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In the current context of resource scarcity and increased pollution, enterprises need to better allocate capacity and achieve carbon
emission reduction. We examine the optimal decision problem for a closed-loop supply chain (CLSC) considering capacity
constraints and stochastic demand under a cap-and-trade system. A two-level CLSC comprising a supplier and a manufacturer is
established. To make the model more realistic, we treat demand as a random variable, consider the manufacturer’s production
capacity within a certain upper limit, and allow the manufacturer to make investments to expand capacity to complete production
demand. Based on this CLSC, the collection activities of the supplier and manufacturer are considered. Meanwhile, government
carbon limits and carbon trading controls on the manufacturer are considered based on carbon reduction by enterprises. Through
modeling and analysis, optimal decisions are derived for the amount of capacity investment, level of carbon emission reduction,
and collection price variables. The results indicate that supplier collection has a positive effect on the sustainability of the CLSC.
Moreover, the government’s carbon quota and carbon trading control of manufacturers can effectively reduce the carbon
emissions of the CLSC, encourage enterprises to reduce carbon emissions, and improve the sustainability of the CLSC.

1. Introduction

With gradual technological development in recent years,
mankind’s consumption of nature and resources has in-
tensified, leading to increasingly serious problems of envi-
ronmental pollution and resource shortages. A primary
cause of this chronic natural disaster is the “carbon” element
produced during the manufacturing process. As the quality
of human beings increases, conscious environmental be-
havior begins to emerge. A German survey revealed that
people are more likely to buy cars with lower carbon
emission (CE), even if they are more expensive than con-
ventional cars [1]. Furthermore, many manufacturing
companies have begun incorporating collecting and rema-
nufacturing activities, such as Kodak’s collection and
remanufacturing of disposable camera lenses and Michelin’s

collection and reuse of the tires it sells to achieve complete
resource efficiency. Many countries and companies have also
made CE reduction a key strategic decision for development,
with the expectation that CE will be as minimal as possible.
In some European countries, CE from production processes
is controlled by adding carbon footprint labels to the
product packaging [2]. As the world’s largest developing
country, China has made energy conservation, CE reduc-
tion, and low-carbon development a long-term development
strategy while setting targets for reducing domestic carbon
dioxide emissions. Reducing CE has become vital for the
future development of various countries and enterprises. A
closed-loop supply chain (CLSC) that considers reverse
logistics is conducive to achieving low-carbon development
for enterprises. By considering CE reduction decisions based
on a CLSC, the CE generated in the manufacturing process
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may be reduced, and the development of remanufacturing
activities may be promoted to realize the effective use of
resources. This study examines the impact of each decision
on CE and CLSC sustainability from the perspective of a
CLSC that considers CE reduction.

A CLSC game problem that considers carbon reduction
considers the CE of suppliers, manufacturers, retailers, and
other CLSC members based on a CLSC. Then, it induces the
carbon reduction behavior of the members, adds a carbon
reduction cost, and solves and analyzes the optimal decision.
We divide this problem into two categories. The first cat-
egory only considers CE reduction behavior. It sets the level
of CE reduction per unit as a constant value, which is only
reflected in the demand and cost functions. The second
category considers the level of CE reduction as one of the
decision variables of CLSC members, and the level of
emission reduction affects the costs, benefits, and optimal
decisions. In this study, to better promote the CE reduction
behavior of the CLSC and thus achieve low-carbon pro-
duction, the second category of “CLSC game problem
considering CE reduction” is used as the benchmark
problem, with the CE reduction level as a decision variable
and with the corresponding CE reduction cost.

In existing studies of CLSC games that consider carbon
reduction, manufacturers’ production capacity is often seen
as infinite, which is not in line with reality. In practice, there
must be a limit to a company’s production capacity, for
example, the car engine remanufacturer Cummins produces
only 3,000 units per year, and the engine plant in China
produces only 5,000 modified cars per year. Moreover,
carbon is mainly generated during the product
manufacturing process [3]. For CLSCs, a product’s
manufacturing and remanufacturing processes are the main
sources of CE; in fact, carbon is often seen as a byproduct of
these processes. If capacity is considered infinite, manu-
facturers will be unable to make reasonable capacity allo-
cations, and the CE from the production process will become
difficult to quantify. Consequently, the carbon reduction
behavior of the product manufacturing and remanu-
facturing processes cannot be comprehensively studied.
Therefore, it is essential to consider a decision-making
environment for capacity constraints.

In recent years, in addition to a large amount of CE that
threatens the environment, resource wastage has exerted a
negative environmental effect [4]. In current CLSC problems
that consider carbon reduction decisions, demand is often
considered a linear function of price. In practice, however,
demand is often unpredictable, leading to a failure to achieve
a perfect equilibrium between supply and demand and,
consequently, resource wastage. Uncertainty, a specific and
unavoidable feature of CLSCs, increases the complexity of
managing CLSCs. Therefore, by considering the capacity
constraints, we also consider the stochastic nature of de-
mand in this study. We examine the CLSC game problem
based on this innovation by considering carbon reduction
decisions.

In the CLSC game problem of carbon reduction deci-
sions under capacity constraints and stochastic demand, the
relationship between production and demand becomes
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complex. In a situation where demand exceeds supply or
supply exceeds demand, manufacturers need to determine
their optimal output in the face of uncertainty in demand
and capacity constraints. When considering manufacturing
and remanufacturing activities, decision-makers need to
rationalize the capacity of production activities. Capacity
investment is an appropriate solution when manufacturers
cannot achieve an optimal output under capacity con-
straints. In 2007, the three largest US automakers responded
to demand and competitive pressures by using capacity
investments to increase production capabilities, and the
right investment decisions earned them higher returns [5].

In addition, sound capacity investment in remanu-
facturing activities can further reduce CE. For example, in
the United States, investment in remanufacturing activities
increased by 15%, and the CE decreased by 50% annually
from 2009 to 2011 [6]. The appropriate investment in ca-
pacity for the manufacturer has a significant impact on the
profitability of companies and their competitiveness in the
marketplace. Capacity investment affects manufacturers’
production and directly impacts the extent to which demand
is met, thereby affecting the image and competitiveness of
the company. At the same time, capacity investment de-
termines the value of CE from manufacturing activities,
which in turn determines the sustainability and environ-
mental benefits of the chain. Therefore, considering the
above-mentioned capacity constraints and stochastic de-
mand, this study investigates the impact of capacity in-
vestment on the CLSC game problem, considering CE
reduction decisions.

Most studies on CLSC games that consider carbon re-
duction decisions discuss manufacturers, retailers, and
third-party collectors, thereby leaving a gap in research on
supplier collection. However, companies are becoming more
connected to their suppliers. Caterpillars have handed over
their collection processes and remanufacturing activities to
their key component suppliers [7]. We consider a scenario in
which suppliers provide raw materials and components for
manufacturers and are more familiar with components than
other members of the CLSC. Thus, they can have better
quality control over recycled components and a greater
capability to ensure the quality of remanufactured products.
The quality of recycled parts is one of the most important
factors affecting the operation of a CLSC, and low-quality
secondary parts can have a negative impact on the rema-
nufactured products produced [8]. In addition, collabora-
tion with suppliers plays a role in reducing CE; for example,
Walmart mandates that its suppliers coparticipate in pro-
duction projects to reduce production emissions. Dell col-
laborates with its suppliers to reduce CE [9]. Therefore, we
add a new supplier collecting approach to the CLSC game
problem that considers carbon reduction decisions under
the above innovation, and conduct a comparative analysis of
different collecting approaches.

A chief concern in the CLSC game problem of CE re-
duction decisions under the above innovation is how to
achieve better CE reduction. Cap-and-trade is a widely
applied policy for CE control. For example, in China, Bei-
jing, Shanghai, Hubei, and Shenzhen were permitted to carry
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out carbon trading pilots as early as 2012 [10]. At the Global
Climate Conference, the Chinese government pledged to
reduce CE per unit of gross domestic product by more than
40% in 2020 relative to the rate in 2005; such a target has
been incorporated into China’s Plan [11]. An increasing
number of countries are collaborating toward environ-
mental protection to promote global sustainable develop-
ment and carbon reduction, and they have great flexibility in
meeting reduction targets [10]. Upon integrating the cap-
and-trade approach and based on a CLSC game problem
that considers carbon reduction decisions, countries could
control CE more effectively, resulting in greater benefits to
environmental protection.

In this study, we examine the optimal decision problem
for a CLSC considering capacity constraints and stochastic
demand under a cap-and-trade system. A two-level CLSC
comprising a supplier and a manufacturer is established. To
make the model more realistic, we treat demand as a random
variable, consider the manufacturer’s capacity to have a
certain upper limit, and allow the manufacturer to invest in
and expand capacity to meet production demand. In such a
CLSC, maximizing sustainability while ensuring that the
CLSC is profitable is considered. Therefore, based on this
CLSC, we view the supplier and manufacturer as initiators of
collecting activities to recycle and use products with a re-
sidual value in the CLSC, ultimately reducing resource waste
and environmental pollution. Owing to the worldwide
control of CE and increasing consumers’ environmental
awareness, there is an urgent need to reduce the carbon
footprint of products. Therefore, CLSC should be considered
in the context of the current low-carbon environment.
Under a cap-and-trade system, we consider a government-
imposed cap on the CE generated by manufacturers during
the production process. There is a shortage of carbon al-
lowances, and manufacturers can purchase carbon allow-
ances in the carbon trading market to complete their
production. To reduce the cost of this transaction, manu-
facturers would seek to reduce their CE by making corre-
sponding investments in carbon reduction.

