ispi + Pi ,t −  FPi , j ,d ,t , t = 1,i

(14)

IPi ,t = IPi ,t −1 + Pi ,t −  FPi , j ,d ,t , t  1,i

(15)

j

d

j

d

Like constraint (14) and (15), the WCO and B5 product inventory constraints of biorefineries are defined by constraints
(16)-(17) and (18)-(19) respectively:

JPj ,t = jsp j +  FPi , j ,d ,t − PQ j ,t − PR j ,t , t = 1,j
i

(16)

d

JPj ,t = JPj ,t −1 +  FPi , j ,d ,t − PQ j ,t − PR j ,t , t  1,j
i

(17)

d

JQ j ,t = jsq j + Q j ,t −  FQ j ,k ,d ,t , t = 1,j
k

(18)

d

JQ j ,t = JQ j ,t −1 + Q j ,t −  FQ j ,k ,d ,t , t  1,j
k

(19)

d

The B5 inventory constraints of markets are defined by constraints (20) and (21). Here,



is the blending rate of B5

product to fossil diesel, i.e. 5%.

KQk ,t = ksqk +  FQ j ,k ,d ,t −   Sk ,t , t = 1,k

(20)

KQk ,t = KQk ,t −1 +  FQ j ,k ,d ,t −   Sk ,t , t  1,k

(21)

j

d

j

d

In addition, for each stakeholder, the inventory should be limited as constraints (22)-(25):
minIPi„ IPi ,t„ maxIPi , i, t

(22)

minJPj„ JPj ,t„ maxJPj , j, t

(23)

minJQ j„ JQ j ,t„ maxJQ j , j, t

(24)
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minKQk„ KQk ,t„ maxKQk , k , t

(25)

3.1.5. Transfer price constraints
This model uses the transfer price to describe trading behaviors between stakeholders, which means that each stakeholder
can decide the charge for material transfer and the charge is same to all buyers. Please note, this model considers transfer
price as discrete, i.e. one transfer price level corresponds to one certain transfer price. Here, XI i ,e is the binary variable for
selecting transfer price level. tili ,e refers to the corresponded WCO transfer price of level e . Based on above claims, the
constraints can be easily interpreted: constraint (26) determines the WCO transfer price decided by recycler

and constraint

(27) ensures that only one transfer price level can be decided.

TI i =  tili ,e  XIi ,e , i

(26)

e

 XI

i ,e

(27)

= 1,i

e

Similarly, the transfer price constraints of biorefineries are defined as (28) and (29):

TJ j =  tjl j ,e  XJ j ,e , j

(28)

e

 XJ

j ,e

(29)

= 1,j

e

3.1.6. Economic constraints of recyclers
The profit of recyclers (  i ) includes revenues ( REi ), collecting cost ( CCi ), inventory cost ( CIVi ), and transportation
cost ( CITi ):

 i = REi − CCi − CIVi − CITi , i

(30)

The revenue of recyclers includes two parts: the sales revenue of WCO and subsidies from the government. In Section
4.2.2, sub will be tuning to show the impacts of subsidy of recyclers.

REi =  TI i  FPi , j ,d ,t +  sub  Pi ,t , i
j

d

t

(31)

t

The collecting cost of recyclers also has two parts: operating cost of trucks and facility cost of installing oil-water
separators. In this model, the operating cost is considered as a constant multiple ( uc ) of collected quantity of WCO ( Pi ,t ),
and the facility cost is considered proportional to the number of restaurants ( rsi ). Here,

uf is the depreciated cost of one

oil-water separator.

CCi =  uc  Pi ,t + rsi  uf  t , i

(32)

t

The inventory cost of recyclers includes two parts: the variable management cost (

 uip  IP
i

t

8

i ,t

) and the fixed cost of

ground rent ( ugri  t ):

CIVi =  uipi  IPi ,t + ugri  t , i

(33)

t

The transportation cost of recyclers is defined as constraint (34). utd is the cost of transportation mode d per distance
and quantity. li , j ,d is the distance from i to j by transportation mode d .

