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Abstract: Considering the carbon trading mechanism and consumers’ preference for low-carbon
products, a game decision-making model for the low-carbon e-commerce supply chain (LCE-SC) is
constructed. The influences of commission and carbon trading on the optimal decisions of LCE-SC are
discussed and then verified through numerical analysis. On this basis, the influence of carbon trading
on regional sustainable development is empirically analyzed. The results show that the establishment
of carbon trading pilots alleviates the negative impact of unfair profit distribution. Increasing the
commission rate in a reasonable range improves the profitability of LCE-SC. Nevertheless, with
the enhancement of consumers’ low-carbon preference, a lower commission rate is more beneficial
to carbon emission reduction. The total carbon emission is positively related to the commission
rate. However, the unit carbon emission decreases first and then increases with the commission rate.
The influence of the carbon price sensitivity coefficient on the service level is first positive and then
negative, while the influence on the manufacturer’s profit goes the opposite. The empirical analysis
confirms that the implementation of carbon trading is conducive to regional sustainable development
and controlling environmental governance intensity promotes carbon productivity.

Keywords: carbon emission; carbon trading; e-commerce supply chain; sustainable development

1. Introduction

At present, global climate change caused by greenhouse gas has become a serious
threat to sustainable development [1], and it has become a global consensus to take rea-
sonable and effective measures to control carbon emission [2]. As early as 1960, Coase [3]
proposed that the problem of externalities can be solved by defining property rights and
trading voluntarily in the market. Stern [4] and Yang et al. [5] also mentioned that estab-
lishing a carbon trading market pricing by the market is an effective emission-reduction
measure since the external cost for carbon emission can be internalized. Since the establish-
ment of carbon trading pilots in Beijing, Shanghai, Tianjin, Fujian Province, Guangdong
Province, Hubei Province, and Chongqing in 2013, the Chinese carbon trading market
has been active. At the end of 2017, carbon trading was officially launched in China [6].
According to data from taipaifang.com (http://www.tanjiaoyi.com, accessed date 20 July
2021), the total transaction volume of the seven pilots amounted to RMB 94.9 million
in 2019.

Implementing the carbon trading mechanism exerts manifold impacts. For low-
emission enterprises, production costs are directly suppressed and even economic benefits
can be obtained through carbon trading. For high-emission enterprises, excessive carbon
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emission brings greater production costs and social pressure, which impels them to invest
more manual labor and materials in carbon emission reduction (CER) and promote the
transformation of development mode [7]. For instance, as the first wave of enterprises
included in the emission management in Hubei Province, Huaxin Cement emitted carbon
exceeding the quota by 1.153 million tons and spent more than RMB 30 million to purchase
the carbon quota in 2014. In 2015, the enterprise achieved a surplus carbon quota of
424,000 tons through investment in CER, and its net income from carbon trading exceeded
RMB 9 million [8].

As the burgeoning commercial form, the e-commerce platform has changed the op-
eration mode of the traditional supply chain. Due to convenience and efficiency, the
e-commerce platform has won the favor of lots of consumers. Data from the National
Bureau of Statistics of China show that Chinese online retail sales amounted to RMB
10.63 trillion in 2019, an increase of 16.5% over 2018. In practice, there are two working
forms of the e-commerce platform, reselling and agency selling. Since the enterprise can
directly decide key factors such as retail price and thus control market demand through
pricing power, the majority of e-commerce platform’s suppliers prefer agency selling. As
a result, the e-commerce platform and the supplier form an e-commerce supply chain
(E-SC) that is different from the offline one [9]. As the revolution of the supply chain in
the Internet era, the E-SC has become the main supply chain operation mode and the most
important network economic carrier.