The main contributions of this study are summarized as
follows: First, this study adds decision environment con-
straints to the CLSC game problem, which considers CE
reduction decisions by setting an upper limit on manu-
facturers’ production capacity and considering demand as a
more realistic stochastic type. Second, for manufacturers to
make optimal production decisions and minimize CE, we
consider their capacity investment behavior. We propose the
amount of capacity investment as a new decision variable to
discuss the impact of manufacturers’ capacity investment
behavior on CLSC benefits and environmental efficiency.
Third, with the expectation that manufacturers will be
committed to remanufacturing and that the quality of
remanufactured products can be controlled, we increase the
collecting channels by assigning collecting activities to the
supplier because they are more familiar with those com-
ponents’ qualities and compare the differences between
different collection models. Fourth, for the first time, cap-
and-trade is considered in the context of these innovations,
and optimal carbon reduction decisions under controls are

discussed to enhance the sustainability of this chain. This
study is the first to investigate the optimal capacity in-
vestment, carbon reduction, and pricing decisions for a
CLSC considering capacity constraints and stochastic de-
mand under the cap-and-trade system.

The remainder of this study is organized as follows.
Section 2 presents a review of the relevant literature. Section
3 presents the research problem, relevant parameter settings,
and model assumptions and then performs model building
and calculations. Section 4 details the numerical experiments
and model analysis and compares the models. Section 5
presents conclusions and directions for future research.

2. Literature Review

The literature review is examined through two directions: (1)
studies related to supply chain collecting issues and (2)
studies related to supply chain carbon emission reduction
issues.

2.1. Supply Chain Collection. With the emergence of re-
source shortage problems, a growing number of studies are
focusing on the field of CLSC research. Among them, the
reverse collecting process in the CLSC is the most important,
and methods to choose the appropriate collecting channels
and make appropriate collecting decisions are the focus of
managing the CLSC system.

The issue of collecting channels has been studied ex-
tensively. Savaskan, Bhattacharya, and Van Wassenhove [12]
studied the impact of different collecting channels on pricing
decisions in CLSCs and used two-part tariff contracts to
mitigate channel conflicts and improve CLSC efficiency. Pal
and Sarkar [13] considered a CLSC consisting of a manu-
facturer, retailer, supplier, and a third-party recycler. In this
case, the manufacturer has direct and traditional channels of
the retailer. The level of green innovation of the manufac-
turer and the promotion strategy of the retailer is consid-
ered. Ding et al. [14] examined the pricing, purchasing, and
collecting decisions of manufacturers and retailers using a
CLSC framework consisting of a manufacturer and two
competing retailers, in which the retailer performs the
collecting. The results show that the higher the wholesale
price, the less active the retailer’s collecting activity. When
the collecting price is higher, the retailer will be more
proactive in collecting the product. Wen et al. [15] developed
a CLSC game model consisting of manufacturers and re-
tailers to explore members’ pricing and collecting decisions
based on the consideration that consumers have environ-
mental responsibilities. Feng et al. [16] considered the re-
verse logistics of perishable items and investigated the
optimal control of production and remanufacturing of
collecting systems. They also compared the optimal dynamic
strategy with the static optimal strategy and found that the
former was significantly better.

Some scholars have also studied multichannel collec-
tions. Mondal et al. [17] considered a CLSC system with dual
sales and collecting channels, in which the manufacturer has
two online and offline sales channels and channels. The



impact of different channels on decision-making and rev-
enue was analyzed and compared upon combining different
sales and collecting channels. Taleizadeh et al. [18] estab-
lished a CLSC network consisting of a manufacturer, retailer,
and third-party collector. The manufacturer has dual sales
channels, and collecting activities can be performed by the
retailer or third-party collector. A new coordination
mechanism was introduced and discussed to reduce channel
conflicts and increase the profitability of each supply chain
member. Xu [19] developed a CLSC consisting of a man-
ufacturer and retailer. Similarly, the manufacturer has online
and offline sales, and collecting activities can be performed
by either the manufacturer or retailer. Consumer prefer-
ences for sales channels are considered, and the analysis
compares the optimal price and the best collecting decision
under different models. Wang et al. [20] constructed a CLSC
system consisting of manufacturers, remanufacturers, and
retailers to study the optimal decision problem of members
under three different mixed collecting models.

Many scholars have studied collecting issues in com-
bination with other issues. Wang et al. [21] constructed a
closed-loop e-commerce supply chain consisting of a re-
manufacturer and a web-based collecting platform to study
collecting services and quality improvement issues. Wang
et al. [20] examined a CLSC consisting of suppliers and
third-party collectors, considering the manufacturer’s ca-
pacity constraints where the two are in competition. The
most available pricing and collection decisions of study
members were examined. Wang and Shao [22] discussed
capacity investment decisions under the manufacturer’s
capacity constraints and examine the issue of coordination
contracts among members.

Among the studies on CLSC collecting channels,
manufacturer collection, retailer collection, and third-party
collector collection are the most frequently discussed col-
lecting channels. There is scant literature on the structure of
CLSC with supplier participation. Based on the existing
research results, under the stochastic demand constraint,
this study considers the supplier-collecting channel in the
CLSC with a capacity constraint to explore the optimal
decision in the CLSC.

2.2. CE Reduction in Supply Chains. CLSCs considering CE
reduction can be broadly divided into two types: one is
combined with manufacturers’ CE reduction instruments,
and the other is combined with government actions. Zhang
et al. [10] discussed CE reduction in CLSCs without col-
lecting links, analyzed the impact of input CE reduction on
the benefits to CLSC members, and found that a single-
channel CLSC structure is more conducive to CE reduction
when consumers have environmental preferences. Dong
et al. [23] discussed CE reduction in a dual-channel CLSC
and examined the impact of compensation contracts and
consumers’ low-carbon preferences, concluding that CLSCs
should aim to improve consumers’ low-carbon preferences
to increase their benefits. Yu et al. [24] examined the low-
carbon advertising investment of manufacturers and re-
tailers in the context of CE reduction by comparing the
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relationship between the level of profit, demand, and ad-
vertising investment across a CLSC under three-game
models. Yang and Xu [2] investigated how carbon abate-
ment costs and remanufacturing ratios affect participants’
decisions in a CLSC network (CLSCN) under dynamic
conditions by developing a differential game model. They
concluded that greater investment in carbon abatement
technologies leads to better reductions in CE and increased
CLSC benefits. Wu et al. [25] discussed the impact of de-
cision-makers equity concerns on the benefits of each de-
cision-maker and the members of the CLSC that considers
carbon abatement.

Government actions include subsidies, taxes, and carbon
cap-and-trade on CE. Wu et al. [26] examined carbon
abatement decisions in the presence of government sub-
sidies, green preferences among consumers, and coordi-
nation contracts. The results showed that manufacturers’
efforts to reduce CE affect demand for the product, and fixed
government subsidies do not affect member benefits. Zhang
et al. [10] examined the impact of government interventions
on carbon reduction decisions and social welfare and
concluded that government interventions effectively control
total CE and improve social welfare but have some impact on
member benefits. Zhang et al. [10] investigated the impact of
government incentives and disincentives related to CE and
collection rates on CLSC members’ decisions and investi-
gated asymmetric information about such incentives and
disincentives for the first time. Li et al. [27] discussed the
impact of a carbon tax on CLSCs using chaos analysis and
other methods by introducing a tax on CE in a two-oligarch
game model of a multichannel CLSC. Wang et al. [28]
studied government subsidies and cost-sharing contracts
under pressure from environmentally conscious manufac-
turers and corporate social responsibility. Wang et al. [29]
constructed a closed-loop e-commerce supply chain and
discussed the impact of government subsidies on decision-
making.

Some studies have investigated the carbon cap-and-trade
regulations in CLSCs. Wang et al. [30] examined the pro-
duction decision under capital constraints and CE permit
repurchase strategy (CEPRS) and analyzed the impact of
CEPRS on the decision and benefits. Zhang et al. [31] studied
the impact of cap-and-trade regulations on a three-tier
CLSCN consisting of suppliers, manufacturers, and carbon
trading centers. It then used variational inequalities to derive
optimality conditions. Yang et al. [32] examined the impact
of cap-and-trade regulations on CLSCs consisting of
manufacturers, retailers, and third-party collectors and in-
vestigated the CE and benefits of membership under dif-
ferent collecting channels. The results revealed that
collecting remanufactured products can increase carbon
reduction and improve the low-carbon sustainability of
CLSCs. Under a CLSC structure consisting of manufac-
turers, retailers, and third-party collectors, Jauhari et al. [33]
investigated the impact of carbon cap-and-trade policies and
investments in green technologies on members’ decision-
making. The findings indicated that CLSC benefits are
maximized under centralized decision making. Yan et al.
[34] examined the optimal collecting strategy in a CLSC
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consisting of a manufacturer, retailer, and third-party col-
lector, considering carbon cap-and-trade policies. Xu et al.
[35] examined how CLSCs with hybrid and dedicated
structures were affected by several carbon policies.

