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Abstract: This paper investigates the impacts of cap-and-trade (CAT) regulation on a three-echelon
closed-loop supply chain network (CLSCN) that consists of suppliers, high-emission and low-
emission manufacturers, demand markets and carbon trading centers. The presented CLSCN model
includes both product trading and carbon trading subnets. Combining variational inequality theory
(VI) with complementary theory, we first characterize the optimal conditions for members in each tier
first, and then derive that of the entire CLSCN. In addition, we focus on the effects of carbon caps and
EOL collection rate target on CLSCN performances with numerical examples. The results reveal that,
in some cases, there is a consistency between carbon emission reduction target of the government
and the profit target of enterprises. The government should choose reasonable and moderate carbon
caps for all the enterprises to balance the CLSCN members’ economic interests, carbon emissions,
as well as resources utilization rate. Moreover, the government should not blindly pursue a high
collection rate target. The above conclusions can provide practical guidance for governments and
enterprises in a CLSCN under CAT regulation.

Keywords: closed loop supply chain network; cap-and-trade regulation; variational inequality

1. Introduction

In recent years, accompanied by persistent economic growth, the issues of resource
shortage and environmental pollution have become increasingly prominent. For example,
greenhouse gas (GHG) emissions are, by far, the most responsible for global warming,
rising sea levels, increased pests and diseases, air pollution, frequent ocean storms and
other disasters [1,2]. Thus, further reductions in GHG emissions are advantageous [3]. At
the global level, from the Kyoto Protocol to the Paris Agreement, China has steadfastly
abided by strategies to address climate change and has achieved remarkable progress in
carbon dioxide emission reduction and energy conservation [4]. Additionally, the 14th
Five-Year Plan of China calls for accelerating energy transformation and explicitly pledges
to peak carbon emissions by 2030 and achieve carbon neutrality by 2060. This not only
serves as a bellwether for economic development after COVID-19 but also contributes to
progress in sustainable development.

With the goal of mitigating climate change, governments around the world have
developed low-carbon policies to reduce GHG emissions and strongly supported the
implementation of low-carbon technologies [5–7]. Among policies, Cap-and-Trade (CAT) is
regarded as one of the most effective market-based mechanisms for reducing emissions [8].
This regulation allows one member to buy/sell some of its allocated carbon credits from/to
another member via emission permit trading [9]. In China, carbon trading is being tested
in specific places, which has huge implications both in practice and in theory [10]. In
particular, a CAT pilot was implemented in seven provinces to establish a carbon trading
market in 2012, which laid a strong foundation for the construction of a national carbon
market [5]. In 2017, as a breakthrough point, the government took the lead by launching the
national carbon emission trading system for the power generation industry and promoted
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the gradual construction of the carbon market in stages and steps. As of August 2020, the
CAT pilot for emissions trading in seven provinces and cities in China had covered nearly
3000 key emitters, and the cumulative quota turnover had reached 406 million tons of CO2
equivalent [11]. Therefore, as a useful policy instrument, CAT regulation could help to
cost-effectively achieve emission reduction targets [10].

At the same time, the research on supply chain management has gradually become
a mainstream field. One of the most important development trends in this field is that
a supply chain is not limited to the traditional supply chain with only production and
distribution, and the closed-loop supply chain (CLSC) with end-of-life (EOL) products’ col-
lection and remanufacturing has gradually become a topic of considerable interest [12,13].
We refer readers to review works, such as Souza [14] and Govindan et al. [15], for a compre-
hensive understanding of CLSC management. Moreover, in today’s increasingly complex
market environment, a CLSC typically has a multi-echelon network structure, with each
layer having a number of channel members who compete with each other, such as multiple
competing manufacturers and multiple competing retailers [16]. By contrast, members
in different tiers engage in product transactions, which entails a certain degree of coop-
eration. From a theoretical perspective, the closed-loop supply chain network (CLSCN)
will reach an equilibrium state in the process of competition, cooperation and interaction
among all members [17,18]. Deriving the equilibrium state of a CLSCN is an important
and interesting area of study. However, little analytical work has been performed on the
equilibrium states of a CLSCN under CAT regulation. To fill this gap, this paper models
a three-echelon CLSCN that includes both product trading and carbon trading subnets
based on variational inequality theory. We divide suppliers and manufacturers into high-
emission and low-emission enterprises, and then systematically analyze the impacts of
CAT regulation on equilibrium solutions and profits in the CLSCN. More precisely, this
paper aims to answer the following questions:

1. How does the carbon cap on high-emission enterprises affect the production and
remanufacturing quantities, product transaction volumes, carbon trading volumes
and members’ profits in a CLSCN?

2. How does the carbon cap on low-emission enterprises affect the production and
remanufacturing quantities, product transaction volumes, carbon trading volumes
and members’ profits in a CLSCN?

3. How does the collection rate of EOL products affect the equilibrium and carbon
trading strategies of a CLSCN?

Compared with the previous literature, this paper makes the following three contribu-
tions. (1) We introduce the carbon trading center as a platform for carbon trading between
high-emission and low-emission enterprises and apply carbon trading volumes as decision
variables for both types of enterprises. Moreover, in contrast to the existing literature, this
study allows carbon trading both between the same types of decision-makers in the same
tier in the horizontal direction and between upstream and downstream decision-makers in
the vertical direction in the CLSCN. (2) In contrast to the use of Stackelberg game theory
to study a simple linear CLSC in the existing literature, this paper utilizes variational
inequality theory to establish a game model among different members of the CLSCN. (3)
We find that the government should choose reasonable and moderate carbon caps for both
high- and low-emission enterprises to balance the CLSCN members’ economic interests,
carbon emissions, as well as resources utilization rate. Moreover, the government should
not blindly pursue a high collection rate target.

The remainder of the paper is organized as follows. Section 2 reviews the related
literature. Section 3 states the assumptions and notations used. Section 4 describes the
optimal behaviors of different members of the CLSCN under CAT regulation and then
obtains the equilibrium conditions of the whole CLSCN. Section 5 provides an algorithm
for solving the model numerically, and then analyzes the results of numerical examples.
Section 6 presents managerial insights. Section 7 summarizes the research results and
suggests future research directions.
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2. Literature Review

Aiming to study the impacts of CAT regulation on the operations of a multi-echelon
CLSCN, our work is closely related to CLSCN equilibrium and the operational decisions of
firms under CAT regulation. Therefore, the following section reviews the relevant literature
in terms of these two aspects and clarifies differences between previous studies and ours.

2.1. Equilibrium Decisions in the Closed-Loop Supply Chain Network

A supply chain is a functional structure that integrates manufacturing and distribution.
Its development has always been the interest of many scholars, and recently the research
focus has gradually shifted from the forward supply chain [19,20] to a CLSC that involves
the collection and remanufacturing of EOL products [21–23]. Furthermore, in order to
gain a competitive advantage, many enterprises have multiple buyer–seller relationships
with upstream and downstream firms, so the CLSC also gradually develops into a CLSCN
with a hierarchical network structure [24,25]. With this in mind, several researchers have
investigated the equilibrium decisions from a CLSCN perspective.

Yang et al. [26] formulated a variational inequality model for a CLSCN composed
of five tiers represented by raw material suppliers, manufacturers, retailers, consumers
and third-party recyclers. Qiang et al. [27] constructed a decentralized CLSCN model with
manufacturer collection. He focused on the effects of competition, distribution channel in-
vestments, random yield and demand uncertainties on equilibriums. Qiang [28] developed
a two-period CLSCN model taking account of product remanufactureability and the con-
sumers’ different valuations between new and remanufactured products simultaneously.
Hamdouch et al. [29] formulated a decentralized CLSCN model in which both demands
and returns are random and price-sensitive. Chan et al. [30] examined a dynamic CLSCN
equilibrium model based on evolutionary variational inequality theory. Wang et al. [31]
studied the impacts of WEEE legislation on a CLSCN with retailer collection. Fu et al. [32]
developed a coupled CLSCN model dealing with heterogeneous products facing different
market demands.

Although the above literature establishes a good basis for this study by exploring the
CLSCN equilibrium, regarding the impact of carbon emission regulations on the CLSCN is
relatively scarce. Tao et al. [16] studied a CLSCN equilibrium problem in a multi-period
planning horizon based on two types of mandatory carbon emission policies: global carbon
emission policy and periodic carbon emission policy. However, they also did not address
carbon trading within the same tier or between multiple tiers. Thus, this study aims to fill
this gap by simultaneously modeling product transactions and carbon trading behaviors in
a CLSCN under CAT regulation.

2.2. Impact of Cap-and-Trade Regulation on the Decision-Making of Firms

Another focus related to our research is the CAT regulation of supply chains, which
is a highly relevant topic in areas such as inventory management, green supply chain
and corporate operations research [33–36]. In terms of enterprise operational decisions,
Chang et al. [37] studied the optimal production/remanufacturing decisions in a two-stage
CLSC model with substitutable demands. Sarkar et al. [38] considered smart production
systems with carbon emissions and revealed that reduced carbon and better products
could be achieved. In the supply chain field, Xu and Bai [8] researched the coordination
mechanism in a sustainable supply chain under CAT regulation. Ji and Yang [39] analyzed
a forward supply chain model that incorporates both CAT policy and consumer preference
for low-carbon products. Xu and Zhao [5] studied carbon emission reduction decisions
in a dual-channel supply chain subjected to CAT regulation. Kushwaha and Rao [40]
studied the channel selection of collection activity in a reverse supply chain. However,
the above studies primarily focus on the equilibrium decisions of a forward supply chain
or CLSC with a linear structure under CAT regulation, but do not include a CLSCN. The
only exception is Allevi et al. [41], who considered a situation in which manufacturers in a
CLSCN are bound by EU-ETS (a form of CAT regulation). However, this paper did not
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consider the case in which both carbon trading and product trading subnets co-exist in the
CLSCN. Moreover, they also did not treat carbon trading volume as a decision variable of
enterprises. Table 1 compares the differences between related works and this paper.

Table 1. Comparisons between related works on low-carbon supply chains and this paper.