Considering the impact of implementing carbon trading on corporate profitability
and the change of enterprise operation mode in the Internet era, the decision-making
of emission-dependent enterprises has changed. However, existing research on the low-
carbon supply chain centers on enterprises in traditional supply chains [10–12], so it is
innovative to discuss the decision-making of the E-SC under the carbon trading mechanism.
Thus, our research focuses on the following issues. Firstly, in the context of carbon trading,
how should the low-carbon e-commerce supply chain (LCE-SC) make decisions? Secondly,
what impacts does fluctuation of the carbon market and platform fee exert on the LCE-SC’s
optimal decisions, including the decisions on production and environmental protection?
Thirdly, as an important measure to achieve sustainable development, how does the carbon
trading mechanism influence corporate economic and environmental performance, and
further influence regional sustainable development? The goals of our work are to identify
the operation mode of LCE-SC under carbon trading and examine the aforementioned
issues. Then, we expect to verify the significance of carbon trading implementation and
put forward relevant suggestions for enterprise operation and government policymaking.

Game theory is a typical method to study the decision-making of e-commerce supply
chains and low-carbon supply chains. For example, the literature [13,14] uses game theory
to solve the equilibrium decision of the e-commerce supply chain model, proving the
feasibility of using game theory to explore the decision-making of LCE-SC. Besides, game
theory can well reflect the confrontation between the e-commerce platform and suppliers.
PSM-DID is recognized as an excellent empirical method to study the implementation effect
of a policy. For example, using PSM-DID, Jia et al. [15] demonstrated the positive impact of
high-speed rail construction on China’s regional economic development, and Liu et al. [16]
analyzed the impact of environmental regulation on enterprise green innovation. However,
the two methods have not been combined to study carbon trading. This is exactly our
innovation, that is, to combine micro modeling research with macro empirical research to
explore the implementation effect of carbon trading.

Specifically, this paper firstly constructs an LCE-SC decision-making model which
consists of a manufacturer with a certain carbon cap and an agency-selling e-commerce
platform that provides the manufacturer with sales service. Then, the influence of carbon
trading on the decisions and performance of LCE-SC is discussed. On this basis, empirical
analysis is conducted to further study the influence on the sustainable development of the
enterprise group, that is, regional sustainable development. The results are as follows.
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Different from existing studies [17–19], an LCE-SC considering the carbon trading
mechanism and consumers’ low-carbon preference is constructed in this paper. It is found
that the increased carbon price sensitivity coefficient leads to an increase and then a decline
in the e-commerce platform’s service level. The influence of the commission rate on the
total carbon emission is positive, but the influence on unit carbon emission is first negative
and then positive. Compared with the low-cap manufacturer, the high-cap one’s sales
price is higher but profit is lower. The e-commerce platform cooperating with the high-cap
manufacturer can make more profits.

The moderating effect of carbon parameters is discussed. Different from the existing
research conclusion [20], it is found that within a certain range, with the increase in
the commission rate, the e-commerce platform’s and supply chain system’s profits both
increase. However, when the threshold is exceeded, the overall profit of LCE-SC decreases;
and although the e-commerce platform gains a high percentage of profit, its actual profit
declines. Besides, as consumers’ low-carbon preference is enhanced, a lower commission
rate is more beneficial to reducing emissions and improving supply chain profit. This
study also indicates that the carbon price sensitivity coefficient exerts a non-linear effect on
the manufacturer’s profit: with the increase in the coefficient, the manufacturer’s profit
decreases first and then increases. Moreover, the higher the coefficient, the more significant
the marginal impacts of optimizing emission-reduction cost on the manufacturer’s and the
e-commerce platform’s profits.

This paper combines micro research with macro research and adopts theoretical
modeling and empirical analysis to study the implementation effect of carbon trading.
Based on numerical simulation, this paper proposes a preliminary assumption that the
carbon trading mechanism positively affects regional carbon productivity. Using panel
data of 30 provincial administrative regions in China from 2009 to 2017, an empirical
analysis is conducted. It is found that implementing the carbon trading mechanism is
conducive to regional sustainable development in China’s provinces. Resource endowment,
industrial structure, environmental governance, and demographic factors also have a
certain impact on regional sustainable development. It is also noteworthy that excessive
environmental regulation is not beneficial to regional sustainable development, which
shows that environmental governance programs should be optimized.