CITi =  utd  li , j ,d  FPi , j ,d ,t , i
j

d

(34)

t

3.1.7. Economic constraints of biorefineries
The profit of biorefineries (  j ) includes revenues ( RE j ), raw material cost ( CJR j ), production cost ( CPj ), inventory
cost ( CJV j ), and transportation cost ( CJT j ):

 j = RE j − CJR j − CPj − CJV j − CJT j , j

(35)

The revenue of biorefineries is of three parts: sales revenue of B5 product, tax incentives from the government and retail
revenues. In constraint (36), tv is the equivalent value of tax incentives, which is considered revenue in this paper and is
negative. rp and gp refer to the retailing price of B100 and glycerol, respectively. In Section 4.2.3, tv will be tuning to
show how the subsidy for biorefineries could influence the entire supply chain.

RE jJ =  TJ j  FQ j ,k ,d ,t +   tv   ( PQ j ,t + PR j ,t ) +  ( rp  R j ,t + gp  G j ,t ), j
k

d

t

t

(36)

t

The raw material cost of biorefineries depends on both the purchased WCO quantity and transfer prices given by
recyclers:

CJR j =  FPi , j ,d ,t  TI i , j
i

d

(37)

t

The production cost of biorefineries equals the cost of producing B5 and B100 product:

CPj =  upq  PQ j ,t +  upr  PR j ,t , j
t

(38)

t

The inventory cost of biorefineries includes the parts of storing WCO and B5 product:

CJV j =  ujp j  JPj ,t +  ujq j  JQ j ,t , j
t

(39)

t

Like constraint (34), the transportation cost of recyclers, the transportation cost of biorefineries is defined as constraint
(40):

CJT j =  utd  l j ,k ,d  FQ j ,k ,d ,t , j
k

d

(40)

t

3.1.8. Economic constraints of markets
The profit of markets (  k ) equals the sales revenue ( REk ) minus the cost of purchasing B5 product ( CKRk ), the cost
of inventory ( CKV ), and the cost of lost sales ( CLSk ):
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 k = REk − CKRk − CKVk − CLSk , k

(41)

The selling revenue of markets equals the blending rate of B5 (  ) multiplies the selling price ( spk ) and the sold quantity
of blended diesel:

REk =   spk   Sk ,t , k

(42)

t

Like constraint (37), the raw material cost of markets is defined as constraint (43):

CKRk =  FQ j ,k ,d ,t  TJ j , k
j

d

(43)

t

The inventory cost of markets is defined as constraint (44), in which ukqk is the unit management cost:

CKVk =  ukqk  KQk ,t , k

(44)

t

The cost of lost sales equals the value of unsatisfied demand:

CLSk =   spk  ( dek − Sk ,t ), k

(45)

t

3.2. Linearization approach
It can be noted that the proposed model is an MINLP as it contains nonlinear objective function (2) and nonlinear
constraints, i.e. (31), (36), (37), and (43). Solving MINLPs is often with long CPU runtime and cannot guarantee the global
optimality of the solution (Lee et al., 2017; Zhang et al., 2017; Zheng et al., 2019). Therefore, this section introduces the SOS2
approach for objective function (2) and a semi-continuous variable linearization approach for nonlinear constraints (31), (36),
(37), and (43).

3.2.1. SOS2 approach
The SOS2 are sets of variables of which not more than two members may be nonzero in the final solution, with the
further condition that if there are as many as two, they must be adjacent. Naturally, the idea of the SOS2 approach is using a
set of variables to approximate the objective function (2) by a piecewise linear function. To implement this approach, objective
function (2) should be converted into summation form first:

max ln z2 =  an ln ( n − vn )

(46)

n

Formula (46) is still a nonlinear objective function, but it can be replaced by formula (47)-(49). Here,  q is a SOS2
variable that represents the weight of q th grid and

 n ,q is a parameter, which refers to the profit obtained by stakeholder

n when profit function is at grid q . In short, just need to replace objective function (2) with (47) and add constraints (48)
and (49) to the original model can the objective function be approximated linearly. For the explicit introduction of this
approach, the reader is refered to Gjerdrum et al., (2001).