Literature
Reference Research Emphasis Supply Chain

Structure Low-Carbon Policy Contribution

[5,8,13,20,33,35,39] Impact of emission policy on
firms’ decision-making Forward supply chain

Carbon tax, CAT,
consumer low-carbon

preferences

Incorporate low-carbon policy
into operations-related issues

[12,37,40]
Impact of low-carbon policy

on behavior of different
decision-makers in a CLSC

CLSC

CAT regulation,
consumer

environmental
preferences

Incorporate CAT regulation
into decisions and

coordination in a CLSC

[16,41] Impact of environmental
regulations on a CLSCN CLSCN

mandatory carbon
emission policies, CAT

regulation

Study the equilibrium of
CLSCN under CAT and
carbon tax regulations

[18,21,22] Game models in a CLSC from
different perspectives CLSC /

Study the CLSC equilibrium
problem in a Stackelberg game

manner

[19] Behaviors of decision-makers Forward supply chain /
Analyzes the optimal decision

of enterprises in a forward
supply chain

[23–25]
The optimization models for a

CLSC from different
perspectives

CLSC /

Examine the issues of ripple
effect, take-back legislation

and quality improvement on
optimal decisions in a CLSC

[26–32]

Impact of EOL products’
collection and

remanufacturing on firms’
decision-making

CLSCN / Study the equilibrium of
CLSCN

Current study
Impacts of emission policy

and decision modes on profits
and emissions

Multi-echelon CLSCN CAT regulation
Includes both carbon trading

and product trading subnets in
the CLSCN model

From the above discussions, the following research gaps are summarized: (1) Most of
the previous studies on carbon trading, except for Allevi et al. [41], focused on simple/linear
supply chains. (2) Few studies have involved carbon trading centers in CLSCs under carbon
trading regulation. (3) Most previous studies have not treated the carbon trading volume
as a decision variable. (4) Previous studies have mainly explored the situation in which
carbon trading occurs between upstream and downstream decision-makers, while few of
them have examined carbon trading in the horizontal direction among the same types of
decision-makers in the same tier of the CLSCN.

3. Assumptions and Notations

We consider a three-echelon CLSCN consisting of S suppliers, J high-emission manu-
facturers, I low-emission manufacturers and K demand markets, in which all the manu-
facturers produce new products by raw materials, and are also responsible for collection
and remanufacturing EOL products. Figure 1 is a simple diagram that represents a CLSC
super-network model. There are two dotted areas: one is a product trading subnet with two
types of manufacturers, who sell both new and remanufactured products to the demand
market, and the other is a carbon trading subnet with a carbon trading center introduced
as a platform, in which carbon credits are traded between high- and low-emission enter-
prises. In addition, Figure 1 includes three types of lines: the bold and solid lines from
the carbon trading center to suppliers and manufacturers denote carbon trading; the solid
lines from suppliers and manufacturers to demand markets indicate product trading; and
the dotted lines show the collection of EOL products from demand markets by both types
of manufacturers.
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Figure 1. CLSCN structure with emission caps and carbon trading.

Manufacturers generate carbon emissions in the process of production and remanu-
facturing, and specific carbon emissions are measured according to the established method.
We assume that carbon trading centers can balance the flow of carbon trading and control
its volume. Moreover, the government assigns a certain carbon quota to enterprises that
participate in carbon trading before production and remanufacturing. If each enterprise
generates more carbon emissions than the allocated carbon cap during the production
and remanufacturing cycle, it can buy the required carbon credits from the carbon trading
center; conversely, it can sell its remaining carbon credits in the carbon trading center.

Considering the complexities of our research problem, we make the following assump-
tions, and define the corresponding model parameters, decision variables and function
symbols in Table 2. Note that we use the superscript asterisk “∗” to label the equilibrium
solutions in the paper.
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Table 2. Variables and notations.

Model Parameters

s: a classic supplier, s = 1, 2, . . . , S;
j: a classic high-emission manufacturer, j = 1, 2, . . . , J;
i: a classic low-emission manufacturer, i =1, 2, . . . , I;
k: a classic demand market, k =1, 2, . . . , K;
capx: x = s is the carbon emission cap of supplier s, x = i is the carbon emission cap of low-emission manufacturer i, and x = j is
the carbon emission cap of high-emission manufacturer j, which is distributed by the government free of charge;
η: the conversion rate of raw materials;
ε: the commission fee charged by the carbon trading center when high- and low-emission enterprises trade, and it is an exogenous
variable;
ω: the carbon trading price for a unit of carbon traded between high- and low-emission enterprises;
αx: x = s is the carbon emission quantity per unit raw material produced by supplier s; x = i is the carbon emission quantity per
unit product produced by low-emission manufacturer i; and x = j is the carbon emission quantity per unit product produced by
high-emission manufacturer j;
αr

j : x = i is the carbon emission quantity per unit product produced by low-emission manufacturer i in the process of
remanufacturing, and x = j is the carbon emission quantity per unit product produced by high-emission manufacturer j in the
process of remanufacturing;
µ: the collection rate at which EOL products are collected from demand market k, and the minimum amount of EOL products that
the government requires manufacturers to collect as a percentage of their sales;
β: the remanufacturing conversion rate of collected EOL products;
ρsx: x = i, the price of raw materials charged by supplier s in a transaction with low-emission manufacturer i; x = j, the price of
raw materials charged by supplier s in a transaction with high-emission manufacturer j;
ρxk: x = i, the sales price set by low-emission manufacturer i in demand market k; x = j, the sales price set by high-emission
manufacturer j in demand market k;
px

k : x = i, the price that consumers in demand market k pay for low-emission manufacturer i’s products, p2 =
(

pi
k

)
k×1
∈ RK

+; px
k :

x = j, the price that consumers in demand market k pay for high-emission manufacturer j’s products, p1 =
(

pj
k

)
k×1
∈ RK

+;

ρkx: x = i, the transaction price of EOL products paid by low-emission manufacturer i; x = j, the transaction price of EOL products
paid by high-emission manufacturer j.

Decision variables

qs: the total transaction quantity of raw materials supplied by supplier s to both types of manufacturers, Qs = (qs)S×1 ∈ RS
+;

qsx: x = i, the quantity of raw materials supplied by supplier s to low-emission manufacturer i, Q2
1 = (qsi)SI×1 ∈ RSI

+ ; x = j, the

quantity of raw materials supplied by supplier s to high-emission manufacturer j, Q1
1 =

(
qsj

)
SJ×1

∈ RSJ
+ ;

qxk: x = i, the transaction quantity sold by low-emission manufacturer i to consumers in demand market k, Q1
3 = (qik)IK×1 ∈ RIK

+ ;

x = j, the transaction quantity sold by high-emission manufacturer to consumers in demand market k, Q1
2 =

(
qjk

)
JK×1

∈ RJK
+ ;

qv
xk: x = i, the quantity of new products made from raw materials by low-emission manufacturer i, qv

3 =
(
qv

ik
)

IK×1 ∈ RIK
+ ; x = j, the

quantity of new products made from raw materials by high-emission manufacturer j, qv
2 =

(
qv

jk

)
JK×1

∈ RJK
+ ;

qkx: x = i, the transaction quantity of EOL products between demand market k and low-emission manufacturer i,
Q2

3 = (qki)IK×1 ∈ RIK
+ ; x = j, the transaction quantity of EOL products between demand market k and high-emission manufacturer,

Q2
2 =

(
qkj

)
JK×1

∈ RJK
+ ;

tx: x = s, the carbon emission quantity purchased by supplier s from the carbon trading center, t1 = (ts)S×1 ∈ RS
+; x = j, the

carbon emission quantity purchased by high-emission manufacturer j from the carbon trading center, t2 =
(

tj

)
J×1
∈ RJ

+; x = i, the

carbon emission quantity sold by low-emission manufacturer i in the carbon trading center, t3 = (ti)I×1 ∈ RI
+.

Function symbols

fs = fs(qs): the cost function of producing the raw materials required by both types of manufacturers;
fx = fx

(
qv

XK
)
: x = i, the production cost function of new products by low-emission manufacturer i; x = j, the production cost

function of new products by high-emission manufacturer j;
fx = fx(β, qkx): x = i, the remanufacturing cost function of low-emission manufacturer i; x = j, the remanufacturing cost function
of high-emission manufacturer j;
cx

s = cx
s (qsx): x = i, the transaction cost function borne by supplier s transacting with low-emission manufacturer i; x = j, the

transaction cost function borne by supplier s transacting with high-emission manufacturer j;
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Table 2. Cont.

Model Parameters

ĉs = ĉs(qsx): x = i, the cost function borne by low-emission manufacturer i in the transaction process with supplier s; x = j, the cost
function borne by high-emission manufacturer j in the transaction process with supplier s;
cxk = cxk(qxk): x = i, the trading cost function borne by low-emission manufacturer i in the process of selling products in demand
market k; x = j, the trading cost function borne by high-emission manufacturer j in the process of selling products in demand
market k;
ĉxk = ĉxk(qxk): x = i, the cost function borne by consumers in the process of purchasing products from low-emission manufacturer
i; x = j, the cost function borne by consumers in the process of purchasing products from high-emission manufacturer j;
cx = cx(qkx): x = i, the disposal cost function of EOL products qki for low-emission manufacturer i; x = j, the disposal cost
function of EOL products qkj for high-emission manufacturer j;
ct

x = ct
x(tx): x = s, the cost function borne by the carbon trading center in the carbon trading process with supplier s; x = i, the cost

function borne by the carbon trading center in the carbon trading process with low-emission manufacturer i; x = j, the cost function
borne by the carbon trading center in the carbon trading process with high-emission manufacturer j;
dx

k = dx
k

(
pi

k, pj
k

)
: x = i, the demand function in demand market k for the products of low-emission manufacturer i; x = j, the

demand function of demand market k for the products of high-emission manufacturer j. The approach in this paper differs from
that in Tao et al. [16] because, in order to reflect the assumptions that there is substitution relationship of the product in the demand
market, the product demand of one type manufacturer generally depends not only on the prices of this type manufacturers’
products, but also on the prices of the other type manufacturers’ products in the market.
ck = ck(qkx): x = i, the disutility function of consumers in demand market k when returning the EOL products to low-emission
manufacturer i; x = j, the disutility function of consumers in demand market k when returning the EOL products to high-emission
manufacturer j. The disutility function is a monotonically increasing function of qkx, i.e., the more EOL products the consumers
return to the manufacturers, the more disutility they have.