The rest of this paper consists of the following parts. Firstly, a literature review is
provided in Section 2. Section 3 is the description and assumptions of the LCE-SC decision-
making model. The optimal decisions of LCE-SC are deduced and the influence mechanism
of commission rate and carbon trading is discussed in Section 4. Section 5 is the empirical
research on the influence of carbon trading on regional sustainable development. The
conclusions and managerial insights are proposed in Section 6.

2. Literature Review

The literature closely related to this study is organized into the following three
streams: decision-making of LCE-SC, the influence of the carbon trading mechanism
on decisions of low-carbon supply chains, and the influence of carbon trading on regional
sustainable development.

2.1. Decision-Making of LCE-SC

The decision-making problem of LCE-SC is a hot spot in current research. Ji and
Sun [21] constructed four decision-making models of e-commerce delivery strategies with
diverse emission restriction intensities and analyzed the influence of the restriction intensity
on e-commerce enterprises’ decisions. Considering customers’ low-carbon awareness, Han
and Wang [20] discussed the pricing strategy of LCE-SC and designed a coordination
mechanism of the system. Wang and Huang [22] studied the return strategy, pricing,
and CER decisions under online sales and carbon tax. Wang et al. [23] discussed the
impact of government low-carbon subsidy on the recycling strategy of the closed-loop
E-SC. These studies focused on the influence of CER on the supply chain operation, without
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consideration of carbon trading. Unlike existing research, this paper explores the influence
mechanism of carbon trading on LCE-SC decision-making.

2.2. Influence of Carbon Trading on Decisions of Low-Carbon Supply Chains

The carbon policy is internalized in the operation cost and influences the supply chain
decision-making together with economic factors [24]. More and more scholars tend to
consider the impacts of both the carbon trading market and product market on supply
chain members’ performances. The aim is to establish a supply chain model that follows
the Triple Bottom Line Principle of economic-social-environmental [25,26]. Focusing on
the management of the two-echelon supply chain, Dong et al. [27] discussed the impact
of carbon trading on the output and sales price. Du et al. [28] found that the carbon
trading policy is easier to implement and more effective to save public resources than
other government punitive measures. Xu et al. [29] studied the decision-making of CER
and coordination in the supply chain considering carbon trading. Xu et al. [30] discussed
the influence of carbon trading on the production and pricing decisions of the make-to-
order supply chain. Wang et al. [31] focused on the fresh supply chain and discussed
its optimal decisions under cap-and-trade. The above literature studies the influence of
emission policies on the decision-making of offline supply chains. Unlike existing studies,
this paper extends carbon trading to the rapidly developing LCE-SC and discusses its
influence mechanism.

2.3. Influence of Carbon Trading on Regional Sustainable Development

The influence of carbon trading on regional sustainable development has been studied.
The carbon trading market was first launched in the United States, the United Kingdom, and
the European Union, and has contributed to CER [32]. Wang et al. [33] built a CGE model for
Guangdong Province to analyze the influence of carbon trading on the province’s economy
of China and found that the mechanism can effectively reduce GDP losses and achieve the
strict emission-reduction targets. Zhao et al. [34] constructed a dynamic simulation model
and found that the negative effect of carbon trading on the GDP of the Beijing-Tianjin-Hebei
region is far less than the positive effect on energy saving and CER. Zhou et al. [35] proved
empirically that the implementation of carbon trading has caused a decline in China’s
carbon intensity. However, from the provincial perspective, the establishment of pilots
only has an obvious negative effect on the carbon intensities of Beijing and Guangdong
Province [36]. Using semi-structured interviewing, Hamzah et al. [37] confirmed that the
implementation of carbon trading is consistent with Malaysia’s sustainable development
goals. With carbon emission intensity as one of the control variables, the carbon trading
mechanism affects both CER and economic growth, and the effect extent is diverse in
different provinces [38]. Zheng et al. [39] adopted a multi-agents technique and found
by model simulation that the carbon trading mechanism harms the growth of GDP while
reducing emission. It is recommended that in order to maintain economic stability, different
regions need to set different emission restrictions.