(

(

max ln z2 =  q  an ln  n,q − vn
q



q

q
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=1

))

(47)
(48)

(

 n − vn =  q   n,q − vn

)

(49)

q

3.2.2. Semi-continuous variable approach
The semi-continuous approach is replacing the term of two variable multiplied with one semi-continuous variable and
one parameter. In order to apply this approach, the constraints (31), (36), (37), and (43) are firstly replaced with the following
four constraints:

REi =  tpli ,e WI i , j ,d ,t ,e +  sub  Pi ,t , i

(50)

REJ =  tjl j ,e WJ j ,k ,d ,t ,e +   tv   ( PQ j ,t + PR j ,t ) +  ( rp  R j ,t + gp  G j ,t ), j

(51)

j

k

d

t

d

t

e

t

e

t

CJR j =  tili ,e WIi , j ,d ,t ,e , j
i

d

t

d

t

(52)

e

CKRk =  tjl j ,e WJ j ,k ,d ,t ,e , j
k

t

(53)

e

In constraints (50)-(53), WI i , j ,d ,t ,e and WJ j ,k ,d ,t ,e are so-called semi-continuous variables, which can only equal 0
or be greater than a positive value. They can be recognized directly by Gurobi solver. Here, WI i , j ,d ,t ,e has an intuitive
interpretation: if recycler i sells an quantity of WCO to j by transportation mode d in time period t with transfer
price level e , then WI i , j ,d ,t ,e equals the quantity, otherwise it equals 0 . The WJ j ,k ,d ,t ,e has the similar interpretation. In
addition, constraints (54)-(57) are added into the proposed model to ensure the correctness of logical relations between the
variables:
WIi , j ,d ,t ,e„ M  XI i ,e , i, j , d , t , e

(54)

WJ j ,k ,d ,t ,e„ M  XJ j ,e , j, k , d , t , e

(55)

WI

i , j , d ,t , e

= FPi , j ,d ,t , i, j , d , t

(56)

j , k , d ,t , e

= FQ j ,k ,d ,t , j , k , d , t

(57)

e

WJ
e

By now, the model of integrated WCO-to-biodiesel supply chain is completely built by objective functions (1) and
constraints (3)-(30), (32)-(35), (38)-(42), (44)-(45), and (50)-(53), and the model of the opening mode is built by objective
functions (47) and constraints (3)-(30), (32)-(35), (38)-(42), (44)-(45), (48)-(49), and (50)-(53). Subsequently, this paper
models the aforementioned specific case and provide a quantification of the impacts on the efficiency/sustainability policy
interventions.

4. Results
In this research, a case study considered 63 stakeholders in Shandong province as shown as Figure 2. This contains 17
recyclers, 19 biorefineries, and 27 markets. As the parameters of the case are a too numerous to show in here, the complete
dataset that is provided in Appendix (Table A3 and Figure A1).
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Figure 2 Geographical distribution of stakeholders
To fit this approach neatly into the industrial applications, the maximum profit/Nash product objective functions are set
to stand for two future scenarios: the integration mode run for a state-owned enterprise taking the right of management of the
whole WCO supply chain and the Nash product symbolizes the supply chain is completely opened to the markets. This
assumption does make sense due to the following reasons:
⚫ One enterprise would definitely pursue its maximum profit and the objective function of the integration mode
exactly maximize the total profits of the supply chain, i.e. the assumed state-owned enterprise.
⚫ Bargaining widely exists in the open markets and the objective function of the bargaining mode, namely the
generalized Nash bargaining equilibrium, is a broadly accepted solution for bargaining questions.
With this clarification, the rest part of this paper will use the word “opening” instead of “bargaining” to support more
industrial conclusions and make this approach suitable for a wider range of applications. The model was run on GAMS
Release 25.1.3 (2018) and used the Gurobi solver.

4.1. Impact of integrating and opening
Starting from the upstream of the supply chain, the collection behavior of recyclers is represented as Figure 3. It displays
that in the collected WCO quantity, the integration mode overwhelms the opening mode. This result might be explained by
the higher operation efficiency inherently obtained from the integrated management, due to the surpassed efficiency is capable
of processing more WCO with a cheaper cost, thus the WCO collection is boosted.
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Figure 3 Quantity of WCO collected by recyclers
The production behaviors are pictured in Figure 4. In order to illustrate the capacity use of biorefineries clearly, the
capacity is put together with the converted WCO for comparing. The result indicates that both B5 and B100 product are
produced, which might imply that both retailing (B100 product) and wholesale (B5 product) are profitable under the current
market conditions. In addition, it can be noted that those biorefineries with small capacity are usually with higher capacity
use compared to any biorefineries with large capacity, e.g. j1, j8, and j16 compared to j2, j6, and j11. With this in mind, the
government might be supposed to give preference to support those small-scaled biorefineries.