Assumption 1. For both types of manufacturers, there is no difference between their
new and remanufactured products, and the two kinds of products are sold at the same
price in the consumer market [16].

Assumption 2. Both types of manufacturers produce homogeneous products, so there
is a competitive or substitution relationship between products [17]. This assumption is
consistent with the reality. For example, some Chinese domestic brands are becoming
more and more homogeneous now (Huawei mobile phones and Xiaomi mobile phones
are similar not only in appearance, but also in configuration), which leads to intensified
competition between them.

Assumption 3. Compared with high-emission manufacturers, low-emission manu-
facturers have higher production costs with extra investments in green technology, more
expensive environmental materials and lower remanufacturing costs [38]. In addition,
for both types of manufacturers, their remanufacturing costs for EOL products are lower
than production costs made from raw materials, which provides an economic basis for the
remanufacturing industry to generate high added value [42].

Assumption 4. Remanufacturing is widely regarded as a low-carbon alternative to
new manufacturing [37,40]. Thus, the carbon emission in the process of remanufacturing
unit EOL products is lower than that of manufacturing unit new product by raw materials
for both two types of manufacturers in our model.

Assumption 5. Without loss of generality, it is assumed that suppliers and high-
emission manufacturers always emit more than the government’s assigned carbon cap,
while low-emission manufacturers always emit less than the carbon cap. One can also
consider the case that the suppliers are low-emission enterprises who emit less than the
carbon cap.

Assumption 6. Consistent with previous CLSCN literature [16,29], all the related
production/remanufacturing cost functions and transaction cost functions in the model
are continuous and differentiable convex functions.

4. Model Formulation

Let us consider a three-echelon CLSCN, in which S suppliers sell raw materials to
J high-emission manufacturers and I low-emission manufacturers. Both types of man-
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ufacturers produce new products by raw materials, and collect and remanufacture the
EOL products generated by K demand markets. They sell both new and remanufactured
products in the market.

In this section, we separately derive the optimal conditions for members in each tier
of the CLSCN, and then provide the equilibrium conditions of the entire CLSCN.

4.1. The Optimal Behavior of Suppliers

First, we focus on the optimal behavior of supplier s who seeks to maximize its profit
by selling raw materials to two types of manufacturers. Hence, considering the transactions
between supplier s and high-emission manufacturer j and low-emission manufacturer i,
supplier s makes decisions on qs, qsj, qsi and ts, which can be described as follows:

πs = max
S

∑
s=1

[
ρ∗sjqsj + ρ∗siqsi − cj

s
(
qsj
)
− ci

s(qsi)− fs(qs)−ωts − εts

]
(1)

s.t . αsqs − caps − ts = 0 (2)

I

∑
i=1

qsi +
J

∑
j=1

qsj − qs = 0 (3)

∀j, k, ρsj ≥ 0, ρsi ≥ 0, qs ≥ 0, qsj ≥ 0, qsi ≥ 0, ts ≥ 0

The profit of supplier s in Equation (1) results from the difference between the raw

materials sales revenue
S
∑

s=1
ρ∗sjqsj + ρ∗siqsi and the sum of the transaction costs between the

supplier and two types of manufacturers cj
s
(
qsj
)

and ci
s(qsi), the production cost of the

materials fs(qs), the expense for buying carbon credits in the carbon trading center ωts
and the commission fees charged by the carbon trading center εts. Constraint (2) states the
volume of carbon emissions generated by the supplier minus the government-mandated
carbon cap is equal to the volume of carbon credits bought from the carbon trading center.
Constraint (3) denotes the total quantities provided by supplier s are equal to the total
purchasing quantities by both types of manufacturers from the supplier.

We assume that the Lagrange multipliers corresponding to Constraints (2) and (3) are λs
and θs, respectively, and λ1 = (λs)S×1 ∈ RS, θ = (θs)S×1 ∈ RS. Non-cooperative Nash games
are played between different suppliers; therefore, combined with VI theory, the profit maximiza-
tion goal of all suppliers can be described as: determine

(
Q∗s , Q1∗

1 , Q2∗
1 , t∗1 , λ∗1 , θ∗

)
∈ ΩS, satis-

fying:
S
∑

s=1
[∂ fs(qs)/∂qs + αsλ∗s − θ∗]× (qs − q∗s ) +

S
∑

s=1

I
∑

i=1

[
∂ci

s(qsi)/∂qsi − ρ∗si + θ∗
]
×
(
qsi − q∗si

)
+

S
∑

s=1

J
∑

j=1

[
∂cj

s
(
qsj
)
/∂qsj − ρ∗sj + θ∗

]
×
(

qsj − q∗sj

)
+

S
∑

s=1
(ω + ε− λ∗s )× (ts − t∗s )+

S
∑

s=1
(caps − αsqs + ts)× (λs − λ∗s ) +

S
∑

s=1

(
qs −

I
∑

i=1
qsi −

J
∑

j=1
qsj

)
× (θ − θ∗) ≥ 0

(4)

∀(Qs, Q1
1, Q2

1, t1, λ1, θ) ∈ ΩS, where ΩS = {(Qs, Q1
1, Q2

1, t1, λ1, θ) ∈ RSJ+SI
+ × RS

+ × RS}.
The first term in VI (4) shows that when q∗s > 0, then λ∗s = 1/αs[θ∗ − ∂ fs(qs)/∂qs],

which is the difference of Lagrange multipliers θ∗ and the marginal supplying cost divided
by αs; for the fourth term in VI (4), we notice that when the carbon trading price ω plus the
commission ε is exactly equal to λ∗s , supplier s will consider buying carbon credits from the
carbon trading center; otherwise, the manufacturer will not purchase it. The second and
third terms in VI (4) indicate that, as the marginal transaction cost between supplier s and
manufacturer x increases, the equilibrium raw materials price ρ∗sx charged by the supplier
also increases.
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4.2. The Optimal Behavior of High-Emission Manufacturers

Each high-emission manufacturer j makes decisions on qjk, qv
jk, qkj and tj to maximize

its profit, which can be described as:

πj = max
K
∑

k=1

[
ρ∗jkqjk − cjk

(
qjk

)
− qkjρkj − f j

(
qv

JK

)
− εtj −ωtj − cj

(
qkj

)
− f j

(
β, qkj

)]
−

S
∑

s=1

(
ρ∗sjqsj + ĉs

(
qsj
)) (5)

s.t. µ
K

∑
k=1

qjk ≤
K

∑
k=1

qkj (6)

S

∑
s=1

ηqsj =
K

∑
k=1

qv
jk (7)

K

∑
k=1

qjk ≤ qv
jk + β

K

∑
k=1

qkj (8)

K

∑
k=1

αr
j qkj +

K

∑
k=1

αjqjk − capj − tj = 0 (9)

∀j, k, ρjk ≥ 0, ρkj ≥ 0, qjk ≥ 0, qv
jk ≥ 0, qkj ≥ 0, qsj ≥ 0, tj ≥ 0

The high-emission manufacturer j generates revenue from the sale of the new and
remanufactured products ρ∗jkqjk, while incurs the transaction costs with the consumer

market cjk

(
qjk

)
, the production cost of new products f j

(
qv

JK

)
, the costs of buying back

EOL products qkjρkj from the consumers, the disposal cost cj

(
qkj

)
and remanufacturing

cost f j

(
β, qkj

)
for the EOL products, the costs of dealing with suppliers for raw materials

S
∑

s=1

(
ρ∗sjqsj + ĉs

(
qsj
))

, the expense for buying carbon credits in the carbon trading center

ωtj and the commission fees charged by the carbon trading center εtj. Then the profit of
manufacturer j in Equation (5) is the difference between the revenue and costs listed above.
Constraint (6) shows that the total collection quantity of EOL products by high-emission
manufacturer j from all demand markets should not be lower than the minimum amount
that the government requires it to collect. Constraint (7) denotes flow conservation, which
ensures that the quantity of new products produced by high-emission manufacturer j is
equivalent to the conversion quantity of raw materials. Constraint (8) indicates that the total
quantity of products sold by manufacturer j to all the demand markets should not be larger
than the sum of the quantity of products made from raw materials and remanufactured
from EOL products. Constraint (9) denotes that the high-emission manufacturer will only
purchase carbon credits from the carbon trading center if its carbon emissions are higher
than the government’s carbon caps.