Other studies have analyzed carbon cap-and-trade
control policies compared to other CE policies. Yang et al.
[36] examined how CLSC participants’ optimal decisions are
affected when they do not follow a cap-and-trade policy and
offered recommendations on the management of imported
products and CE regulation. Hu et al. [37] discussed two
additional government subsidies in a CLSC considering cap-
and-trade regulations, namely, policy bias and direct subsidy
and concluded that there is little difference in the impact of
the two types of government subsidies on the CLSC. Alegoz
et al. [38] analyzed and compared three different carbon
policies, and found the optimal decision for each member of
the CLSC under the three emission policies. Mohammed
et al. [39] compared and analyzed the various carbon reg-
ulation mechanisms implemented for carbon emissions in
CLSCs and proposed a model that improves the overall
benefits and emissions of CLSCs. Samuel et al. [40] exam-
ined the impact of CE policies and carbon cap-and-trade
controls, on CLSCN. The results indicated that CE policies
and carbon cap-and-trade controls have a greater impact on
CLSCs than carbon cap-and-trade policies.

Relationships between members are also a direction for
related research. Wang et al. [41]examined a low-carbon
supply chain consisting of a retailer and a manufacturer and
discussed the manufacturer’s investment in carbon reduc-
tion technologies. Mondal and Giri [42] examined com-
petition and cooperation in a CLSC consisting of a
manufacturer and two competing retailers under carbon
trading control and concluded that carbon cap-and-trade
policies have some positive benefits for each member of the
CLSC. Similarly, Gan et al. [43] examined the coordination
and cooperation between CLSC members. The impact of
profit-sharing contracts between manufacturers and re-
tailers on pricing strategies was also investigated in the
context of carbon cap-and-trade policies. This study re-
ported a positive relationship between the benefits of CLSC
members and carbon caps. Similarly, Wang et al. [44]
discussed carbon emission reduction in the context of a
CLSC structure and studied the coordination contracts
between members.

In recent studies related to CE reduction in CLSCs,
scholars have discussed CE reduction decisions combined
with coordination problems, government subsidies, gov-
ernment reward and punishment mechanisms, carbon taxes,
and advertising investments. In this study, the optimal
decision problem of the CLSC is discussed by combining CE
reduction, carbon quotas, and carbon trading in an inno-
vative supply chain structure and constraint environment.

3. Problem Description and Assumptions

In this study, we examine the optimal decision for a CLSC
considering capacity constraints and stochastic demand
under a cap-and-trade system. A two-level CLSC, com-
prising one supplier and one manufacturer is established. To

make the problem more realistic, we treat demand as a
random variable, consider the manufacturer’s capacity to
have a certain upper limit, and allow the manufacturer to
invest in and expand capacity to meet production demand.
In such a CLSC, maximizing sustainability while ensuring
that the CLSC is profitable is considered. Based on this
CLSC, we view the supplier and manufacturer as initiators of
collecting activities to recycle and reuse products with a
residual value in the CLSC, ultimately reducing resource
waste and environmental pollution. Thus, CLSC should be
considered in the context of the current low-carbon envi-
ronment. Under a cap-and-trade system, we consider a
government-imposed cap on the emissions generated by
manufacturers in manufacturing and remanufacturing.
There is a shortage of carbon allowances, and manufacturers
can purchase carbon allowances in the carbon market to
complete their production. To reduce the cost of this
transaction, manufacturers would seek to reduce their CE by
making corresponding investments in carbon reduction.

In this section, we consider a CLSC comprising one
manufacturer and one supplier. In the forward CLSC, the
manufacturer uses new raw materials and recycled materials
for manufacturing and remanufacturing and has a certain
upper capacity limit that requires capacity investment. In the
reverse CLSC, two collecting models are considered: (1) the
supplier collecting model, where the collecting activity is
handed over to a supplier who is more familiar with the
component, and then the manufacturer obtains the rema-
nufactured raw material from the supplier; and (2) the
manufacturer collecting model, where the manufacturer
remanufactures the product directly from the consumer. To
improve the sustainability of the CLSC, we set the models to
consider a carbon cap-and-trade system and investment in
carbon reduction. The CLSC structures of the six models are
shown in Figure 1.

We summarize the parameters and decision variables
used in the models in Table 1, which represent the profits of
player i in model j as I/, where j=M, ME, MC, S, SE, and
SC, representing the following models: manufacturer col-
lecting model without carbon reduction decision, manu-
facturer collecting model with carbon reduction,
manufacturer collecting model with carbon trading controls
and carbon reduction, retailer collecting model without
carbon reduction decision, retailer collecting model with
carbon reduction, and retailer collecting model with carbon
trading controls and carbon reduction, respectively. i=S, M,
C, which denotes the supplier, manufacturer, and CLSC,
respectively.

3.1. Notations. Table 1 provides all the relevant symbols and
parameters that used.

3.2. Assumptions. To facilitate subsequent research and
analysis, we make the following assumptions.

Assumption 1. The manufacturer’s production capacity has
an upper limit ¢ and cannot produce without limits.
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Ficure 1: The CLSC structures. (a) Model M. (b) Model S. (c) Model ME. (d) Model SE. (¢) Model MC. (f) Model SC.

Manufacturers can make appropriate capacity invest-
ments, and their capacity investment costs can be viewed as a
primary function of the amount of capacity investment,
denoted by rk. This method has been widely used in liter-
ature. The invested capacity kk is fully utilized based on the
capacity investment and the manufacturer’s final output

Q=¢+k.

Assumption 2. The quantity of recycled products is positively
related to the collecting price offered by the collector; that is,
the quantity recycled can be expressed as g = a + bp, [45, 46].

When the collector does not offer a collecting price, some
green-conscious consumers will be willing to offer their
products for collection; thus, a can indicate consumers’
environmental awareness. The price offered by the collector
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TaBLE 1: Notations.

Model parameters

o Total market volume
D Market demand for products
D, Linear part of product market demand
€ Random parts of product market demand
B Sensitivity factor of market demand to product price
0 Sensitivity factor of market demand to the level of carbon
reduction
¢ Upper limit of manufacturer’s production activity capacity
¢,,  Production and manufacturing costs per unit of product
c Carbon trading price per unit of product on the carbon
t trading market
c, Production costs per unit of product components
Residual value of unsold products
b Sensitivity factor of product recovery volume to recovery
price
A Carbon reduction cost factor
r Capacity investment cost factor
P Supply price per unit of parts
P Selling price per unit of product
€ Carbon emissions per unit of product produced
Q Government-given carbon quotas for manufacturers
Decision variables
e Emission reduction levels per unit of product
Po Recovery price per unit of product in the market
k Volume of manufacturers” investment in production
activities
Derived variables
q Product recovery volume
Q Total product output
I Total supplier profit
I1,, Total manufacturer profit
I, Total CLSC profit
Indexes
* Represents the optimal solution in each case

serves as an incentive for consumers to recycle. Hence, the
higher the price, the more collection occurs.

Assumption 3. The cost of a manufacturer’s investment in
CE reduction is a quadratic function of the level of carbon
reduction, which can be expressed as 1/2\e>.

Assumption 4. There is no difference in the market between
the two kinds of products. Manufacturers price them the
same, and market preferences are the same.

In a CLSC that considers collecting activities, there are
usually two ways of dealing with the collected products. One is
to refurbish and repair the collected products directly and bring
them back to the market as second-hand products. Consumers
can distinguish between new and second-hand products in this
market, resulting in differences in the two product types and
pricing levels. The second is to dismantle the collected product
into components, inspect them for quality, and reuse those that
meet the criteria for use in manufacturing a new product. There
is no difference in form and function between the remanu-
factured product and the new product; hence, the consumer
does not recognize any differences between these product types.

Assumption 5. The linear partial function of product de-
mand is expressed as D, = a — p, + e.

Where D, is the linear part of product demand, « is the
total market volume for such a product, p, is the selling price
of the product, f3 is the sensitivity coeflicient of the product
market demand to the selling price, e is the manufacturer’s
level of CE reduction, and 0 is the sensitivity coeflicient of
demand to the level of carbon emission reduction. As en-
vironmental problems become increasingly serious, con-
sumers’ preferences for green products have become
evident, and products with higher green levels tend to be
favored by consumers. Meanwhile, product price remains an
important factor influencing product demand, and an in-
crease in product pricing will have a negative impact on
consumers’ willingness to purchase products. We consider
solely the linear effect of the CE reduction level and pricing
on product demand, with a, 3, 0 being positive constants.

Assumption 6. The total market demand for a product, D,
can be regarded as consisting of a linear demand, D,, and a
stochastic demand, ¢, thatis, D = D + € = a — fp, + fe + &.

In practice, many factors influence demand for a
product, which leads to a certain stochastic nature of de-
mand. Many scholars have considered the stochastic part of
the demand to make it more approximate to the actual
situation. There are usually two ways to consider demand
uncertainty: in multiplicative or in additive forms. In this
study, we refer to the additive form in which a random
variable ¢ is added to the linear demand within the range
[A, B]. We consider this random variable ¢ to have a variance
of 0, expectation of y, and cumulative distribution function
of F(-). The probability density function is F(-).

Assumption 7. When supply exceeds demand, the unsold
product still has surplus value; the surplus value per unit of
product is s, and the total surplus value is s[¢ + k — E(Q, D)],
where E (Q, D) is the actual sales volume.

4. Models and Analysis

We present two different types of mathematical models to
compare the two collecting approaches: manufacturer-col-
lecting and supplier-collecting models. Based on these
models, the effects of the two carbon reduction instruments
on decision making, carbon reduction decisions, and CE
control and trading are investigated. Thus, six different
scenarios are discussed as follows: a manufacturer collecting
no carbon decisions, a manufacturer collecting with carbon
reduction, a manufacturer collecting with carbon trading
control and carbon reduction, a retailer collecting no carbon
decisions, a retailer collecting with carbon reduction, and a
retailer collecting with carbon trading control and carbon
reduction. These models are used to develop manufacturers’
optimal collection, production, investment, and carbon
reduction decisions under different scenarios.