Figure 4 Capacity use of biorefineries
As this model considers the order mode as payments in cash, the cash flow exactly proportionate to the procurement
behaviors between stakeholders. So here the Sankey chart of cash flow, i.e. Figure 5, is used to express the procurement
behaviors. As it shows, the orders of B5 product in the opening mode is significantly more than that in integration mode,
which reflects that the procurement behavior of the opening mode in the downstream is more active than that of the integration
mode due to the bargaining. Besides, the profit allocation is shown in Figure 6, which points out that the integrated enterprise
makes a 3.2% higher total profit, while the profit allocation among bargaining stakeholders is fairer. This proves the
integration can obtain the higher operational efficiency, while the bargaining process gets the fairer profit allocation. Hence,
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the policymakers should weigh up carefully between the economy and fairness to decide which operation mode should be
implemented.

Figure 5 (a) Cash flow of integration mode (Unit: 104 CNY)

Figure 5 (b) Cash flow of opening mode (Unit: 104 CNY)
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Figure 6 Profit allocation of stakeholders
The environmental performance of the two management modes is calculated as Table 1. Accordingly, it is obvious that
the production process nearly takes up 90% CO2 emissions in the WCO-to-biodiesel supply chain. This associates with the
high amount of electricity consumed for biodiesel production at biorefineries. Also, the electricity mix in China is fossil
dominated which makes energy consumption in form of electricity as a major contributor to GHG emissions in the supply
chain. Moreover, the overall results show that the integration mode generates apparently more GHG emissions in total. In fact,
it seems that the recycling WCO and reducing emissions are contradictory objectives, due to the fact that converting more
WCO will inevitably lead to more total emissions at biorefineries (production stage). Nevertheless, a detailed analysis shows
that total GHG emissions per ton of WCO recycled are a bit lower for the integration mode compared with the opening mode.
On the other hand, the first mode deals with much more waste within the supply chain. More specifically, diverting WCO
from illegal consumption or landfills could bring health benefits since WCO resources itself is of great harm to the
environment. Therefore, diverting WCO itself from conventional pathways deserves more attention than that of only
considering GHG emission reductions of the supply chain. Thus, the integration mode should be preferentially considered by
government policymakers.
Table 1 Environmental performance of the WCO-to-biodiesel supply chain
Input/emissions

Integration mode

Opening mode

Recycled WCO (t)

57,477.9

51,153.4

Collection emissions (t CO2 eq.)

1,173.6

1,003.8

Production emissions (t CO2 eq.)

15,536.7

13,827.2

Transportation emissions (t CO2 eq.)

431.8

812.2

Total emissions (t CO2 eq.)

17,142.2

15,643.2

4.2. Impact of policy interventions
To show a wider range of industrial applications of this approach, four quantitative questions along with their
environmental aspects, which can be solved by interventions of the parameters of the model are described in this section. The
issues might be interested by the government policymakers as all of them can be implemented through one specific policy.
The questions are listed as follows:
1. As the expected WCO quantity increases, i.e. the maximum WCO quantity which can be collected by recyclers is
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boosted, how large gap will exist between the actual collected quantity and the expected quantity?
2. If the government invested in the subsidy for recyclers, how would the motivation of recyclers and the production
of biorefineries be influenced?
3. To what extent will the biodiesel production be influenced by the subsidy for biorefineries?
4. What’s the overall influence on the supply chain caused by the increase of B5 product demand?
To clearly show the results, Figure 7-18 use full lines, dashed line, dotted line, circle marks, fork marks, and cross marks
to refer to parameters, the integration mode, the opening mode, recyclers, biorefineries, and markets, respectively.

4.2.1. Expected WCO quantity
To answer the first question, the expected WCO quantity is assumed to rise to 1.5 times (Figure 7), as the collection
incentive policies are implemented, e.g. governors strengthening the strictness of regulation for restaurants or penalties for
illegal manufacturers. The collection get-up-and-go of the opening mode is lower than the integration mode, while the latter
can almost achieve the 1.3 times of that quantity. However, after increasing to 1.4 times, gaps of both modes become larger.
Likewise and as discussed in Subsection 4.1, due to the inherent high efficiency of the integration mode, it can fully make use
of the expected WCO before 1.3 times. Besides, this could forecast that the current collecting ability of recyclers can no longer
match the increasing quantity more than 1.5 times. Under this circumstance, the government is supposed to introduce more
recyclers joining in the collection. Also, narrowly concluded from the beginning of the curves, integrating overcomes the
opening mode in that aspect of colleting WCO.