Let ζ1j, ζ2j, ζ3j and λj be the Lagrange multipliers regarding Constraints (6)~(9),

respectively, and ζ1
1 =

(
ζ1j
)

J×1 ∈ RJ
+, ζ2

1 =
(
ζ2j
)

J×1 ∈ RJ
+, ζ3

1 =
(
ζ3j
)

J×1 ∈ RJ
+,

λ2 =
(
λj
)

J×1 ∈ RJ . The non-cooperative Nash games are played between different
high-emission manufacturers, and combined with the VI theory, the profit maximiza-
tion goal of all high-emission manufacturers therefore can be described as: determine(

Q1∗
2 , qv∗

2 , Q2∗
2 , Q1∗

1 , t∗2 , ζ1∗
1 , ζ2∗

1 , ζ3∗
1 , λ∗2

)
∈ ΩJ , satisfying:
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J
∑

j=1

K
∑

k=1

[
∂
(

cjk

(
q∗jk
))

/∂qjk + λ∗j αj + µζ∗1j + ζ∗2j − ρ∗jk

]
×
(

qjk − q∗jk
)
+

J
∑

j=1

K
∑

k=1

[
∂
(

f j

(
qv∗

JK

))
/∂qv

jk − ζ∗2j + ζ∗3j

]
×
(

qv
jk − qv∗

jk

)
+

J
∑

j=1

K
∑

k=1

[
∂
(

cj

(
q∗kj

)
+ f j

(
β, q∗kj

))
/∂qkj + ρ∗kj + λ∗j αr

j − ζ∗1j − βζ∗2j

]
×
(

qkj − q∗kj

)
+

J
∑

j=1

S
∑

s=1

[
∂
(∧

cs
(
qsj
)
/∂qsj

)
+ ρ∗sj − ηζ∗3j

]
×
(

qsj − q∗sj

)
+

J
∑

j=1

(
ω + ε− λ∗j

)
×
(

tj − t∗j
)
+

J
∑

j=1

(
capj −

K
∑

k=1
αr

j qkj −
K
∑

k=1
αjq∗jk + tj

)
×
(

λj − λ∗j

)
+

J
∑

j=1

(
K
∑

k=1
q∗kj − µ

K
∑

k=1
q∗jk

)
×
(

ζ1j − ζ∗1j

)
+

J
∑

j=1

(
K
∑

k=1
qv∗

jk + β
K
∑

k=1
q∗kj −

K
∑

k=1
q∗jk

)
×
(

ζ2j − ζ∗2j

)
+

J
∑

j=1

(
S
∑

s=1
ηqsj −

K
∑

k=1
qv

jk

)
×
(

ζ3j − ζ∗3j

)
≥ 0

(10)

∀
(

Q1
2, qv

2, Q2
2, Q1

1, t2, ζ1
1, ζ2

1, ζ3
1, λ2

)
∈ ΩJ

where ΩJ =
{(

Q1
2, qv

2, Q2
2, Q1

1, t2, ζ1
1, ζ2

1, ζ3
1, λ2

)
∈ RSJ+3JK

+ × R4J
+ × RJ

}
.

According to the second term of VI (10), when qv∗
jk > 0, ζ∗2j = ∂

(
f j

(
qv∗

JK

))
/∂qv

jk + ζ∗3j;

the first term in VI (10) shows that when q∗jk > 0, ρ∗jk = ∂
(

cjk

(
q∗jk
))

/∂qjk +λ∗j αj−µζ∗1j + ζ∗2j,
that is, the equilibrium transaction price ρ∗jk is related to the marginal transaction cost, the
per-unit carbon emission quantity during production, the collection rate and the Lagrange
multipliers of the associated constraints; from the third term, when the sum of high-
emission manufacturer j’s marginal disposal cost and remanufacturing cost of EOL product
decreases, the EOL product transaction price ρ∗kj charged by the manufacturer increases.
Thus, in order to promote collection and remanufacturing activities, the high-emission
manufacturers will be willing to collect EOL products at a higher price when the disposal
and remanufacturing costs of EOL products such as test, classification and remanufacturing
are reduced.

4.3. The Optimization Behavior for Low-Emission Manufacturers

Each low-emission manufacturer i makes decisions on qik, qv
ik, qki and ti to maximize

its profit, which can be described as:

πi = max
K
∑

k=1

[
ρ∗ikqik − cik(qik)− qkiρki − fi

(
qv

IK
)
− εti + ωti − ci(qki)− fi(β, qki)

]
−

S
∑

s=1

(
ρ∗siqsi + ĉs(qsi)

) (11)

s.t. µ
K

∑
k=1

qik ≤
K

∑
k=1

qki (12)

S

∑
s=1

ηqsi =
K

∑
k=1

qv
ik (13)

K

∑
k=1

qik ≤ qv
ik + β

K

∑
k=1

qki (14)

capi −
K

∑
k=1

αr
i qki −

K

∑
k=1

αiqik = ti (15)
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∀i, k, ρik ≥ 0, ρki ≥ 0, qik ≥ 0, qv
ik ≥ 0, qki ≥ 0, qsi ≥ 0, ti ≥ 0

The revenue of the low-emission manufacturer i comprises revenue from the sale
of new and remanufactured products ρ∗ikqik and carbon emission volume sales revenue
ωti, while the costs comprise the transaction costs with the consumer markets cik(qik), the
production cost of new products fi

(
qv

IK
)
, the costs of buying back EOL products qkiρki, the

disposal cost ci(qki) and remanufacturing cost fi(β, qki) for the EOL products, the costs

of dealing with suppliers for raw materials
S
∑

s=1

(
ρ∗siqsi + ĉs(qsi)

)
and the commission fees

charged by the carbon trading center εti. Then the profit of manufacturer i in Equation
(11) results from the difference between revenues and costs listed above. Constraint (12)
shows that the total collection quantity of EOL products by low-emission manufacturer i
should not be lower than the minimum amount that the government requires it to collect.
Constraint (13) denotes flow conservation, which ensures that the quantity of the supplier
s’s converted raw materials is equal to the quantity of new products produced. Constraint
(14) indicates that the total amount of products sold by low-emission manufacturer i to
the demand markets should not be larger than the sum of the new products made from
raw materials and the remanufactured products made from EOL products. Constraint (15)
indicates that the low-emission manufacturers trade the surplus carbon emissions that fall
below the government-mandated carbon caps in the carbon trading center.

Non-cooperative Nash games are played between different low-emission manufacturers,
and combined with the VI theory, therefore, the profit maximization goal of all low-emission
manufacturers can be described as: determine

(
Q1∗

3 , qv∗
3 , Q2∗

3 , Q2∗
1 , t∗3 , ζ1∗

2 , ζ2∗
2 , ζ3∗

2 , λ∗3
)
∈ ΩI ,

satisfying:
I

∑
i=1

K
∑

k=1

[
∂
(
cik
(
q∗ik
))

/∂qik + λ∗i αi + µζ∗1i + ζ∗2i − ρ∗ik
]
×
(
qik − q∗ik

)
+

I
∑

i=1

K
∑

k=1

[
∂
(

fi
(
qv∗

IK
))

/∂qv
ik − ζ∗2i + ζ∗3i

]
×
(
qv

ik − qv∗
ik
)
+

I
∑

i=1

K
∑

k=1

[
∂
(
ci
(
q∗ki
)
+ fi

(
β, q∗ki

))
/∂qki + ρ∗ki + λ∗i αr

i − ζ∗1i − βζ∗2i
]
×
(
qki − q∗ki

)
+

I
∑

i=1

S
∑

s=1

[
∂(ĉs(qsi)/∂qsi) + ρ∗si − ηζ∗3i

]
×
(
qsi − q∗si

)
+

I
∑

i=1

(
λ∗i + ε−ω

)
×
(
ti − t∗i

)
+

I
∑

i=1

(
capi −

K
∑

k=1
αr

i qki −
K
∑

k=1
αiq∗ik − ti

)
×
(
λi − λ∗i

)
+

I
∑

i=1

(
K
∑

k=1
q∗ki − µ

K
∑

k=1
q∗ik

)
×
(
ζ1i − ζ∗1i

)
+

I
∑

i=1

(
K
∑

k=1
qv∗

ik + β
K
∑

k=1
q∗ki −

K
∑

k=1
q∗ik

)
×
(
ζ2i − ζ∗2i

)
+

I
∑

i=1

(
S
∑

s=1
ηqsi −

K
∑

k=1
qv

ik

)
×
(
ζ3i − ζ∗3i

)
≥ 0

(16)

∀
(

Q1
3, qv

3, Q2
3, Q2

1, t3, ζ1
2, ζ2

2, ζ3
2, λ3

)
∈ ΩI

where ΩI =
{(

Q1
3, qv

3, Q2
3, Q2

1, t3, ζ1
2, ζ2

2, ζ3
2, λ3

)
∈ RSI+3IK

+ × R4I
+ × RI

}
.

We set ζ1i, ζ2i, ζ3i and λi as the Lagrange multipliers in Constraints (12)~(15), re-
spectively. Let ζ1

2 = (ζ1i)I×1 ∈ RI
+, ζ2

2 = (ζ2i)I×1 ∈ RI
+, ζ3

2 = (ζ3i)I×1 ∈ RI
+ and

λ3 = (λi)I×1 ∈ RI . In addition, the analysis of equilibrium conditions for low-emission
manufacturers is similar to those for high-emission manufacturers, and is not given here
in detail.

4.4. The Optimal Condition of Demand Markets

In the process of products sales, for the products of high-emission manufacturers,
the transaction occurs only when the price pj

k paid by customers is equivalent to the

sum of the transaction price ρjk and the transaction cost ĉjk

(
q∗jk
)

in demand markets.
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Using the notation defined above, the complementary relationship related to products
sales/purchase between manufacturers and demand markets can be expressed as:

ρ∗jk + ĉjk

(
q∗jk
)
{
=pj∗

k ,q∗jk>0

≥pj∗
k ,q∗jk=0

(17)

Similar to the relationship between high-emission manufacturers and demand markets,
there is also a complementary relationship related to products sales/purchase between
low-emission manufacturers and demand markets that can be described as:

ρ∗ik + ĉik(q∗ik){
=pi∗

k ,q∗ik>0
≥pi∗

k ,q∗ik=0
(18)

In addition, according to Tao et al. [16] and Hamdouch et al. [29], for high-emission
manufacturers, the complementary relationship between the price pj∗

k paid by consumers
in demand markets and the demand quantity can be expressed as:

dj
k

(
pj∗

k

)
=

J
∑

j=1
q∗jk, pj∗

k ≥ 0

dj
k

(
pj∗

k

)
≤

J
∑

j=1
q∗jk, pj∗

k = 0
(19)

For low-emission manufacturers, the demand function can be similarly expressed as:
di

k
(

pi∗
k
)
=

I
∑

i=1
q∗ik, pi∗

k ≥ 0

di
k
(

pi∗
k
)
≤

I
∑

i=1
q∗ik, pi∗

k = 0
(20)

In the process of EOL products collection, we notice that the higher the transaction
price of EOL products paid by manufacturers, the more willing consumers are to return
EOL products to them. According to Tao et al. [16], for high-emission manufacturer j, the
complementary relationship satisfied by the collection of EOL products can be expressed
as:

ck(q∗kj)

{
= ρ∗kj, q∗kj > 0
≥ ρ∗kj, q∗kj = 0

(21)

s.t.
K

∑
k=1

qkj ≤
K

∑
k=1

qjk (22)