This model focuses on CE reduction and capacity in-
vestment decisions by combining the unit price of parts
supply p; and the unit price of product sales p,. The result is
considered to be the optimal value that has been decided



upon. In the manufacturer’s collecting model, the manu-
facturer must decide on the optimal collecting price p,, the
optimal level of CE reduction e, and the optimal level of
capacity investment k. In the supplier-collecting model, the
supplier must decide on the optimal collecting price p, while
the manufacturer must decide on the optimal level of CE
reduction e and the optimal level of capacity investment k.

In this study’s model, the stochastic nature of demand is
considered. Thus, the demand function can be seen as a
linear part and a stochastic part, that is, the total market
demand function is D = a — §p, + 0e + €. To facilitate the
derivation of the relevant law in the model calculation, we
treat the random variable of demand as a random variable
subject to a uniform distribution U (0,m) of random vari-
ables (where m > 0).

The actual sales volume function for the product is
therefore given by

k+¢
E(Q,D)=E[min(Q,D)] =
Dy+e (e<k+¢—-Dy)

(exk+¢—Dy)

k+¢—-D, m
=J- (DO+£)f(s)de+J (k+¢)f (e)de
0 k+¢-D,
2
:k+¢— (k+¢_D0)
2m

(1)

4.1. Models without Carbon Emission

4.1.1. The Manufacturer Collecting Scenario (Model M).
We consider a scenario in which the manufacturer’s CE
reduction decisions and the government’s carbon trading

M= M —Mpy +t mp, —mr + pa — sa — ngj + PSP _
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controls are not considered. The manufacturer and supplier
carry out collecting, manufacturing, and remanufacturing
activities without consideration of carbon emissions and
make the best decisions accordingly. In this scenario, the
manufacturer performs collecting and manufacturing ac-
tivities independently, and the supplier supplies the man-
ufacturer with the parts needed for production.

The profit functions for the manufacturer and supplier
are as follows:

Iy = p,E" (Q, D) +s[¢ + k" - E¥ (Q, D)]
—po " = cp(p+ kM) —rkM,
-pi(¢ (k" -q")),

' = (p, - Cs)(¢ +(kM - qM)),

where EM (Q,D) = kM + ¢ — (kM + ¢ — Dy)*/2m £ g™ = a+
bpy' £ Dy = o~ pp,.

The first term in the manufacturer’s profit function
P,EM(Q, D) represents the profit earned through the sale of
the product, the second term s[¢ + k™ — EM(Q, D)] rep-
resents the total residual value of unsold product when
capacity exceeds demand, the third term p}'g™ represents
the cost of recovery, the fourth term c,, (¢ + k™) represents
the cost of manufacturing the product, the fifth term rk™ is
the cost of investment in capacity, and the sixth p, (¢ + kM —
q™) is the purchase cost of parts purchased from supplier.
The supplier profit function comprises the profit from the
sale of parts and the cost of acquiring the parts.

Total CLSC profit is T = ITY + I1}].

(2)

Proposition 1. The following optimal solutions regarding the
amount of investment and recovery price are derived from the
manufacturer recovery model without CE.

(p-s)

Mx (-a+bp))
pO - zb *

The proof of Proposition 1 is presented in Appendix A.

¢,
(3)

Based on the above equation, the actual sales and re-
covery at this point can be derived as follows:

1
EM*(Q,D) == {2a+
2 (2= s)

M (-a+bp))
po - zb >

m(py = py =) (pr+ Py +7=25) py(B-DB 2me, (ptr=s) _me, —Zﬂpz}
2 bl

m , (P2 - 5)2 (p2—s) (4)
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where superscript M indicates the solution under the
manufacturer’s collecting model that does not consider CE
and superscript * indicates the optimal solution. This
uniform identifier is also used in subsequent sections.

bP? + Cfnm +m(p, — p, + ”)2 +2¢,[m(py = py+7) = (pr—s)(a—Bp,)]

Returning the above equilibrium solution back to the
manufacturer and supplier profit function and simplifying it
yields the following:

2

M_a
A 4(p—9)
L (Pr=9)[api =2(py = py + 1) (¢ = fp,) + 2r¢]

>

, (5)

4(p, - s)

M = (pr—c)[2m(py—p1—1—¢,) + (P —5)2a—a—bp, - 2fp,)]
: 2(p,-s)

The following corollary can be drawn from the above
optimal solution.

Corollary 1

(1) 0pM* /da < 0,011} * /da <0
(2) opdt*/0b > 0,011 * /ob< 0
(3) 0kM" /om > 0,011 /om > 0
(4) k™" /0r <0,0kM" /9B < 0.

The proof of Corollary 1 is presented in Appendix B.

Corollary 1 gives the effects of consumers’ green
awareness, collecting the price sensitivity coeflicient, the
upper limit of demand change, capacity investment cost
coefficient, and product price sensitivity coefficient on each
decision variable and members’ returns. (1) An increase in
consumers’ green awareness leads to a decrease in collection
prices and supplier returns. When consumers’ green
awareness increases, manufacturers can recover products
from consumers at lower collection prices. Thus, collecting
remanufacturing activities become more active, and man-
ufacturers are more willing to use collected products for
remanufacturing. This condition results in fewer orders for
new parts from suppliers and longer lead times and affects
supplier earnings. (2) When consumers become more
sensitive to collecting prices, manufacturers as collectors will
increase the collecting price, and suppliers’ earnings will fall.
When the price is more sensitive, it needs to be raised
appropriately for recycling. The manufacturer will choose to
produce fewer products, resulting in fewer orders for new
parts from suppliers, longer lead times, and lower returns to
the suppliers. (3) When the upper limit of demand is raised,
manufacturers’ capacity investment and profit increase. As
demand increases, manufacturers invest in capacity and
increase their production schedules to meet demand,
resulting in higher sales profit. (4) The manufacturer’s ca-
pacity investment decreases as investment cost and product
price sensitivity factors increase. The higher the cost, the
more constrained the manufacturer’s capacity investment,
whereas an overly price-sensitive market causes the man-
ufacturer to reduce production efforts and thus reduce
investment.

4.1.2. The Supplier Collecting Scenario (Model S). We con-
sider a scenario in which the manufacturer’s CE reduction
decisions and the government’s carbon trading controls are
not considered. The manufacturer and supplier conduct
collecting, manufacturing, and remanufacturing activities
without considering CE and making the best decisions
accordingly. In this model, the supplier collects the activities
and supplies the parts needed for production. The profit
functions for the manufacturer and the supplier are as
follows:

The profit functions for the manufacturer and supplier
are as follows:

I, = p,E*(Q, D) +s[¢ +k* - E°(Q, D)]
- Cm(¢ + kS) —rkS - p1(¢ + ks), (6)
15 = py(¢ +K°) - pog’ — (9 + K° - ¢°),

where ES(Q,D) = kS + ¢ — (K5 + ¢ — Dy)*/2m, ¢° = a + bpS,
and D, = a — p,.

The first term in the supplier profit function p, (¢ +
kS) represents the profit received from the sale of parts to
the manufacturer, the second term pjq° represents the
cost of the recycled product, and the third term ¢, (¢ +
kS — ¢%) represents the cost of supplying new parts. The
meanings of the other terms remain unchanged.

The total CLSC profit is IT$, = IT3 + IT3,.

Proposition 2. The following optimal solutions were derived
from the supplier recovery model without carbon emissions:

S = —C,,m —mp, + mp, —mr+p20c—soc—p§ﬁ+pzs/3

(p2—5)
-4,

S (-a+bc,)
o - 2b '
(7)

Returning to the above equation, the actual sales and
recoveries at this point can be derived as follows:
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+2(py = 5)* (a = Bpy) -~ ma,

Complexity

mc,, (pl +r —s)

B (Q D):m(Pz_Pl_”)(P1+P2+r_25)

2(p, - 5)2

s« a+bcg
==

where superscript S indicates the solution under this sup-
plier recovery model without carbon emissions and su-
perscript = indicates the optimal solution. This uniform
identifier is also used in the subsequent sections herein.

(Pa=pP1=Cu—1)[m(pr=pi—7=¢,) +2(p2—5) (= Bp,)]

> >

2
(p2— ) (8)

Bringing the above equilibrium solution back to the
manufacturer and supplier profit function and simplifying it
yields the following:

I, =

2(p,-s)

5.9 b cum(c=p) = pi[m(py=patr) +(pa=s) (—a+Bpa)] c[2m(py—pa+r)+(p;—s) (a=20+26py)]

+rd,

€

T4 4 py—s

Next, Corollary 2can be drawn from the above optimal
solution.

Corollary 2
(1) 0p§ /0a < 0,013 /da<0
(2) dpy /b > 0,01T3 /0b< 0
(3) 0kS"/om > 0,115 /Om >0
(4) 0kS' /or < 0,0k /0p <0

Corollary 2 presents the effects of consumer green
awareness, collecting the price sensitivity coefficient, the
upper limit of demand change, capacity investment cost
coefficient, and product price sensitivity coefficient on each
decision variable and members’ returns. Similar conclusions
can be drawn from Model M. It can be seen that (1) an
increase in consumers’ green awareness leads to a decrease in
the collection price and the supplier’s revenue. (2) When the
consumer’s sensitivity coefficient to the collecting price
increases, the manufacturer, as the collector, raises the
collecting price when the supplier’s revenue decreases. (3)
When the upper limit of demand increases, the amount of
manufacturer capacity investment and supplier revenue
increases. (4) The amount of manufacturer capacity in-
vestment decreases with increased investment cost and
product price sensitivity coefficients.