Figure 7 Relationship between the collected WCO quantity and the expected WCO quantity
The environmental performance is illustrated in Figure 8. In accordance with Table 1, the collection and transportation
process only take up a small proportion of the total CO2 emissions, so the focus will set on the major production process. As
the production emission is assumed exactly proportionating to the recycled WCO quantity, they share the same shape. Except
for this common finding, it is literally found that both production emission and recycled quantity curves are very similar to
the collected WCO curve. This might allude that in this supply chain, the production behavior is synchronous to the collecting
behavior, for that matter once the collecting ability could not meet the requirements, the production would also be limited.
With this in mind, this paper recommends motivating the collecting behavior as one of the methods to enhancing biodiesel
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production.

Figure 8 Relationship between the environmental performance and the expected WCO quantity

4.2.2. Subsidies for recyclers
In second scenario, the subsidy for recyclers is assumed to increase. As expressed in Figure 9, the subsidy makes no
impact on both collection and production behaviors of the integration mode, due to enhancing subsidy is simply equivalent to
increase the revenue of some stakeholders in an integrated-decision-making company. For the opening mode, the situation is
more complex: the collected quantity is not bound to increase with the subsidy as expected, and it is literally lower than the
original value when increase to 300 CNY/t. To investigate this consequence, the inventory of recyclers is pictured in Figure
10 as the inventory equals to the collected quantity minus the sales, which could partly reflect the collection behavior. In this
case, the initial stocks are set to 7.65×103 t and the WCO are all finally sold out according to the solution. Therefore, the area
of each pile of bars, which is also summed as the brown line, exactly symbolize the willingness of storing the WCO. As it can
be seen, the largest area (given by +200 CNY/t) is corresponded to the largest collected quantity, and the shape of the sum
curve also likes the collected quantity curve. This might allude that the willingness of storing stacks have a positive
relationship with the collected quantity. Then one very natural thought would be what causes the variation of storing
willingness. Unfortunately, the reason hasn’t been clearly found according to the model solutions, but as a piece of evidence
as Figure 11, the increasement of subsidy for recyclers tends to enlarge the profit difference between recyclers and
biorefineries. Furthermore, as the profit difference becomes larger (after +150 CNY/t), the collection behavior becomes
unstable. Therefore, the unfairness might account for the decreased collections, thus the government should be careful to the
shaky collection behaviors caused by the subsidies.
As the production emissions take up most of the total emission, the collection and transportation emissions are neglected
in Figure 12. Overall, the conclusion of Figure 12 is common: the environmental performance is corresponded to the results
of production (See Figure 9) and here +200 CNY/t gets the optimal performance, which is a medium-level rise. From this
result, the government could get an understanding of the environmental performance by referring to the production
performance.
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Figure 9 Results of increasing subsidy for recyclers

Figure 10 Inventory of recyclers of the opening mode
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Figure 11 Relationship between total profit and subsidy for recyclers in the opening mode

Figure 12 Relationship between the environmental performance and subsidy for recyclers

4.2.3. Subsidy for biorefineries
The third question is about the subsidy for biorefineries. It should be noted that here the subsidy has been transformed
to equivalent tax incentives and -350 is the estimation of tax, i.e. the baseline of zero subsidy. The results are depicted as
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Figure 13, where the integration mode is hardly influenced by the subsidy and the opening mode has a significant step up
from +200 to +400 CNY/t. The explanation stated in Subsection 4.2.2. can also fit into the integration curve, i.e. subsidies are
just an internal operation and this will not cause any impacts on the production. For the opening mode, the attracting question
would be what causes the step up between +200 and +400, and how can the government find this “sweet point” of investment?
As the behaviors are driven by economy, the profit allocation is drawn as Figure 14 to investigate this. Unexpectedly, the
subsidy for biorefineries not only doesn’t rise up their profit, but also on the contrary boosts the profit of recyclers and markets.
Furthermore, it is found that both the shape of the recycler curve and market curve are to some extent alike to the production
curve (See Figure 14). Based on this finding, it can be derived that the production motivation, i.e. the willingness of production,
might depend on the collecting intention and the purchase intention of downstream markets. Therefore, if the government
wanted to make more profit for biorefineries, rising subsidies for them would not be a good choice.
Also, as the environmental performance is mainly corresponded to the production (see Figure 15), the intuitive
conclusion would be: rising up the subsidy for biorefineries barely makes difference to the integration mode, while the impact
on the opening mode is complex, which depends on both the collecting and purchasing intentions of other stakeholders.