Constraint (21) describes the condition that transaction occurs between the demand
market k and the manufacturer j for the EOL products. Constraint (22) ensures that for
each high-emission manufacturer j, the quantity of EOL products that it collects from the
demand markets should not exceed its total sales volume in demand markets. Similarly,
for each low-emission manufacturer i, the complementary relationship satisfied by the
collection of EOL products can be expressed as:

ck(q∗ki)

{
= ρ∗ki, q∗ki > 0
≥ ρ∗ki, q∗ki = 0

(23)

s.t.
K

∑
k=1

qki ≤
K

∑
k=1

qik (24)

Constraints (17)~(24) are required for the equilibrium of the demand market, which
can be described by the VI in VI (25): determining

(
Q1∗

2 , Q2∗
2 , Q1∗

3 , Q2∗
3 , P1∗, P2∗, λ1∗

4 , λ2∗
4
)
∈

ΩK, satisfying:
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K
∑

k=1

I
∑

i=1

[
ck
(
q∗ki
)
− ρ∗ki + λi∗

k
]
×
(
qki − q∗ki

)
+

I
∑

i=1

K
∑

k=1

[
ρ∗ik + ĉik

(
q∗ik
)
− pi∗

k − λi∗
k
]
×
(
qik − q∗ik

)
+

K
∑

k=1

[
I

∑
i=1

q∗ik − di
k
(

pi∗
k
)]
×
(

pi
k − pi∗

k
)
+

I
∑

i=1

(
K
∑

k=1
qik −

K
∑

k=1
qki

)
×
(
λi

k − λi∗
k
)
+

K
∑

k=1

J
∑

j=1

[
ck

(
q∗kj

)
− ρ∗kj + λ

j∗
k

]
×
(

qkj − q∗kj

)
+

J
∑

j=1

K
∑

k=1

[
ρ∗jk + ĉjk

(
q∗jk
)
− pj∗

k − λ
j∗
k

]
×
(

qjk − q∗jk
)

+
K
∑

k=1

[
J

∑
j=1

q∗jk − dj
k

(
pj∗

k

)]
×
(

pj
k − pj∗

k

)
+

J
∑

j=1

(
K
∑

k=1
qjk −

K
∑

k=1
qkj

)
×
(

λ
j
k − λ

j∗
k

)
≥ 0

(25)

∀
(

Q1
2, Q2

2, Q1
3, Q2

3, P1, P2, λ1
4, λ2

4

)
∈ ΩK

where ΩK =
{(

Q1
2, Q2

2, Q1
3, Q2

3, P1, P2, λ1
4, λ2

4
)
∈ R3IK+3JK

+ × RI+J
+

}
.

The corresponding Lagrange multipliers of Constraints (22) and (24) are λ
j
k and λi

k,

respectively, and let λ1
4 =

(
λ

j
k

)
k×1
∈ RK

+, λ2
4 =

(
λi

k
)

k×1 ∈ RK
+. From the first and fifth

term of VI (25), we note that when q∗kx > 0, ρ∗kx = ck
(
q∗kx
)
+ λx∗

k , that is, the optimal
transaction price of EOL products ρ∗kx paid by the manufacturer is equal to the sum of the
disutility function and the Lagrange multiplier λx∗

k .

4.5. The Optimal Behavior of Carbon Trading Centers

According to the assumptions, in the carbon trading subnet, the supply of carbon
emissions comes from low-emission enterprises and the demand for carbon emissions
comes from high-emission enterprises. Among them, low-emission enterprises only include
low-emission manufacturers, while high-emission enterprises include suppliers and high-
emission manufacturers. Furthermore, the carbon trading center charges transaction fees
on both sides according for a fixed proportion of the trading volume.

We note that the carbon emission demand of suppliers is
S
∑

s=1
ts =

S
∑

s=1
(αsqs − caps),

the carbon emission demand of high-emission manufacturers is
J

∑
j=1

tj =
J

∑
j=1

(
K
∑

k=1
αjqjk+

K
∑

k=1
αr

j qkj − capj), and the carbon emission supply of low-emission manufacturers is
I

∑
i=1

ti =

I
∑

i=1
(capi −

K
∑

k=1
αiqik −

K
∑

k=1
αr

i qki). Hence, the profit maximization goal of carbon trading

center t can be described as:

πt = max

[
S

∑
s=1

(
εt∗s − ct

s(t
∗
s )
)
+

J

∑
j=1

(
εt∗j − ct

j

(
t∗j
))

+
I

∑
i=1

(
εt∗i − ct

i(t
∗
i )
)]

(26)

s.t .
S

∑
s=1

ts +
J

∑
j=1

tj ≤
I

∑
i=1

ti (27)

qsj ≥ 0, qsi ≥ 0, qjk ≥ 0, qik ≥ 0

The profit of carbon trading centers in Equation (26) comprises two parts: commission

fees from both types of manufacturers and suppliers
S
∑

s=1
εt∗s + εt∗i + εt∗j and the transaction

cost borne by the carbon trading center
S
∑

s=1
ct

s(t∗s ) + ct
i
(
t∗i
)
+ ct

j

(
t∗j
)

. Constraint (27) indi-

cates that the carbon emissions purchased by high-emission enterprises are not larger than
those sold by low-emission enterprises.

We set the Lagrange multiplier of Constraint (27) as λc, and let λ5 = (λc)1×1 ∈ R.
Based on the fact that the equilibrium decision points for suppliers and producers in the
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carbon trading are q∗sj ≥ 0, q∗si ≥ 0 and q∗jk ≥ 0, q∗ik ≥ 0, and these should also be the

equilibrium solutions to the following VI: determining
(
t∗2 , t∗1 , λ∗4

)
∈ ΩT , satisfying:

S
∑

s=1

[
∂ct

s(t∗s )/∂ts − ε + λ∗c
]
× (ts − t∗s ) +

J
∑

j=1

[
∂ct

j

(
t∗j
)

/∂tj − ε + λ∗c

]
×
(

tj − t∗j
)
+

I
∑

i=1

[
∂ct

i
(
t∗i
)
/∂ti − ε− λ∗c

]
×
(
ti − t∗i

)
+

(
I

∑
i=1

ti −
J

∑
j=1

tj −
S
∑

s=1
ts

)
× (λc − λ∗c ) ≥ 0

(28)

∀(t1, t2, t3, λ5) ∈ ΩT

where ΩT = (t1, t2, t3, λ5) ∈ RS+J+I
+ + R.

4.6. The Optimal Behavior of Closed-Loop Supply Chain Networks

Finally, the entire CLSCN and carbon trading network can reach Nash equilibrium
only when the product transaction quantities, carbon trading volumes and product trading
prices between members at all tiers in the CLSCN meet the sum of the above five VIs. Then
the VI for the entire CLSCN can be expressed as: determine (qv∗

1 , qv∗
2 , Q∗s , Q1∗

1 , Q2∗
1 , Q1∗

2 , Q2∗
2 ,

t∗1 , t∗2 , λ∗1 , θ∗, λ∗2 , ζ1∗
1 , ζ2∗

1 , ζ1∗
2 , ζ2∗

2 , P1∗, P2∗, λ1∗
3 , λ2∗

3 , λ∗4) ∈ Ω, satisfying:
S
∑

s=1

[
∂ fs(qs)

∂qs
+ αsλ∗s − θ∗

]
× (qs − q∗s ) +

S
∑

s=1

J
∑

j=1

[
∂
(

cj
s(qsj)+ĉs(qsj)

)
∂qsj

+ θ∗ − ηζ∗3j

]
×
(

qsj − q∗sj

)
+

S
∑

s=1

I
∑

i=1

[
∂(ci

s(qsi)+ĉs(qsi))
∂qsi

+ θ∗ − ηζ∗3i

]
×
(
qsi − q∗si

)
+

J
∑

j=1

K
∑

k=1

[
∂
(

cjk

(
q∗jk
))

∂qjk
+ λ∗j αj + µζ∗1j + ζ∗2j + ĉjk

(
q∗jk
)
− pj

k − λ
j∗
k

]
×
(

qjk − q∗jk
)
+

I
∑

i=1

K
∑

k=1

[
∂(cik(q∗ik))

∂qik
+ λ∗i αi + µζ∗1i + ζ∗2i + ĉik

(
q∗ik
)
− pi

k − λi∗
k

]
×
(
qik − q∗ik

)
+

J
∑

j=1

K
∑

k=1

[
∂
(

f j

(
qv∗

JK

))
∂qv

jk
− ζ∗2j + ζ∗3j

]
×
(

qv
jk − qv∗

jk

)
+

I
∑

i=1

K
∑

k=1

[
∂( fi(qv∗

IK))
∂qv

ik
− ζ∗2i + ζ∗3i

]
×
(
qv

ik − qv∗
ik
)
+

K
∑

k=1

J
∑

j=1

[
∂
(

cj

(
q∗kj

)
+ f j

(
β,q∗kj

))
∂qkj

+ ck

(
q∗kj

)
+ λ

j∗
k + λ∗j αr

j − ζ∗1j − βζ∗2j

]
×
(

qkj − q∗kj

)
+

K
∑

k=1

I
∑

i=1

[
∂(ci(q∗ki)+ fi(β,q∗ki))

∂qki
+ ck

(
q∗ki
)
+ λi∗

k + λ∗i αr
i − ζ∗1i − βζ∗2i

]
×
(
qki − q∗ki

)
+

S
∑

s=1

[
∂ct

s(t∗s )
∂ts
− λ∗s + λ∗c + ω

]
× (ts − t∗s ) +

J
∑

j=1

[
∂ct

j

(
t∗j
)