Most of the existing literature uses carbon intensity as the dependent variable to
empirically study the implementation effect of carbon trading. However, carbon intensity
emphasizes CER rather than economic growth, which is the opposite of what developing
countries seek. Therefore, this paper adopts carbon productivity as the dependent variable
to explore the impact of the carbon trading mechanism on enterprise group behavior, that
is, the impact on regional sustainable development.

The differences between our research and the related literature are shown in Table 1.
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Table 1. Papers that are most related to our research.

Author(s) Supply Chain
System Policy Research

Method

Customers’
Environmental

Awareness

Emission
Reduction
Investment

Variable
Carbon Price

Xu et al. [29] A manufacturer
and a retailer Carbon trading

Modeling and
numerical
simulation

Yes Yes No

Fan et al. [11] A manufacturer
and a retailer Carbon trading

Modeling and
numerical
simulation

No Yes No

Xu et al. [40] A manufacturer
and a retailer

Governmental
subsidy

Modeling and
numerical
simulation

Yes Yes No

Ma et al. [41]

A supplier, a
third-party

logistics service
provider, and a

retailer

Carbon trading
and carbon tax

Modeling and
numerical
simulation

No No No

Wang et al. [31] A supplier and
multiple retailers Carbon trading

Modeling and
numerical
simulation

No No No

Xia et al. [42]

A manufacturer;
an ordinary

manufacturer and
a low-carbon
manufacturer

Carbon trading
Modeling and

numerical
simulation

Yes No No

Liu et al. [43] A manufacturer
and a retailer

Power control
structure

Modeling and
numerical
simulation

Yes Yes -

This paper

A manufacturer
and an

e-commerce
platform

Carbon trading

Modeling,
numerical

simulation, and
empirical
analysis

Yes Yes Yes

3. Problem Description and Assumptions

An LCE-SC model composed of an emission-dependent manufacturer and an agency-
selling e-commerce platform is constructed in this paper and the model structure is shown
in Figure 1. The manufacturer reaches cooperation with the e-commerce platform before
production and sells products to online consumers through the platform. In return, the
e-commerce platform charges a constant proportion of commission per unit of product [44].
Exogenous commission rate has been widely used in the research of the e-commerce supply
chain [45]. In this working form, the manufacturer has the pricing power and can control
the market demand through sales price. Settling in the platform, the manufacturer produces
products and decides sales price. Carbon emissions are generated during production. If the
carbon emissions are excessive, the manufacturer needs to purchase the carbon quota from
other enterprises; otherwise, the surplus carbon quota is sold. The e-commerce platform
provides the manufacturer with sales promotion services, such as online-store display,
advertising, online customer service, and credit maintenance. Online consumers purchase
products through the platform. Subsequently, the platform transmits the order to the
manufacturer in charge of delivery. After consumers receive the product, the platform
returns the payment to the manufacturer and charges a commission [46].

Assume that the carbon trading market has been established in the country or region,
where the manufacturer can sell or purchase carbon emission. Similar to the product
market, carbon trading price is affected by carbon emission.
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Figure 1. Model structure of LCE-SC.

The model symbols are described as follows:
c—unit production cost without consideration of the cost of CER.
p—unit sales price of products, the manufacturer’s decision variable.
ρ—commission rate, which represents the platform fee for the unit sales. The parameter

is assumed to satisfy 0 < ρ < 1− c
p to ensure that manufacturing is more lucrative.

s—service level of sales promotion for low-carbon products, the e-commerce plat-
form’s decision variable. According to Nair and Narasimhan [47], the cost function is
assumed to be C(s) = ls2/2, among which l(l > 0) is the coefficient of service cost, specifi-
cally referring to the cost of improving the unit service level.