Figure 13 Relationship between subsidy for biorefineries and productions
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Figure 14 Relationship between subsidy for biorefineries and total profit of the opening mode

Figure 15 Relationship between the environmental performance and subsidy for biorefineries

4.2.4. B5 product demand
The last scenario would be only intervening the demand for B5 product due to the B100 product is assumed completely
sold out in the model. As shown in Figure 16, the results of the integration mode are common: only the B5 sales increases
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linearly with the demand, while the others do not vary at all. This is due to for an integration enterprise, its efficiency has
already been optimized to the utmost and if the demand increased, it would just to rise its sales while doesn’t need to active
its upstream part. The unchanging curve also indicates that the current biodiesel markets are market-oriented, because the
supply chain could always match the requirement of the increasing demand. For the opening mode, the supply chain no longer
matches the demand after 1.25 times of current level. The confusing thing is raised in the production and collection curve,
which seems to vary with no rules. As each stakeholder tends to pursue the maximum profit, the profit allocation is drawn in
Figure 17 look into this result. In Figure 17, it finds two pieces of evidence which might both rationalize the results. The first
evidence (red marks) is the unfairness, i.e. once the profit difference between recyclers and biorefineries gets large, the
production and collecting behavior of the opening mode turn inactive, and vice versa. The second evidence (purple marks) is
the profit curve of recyclers, whose shape is similar to the production and collection curve (see Figure 16). Industrially, the
first evidence stands for the fairness greatly influences the behavior of production and collection, while the second share the
profit of recyclers should account for the variation of production and collection. Both pieces of evidence are supported by this
paper, because technically the fairness and the profit of resource providers are both beneficial to the efficiency of a supply
chain. Hence, if the government wished to enhance the biodiesel production, it should find methods to get the fairness and
rise the profit of recyclers.
The environmental performance is shown in Figure 18. In terms of demand control, it cannot be simply forecasted
whether the control will improve the environmental performance or not. But the specific performance can be obtained from
the results of fairness and profit of recyclers. Therefore, the decision makers should take these derived consequences into
account.

Figure 16 Variation of B5 product demand

22

Figure 17 Relationship between B5 product demand and total profit of the opening mode

Figure 18 Relationship between the environmental performance and B5 product demand

4.2.5. Summary of policy interventions
To summarize the main findings of policy interventions and give readers a convenient reference, here shows Table 2.
Table 2 Main findings of subsection 4.2
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Main findings
Policy intervention

Integration mode

Opening mode

Expected WCO quantity

⚫

⚫

⚫
Subsidy for recyclers

⚫

After the expected WCO quantity rises to
1.5 times, current collecting ability would
no longer matches the requirements.
The collecting initiative is overall higher
than that of the opening mode.
It makes no impacts on both collection
and production behaviors.

⚫

⚫

⚫

⚫

Subsidy for biorefineries

⚫
⚫

B5 product demand

⚫
⚫

It hardly influences the production
behavior.
It barely makes difference to the
environmental performance

⚫

Only the selling behavior would change
linearly with the demand.
The current biodiesel markets are marketoriented.

⚫

⚫

⚫

⚫

The
production
behavior
is
synchronous to the collection behavior
The government could motivate the
collection behavior to enhance the
biodiesel production.
The willingness of storing WCO of
recyclers has a positive relationship to
the collected WCO quantity.
The subsidy tends to enlarge the profit
difference between recyclers and
biorefineries.
The government is supposed to
evaluate
the
environmental
performance by the production
behavior.
The production motivation might
depend on the collecting intention and
the purchase intention of markets
The environmental impact is rather
comprehensive, depending on both the
collecting and purchasing intentions.
The fairness between recyclers and
biorefineries might motivates both the
collection and production behaviors.
Rising the profit of recyclers might also
motivates both the collection and
production behaviors.
The environmental impact is not
simple, which relies on both the
fairness and the profit of recyclers.