∂tj
− λ∗j + λ∗c + ω

]
×
(

tj − t∗j
)
+

I
∑

i=1

[
∂ct

i(t∗i )
∂ti

+ λ∗i − λ∗c −ω

]
×
(
ti − t∗i

)
+

S
∑

s=1

(
caps −

I
∑

i=1
αsqsi−

J
∑

j=1
αsqsj + ts

)
× (λs − λ∗s )+

S
∑

s=1

(
qs −

I
∑

i=1
qsi −

J
∑

j=1
qsj

)
× (θ − θ∗) +

J
∑

j=1

(
capj −

K
∑

k=1
αr

j q
∗
kj −

K
∑

k=1
αjq∗jk + tj

)
×
(

λj − λ∗j

)
+

I
∑

i=1

(
capi −

K
∑

k=1
αr

i q∗ki −
K
∑

k=1
αiq∗ik − ti

)
×
(
λi − λ∗i

)
+

J
∑

j=1

(
K
∑

k=1
qjk −

K
∑

k=1
qkj

)
×
(

λ
j
k − λ

j∗
k

)
+

I
∑

i=1

(
K
∑

k=1
qik −

K
∑

k=1
qki

)
×
(
λi

k − λi∗
k
)
+

(
I

∑
i=1

ti −
J

∑
j=1

tj −
S
∑

s=1
ts

)
× (λc − λ∗c )+

J
∑

j=1

(
K
∑

k=1
q∗kj − µ

K
∑

k=1
q∗jk

)
×
(

ζ1j − ζ∗1j

)
+

I
∑

i=1

(
K
∑

k=1
q∗ki − µ

K
∑

k=1
q∗ik

)
×
(
ζ1i − ζ∗1i

)
+

J
∑

j=1

(
K
∑

k=1
qv∗

jk + β
K
∑

k=1
q∗kj −

K
∑

k=1
q∗jk

)
×
(

ζ2j − ζ∗2j

)
+

I
∑

i=1

(
K
∑

k=1
qv∗

ik + β
K
∑

k=1
q∗ki −

K
∑

k=1
q∗ik

)
×
(
ζ2i − ζ∗2i

)
+

J
∑

j=1

(
S
∑

s=1
ηqsj −

K
∑

k=1
qv

jk

)
×
(

ζ3j − ζ∗3j

)
+

I
∑

i=1

(
S
∑

s=1
ηqsi −

K
∑

k=1
qv

ik

)
×
(
ζ3i − ζ∗3i

)
+

K
∑

k=1

[
J

∑
j=1

q∗jk − dj
k

(
pj∗

k

)]
×
(

pj
k − pj∗

k

)
+

K
∑

k=1

[
I

∑
i=1

q∗ik − di
k
(

pi∗
k
)]
×
(

pi
k − pi∗

k
)
≥ 0

(29)
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∀
(

qv
1, qv

2, Qs, Q1
1, Q2

1, Q1
2, Q2

2, t1, t2, t3, λ1, θ, λ2, λ3, ζ1
1, ζ2

1, ζ3
1, ζ1

2, ζ2
2, ζ3

2, P1, P2, λ1
4, λ2

4, λ5

)
∈ Ω

where Ω = ΩS ×ΩJ ×ΩI ×ΩK ×ΩT .
Note that in VI (29), the transaction prices between different tiers, i.e., the endogenous

variables defined above, are cancelled out. In order to get these transaction prices back,
we need to obtain each transaction price through VIs (4), (10), (16) and (25). According to
inequality (4), we obtain ρ∗si = ∂ci

s(qsi)/∂qsi + θ∗ and ρ∗sj = ∂cj
s
(
qsj
)
/∂qsj + θ∗; according

to inequality (10), we obtain ρ∗jk = ∂
(

cjk

(
q∗jk
))

/∂qjk + λ∗j αj − µζ∗1j + ζ∗2j; according to

inequality (16), we obtain ρ∗ik = ∂
(
cik
(
q∗ik
))

/∂qik + λ∗i αi− µζ∗1i + ζ∗2i; according to inequality

(25), we obtain ρ∗ki = ck
(
q∗ki
)
+ λi∗

k and ρ∗kj = ck

(
q∗kj

)
+ λ

j∗
k . The proof of the existence and

uniqueness of solutions to VI (29) can refer to the related reference, e.g., Tao et al. [16],
Yang et al. [26].

5. Numerical Examples

In this section, we conduct several numerical examples to obtain conclusions and
discuss managerial insights. The relevant parameters are assumed as ε = 6.5, ω = 1,
β = 0.9, η = 0.9, αs = 0.6, αi = 0.3, αj = 0.8, αr

i = 0.1, αr
j = 0.2. Moreover, the cost and

transaction functions involved in the examples are set as follows.
In the supplier tier, the cost function of producing raw materials ordered by both types

of manufacturers is:
fs(qs) = 0.5qs

2 + qs

In the manufacturer tier, the cost functions of raw materials purchased by both types
of manufacturers are, respectively:

f j

(
qv

JK

)
= (

2

∑
k=1

qv
jk)

2

+
2

∑
k=1

qv
1k ×

2

∑
k=1

qv
2k + 1.2

2

∑
k=1

qv
jk

fi(qv
IK) = (

2

∑
k=1

qv
ik)

2

+
2

∑
k=1

qv
1k ×

2

∑
k=1

qv
2k + 2

2

∑
k=1

qv
ik

In the manufacturer tier, the remanufacturing cost functions of both types of manufac-
turers are, respectively:

f j

(
β, qkj

)
= 0.1

(
βqkj

)2
+ 0.8βqkj

fi(β, qki) = 0.1(βqki)
2 + 0.5βqki

In the supplier tier, the transaction cost function borne by suppliers in the transaction
process with both types of manufacturers is:

cx
s (qsx) = 0.5qsx

2 + 1.5qsx

Conversely, the cost function borne by both types of manufacturers in the transaction
process with the suppliers is:

ĉs(qsx) = 0.5qsx
2 + 0.3qsx

In the manufacturer tier, the trading cost function borne by both types of manufactur-
ers in the process of selling products in the demand market is:

cxk(qxk) = 0.5qxk
2 + 1.2qxk
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Conversely, the cost function borne by consumers in the process of purchasing prod-
ucts is:

ĉxk(qxk) = 0.1qxk
2 + 1

The disposal cost functions borne by both types of manufacturers in the process of
disposing collected EOL products are, respectively:

cj

(
qkj

)
= qkj

2 + 2

ci(qki) = qki
2 + 1

In the carbon trading center tier, the cost functions borne by the carbon trading
center in the carbon trading process with suppliers and both types of manufacturers
are, respectively:

ct
s(ts) = 0.01ts

2

ct
i(ti) = 0.03ti

2

ct
j
(
tj
)
= 0.05tj

2

The disutility function that describes consumers selling EOL products to both types of
manufacturers in the demand market is:

ck(qkx) = 0.5
2

∑
k=1

2

∑
x=1

qkx + 5

The demand functions of the demand market for products of low-emission and high-
emission manufacturers are, respectively, as follows. (In contrast to Tao et al. [16], in our
model, the market demand is divided into products of high-emission and low-emission
manufacturers; furthermore, according to the assumption that there is a competitive or
substitution relationship between the products produced by the two types of manufacturers,
the product demand of one type manufacturer generally depends not only on the prices of
this type manufacturers’ products, but also on the prices of the other type manufacturers’
products in the market.)

di
k

(
pi

k, pj
k

)
= −2pi

k − pi
3−k + 0.3pj

k + 0.1pj
3−k + 200

dj
k

(
pi

k, pj
k

)
= −2.5pj

k − pj
3−k + 0.3pi

k + 0.1pi
3−k + 200

The main algorithms for solving the VI include the modified project algorithm and
the logarithmic–quadratic proximal prediction–correction algorithm [16]. Because the
modified project algorithm is simple in design and can simultaneously determine the
equilibrium solutions and Lagrange multipliers, this paper uses this algorithm to solve
the model, and the algorithm was programmed with MATLAB. We set the iteration step
as 0.01, and the termination condition is that the error of two iterations is less than or
equal to 10−8. For more details on this algorithm, we refer readers to the procedure given
by Tao et al. [16] and Hamdouch et al. [29]. In the following, we study the impact of
changes in government-mandated carbon caps and the collection rate on the production
quantities, transaction prices, carbon trading volumes, and profits of various enterprises
in the three-echelon CLSCN, which has important management significance, and certain
reference value for governments and enterprises.

5.1. Numerical Example 1

First, we examine the effects of government-mandated carbon caps on equilibrium
solutions in detail. In particular, we fix the carbon caps on suppliers and change the carbon
caps on two types of manufacturers in this example. Specifically, we let µ = 0.26, caps = 8,
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and let capj = 4 : 0.5 : 7, capi = 4 : 0.5 : 7. The variations in carbon emission quantities,
product trading volumes and profits are shown in Table 3.

Table 3. The impact of carbon caps on both types of manufacturers on equilibrium results.

capj 4 4.5 5 5.5 6 6.5 7
capi 4 4.5 5 5.5 6 6.5 7

q∗s 13.4364 14.1477 14.8594 15.5714 16.2838 16.9966 17.7098
q∗sj 2.2585 2.5019 2.7449 2.9877 3.2301 3.4723 3.7141
q∗si 4.4597 4.572 4.6847 4.798 4.9118 5.026 5.1407
q∗jk 2.6536 2.9395 3.2251 3.5103 3.7952 4.0797 4.3639
q∗ik 5.2399 5.3718 5.5043 5.6373 5.771 5.9052 6.04
qv∗

jk 2.0327 2.2517 2.4704 2.6889 2.9071 3.1251 3.3427
qv∗

ik 4.0137 4.1148 4.2163 4.3182 4.4206 4.5234 4.6267
q∗kj 0.6899 0.7643 0.8385 0.9127 0.9868 1.0607 1.1346
q∗ki 1.3624 1.3967 1.4311 1.4657 1.5005 1.5354 1.5704
t∗s 0.0619 0.4886 0.9156 1.3428 1.7703 2.198 2.6259
t∗j 0.5217 0.509 0.4956 0.4816 0.467 0.4518 0.4361
t∗i 0.5836 0.9976 1.4112 1.8245 2.2373 2.6498 3.0619
πs 280.7992 281.4216 280.9094 279.2488 276.4261 272.4277 267.2399
πj 115.124 121.9738 127.4861 131.6472 134.4436 135.862 135.8889
πi 74.4378 75.6323 76.8596 78.1218 79.421 80.7595 82.1393
πt 15.1259 25.8473 36.5309 47.1768 57.7852 68.3562 78.8901

As shown in Table 3, as the carbon caps on both types of manufacturers increase with
the same step size, all the manufacturers have more space to increase production quantities
of new products and remanufacturing quantities of EOL products free of charge. It leads
to the fact that the carbon credits high-emission manufacturers need to buy decrease. In
contrast, since the carbon cap of suppliers remains the same, they have to buy more extra
carbon credits from low-emission manufacturers due to more order quantities of raw
materials from both types of manufacturers. Accordingly, the low-emission manufacturers
can sell more carbon credits in the carbon trading center. The profits of both types of
manufacturers continually improve with the increase of capi and capj, while the profits
of suppliers first increase then decrease. The reason is that the changes of suppliers’
profits depend both on raw materials sales revenue and expenses for buying extra carbon
credits. When capi and capj are relatively lower, the increased raw materials sales revenue
outweighs the increased expenses for buying more carbon credits with the increase of
carbon emission caps, then the profits of suppliers increase. On the contrary, if capi and
capj exceed the thresholds (in this example they are 4.5), the increased raw materials sales
revenue cannot compensate for the increased expenses for buying more carbon credits, the
profits of suppliers decline.