Y—total carbon emission, the manufacturer’s decision variable. Assuming that the
emission cap of the manufacturer is YU , which is the amount of carbon emission pro-
duced by the conventional production, and there is Y ≤ YU . As the manufacturer invests
in emission-reduction equipment, the cost for reducing carbon emission is assumed as
I(Y) = h(YU −Y)2 I(Y) = h(YU −Y)2 I(Y) = h

(
YU −Y

)2, where h(h > 0) is the coeffi-
cient of emission-reduction cost. There are I(Y) ≥ 0, I′(Y) ≤ 0, I

′′(Y) > 0, which mean
that as CER increases (i.e., carbon emission decreases), the cost increases, and the marginal
cost increases.

q—market demand for low-carbon products. Since the e-commerce platform’s sales
service directly affects consumers’ online shopping experience, the market demand is
sensitive to service level. Drawing on the demand function form of Xia et al. [48], it is
supposed that the demand function is

q = α− βp + γs + k
(

YU −Y
)

(1)

where α is the size of the product market, β, γ and k, respectively, represent sensitivity
coefficients of price, service level, and CER for product demand.

pc—carbon price. The pricing mechanism of the carbon market is similar to the
product market, which means that pc is affected by supply and demand. The inverse
demand function is

pc = αc − rY (2)

where αc is the scale of the carbon market, and r is the carbon price sensitivity coefficient
which measures the punishment intensity for carbon emissions.

To ensure that the manufacturer who emits much carbon is punished, pc in the inverse
demand function (i.e., Equation (2)) is allowed to be negative. pc > 0 means that the
manufacturer invests in CER and sells the redundant carbon emission to obtain profits.
The higher the carbon emission, the lower the profit. When pc < 0, namely the emission is
higher than αc/r, the manufacturer is obliged to purchase carbon emission or get punished
due to high emission, thus paying a cost.

To ensure the practical meaning of the research problem, it is assumed that ac − rYU < 0,
which means the high-emission manufacturer suffers punishment. Moreover, 4(h + r)β−
k2(1− ρ) > 0, 2rYU − αc > ck, α(1− ρ) > cβ, ck + 4hYU + 2αc >

Akl(1−ρ)(α+kYU)
lβA−2B , which

can ensure that the optimal solutions of the model exist and are positive.
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On the basis of the model assumptions, the manufacturer’s profit function in the
product market is:

πM1 = (p− c− ρp)
[
α− βp + γs + k

(
YU −Y

)]
(3)

The manufacturer’s profit function in the carbon market is:

πM2 = (ac − rY)Y− h(YU −Y)
2

(4)

The manufacturer’s total profit function is:

πM = πM1 + πM2 = (p− c− ρp)
[
α− βp + γs + k

(
YU −Y

)]
+ (ac − rY)Y− h(YU −Y)

2
(5)

The e-commerce platform’s profit function is:

πE = ρp
[
α− βp + γs + k

(
YU −Y

)]
− ls2/2 (6)

4. Optimal Decisions of LCE-SC and the Influence Mechanism of Carbon Trading
4.1. Optimal Decisions

In practice, the e-commerce platform formulates and publishes the conditions of
entry for the manufacturer to settle in the platform, and most large-scale e-commerce
companies, such as Tmall (https://www.tmall.com, accessed date 20 July 2021) and Youpin
(https://www.xiaomiyoupin.com, accessed date 20 July 2021), set higher entry thresholds
to maintain brand benefits. Only when the manufacturer satisfies the conditions can it
enter and cooperate with the platform. Thus, with consideration of the actual operation of
e-business, the leading enterprise in LCE-SC is assumed to be the e-commerce platform.
The manufacturer, as the follower, follows the sale rules to sell low-carbon products. Thus,
the platform and the manufacturer constitute a Stackelberg game model. In decision-
making, the platform first decides its service level s. The manufacturer subsequently makes
decisions on the carbon emission Y and the sales price p. The solutions of backward
induction are shown as follows.

It can be derived from Equation (5) that the Hessian matrix of πM is H =

 ∂2πM
∂p2

∂2πM
∂p∂Y

∂2πM
∂Y∂p

∂2πM
∂Y2


=

[
−2(1− ρ)β −k(1− ρ)
−k(1− ρ) −2(h + r)

]
and det(H) = 4(h + r)β(1− ρ)− k2(1− ρ)2 > 0. Besides,

since ∂2πM
∂p2 < 0, there is a maximum of πM. The reaction functions of p and Y are the

simultaneous solution of ∂πM/∂p = 0 and ∂πM/∂Y = 0.