5. Conclusions and recommendations
To quantify the efficiency and sustainability of government policy interventions on waste cooking oil-to-biodiesel supply
and value chains, this paper proposes an optimization-based approach to obtain most suited behaviors of recycler, biorefineries
and market stakeholders. The likely impacts are calculated according to the corresponded GHG emission coefficients. The
optimization model considers two possible scenarios: the integration mode and the opening mode, namely integrating the
whole supply chain and opening to the markets. Also, the model employs cooperative game theory to better depict the
implication of this novel approach to the real supply chain and cleaner production. To validate the model, a case study of
supply and value chains that included 63 stakeholders in Shandong province, China, are reported. Based on the computational
results, the main findings, conclusions and recommendations are:
(1) There would be an increase profit of 3.2% and an increment carbon emission of 9.6% from the opening mode to the
integration mode, while the opening mode obtains a fairer profit allocation among stakeholders.
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(2) After the expected WCO quantity rises to 1.5 times of current level, recyclers would no longer match the collecting
requirements. In that case, the government should support more recyclers to join the collection.
(3) In the opening market, the subsidy for recyclers tends to enlarge the profit difference between recyclers and
biorefineries, and the unfair profit allocation would be negative to the biodiesel productions. Also, the biodiesel production
accords with the collection behavior and the purchase behavior of the markets will differ.
(4) The environmental performance varies widely, much depending on the production behavior of the biorefineries. The
government could evaluate the environmental impacts through forecasting the variation of the biodiesel production using this
model.
Also, from a view of sector context, this paper shows that there are still gaps between current government policies and
the optimal ones. Although an optimization-based approach was presented to address this gap, the barriers for policymakers
will remain on the data collection, variation of markets, and uncertainty. In addition, as once the policy is executed, a wide
range of regions would be forced to follow it. It is recommended that the government should test it in a small range of regions
to see whether the interventions work, and then introduces them to wider country.
Despite the model presented in this paper corresponded to the third party take-back recycling mode in China, other
developing countries could also make use of this model. To implement this, the model should primarily be modified according
to their specific recycling mode. The overall frame of this research could be adopted and more variations need to be considered
accordingly with specific situations, e.g. the supply chain structure, mode of payment. Subsequently, real data should be
collected according to the parameters in the proposed model. After these steps are completed the quantitative analysis can
verify the model outputs Finally, quantitative results and the most suited policy decisions can be selected from the model
solutions.
Although the two possible management modes are presented based on the Shandong waste cooking oil-to-biodiesel
recycling mode, there are still other modes that can be investigated. However, this is subject to future research. The uncertainty
of resources and demands are also not considered due to the model complexity, which is important in the waste cooking oil
to biodiesel supply chain. Different game theoretical objective functions are another factor that could be considered further,
as the Nash equilibrium in this paper is a rather simple function.
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j
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Appendix
A. Research articles of WCO-to-biodiesel supply chain from 2012 onwards
Table A1 Research articles of WCO-to-biodiesel supply chain from 2012 onwards
Reference

Considered stakeholders

Region

Concluded barriers of WCO-to-biodiesel supply chain
operating efficiency

(Zhang, H. et
al., 2012)

-

China

(Zhang, Y. et
al., 2012)
(Mandolesi
de Araújo et
al., 2013)
(Zhang, H. et
al., 2014a)

Restaurants

China

-

Brazil

Ambiguity of functional department responsibilities, lack of
supportive policies in consumption stage, and insufficiency
of penal policies
Absence of restaurant recycling facilities and ignorance of
the recycling process
High cost of raw materials and uncertain availability of
feedstock

-

China

(Kelloway et
al., 2013)
(Zhang, H. et
al., 2014b)
(Zhang et al.,
2015)
(Jiang and
Zhang, 2016)

Biorefineries

U.S.A.