4.2. Models with Carbon Emission

4.2.1. The Manufacturer Collecting Scenario (Model ME).
In a situation where the manufacturer’s carbon reduction
decision is considered, the manufacturer and supplier carry

>

2(py-s)

out collecting, manufacturing, and remanufacturing activ-
ities in different collecting modes and then make the best
decisions accordingly. Here, the manufacturer performs
collecting and manufacturing activities independently, and
the supplier supplies the manufacturer with the parts needed
for production.

The profit functions for the manufacturer and supplier
are as follows:

I = paB"" QD) - pi " — (9 + k™)

_ ME p1(¢ + KME _ qME)’
(10)
+s[g+ kM~ EYF(Q D) - %eMEZ,

5" = (py - c)( + K" - ™),

where EME(Q, D) = kME + ¢ — (KME + ¢ — D) /2m,
gME = a + bp)E, and D = a — Bp, + OeME.

The last term in the manufacturer’s benefit function
A/2€* represents the costs incurred by the manufacturer in
undertaking carbon reduction activities. The definitions of
the other terms remain unchanged.

The total CLSC profit is [TME = TTME + TI)E.

Proposition 3. The following equilibrium solutions were
derived by backward induction in a model in which the
manufacturer recycles and its carbon reduction activities are
considered.
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IME _ —C,,M — MpP, + MpP, — M + P,& — S& — p;ﬁ + pysp+ eMEp29 —eMEsp

- pz —s > _(/5)
. —a+b
P ==, (1)
ME (Pr—cm—p1-1)0
1 :
On the basis of the above equation, the amount of ca-
pacity investment, actual sales, and recoveries at this point
can be derived as follows:
JME m(p, —p1—1) = cum+(py —s) (- Bpy) + (pr=cm—p1—1)E° _
(P.-5) A
EME (Q, D) = 2¢,,m(2p, = py =1 —s) + m(py — p +2”) (3py—py—7r-2s) - Cfnm,
2 (pZ - S) ) (12)
+m(p1 — Py +1)(3py—p1— 1 2s) _ (cwtprL—py+1)6
2(p, - 5)’ A ’
ME* _ (a+bp)
q P
where superscript ME denotes the solution under this Bringing the above equilibrium solution back to the
manufacturer collecting model that considers the manu-  manufacturer and supplier profit function and simplifying it
facturer’s carbon reduction decision and superscript = yields the following:
denotes the optimal solution. This uniform identifier is also
used in the subsequent sections.
2 2
oME _ 9 bpy 2r(p,—s)A¢
M =t ——t———
b 4 2(p,-sN
N =2pi(p—1) (P2 - 5)62 + P% [(Pz - 5)92 - 3”"” + Cfn [(Pz - 5)92 + m/\]
2(py—s)A
iy [6m(p, —7) +a(p,—s) +2(py—5) (—a + Bp,)|A
2(py—s)A
i (13)
N +(py—1) [(Pz ~7)(py =)0 +3m(=py +1)A=2(p, —s) (—a + ﬁPz)A]
2(p,—s)A
N 2¢,, [(Pl —pyt+1)(ps - 5)92 +m(py = py+r)A+(p,—s)(~a+ ﬁpz)/\]
2(py—s)A )
1 m —-pytr—c, C + Py — Py +1)
HQ/IE=—§P1(9_Z’P1)+“P1_ﬁP1P2+ p(p-ps ) i pPL-patr) .

pr—s A

Next, the following corollary can be drawn from the  Corollary 3

above optimal solution: (1) 9" /da < 0, ATIE /da < 0, ATME /da > 0
(2) 0pME’ /0b > 0, oITY'E" /0b < 0, OIINEE /ob < 0
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(3) 9eME" /36> 0,0kME" /00 > 0, ATIME /36> 0,
JTME /30> 0

(4) OkME /91 <0, 0eME" /oL < 0
The proof of Corollary 3 is presented in Appendix C.

Corollary 3 provides the effects of consumers’ green
awareness, price sensitivity coeflicients, carbon emission
sensitivity coefficients, and carbon reduction investment of
cost coefficients on each decision variable and members’
benefits. (1) An increase in consumers’ green awareness
leads to a decrease in the price of collecting and returning
products to suppliers, whereas the return to manufacturers
increases. When consumer awareness increases, manufac-
turers can recycle products from consumers at a lower price,
thus making collecting activities more active and profitable.
Manufacturers are more willing to remanufacture recycled
products at this time. This condition results in fewer orders
for new parts from suppliers and longer lead times and
affects supplier earnings. (2) When consumers become more
sensitive to the collecting price, manufacturers, as collectors,
increase the collecting price, and the supplier’s and man-
ufacturer’s earnings fall. In the case of high price sensitivity,
the price must be raised appropriately for recycling. Price-
sensitive consumers will make collecting activities difficult,
resulting in lower returns for the manufacturer. The man-
ufacturer chooses to produce fewer products, resulting in
fewer orders for new parts from the supplier, longer lead
times, and lower returns to the supplier. (3) When the

157 = p,E* (Q, D) +s[¢ + K — E¥*(Q,D)] = c,,,(¢ + k) = rk™ — p, (¢ + &°°) - %es’fz,

Complexity

carbon sensitivity factor increases, the level of carbon re-
duction, the amount of capacity investment by the manu-
facturer, manufacturer’s profit, and supplier’s profit
increase. Given an increased carbon sensitivity factor, the
higher the level of CE reduction by the manufacturer, the
greater the market demand, leading to a higher production
volume of products requiring greater capacity investment
and a significant increase in the profitability of CLSC
members. (4) The amount of capacity investment and level
of CE reduction by the manufacturer decreased with an
increase in the carbon reduction cost factor. The higher the
cost, the lower the level of carbon reduction that manu-
facturers choose and the lower the market demand for
carbon-emission-sensitive products. This scenario results in
lower production volumes and capacity investments.

4.2.2. The Supplier Collecting Scenario (Model SE). When the
manufacturer’s carbon reduction decision is considered, the
manufacturer and supplier carry out collecting,
manufacturing, and remanufacturing in different collecting
modes and then make the best decisions accordingly. In this
scenario, the manufacturer completes production activities,
and the supplier completes the collecting activities and
supplies the manufacturer with the parts needed for
production.

The profit functions for the chain members are as
follows:

(14)

MY = (9 +K) - piia” —e (9 + K %),

where ESE(Q, D) = k% + ¢ — (KF + ¢ — Dy)*/2m, ¢°F = a+
bpsE, Dy = a— fBp, + 0eE.

The last term in the manufacturer’s benefit function
A/2¢e* represents the costs incurred by the manufacturer in
undertaking carbon reduction activities. The definitions of
the other terms remain unchanged.

E —C,, M — MP, + Mp, —mMr + p,a — sa — p%ﬁ + psf+ eSEpze - 550

The total CLSC profit is IT¢F = TI§F + 155,

Proposition 4. The following equilibrium solutions were
derived by backward induction in a model in which the
supplier recycles and the manufacturer’s carbon reduction
activities are considered.

>

py—s

SE* _ —-a+ bCS
p() - zb >
set_ (Pr—Cu—P1— 7’)9.

On the basis of the above equation, the amount of ca-
pacity investment, actual sales, and recoveries at this point
can be derived as follows:

(15)
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SE = m[(py—p1—1=¢) +(p2—5) (e = Bp,)]

(P2-s)
+(pz—cm—p1—r)02_¢,
A
. 2¢,,m(2p, — py 1 — - 3p,—p—r—2
E (Q,D) = (2P, = p1 =7 =) +m(p; 1;72+”)( Py = Py —1—25) (16)
2(pr— )
+2(P2_5)2(“_/3P2)_Cfnm_(Cm+P1_P2+”)92
2(172‘5)2 A ’

SE* _ (a + bcs)
2

>

where superscript SE indicates the solution under the
supplier recovery model considering carbon emissions and
superscript * indicates the optimal solution. This uniform
identifier is also used in the subsequent sections.

SE &, [(p2 —5)0 + m)t] +2cmpl — p2 +rp2 — SE2

Bringing the above equilibrium solution back to the
manufacturer and supplier profit function and simplifying it
yields the following:

Hr = 2(py—s)A '
4 Cm [m(py = pa+1)A+(p,—5)(~a+ Bp,)A] 4 (p2—3)(p1—py + ”)292 +mA(p, - p, + ”)2
(P2 =) ’ 2(py - s)A
+2(P2 =s)(pr=patr)(a+Bp)A+2r(p, —s)Ad (17)
2(p, = s)A ’
HgE =a_2+b_cf+ (cs—p)(cmt PP +”)92’

4 4 A

+ M (cs=p1) = pilm(pr—py+1) +(py—5) (~a+ Bp,)]

s [2m(pi—py+1) +(py—5)(a—2a+2Bp,)]

(p2—5)

Next, the following corollary can be drawn from the
above optimal solution:

Corollary 4

(1) 0pSE" /9a < 0, 0TS /da > 0
(2) 0pSE /0b>0,01I§E /ob < 0

(3) 9eE" /00 > 0,9kSE" /06 > 0, OI1SE */96 > 0, ATISE */
00>0

(4) 0kSE" /oL < 0,0e5E" /oA <0

Corollary 4 provides the effects of consumers’ green
awareness, collection price sensitivity, carbon emission
sensitivity, and carbon abatement investment costs on the
decision variables and member benefits. Similar conclusions
can be drawn to the ME model. It can be obtained that (1)
.An increase in consumers’ green awareness leads to a de-
crease in the collecting price and an increase in the supplier’s
revenue. (2) When consumers become more sensitive to
collecting prices, manufacturers, as collectors, will increase

>

2(p,—s)

collecting prices, and at this time, all the supplier’s gains will
decrease. (3) When the carbon sensitivity coefficient in-
creases, the level of carbon reduction, amount of capacity
investment by the manufacturer, manufacturer’s revenue,
and supplier’s revenue increase. (4) The amount of capacity
investment by the manufacturer and the level of carbon
reduction decreased as the cost of carbon reduction
increased.