p =
2(h + r)cβ +

[
2(h + r)(α + sγ) + k

(
2rYU − αc − ck

)]
(1− ρ)

4(h + r)β(1− ρ)− k2(1− ρ)2 (7)

Y =

(
ck + 4hYU + 2αc

)
β− k(1− ρ)

(
kYU + α + sγ

)
4(h + r)β− k2(1− ρ)

. (8)

Substituting Equations (7) and (8) into Equation (6), ∂2πE/∂s2 = −l < 0 can be de-
rived, so the maximum of πE exists. According to ∂πE/∂s = 0, the e-commerce platform’s
optimal service level is

s∗ =
2B
[
4α(h + r)− ck2 + 2k

(
2rYU − αc

)]
γ[A2l − 8B(h + r)]

(9)

The optimal sales price is derived by substituting Equation (9) into Equation (7).

https://www.tmall.com
https://www.xiaomiyoupin.com
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p∗ =
F2 + cF3 + F6

(1− ρ)F3

Similarly, according to Equations (8) and (9), the optimal carbon emission is

Y∗ =
(Alβ− 2B)

(
ck + 4hYU + 2αc

)
− Akl(1− ρ)

(
α + kYU)

A2l − 8B(h + r)

According to y = Y/q, the optimal unit carbon emission of the product can be calculated.

y∗ =
(1− ρ)F4

β[8Bc(h + r) + F2 + F6]

Correspondingly, the manufacturer’s profit in the product market is

π∗M1
=

2(h + r)β(F1 + F2)[2(h + r)F1 + F2]

F2
3 (1− ρ)

The manufacturer’s profit in the carbon market is

π∗M2
=

αcF3F4 − rF2
4 − h(YU F3 − F4)

2

F2
3

The manufacturer’s total profit is

π∗M =
2(h + r)β(F1 + F2)[2(h + r)F1 + F2]

F2
3 (1− ρ)

+
αcF3F4 − rF2

4 − h(YU F3 − F4)
2

F2
3

The e-commerce platform’s profit is

π∗E =
1
F2

3

{
βρ[2(h + r)F1 + F2][2(h + r)F1 + F2 + cF3]

(1− ρ)2 − 2l(h + r)βρF2
5

}

The common factors are as follows: A = 4(h + r)β− k2(1− ρ), B = (h + r)βγ2ρ, F1 =
2Bc + Al(α− cβ− αρ), F2 = Akl(1− ρ)

(
2rYU − αc

)
, F3 = A2l − 8B(h + r), F4 = (Alβ

−2B)
(
ck + 4hYU + 2αc

)
− Akl(1− ρ)

(
α + kYU), F5 = 4α(h + r) − ck2 + 2k

(
2rYU − αc

)
,

F6 = 2Al(h + r)(α− cβ− αρ).

4.2. Analysis of LCE-SC Model

Proposition 1. Manufacturer’s optimal carbon emission Y∗ and the unit carbon emission y∗

are positively related to YU , αc, and h, while Y∗ and y∗ are negatively related to k and r. Y∗ is
positively related to ρ, while there are two cases of the relationship between y∗ and ρ: when ρ satisfies

ρ < 1− [F2+8(h+r)Bc+F6]{kl(kYU+α)(1−ρ)[2A−k2(1−ρ)]+(ck+4hYU+2αc)βF7}
F4{2cβ(h+r)[4(h+r)γ2−k2l]−l[2(h+r)β−k2(1−ρ)](F5+ck2)} , y∗ is negatively related

to ρ; otherwise, y∗ is positively related to ρ.
Note that F7 = 2k2l(1− ρ) + 2(h + r)γ2(2ρ− 1)− 4(h + r)lβ.

Proof of Proposition 1. See Appendix A. �

According to Proposition 1, except ρ, the correlations of other parameters with Y∗ and
y∗ are similar. Thus, these two decision variables are represented by carbon emission here.

For the manufacturer, the carbon emission increases with the emission cap YU . There-
fore, the carbon emission of the high-cap manufacturer is still high under carbon trading
and CER. With the increase in the coefficient of emission-reduction cost h, the manufacturer
pays more for CER, and the revenues from the products market and carbon market are
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insufficient to cover the cost. Therefore, the manufacturer prefers high carbon emissions to
ensure profit.