5.2. Numerical Example 2

In this example, we fix the carbon caps on both types of manufacturers and change
the carbon caps on suppliers. Specifically, we let µ = 0.26, capj = 5, capi = 5, and
caps = 7 : 0.5 : 10. We observe variations in carbon emission quantities, product trading
volumes and profits, and the details are shown in Figure 2.
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In Figure 2a, we find that when the suppliers’ carbon cap increases, the carbon trading
volumes of both suppliers and low-emission manufacturers have a decreasing trend, while
the carbon trading volumes of high-emission manufacturers first increase rapidly and then
decrease. The turning point appears at caps = 9.5. From Figure 2b, it can be seen that
the product trading volumes of high-emission manufacturers increase substantially when
caps ≤ 9.5 but decrease after caps > 9.5, while the product trading volume of low-emission
manufacturers increase slowly when caps ≤ 9.5 and then increase rapidly after caps > 9.5.
Combined with Figure 2a,b, we can infer that when the carbon cap on suppliers exceeds 9.5,
if the suppliers still increase the supply of raw materials to both types of manufacturers for
their new products’ production, high-emission manufacturers will have to buy more carbon
credits in the carbon trade center, but low-emission manufacturers have insufficient surplus
carbon credits to sell. Thus, the suppliers will be forced to transact more with the low-
emission manufacturers but less with high-emission manufacturers. As shown in Figure 2c,
excessive product transactions between the suppliers and low-emission manufacturers
lead to a sharp drop in the prices of raw materials for both types of manufacturers and
selling prices of low-emission manufacturers. As a result, to recoup the loss resulted from
lower margin sales benefit, the low-emission manufacturers turn to raising the buy-back
price for EOL products dramatically after caps > 9.5, and then acquire more EOL products
to remanufacture. This measure contributes to the overall product supply for them, which
is so call “bulk-cheap policy”. In addition, it can also be observed from Figure 2c that the
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product selling price and buy-back price for EOL products of high-emission manufacturers
remain almost the same as the suppliers’ carbon cap increases.

Based on the analysis of carbon trading volumes, product trading volumes and prices
from Figure 2a to Figure 2c, we can easily understand the changes of profits with caps in
Figure 2d. That is, when caps ≤ 9.5, the suppliers’ profits increase steadily in caps, and
both two types of manufacturers are also better off by a small margin. When caps > 9.5,
the suppliers’ profits suffer a cliff-like drop due to the decrease of raw material price, while
the high-emission manufacturers benefit a lot from it. For low-emission manufacturers,
“bulk-cheap policy” can compensate for the decrease of lower selling price, so their profits
still keep increasing. The profit of carbon trading center decreases all the time due to the
decrease of carbon trading volumes with caps increasing from 7 to 10.

This example implies that if the government restricts the suppliers’ carbon cap in a rea-
sonable range, it can not only create a “win-win-win” situation for suppliers, high-emission
manufacturers and low-emission manufacturers, but also reduce the carbon credits pur-
chased by the suppliers and high-emission manufacturers in the carbon trading center.

5.3. Numerical Example 3

The above two sections analyze the impacts of changes in carbon caps at different tiers
in the CLSCN. Subsequently, we will investigate the influences of carbon caps on two kinds
of enterprises (high-emission enterprises and low-emission enterprises) on equilibrium
solutions. As given in the above assumptions, suppliers and high-emission manufacturers
are classified as high-emission enterprises, while low-emission manufacturers belong to
low-emission enterprises.

In this section, we fix the carbon caps on high-emission enterprises and change
those on low-emission enterprises. Specifically, we let µ = 0.26, caps = 8, capj = 5 and
capi = 4 : 0.5 : 7. Then we observe variations in the carbon emission quantities, product
trading volumes and profits, and the details are shown in Figure 3.
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Figure 3a,b show that, with the increase of carbon cap on low-emission enterprises
(low-emission manufacturers), all the enterprises’ carbon trading volumes and product
trading volumes between two types of enterprises increase. That is, a higher carbon cap
on low-emission enterprises represents that they have more residual carbon credits to sell
to the high-emission enterprises (suppliers and manufacturers) in the carbon emission
center, and then boost the economic activities of the suppliers and manufacturers. It is also
interesting to find from Figure 3b that the product trading volumes related to low-emission
manufacturers are less sensitive to changes in their carbon cap than those of high-emission
manufacturers, implying that the low-emission manufacturers are in a dominant position
in the product transaction process.

From Figure 3c, it can be seen that the increase in the provision of raw materials from
suppliers leads to a decrease of selling price of raw materials. Therefore, the low-emission
manufacturers prefer to make use of more raw materials to produce new products rather
than produce remanufactured products by EOL products. Accordingly, they reduce the
buy-back price to decrease the collection quantities of EOL products. From Figure 3d, we
can find that as capi increases, the suppliers suffer losses since the profit increment resulted
from the increase in raw materials supply is lower than the profit reduction due to both the
decrease in raw materials selling prices and the increase of expenses for purchasing carbon
credits. In contrast, an opposite changing trend arises for the profits of manufacturers and
carbon trading center, mainly owing to the increase of product transaction volumes and
carbon trading volumes with capi.

5.4. Numerical Example 4

In this section, we assume that the carbon cap on low-emission manufacturers is fixed
and change the carbon cap on high-emission enterprises (suppliers and high-emission
manufacturers); specifically, we let µ = 0.26, capi = 5, caps = 7:0.5:10 and capj = 4:0.5:7.
The variations in the carbon trading quantities, product trading volumes and profits are
listed in Table 4.
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Table 4. The impact of carbon caps on high-emission enterprises on the equilibrium results.

caps 7 7.5 8 8.5 9 9.5 10
capj 4 4.5 5 5.5 6 6.5 7

q∗s 13.4374 14.1482 14.8594 15.5709 16.2829 16.9952 17.7079
q∗sj 2.2578 2.5015 2.7449 2.9881 3.2309 3.4734 3.7156
q∗si 4.4609 4.5726 4.6847 4.7974 4.9106 5.0242 5.1384
q∗jk 2.6527 2.9391 3.2251 3.5108 3.7961 4.081 4.3656
q∗ik 5.2413 5.3725 5.5043 5.6366 5.7696 5.9031 6.0372
qv∗

jk 2.032 2.2514 2.4704 2.6893 2.9078 3.126 3.344
qv∗

ik 4.0148 4.1153 4.2163 4.3177 4.4195 4.5218 4.6245
q∗kj 0.6897 0.7642 0.8385 0.9128 0.987 1.0611 1.1351
q∗ki 1.3627 1.3968 1.4311 1.4655 1.5001 1.5348 1.5697

t∗s 1.0624 0.9889 0.9156 0.8426 0.7697 0.6971 0.6248
t∗j 0.5202 0.5082 0.4956 0.4824 0.4685 0.454 0.439
t∗i 1.5827 1.4971 1.4112 1.3249 1.2382 1.1512 1.0637

ρ∗sj 30.5599 30.3116 30.0573 29.7968 29.5304 29.2579 28.9794
ρ∗si 32.7631 32.3827 31.9971 31.6062 31.2101 30.8087 30.4021
ρ∗jk 62.1155 61.779 61.4266 61.0582 60.6739 60.2738 59.8579
ρ∗ik 60.4221 60.2856 60.1447 59.9995 59.8498 59.6957 59.5372
ρ∗kj 6.3794 6.5283 6.6771 6.8256 6.974 7.1221 7.2701
ρ∗ki 27.5442 25.6547 23.7549 21.8451 19.9251 17.995 16.0548

πs 273.4611 277.7559 280.9094 282.9079 283.7377 283.385 281.8364
πj 115.069 121.946 127.4861 131.6755 134.5007 135.9483 136.0048
πi 69.0652 72.9477 76.8596 80.8031 84.7803 88.7934 92.8445
πt 40.9495 38.7458 36.5309 34.3049 32.068 29.8202 27.5617

Table 4 shows that increasing the carbon caps on high-emission enterprises will
increase (decrease) the product (carbon) trading volumes of each enterprise. In other
words, when the carbon quotas allocated by the government are relatively abundant for
high-emission enterprises, they will purchase fewer carbon credits from the carbon trading
center. Consequently, the carbon trading center is less profitable, and this will also cause a
greater burden to the environment. In addition, with the increase of the carbon caps for
suppliers and high-emission manufacturers at the same pace, the profits of both types of
manufacturers show an upward trend with respect to products sales volumes, while that
of suppliers first increase and then decrease. Specifically, the profit of suppliers reaches the
maximum at the point

(
caps, capj

)
= (9, 6). This changing trend of suppliers’ profit still

depends on the joint influences of transaction quantities and selling prices of raw materials,
and the expenses for purchasing carbon credits, which can be explained in a similar way as
Numerical example 3.

Hence, based on the above analysis, the setting of carbon caps by government on high-
emission enterprises should balance the CLSCN members’ economic interests and carbon
emissions. In this example, the carbon caps

(
caps, capj

)
= (9, 6) for high-emission enter-

prises can realize profit maximization of suppliers, and make both types of manufacturers
at a relatively higher level, as well as generate not too high carbon emissions.