4.3. Models with CE Reduction and Cap-and-Trade
Regulation

4.3.1. The Manufacturer Collecting Scenario (Model MC).
In a scenario that considers the manufacturer’s CE reduction
decisions and the government’s carbon trading controls, the
manufacturer and supplier undertake collecting,
manufacturing, and remanufacturing activities with con-
sideration of carbon emissions and make the best decisions
accordingly. Here, the manufacturer completes the
manufacturing, remanufacturing, and collecting activities,
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and the supplier supplies the manufacturer with the parts
needed for production.

Complexity

The profit functions for the chain members are as
follows:

H%C _ pZEMC (Q,D) - pé\/ICqMC _ Cm(¢ 4 kMC) _ MC P1(¢ + JMC _ qMC)

+s[¢+ KM - EY(Q D)) - %eM

I = (py - (6 + K7 "),

where EM€(Q, D) = kMC + ¢ — (KM€ + ¢ - D0)2/2m, 1€ =
a+ bpd©, and D, = a — fp, + 0eMC.

The last term in the manufacturer’s benefit function
(eg — eMC — Q) (¢ + kMC) represents the costs incurred by
the manufacturer in undertaking carbon trading activities
under the carbon cap. The definitions of the other terms
remain unchanged.

MC MC MC
JMC" _ M = Mpy +mpy —mr + pya—sa— pif+p,sp € pO—e s@+ctm(e -e +Q)
= +

C2_(gy - M€ - Q)(p + K1), (18)

The total CLSC profit is [TMC = ITMC + ITAC.

Proposition 5. The following equilibrium solutions were
derived by backward induction in a model in which the
manufacturer recycles and CE reduction and cap-and-trade
regulations are considered.

pr—s

MC* _ (-a+bp))
PO 2b b4

>

pry—s

MC_ (P2 =)0+ (Py = pa+7) (P2 = $)0+ imeg = Q) e+ cm(py = py+7) = ct(p2 = 5)[a— Bp2 + =€y + Q)]

ct’m+2¢,(py —5)0+ (=py + s)A

On the basis of the above equation, we can derive the
amount of capacity investment, actual sales volume, and
recovery volume. The actual sales volume is more complex

ctim + 2¢,(py =)0+ (—py +5)A
(19)

and is not listed in detail. The capacity investment and
recovery volume are as follows:

e _ G [—p;ﬁ@ +mh(ey — Q) — s6(a + Oy — GQ)]

cfm +2¢,(p, —5)0+ (=p, +5)A

+ Oc,p, (a+sp+0ey — 0Q) +(c,, + py = pr+7) (P2~ 5)62
ctzm +2¢,(p, —5)0+ (=p, +5)A

+ [me,, + m(py— py + 1)+ (py =) (-a+ Bp,)|A _

>

(20)

ctzm +2¢,(p, —5)0+ (=p, +5)A

Mer _ (a+ bc,)
2 b

where the superscript MC indicates the solution under this
manufacturer recovery model considering carbon emissions
and carbon trading, and the superscript # indicates the
optimal solution. This uniform identifier is also used in the
subsequent sections.

o,

The above equilibrium solution is brought back to the
manufacturer’s and supplier’s profit function and simplified
to obtain their optimal profit. The solution is particularly
complex and is not listed in detail.
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Next, the following corollary can be drawn from the
above optimal solution:

Corollary 5

(1) 9pY€ /da < 0,0I1YC" /da < 0, 0IT)IC" /3a > 0
(2) 0p}i€ /0b > 0,911 /ob < 0, OITYIC" /ob < 0

The proof of Corollary 5 is presented in Appendix D.

Corollary 5 gives the effects of consumers’ green
awareness and collects price sensitivity coefficients for each
decision variable and member gains. (1) Increasing in
consumers’ green awareness leads to a decrease in collecting
prices and supplier returns, whereas manufacturer returns
are enhanced. When consumers’ green awareness increases,
manufacturers as collectors can recover products from
consumers at a lower the collecting price; thus, collecting
and remanufacturing activities become more active and
profitable. Manufacturers are more willing to remanufacture
recycled products at this time, resulting in fewer orders for
new parts from suppliers, longer lead times, and impacted
supplier earnings. (2) When consumers become more
sensitive to the collecting price, the manufacturer as a

I = P (Q D)~ (9 + K) 1k = py (6 + K) + s[p + K€~ E(QD)] =50 (e~ - ) (9 + K°),

IE = py (6 +K) - £ 9+ K - q),

where ESC (Q, D) = k%€ + ¢ — (K°° + ¢ — D,)*/2m, ¢°° = a+
bp€, and Dy = a — p, + 6e%C.

The last term in the manufacturer’s benefit function
(eg — €5 — Q) (¢ + k5€) represents the costs incurred by the
manufacturer in undertaking carbon trading activities under
the carbon cap. The definitions of the other terms remain
unchanged.
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collector increases the price of collection, at which point the
supplier’s profit decreases. Given the high price sensitivity,
the price needs to be appropriately raised for recycling.
Price-sensitive consumers make collecting activities difficult,
resulting in lower returns for the manufacturers. Manu-
facturers may choose to produce fewer products at this time,
resulting in fewer orders for new parts from suppliers, longer
lead times, and lower returns.

4.3.2. The Supplier Collecting Scenario (Model SC). In a
scenario that considers the manufacturer’s carbon reduction
decisions and the government’s carbon trading controls, the
manufacturer and supplier undertake collecting,
manufacturing, and remanufacturing activities with con-
sideration of carbon emissions and make the best decisions
accordingly. In this case, the manufacturer completes the
manufacturing and remanufacturing activities, and the
supplier carries out the collection activities and supplies the
manufacturer with the parts needed for production.

The profit functions for the chain members are as
follows:

(21)

The total CLSC profit is IT3- = T3¢ + IT5S.

Proposition 6. The following equilibrium solutions were
derived by backward induction in a model in which the
supplier recycles and carbon emission reduction and cap-and-
trade regulations are considered.

SC

}5C _ “CmM ~ Py + Py — M + Pyt — s~ PoB+ B . € pa0 - 50 +cm(e’ — ey + Q)

py—s
SC* _—a'f‘bcs
° = 2

pr—s ~¢

(22)

SO 2 (P2 =35)0+(py = py+1)(py—5)0—ct(p2 —5) (a = fp2 + O(—e, + Q))

ct’m + 2¢,(py =)0+ (—p, +5)A

4 CmGIm + Cm (p1 =P +7) + (P2 = 5)0 +c/m (e - Q)
ct’m+2¢,(p, —5)0+ (=p, + s)A .

On the basis of the above equation, we can derive the
amount of capacity investment, actual sales volume, and
recovery volume. The actual sales volume is more complex

and is not listed in detail. The capacity investment and
recovery volume are as follows:
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cfm +2¢,(p, —5)0+(—p, +5)A

o (a+bc,)
2

>

where the superscript SC indicates the solution under this
manufacturer recovery model that considers carbon emis-
sions and carbon trading and the superscript * indicates the
optimal solution. This uniform identifier is also used in the
subsequent sections.

The above equilibrium solution is brought back to the
manufacturer’s and supplier’s profit function and simplified
to obtain their optimal profit. The related equation is more
complex and is not presented in detail.

Next, the following corollary can be drawn from the
above optimal solution.

Corollary 6

(1) 9psC’ /0a < 0,0ITC /da > 0
(2) apsC /0b > 0,011 /b < 0

Corollary 6 provides the effects of consumers’ green
awareness and the collection of price sensitivity coefficients
for each decision variable and members’ returns. The same
as model MC, it leads to similar conclusions. It can be seen
that (1) an increase in consumers’ green awareness leads to a
decrease in collecting prices and an increase in suppliers’
revenue. (2) When consumers are more sensitive to the
collection price, suppliers as collectors increase the collec-
tion price, and the supplier’s revenue decreases.

5. Numerical Analysis

This section combines the parameter values given in some
references, conducts numerical experiments on several im-
portant parameters, and analyzes them accordingly to derive a
richer management opinion. With reference to previous
parameter settings, we explore the impact of parameters such
as the price sensitivity coefficient, CE reduction sensitivity
coefficient, and CE reduction cost coefficient on the amount
of capacity investment, level of CE reduction, and profit of
each member of the CLSC as a whole. Combining these
assumptions and relevant circumstances, we derive the pa-
rameter settings in Table 2 after appropriate adjustments.