With the increase in the commission rate ρ, in order to obtain a high profit after paying
commission, appropriate depression of CER is an alternative method for the manufacturer
to control costs. However, the unit carbon emission decreases first and then increases with
the commission rate. The reason lies in the significant increase in product demand caused
by the increase in the commission. Hence, the total carbon emission increases, but the
unit emission decreases. Once the threshold of the commission rate is exceeded, a serious
distribution inequity erodes the manufacturer’s enthusiasm for production, which means
that the market demand drops off and the unit carbon emission goes up. The practical
significance of this conclusion is that increasing the commission rate leads to environmental
deterioration, and once the commission rate is too high, the market share of the product
will be seriously damaged. It is more advantageous to control the commission rate in a
lower range to realize the benign operation of the supply chain. In addition, the higher the
sensitivity coefficient of CER k, the higher the market demand for low-carbon products,
which further motivates the manufacturer to control emissions.

Changes in the scale of the carbon market αc and the carbon price sensitivity coefficient
r reflect the influence mechanism of the carbon market. A larger scale of carbon market
means a higher threshold for the manufacturer to bear high-emission punishment, which
lowers the enthusiasm for CER and results in higher carbon emissions. Moreover, a larger
carbon price sensitivity coefficient means that high emissions can lead to an excessively
low or negative carbon price, causing substantial economic loss. In this situation, the
manufacturer tends to reduce emissions to obtain profit. This shows that the carbon market
directly affects the carbon emission of the manufacturer, and government departments can
regulate the carbon emissions of manufacturing enterprises by adjusting the supply and
demand relationship in the carbon market.

Proposition 2. The e-commerce platform’s optimal service level s∗ is positively related to YU , ρ,
and k, while s∗ is negatively related to αc and h. There are two cases of the relationship between
s∗ and r: when r satisfies ck + 4hYU + 2αc > 2klA(1− ρ)F5/F3, s∗ is positively related to r;
otherwise, s∗ is negatively related to r.

Proof of Proposition 2. See Appendix B. �

As can be seen from Proposition 2, with the increase in the emission cap YU , carbon
emission and emission reduction (YU − Y∗) both increase. The e-commerce platform is
willing to provide a better sales promotion service for low-carbon products. It is indicated
that in Proposition 1, a higher coefficient of emission-reduction cost h leads to more carbon
emission. As a result, the e-commerce platform puts less emphasis on the products, and
the service level decreases accordingly. With the increase in the sensitivity coefficient
of CER k, the market demand increases. The increasing profit impels the platform to
improve sales service to promote its brand value. When referring to the carbon market,
the influence mechanism of the scale of the carbon market αc is found to be similar to h.
Besides, the correlation between the optimal service level and the carbon price sensitivity
coefficient r is first positive and then negative. When r is small, increasing the coefficient
impels the manufacturer to reduce emission, and its low-carbon products can gain more
favor from e-commerce platform; when r is large, the manufacturer’s profit gained for
emission reduction is far less than the cost, so the increment of emission reduction decreases,
and a lower service level is provided by the e-commerce platform. The carbon price
sensitivity coefficient indirectly affects the sales promotion service of the e-commerce
platform, that is, blindly strengthening the punishment intensity for carbon emissions is
not conducive to improving the service level, which will affect consumers’ online shopping
experience. The practical significance of this conclusion is that the government should
control environmental regulation within a certain intensity range.
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Proposition 3. The optimal sale price p∗ is positively related to YU , ρ, k, and r, while p∗ is
negatively related to αc and h.