5.5. Numerical Example 5

In this section, we explore the impacts of minimum collection rate of EOL products µ
set by government on equilibrium solutions in detail. Specifically, we let µ = 0.26, caps = 8,
capj = 5, capi = 5 and µ = 0.14:0.04:0.42. Then we observe variations in the product
trading volumes, carbon trading quantities, and profits, and the results are listed in Table 5.
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Table 5. The impact of the minimum collection rate on equilibrium results.

µ 0.14 0.18 0.22 0.26 0.3 0.34 0.38 0.42

q∗s 15.8464 15.5298 15.2014 14.8594 14.5011 14.1241 13.7252 13.3333
q∗sj 3.1819 3.0362 2.8903 2.7449 2.6013 2.4605 2.3235 2.1689
q∗si 4.7413 4.7287 4.7105 4.6847 4.6492 4.6015 4.539 4.4977
q∗jk 3.2766 3.2609 3.2434 3.2251 3.2071 3.1909 3.1781 3.1383
q∗ik 4.8823 5.0785 5.2861 5.5043 5.7319 5.9674 6.2084 6.508
qv∗

jk 2.8637 2.7326 2.6012 2.4704 2.3412 2.2145 2.0912 1.952
qv∗

ik 4.2671 4.2558 4.2394 4.2163 4.1843 4.1414 4.0851 4.048
q∗kj 0.4587 0.587 0.7136 0.8385 0.9621 1.0849 1.2077 1.3181
q∗ki 0.6835 0.9141 1.1629 1.4311 1.7196 2.0289 2.3592 2.7334

t∗s 1.5079 1.3179 1.1209 0.9156 0.7007 0.4744 0.2351 0
t∗j 0.426 0.4522 0.4749 0.4956 0.5162 0.5393 0.568 0.5485
t∗i 1.9339 1.7701 1.5958 1.4112 1.2169 1.0138 0.8031 0.5485

ρ∗sj 28.122 28.8112 29.458 30.0573 30.6033 31.0896 31.5089 30.7291
ρ∗si 29.6813 30.5036 31.2782 31.9971 32.6512 33.2306 33.7244 33.058
ρ∗jk 61.4114 61.4156 61.421 61.4266 61.431 61.4326 61.4295 61.4545
ρ∗ik 59.5213 59.8926 60.1093 60.1447 59.9703 59.5562 58.8721 57.2285
ρ∗kj 5.9174 6.1739 6.4271 6.6771 6.9243 7.1698 7.4154 7.6362
ρ∗ki 16.9854 19.2771 21.5355 23.7549 25.9294 28.0518 30.1143 33.2112

pj∗
k 63.485 63.4789 63.473 63.4667 63.4595 63.4508 63.4395 63.4394

pi∗
k 71.8764 71.7448 71.6057 71.4594 71.3066 71.1485 70.9863 70.7866

πs 251.3352 262.5628 272.4581 280.9094 287.7928 292.9736 296.3093 283.5147
πj 106.6208 113.5572 120.5188 127.4861 134.4528 141.4295 148.446 159.9753
πi 55.6065 64.666 71.9188 76.8596 78.8839 77.2889 71.2853 54.7366

πi + πj 162.2273 178.2232 192.4376 204.3457 213.3367 218.7184 219.7313 214.7119

Table 5 shows that as the minimum collection rate of EOL products µ increases, the
carbon trading volumes of both suppliers and low-emission manufacturers exhibit an
obvious trend of decline, while those of high-emission manufacturers first increase steadily
then decrease slightly. These trends can be interpreted combined with changes of product
trading volumes. It can be clearly seen that as the minimum collection rate increases, both
types of manufacturers reduce the supply of new products, while increase collection and
remanufacturing quantities of EOL products since there is no difference between new and
remanufactured products. Hence, the order quantities of raw materials at the manufacturers
decrease, which leads to the fact that the suppliers reduce the production quantities of
raw materials and generate fewer carbon emissions. Accordingly, the quantities of carbon
credits they need to purchase in the carbon trading center become fewer. From this point,
the government increasing collection rate target is conductive to improving utilization rate
of EOL products and saving raw materials.

As for two types of manufacturers, we can find that as µ increases, there is an upward
trend for the total product supply of low-emission manufacturers, while the opposite is
true for high-emission manufacturers. The reason lies in that under the same carbon cap
for two types of manufacturers

capi = capj = 5, the production quantities and market share of low-emission manu-
facturers are significantly higher than those of high-emission manufacturers due to lower
unit carbon emissions. Thus, with a given minimum collection rate, the low-emission
manufacturers have to collect much more EOL products at a higher buy-back price than
high-emission manufacturers. Consequently, for low-emission manufacturers, the increase
of remanufactured products outweighs the decrease of new products, their total product
supply increases in µ ≤ 0.26; in contrast, for high-emission manufacturers, the increase
of remanufactured products is less than the decrease of new products, their total product
supply decreases in µ ≥ 0.34.
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Although remanufacturing is indeed a low-carbon alternative to new manufacturing,
excessive remanufacturing activities lead to the increase of carbon emissions for the low-
emission manufacturers, the decrease of their residual carbon quotas and carbon trading
volumes. Specifically, when µ exceeds a critical threshold 0.38, the residual carbon credits
that low-emission manufacturers can sell in the carbon trading center are very limited,
resulting in the decrease of the purchasing carbon credits for high-emission manufacturers.
In addition, when µ > 0.38, due to the dominant position of low-emission manufacturers
in the demand markets, too excessive products of theirs not only force themselves to lower
down the sales price in demand markets, but also make the suppliers have to reduce the
transaction prices of raw materials with both types of manufacturers.

By observing changes in the profits of enterprises, we can find that although the
market share of high-emission manufacturers is relatively smaller, their profits show a
trend of continuous growth with the increase of the minimum collection rate. Conversely,
the profit of the carbon trading centers decreases all the time due to fewer and fewer
carbon trading volumes. The profits of both suppliers and low-emission manufacturers
first increase then decrease with respect to the minimum collection rate. To be specific,
when µ ≤ 0.38, the suppliers’ profits improve with µ due mainly to the increase of the
raw material transaction price with low-emission manufacturers; however, when µ > 0.38,
as mentioned above, the price turns to go down and then brings about the decrease of
suppliers’ profits. The maximum profits of low-emission manufacturers appear earlier than
suppliers, i.e., µ = 0.3 corresponds to the turning point. It indicates that a relatively higher
minimum collection rate may hurt the profits of low-emission manufacturers, due to the
fact that their revenues from remanufacturing cannot compensate for the increased costs
associated with collection and remanufacturing. Moreover, as discussed above, a relatively
higher minimum collection rate also fails to realize carbon emission reduction for the
low-emission manufacturers. Hence, from the perspectives of both economic benefits and
carbon emissions reduction, the government should not blindly pursue a high collection
rate target.

6. Managerial Insights

Based on the analysis of five numerical examples above, the management insights are
summarized as follows:

First, as we can find in all numerical examples that too high carbon cap on any kind
of enterprise in the CLSCN will decrease the benefits of suppliers. From this perspective,
there is a consistency between carbon emission reduction target of the government and the
profit target of enterprises.

Second, on the one hand, the government should not over-relax the carbon emission
restrictions on the low-emission manufacturers, that is, too high carbon cap for the low-
emission manufacturers will lead to overabundant carbon credits in their hands that
will be sold to the suppliers and high-emission manufacturers. Accordingly, with more
available carbon credits, the suppliers raise the production quantities and reduce the
selling prices of raw materials. As the prices of raw materials become lower, both types
of manufacturers increase order quantities of raw materials but decrease the collection
and remanufacturing quantities of EOL products. It is against the objectives of improving
resources utilization rate of the CLSCN. On the other hand, the government should not
over-tighten the carbon emission restrictions on the high-emission enterprises (suppliers
and high-emission manufacturers), otherwise the profits of all the enterprises will be
severely damaged. Hence, the government should choose reasonable and moderate carbon
caps for both high- and low-emission enterprises to balance the CLSCN members’ economic
interests, carbon emissions, as well as resources utilization rate.

Third, although low-emission manufacturers dominate the market, their profits are
lower than those of high-emission manufacturers due to their higher production costs.
Hence, the government should give subsidies to low-emission manufacturers for their
investments in low-carbon (green) technology.
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Fourth, although a high collection rate target can reduce the use of raw materials and
improve resource efficiency of EOL products, the government should not set the minimum
collection rate too high. Otherwise, it would be a burden on low-emission manufacturers
and not in favor of carbon emission reductions. In addition, the intense interactions between
low-emission manufacturers and suppliers, in turn, benefit high-emission manufacturers
instead. Thus, the government should choose a moderate collection target to guarantee the
economic benefits of all CLSCN members.

7. Conclusions

Based on variational inequality theory, this paper models a three-echelon CLSCN com-
posed of suppliers, high- and low-emission manufacturers, demand markets and carbon
trading centers, and then derives the equilibrium production/remanufacturing quantities,
product transaction volumes and carbon trading strategies. Furthermore, the influences of
changes in the main parameters on the equilibrium solutions and CLSCN members’ profits
are analyzed combined with numerical examples. We draw the conclusions as follows:

Under certain circumstances, there is a consistency between carbon emission reduction
target of the government and the profit target of enterprises. The government should
choose reasonable and moderate carbon caps for all the enterprises and collection rate
target to balance the CLSCN members’ economic interests, carbon emissions, as well
as resources utilization rate. Moreover, the government should also subsidize the low-
emission manufacturers for their investments in low-carbon (green) technology.

The model in this paper can be extended in the following aspects. First, only a single-
period CLSCN model is established in this paper. Thus, the results of this study can be
enriched by examining the dynamic multi-period case. Second, in reality, there are often
more types of members such as retailers and third-party collectors involved in a CLSCN,
so future research could consider a more complex CLSCN with more decision tiers. Finally,
in future research, issues such as emission reduction technologies and consumer behaviors
could be considered.
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