5.1. Impact of Price Sensitivity Factor. To obtain more ob-
vious conclusions, we set the product price sensitivity co-
efficients 8, with the relevant parameter settings in the
references, to [0.2,0.3] and hold the other parameter values
constant. We can derive the impact of the degree of price
sensitivity on the amount of capacity investment, supplier

-9,

5 T

cfm +2¢,(p, —5)0+(—=p, +s)A

(23)

returns, manufacturer returns, and overall CLSC returns
(Figure 2).

Figure 2(a) shows the effect of market sensitivity to price
on the amount of capacity investment by manufacturers.
Under the two different recovery models, the amount of
capacity investment decreases with increasing price sensi-
tivity in all three models, with the lowest amount of capacity
investment occurring in the scenario in which carbon
emission reduction and carbon trading are not considered.
There is a clear relationship between the magnitude of ca-
pacity investment in the three models, with k™ < kME < kM€,
kS < kSE < k5C.

Figure 2(b) illustrates the impact of market price sen-
sitivity on supplier earnings. Across the six models, supplier
profitability decreases as market price sensitivity increases. A
comparison of supplier returns under different scenarios
shows that the supplier returns under the supplier collection
model are all higher than those under the manufacturer
collection model and that the model without CE reduction is
lower than the model with CE reduction and the model with
CE reduction and CE trading. That is, IT}! < TI}F < TT¥C <
IT3 < II$F < TIEC.

Figure 2(c) illustrates the effect of market price sensi-
tivity on manufacturers’ returns. Across the six models,
manufacturers’ profits decrease as market price sensitivity
increases. Comparing the manufacturers’ returns under the
different scenarios, we observe that the manufacturers’
returns under the supplier recovery model with carbon
reduction and carbon trading are the highest. Moreover, the
manufacturers’ returns under the manufacturer recovery
model with carbon reduction and carbon trading are not
significantly different from those under the supplier re-
covery model without carbon reduction and carbon trading
and are the lower among the six models. That is,
IIYC < T3, < TISE < TIAY < TIME < IT35.

Figure 2(d) illustrates the impact of market price
sensitivity on overall CLSC returns. Across the six models,
the overall CLSC profit decreases as market price sensi-
tivity increases. A comparison of the CLSC profits in
the different scenarios shows that the CLSC profit in
the supplier recovery model is higher than that in the
manufacturer recovery model, that is, [TM¢ < TIM < TIXE <
IS < ITPF < ITC.

We can draw several conclusions by combining the
analyzes in the above diagram. First, the profits of all CLSC
participants, including the entire CLSC, are affected when
the market becomes more sensitive to product prices. To
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F1GURE 2: The sensitivity coefficient of product price . (a) The capacity investment manufacturing in different models. (b) The profit of the
supplier in different models. (c) The profit of the manufacturer in different models. (d) The profit of the CLSC in different models.

reduce consumers’ concerns about product prices, product
manufacturers need to improve the quality of their
products and increase the marginal benefit of their prod-
ucts to consumers; that is, they must improve the value for
money of their products. Second, the supplier-collecting
model benefits the CLSC and is not a weak option for
collecting activities. At the same time, reasonable

consideration of carbon reduction can bring higher profits
to CLSC members and CLSCs.

5.2. Impact of Carbon Reduction Sensitivity Factors. To en-
rich the conclusions, we set the carbon reduction level
sensitivity factor 6 in combination with the relevant
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parameters in the references. The range is [0.1, 1], and the
other parameter values are held constant. We can derive the
impact of the sensitivity of demand to the level of CE re-
duction on the amount of capacity investment, level of CE
reduction, and supplier, manufacturer, and overall CLSC
profits (Figure 3).

Figure 3(a) shows that the trends of capacity investment
with the sensitivity factor of carbon emission reduction are
similar in both recovery models, with capacity investment
increasing with the sensitivity of demand to the level of CE
reduction. When the sensitivity of demand to the level of CE
reduction is minimal, the amount of capacity investment in
the model considering CE reduction is larger than that in the
model considering carbon trading. Meanwhile, as the sen-
sitivity of demand to the level of CE reduction increases, the
amount of capacity investment in the model considering CE
reduction and carbon trading increases.

Figure 3(b) shows that the trends of CE reduction
levels with the CE reduction sensitivity factor are similar
in both collecting models, with carbon reduction levels
increasing as the sensitivity of demand to carbon re-
duction levels increases. In the model that considers CE
reduction and trading, the level of CE reduction is always
the highest.

Figure 3(c) shows that the variations in supplier profit
with the sensitivity coefficient of CE reduction are similar in
both collecting models, with supplier profit increasing as the
sensitivity of demand to the level of CE reduction increases.
When the sensitivity of demand to CE reduction is low, there
is little impact on suppliers’ profit when carbon trading is
considered. When the sensitivity to CE reduction increases
to a certain level, suppliers’ profits tend to be higher in the
model that considers carbon trading.

Figure 3(d) shows that the trends of manufacturer
returns with the carbon reduction sensitivity factor are
similar for both collecting models, with manufacturer
returns increasing as the sensitivity of demand to the level of
carbon reduction increases. In the model without carbon
trading, manufacturers’ returns are less affected by sensi-
tivity to CE reduction and are higher in the manufacturer
collecting model. In the model with carbon trading, man-
ufacturers’ returns are higher in the supplier-collecting
model.

Figure 3(e) shows that the variations in total CLSC profit
with the sensitivity factor of carbon emission reduction are
similar in both collecting models and increase with the
sensitivity of demand to the level of CE reduction. In the
model without carbon trading, the total CLSC profit is less
affected by the sensitivity to CE reduction and is higher in
the supplier-collecting model. In the model with carbon
trading, the total CLSC profit is more affected by the sen-
sitivity to CE reduction and is higher in the supplier-col-
lecting model.

Overall, consumers’ growing sensitivity to carbon
reduction will have a positive effect on various members
of CLSCs and CLSCs as a whole. As consumers become
more green-conscious and the carbon footprint of
products becomes a consideration in their purchases, the
sustainability of CLSCs is expected to improve.

Complexity

Moreover, the consideration of carbon reduction and
carbon trading will increase the benefits for each member
of the CLSCs, thus increasing the concern for carbon and
the sustainability of CLSCs.

5.3. Impact of Carbon Reduction Cost Factors. We set the
carbon abatement cost factor with the relevant parameters in
the references A to [4,10] and held the parameter values
constant to obtain clear conclusions. We can derive the
impact of carbon abatement costs on capacity investment,
the level of carbon abatement, and the supplier, manufac-
turer, and overall CLSC profits (Figure 4).

Figure 4(a) shows a similar trend in capacity investment
with carbon abatement costs for both recovery models. The
amount of capacity investment decreases as the cost of
carbon abatement increases. The amount of capacity in-
vestment is greater in the model that considers carbon
trading than in the one that considers only carbon
abatement.

Figure 4(b) shows a similar trend in CE reduction with
the cost of carbon reduction for both recovery models, with
the level of CE reduction decreasing as the cost of carbon
reduction increases. The level of CE reduction in the model
that considers carbon trading is greater than in the model
that considers only carbon reduction.

Figure 4(c) shows that carbon abatement costs have a
similar impact on supplier returns in all four models, with
higher carbon abatement costs resulting in lower supplier
returns. The supplier recovery scenario results in higher
returns to suppliers in the model that considers carbon
trading.

Figure 4(d) shows that the trends of manufacturers’
returns with carbon abatement costs are similar for both
collection models, with manufacturers’ returns decreasing as
the cost of carbon abatement increases. In the model without
carbon trading, manufacturers’ returns are less affected by the
carbon abatement cost and are higher in the manufacturer-
collecting model. In the model with carbon trading, manu-
facturer returns are higher in the supplier-collecting model.

Figure 4(e) shows that the trends of total CLSC profit
with carbon abatement cost are similar in both collecting
models and decrease with an increase in carbon abatement
cost. In the model without carbon trading, the total CLSC
profit is less affected by the cost of carbon abatement, and is
higher in the supplier-collecting model. In the model with
carbon trading, the total CLSC profit is affected more by the
carbon abatement cost and is higher in the supplier-col-
lecting model.

According to the analysis, the higher the cost of CE
reduction, the lower the corresponding capacity invest-
ment and CE reduction level of manufacturers and CLSC
members. Here, the overall profit declines. When the cost
of CE reduction is too high, the CE of the production
process will not be effectively reduced and will exert a
negative effect on manufacturing activities. This condition
leads to a reduction in the profitability of CLSC members
and a reduction in the sustainability of CLSCs. When CE
reduction costs are too high, the constraint on carbon
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Figure 3: Continued.
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F1GURE 3: The sensitivity coeflicient of carbon reduction level 6. (a) The capacity investment of manufacturing in different models. (b) The
carbon reduction level in different models. (c) The profit of the supplier in different models. (d) The profit of the manufacturer in different
models. (e) The profit of the CLSC in different models.
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(e) The profit of the CLSC in different models.

limits can play a significant role. Therefore, it is important
to study how to reduce the cost of CE reduction and in-
centivize companies to reduce CE.

5.4. Impact of Capacity Investment Cost Factors. To reach
more obvious conclusions, we set the range of capacity
investment cost coefficients r, in conjunction with the rel-
evant parameter settings in the references, to [0.1,1] and
hold the other parameter values constant. We can derive the
impact of the capacity investment cost on the amount of
investment, supplier returns, manufacturer returns, and
overall CLSC returns (Figure 5).

Figure 5(a) shows the impact of investment costs on the
amount of capacity investment made by manufacturers.