Biorefineries and recyclers

China

Biorefineries and recyclers

China

Restaurants, recyclers,
biorefineries and filling
stations
-

China

Insufficiency of raw material subsidy and immoderation of
investment subsidy of biorefineries
Collection-storage-transportation integrated policies and the
small size of biodiesel markets
None

China

Supply of raw materials

-

Brazil

Recyclers

Brazil

Identification of the useless stakeholders in WCO-tobiodiesel supply chain and lack of methods to gain the fair
profit allocation
Diversification of raw materials

Government, biorefineries and
restaurants
Biorefineries

China

Insufficiency of the penalty strictness for restaurants

China

Fee and penalty mechanisms, and information disclosure

Recyclers, biorefineries and
markets
Biorefineries

China

None

India

Problem of vehicle access, lack of processing technology,
inconsistent supply quantity and inadequate production
facilities, lack of political will, lack of incentives, and lack

(Xu et al.,
2016)
(César et al.,
2017)
(Guabiroba et
al., 2017)
(Zhang, H. et
al., 2017a)
(Zhang, H. et
al., 2017b)
(Zhang and
Jiang, 2017)
(Avinash et
al., 2018)

Insufficiency of technical support during WCO recycle
process, insufficiency of the penalty strictness and rewarding
mechanisms for restaurants, and the kitchen waste disposal
fee system
None
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(Ezzati et al.,
2018)
(Babazadeh et
al., 2017)
(Yang et al.,
2018)
(Babazadeh et
al., 2019)
(Ηatzisymeon
et al., 2019)

Suppliers, treaters,
biorefineries, storage centers,
and customer centers
Recyclers, biorefineries,
distribution centers, and
consumers
Recyclers and biorefineries
Supplier, extraction center,
biorefineries, and markets
-

Iran

of policy implementation
None

Iran

None

China
Iran

High cost of biorefineries and information asymmetric
between stakeholders
High transportation cost

Greece

None

B. Adopted GHG emission coefficients
Table A2 GHG emission coefficients adopted in this work.
Process

Considered Vehicle

GHG Coefficient

Reference

WCO collection

Lorry, 3.5-7.5 metric ton
(Euro5)
Lorry, 28 metric tons,
running with vegetable oil/
vegetable oil methyl ester
Freight transport by train,
diesel (China)
Freight transport by ship

0.493 kg CO2 eq./(t.km)

Ecoinvent*

Transportation by road

Transportation by rail
Transportation by maritime
Biodiesel production

Biodiesel production from
waste cooking oil**

Ecoinvent*

0.126 kg CO2 eq./(t∙km)

0.0459 kg CO2 eq./(t∙km)
0.0116 kg CO2 eq./(t∙km)
0.193 kg /l

Ecoinvent*
Ecoinvent*
(Rajaeifar et al.,
2017)

* The main data from Ecoinvent were analysed using IPCC 2007 100a and the coefficient was extracted.
**Electricity source has been updated for China.

C. Case data
Table A3 Model parameters and references
Data

Symbol

Value

Reference

Conversion rate from WCO to
glycerol
Conversion rate from WCO to
B5 and B100 product
Subsidy for recyclers
Cost of collecting unit quantity
of WCO
Cost of converting unit quantity



9%

(Johnson and Taconi, 2007)



85%

(Du et al., 2013)

sub

220 CNY/t

(Zhang et al., 2015)

uc

1,800 CNY/t*

(Gebremariam and Marchetti, 2018)

upq

1,700 CNY/t

(Chang et al., 2012)
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of WCO to B5 product
Cost of converting unit quantity
of WCO to B100 product

*

upr

1,700 CNY/t

(Chang et al., 2012)

Unit cost of transportation

ut d

0.68, 0.31, and 0.10 CNY/(t  km)
for road, rail, and maritime
respectively**

(Wang et al., 2019)

Tax incentives

tv

-350 CNY/t*

The expected quantity of WCO

maxPi

7.12×10-3 kg/(capita  d)***

The retail price of B100 product
The retail price of glycerol
Selling price of blended diesel

rp
gp

5,500 CNY/t
6,400 CNY/t
7,900 CNY/t

spk

State Administration of Taxation
(2015b)
(Jiang and Zhang, 2016) and China
Statistical Yearbook (China), 2018)
Real-time quotes
Real-time quotes
Real-time quotes

Estimated value.

**

The adopted cost is used for refined oil in the reference.

***

The recycling rate of edible oil is estimated to be 25% by (Jiang and Zhang, 2016), and capita consumption of edible oil is counted 10.4

kg/(capita  a) by China Statistical Yearbook 2018. Therefore, the expected quantity of WCO is 0.25×10.4/365=7.12×10-3 kg/(capita  d)

Figure A1 Capacity of stakeholders
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