Under the two different recovery models, the capacity in-
vestment decreases with increasing capacity investment
costs in all three models, with the lowest amount of capacity
investment occurring when carbon reduction and trading
are not considered. There is a clear relationship between the
magnitude of capacity investment in the three models, with
KM < kME < JMC ) |S < KSE < K5€.

Figure 5(b) illustrates the impact of capacity investment
costs on supplier profitability. In all six models, suppliers’
profits decreased as capacity investment costs increased.
Comparing the supplier returns under different scenarios
shows that the supplier recovery model’s supplier returns are
all higher than those in the manufacturer recovery model.
The supplier returns in the model without CE reduction are
lower than those considering CE reduction and the model
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F1GuRre 5: The capacity investment cost coefficient r. (a) The capacity investment of manufacturing in different models. (b) The profit of the
supplier in different models. (c) The profit of the manufacturer in different models. (d) The profit of the CLSC in different models.

considering emission reduction and carbon trading. That is,
Y < IME < TIMC < TT3 < IT3F < ITSC.

Figure 5(c) illustrates the impact of capacity investment
costs on manufacturers’ returns. Manufacturers’ profits
decrease as the capacity investment cost increases in all six
models. Comparing manufacturers’ returns in the different
scenarios reveals that when the capacity investment cost is
low, manufacturers’ returns are the highest in the scenario
where carbon trading is considered under the supplier re-
covery model. When the capacity investment cost is too
high, manufacturers’ returns are highest in the model where

carbon reduction is considered under the manufacturer
recovery model.

Figure 5(d) illustrates the impact of capacity investment
costs on overall CLSC returns. Across the six models, the
overall CLSC returns decrease as market price sensitivity
increases. A comparison of the CLSC returns in the different
scenarios shows that the CLSC returns in the supplier re-
covery model are higher than those in the manufacturer
recovery model, that is, [TM¢ < TIM < TIXE < TI$ < IT3F < IT5C.

Overall, reducing the cost of capacity investment is an
effective way to increase CLSC’s profit. A greater capacity
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FIGURE 6: The carbon trading price ¢,. (a) The capacity investment of manufacturing in different models. (b) The profit of the supplier in
different models. (c) The profit of the manufacturer in different models. (d) The profit of the CLSC in different models.

can better meet market demand and bring positive benefits
to CLSCs.

5.5. Impact of Carbon Trading Price Factors. To obtain
strong conclusions, we set the carbon trading price factor ¢,,
in combination with the relevant parameters set in the
references, to [0.1, 1] and hold the other parameter values
constant. We can derive the impact of carbon trading price
on the level of CE reduction and the supplier, manufacturer,
and overall CLSC profits (Figure 6).

Figure 6(a) shows similar trends in CE reduction with
the carbon trading price for both collection models, with the
level of carbon reduction decreasing as the trading price
increases. When the price of trading increases, the

manufacturer’s decision to increase the emission reduction
level is inevitable to reduce the costs associated with CE.

Figure 6(b) demonstrates that the impact of the carbon
trading price on suppliers’ returns in both models is not
significant, with a small increase in suppliers’ returns when
trading prices increase. The supplier-collecting scenario
results in higher returns for suppliers.

Figure 6(c) shows that the trends of manufacturers’
returns with carbon trading prices are similar for both
collecting models, with manufacturers’ returns decreasing
and increasing as the trading price increases. Manufacturers’
returns are higher in the supplier-collecting model.

Figure 6(d) shows that the trend in total CLSC profit
with the trading price is similar to the trend in manufac-
turers’ profit for both collecting models. It decreases and



24

increases as the trading price increases, again with a higher
total CLSC profit for the supplier-collecting model.

Through this analysis, we can conclude that the higher
the price of carbon, the higher the level of emission re-
duction of the manufacturer. The manufacturer and the
overall CLSC profits appear to decline and then increase, and
the supplier profit is not significantly affected. When the
price of carbon is high, manufacturers choose to increase
their emission reduction levels to reduce the costs associated
with emissions, thereby increasing the returns of CLSC
members and improving their sustainability. Therefore,
reasonable carbon limit control promotes carbon trading by
companies, thus increasing the level of CE reduction in the
manufacturing process and promoting the sustainability of
CLSCs.

5.6. Comparison. In this section, we draw conclusions re-
garding different models by comparing them. We analyzed
the relationship between the benefits to members under
different collection approaches and considered different
carbon reduction models.

We derive the optimal equilibrium solution for each
member of each model using backward induction, compare
the solutions under different models in the table, and draw
the following inferences between certain equilibrium
solutions:

Corollary 7

(1) Pom = Pome = Pomc > Pos = Pose = Posc
) Tym>Tus
(3) Tss<Tssp<Tssc

Corollary 7 (1) shows that the collecting price is lower in
the supplier-collecting model and equal in the three-carbon
abatement models. As manufacturers mainly carry out
carbon abatement behavior, it does significantly impact the
collection price. Therefore, the collection price is not related
to carbon abatement under our assumptions. In contrast, a
lower collecting price under the supplier-collecting model
results in lower collecting costs and, thus, higher collecting
volumes; hence, it is more beneficial to the sustainability of
CLSCs.

Corollary 7 (2) suggests that the manufacturer-collecting
model is more beneficial to manufacturers than the supplier-
collecting model when carbon reduction behavior is not
considered. The benefits are greater when the remanufac-
turer is the collector.

Corollary 7 (3) suggests that the benefits to suppliers are
greatest in models where they are collectors and where
carbon reduction and carbon trading are considered and are
lowest in models where carbon reduction is not considered.
Therefore, carbon reduction improves the sustainability of
the CLSC and increases the benefits to the collector.

6. Conclusion

This study examines the optimal decision of a CLSC con-
sidering capacity constraints and stochastic demand under

Complexity

the cap-and-trade system. We establish a two-level supply
chain comprising one supplier and one manufacturer. To
make the model more realistic, we treat demand as a random
variable, consider that the manufacturer’s production ca-
pacity has a certain upper limit, and allow the manufacturer
to make investments in capacity to expand the capacity to
complete production demand. Meanwhile, based on this
supply chain, the recycling activities of suppliers and
manufacturers are considered, and the current low-carbon
environment is added to consider the CE reduction of
manufacturers and the government’s carbon trading control.
The following conclusions were drawn through a series of
analyzes. [6,47-49]

(1) When the market becomes more sensitive to product
prices, the profits of all CLSC participants and the
entire CLSC are affected. To reduce consumer
concerns about product prices, product manufac-
turers need to improve the quality of products and
increase the marginal benefits of their products to
consumers, which means that firms must improve
the  cost-effectiveness  of  their  products.
Manufacturing companies can increase the versa-
tility of their production lines when they initially set
them up, or they can find lower rental prices for their
production lines and use line rentals instead of
purchases.

(2) In contrast to previous findings that supplier col-
lection can bring greater benefits to CLSC compared
to manufacturer collection, supplier collection is not
a weak option for collection activities. Companies
can establish closer ties with suppliers and delegate
the task of collecting products. Thus, the supplier’s
profit, product quality, profitability, and sustain-
ability of the entire CLSC are effectively enhanced.
Encourage companies to undertake collection and
remanufacturing activities for higher returns;
meanwhile, closer ties can be established with sup-
pliers when products are first introduced to the
market. The task of collecting can be delegated to
suppliers.

(3) In the current real-world environment, as the green
awareness of consumers improves, consumers, be-
come more sensitive to carbon reduction in prod-
ucts, which will have a positive impact on individual
members of CLSCs and the entire CLSCs. When
consumers become more green-conscious, the car-
bon footprint of products becomes a consideration
when they make purchases, encouraging companies
to invest in CE reduction and strive to reduce CE in
their production processes, thereby improving the
sustainability of CLSCs.

(4) Under the government’s CE control, the benefits of
each member of the CLSC and the entire CLSCs will
be enhanced, thus improving the carbon concerns of
enterprises and the sustainability of CLSCs. As
carbon pollution becomes progressively more severe,
limiting CE from corporate production activities is
important. In the early stage of promoting low-
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carbon production, appropriate carbon trading can
make the carbon emission reduction of enterprises
more flexible and feasible. Encourage enterprises to
invest more in CE reduction and strive to reduce CE
in the production process to enhance the market
reputation and thus increase revenue. Meanwhile,
combining enterprises’ carbon emission reduction
investment with the government’s carbon cap-and-
trade policy can better achieve carbon emission
reduction.

Improvements can be made in subsequent studies in
various areas. First, the form of stochastic demand can be
modeled by considering more complex and realistic sto-
chastic distributions to obtain a more realistic mathematical
model. Second, the inclusion of coordination and
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cooperation between CLSC members is an important de-
velopmental direction of current research on CLSCs. In
addition to carbon trading controls, the sustainability of
CLSCs could be considered in conjunction with additional
carbon policies, such as carbon taxes, and continues to be a
focus of research.

Appendix

A. Proof of Proposition 1 in Model M

In order to find the optimal solution for each decision
variable in model M, the concavity of the manufacturer’s
profit function is first checked. The Hessian matrix of the
manufacturer’s profit function is as follows:
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The above results guarantee the concavity of the Hessian

Complexity

B. Proof of Corollary 1 in Model M

matrix of the manufacturer’s profit function and therefore

the optimal solution exists.
The proofs of Proposition 2-6 are similar.
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D.

The proof of Corollary 4 is similar.

Proof of Corollary 5 in Model MC
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The proofs of Corollary 6 are similar.
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