Proof of Proposition 3. Similar to that of Proposition 1. �

According to Proposition 1, as the emission cap YU increases, the manufacturer suffers
more punishment in the carbon market. Therefore, Proposition 3 shows that the sales price
increases to make up for this loss. This means that the high-cap manufacturer’s sales price
is higher than the low-cap one’s. However, an increased coefficient of emission-reduction
cost h erodes the enthusiasm of the manufacturer for reducing emission, and the decline in
variable costs leads to a lower sales price. Similarly, increasing the sensitivity coefficient
of CER k can help lower carbon emissions. For the sake of maximizing its profit, the
manufacturer increases sales price to compensate for the emission-reduction cost. As for
the commission rate ρ, the increase in this parameter means that the e-commerce platform
divides more profit. As a result, the manufacturer tends to guarantee its own profit by
increasing sales price. Since the increase in the carbon-market scale αc implies a decrease
in the punishment for carbon emissions, the impact of αc on the sales price is the same
as the impact of h. On the contrary, increasing the carbon price sensitivity coefficient r
causes the high-emission manufacturer to purchase carbon emissions and the low-emission
one to pay more for CER according to the law of increasing marginal cost. As a result,
the sales price increases. This conclusion is consistent with the research of Xing et al. [49]
which shows that increasing sales price is the optimal strategy for the manufacturer under
carbon trading.

Proposition 4. (1) The optimal manufacturer’s profit π∗M is positively related to αc and k, while
π∗M is negatively related to YU , h, and ρ. (2) The optimal e-commerce platform’s profit π∗E is
positively related to YU , r, and k, while π∗E is negatively related to αc and h.

Proof of Proposition 4. Similar to that of Proposition 1. �

As can be seen from Proposition 4, with the increase in the emission cap YU , the
manufacturer’s profit decreases, and the e-commerce platform’s profit increases. In the
context of carbon trading and CER, the profit of the high-cap manufacturer is lower, and
the e-commerce platform cooperating with the high-cap manufacturer gains a higher
profit. Moreover, as the coefficient of emission-reduction cost h increases, the sales price
and market demand of the products decrease but the carbon emission increases. The
manufacturer’s revenues in the product market and the carbon market are insufficient to
cover the increasing emission-reduction costs, which results in a decline in the profits of
both members in LCE-SC. On the contrary, increasing the sensitivity coefficient of CER
k causes an increase in the product demand, which boosts the manufacturer’s revenue
in the product market as well as the e-commerce platform’s profit. Similarly, the carbon
price sensitivity coefficient r increases the platform’s profit. Understandably, a higher
commission rate ρ brings less profit to the manufacturer. Since the expansion of the carbon
market αc causes a decrease in sales price and demand, the sales revenue and the profit
shared by e-platform decline. However, the increase in the manufacturer’s carbon revenue
and the decline in the cost of CER boost its own profit.

Different from the previous conclusion that reducing carbon emission harms the
profits of supply chain members [41,50], this paper points out that emission reduction does
not erode the profits of supply chain members by comparing Proposition 1 and Proposition
4. On the contrary, by enhancing consumers’ low-carbon preference or reducing the
manufacturer’s emissions-reduction cost, profits of the members in LCE-SC all increase,
and carbon emission decreases, thus improving supply chain operation.



Mathematics 2021, 9, 1717 11 of 26

4.3. Numerical Analysis

In order to verify the above propositions and further discuss the influence of the
parameters on the decision-making of LCE-SC, numerical examples are given below. Draw-
ing on the research of Shen and Wang [51] and Wang et al. [23], the base parameters are
supposed to be α = 10000, β = 5, γ = 2, c = 500, l = 1.

Analyze the impact of commission rate ρ and the sensitivity coefficient of CER k on the
LCE-SC’s performances. Based on the base parameters, assume that YU = 6000, αc = 5000,
h = 1, and r= 1, and take ρ and k as independent variables. The changing surfaces of
economic and environmental performances are shown in Figure 2.

Figure 2. Changes in the LCE-SC’s performances with ρ and k.

As can be seen from Figure 2d, with the appropriate increase in the commission
rate ρ, the optimal profit of the LCE-SC increases. This is because the increase within a
reasonable range in the commission rate causes an increase in market demand, which
makes the supply chain maintain high profitability. It can be concluded that for LCE-
SC, the implementation of carbon trading alleviates the negative impact of the unfair
profit distribution. However, a high commission rate loses its coordinating role, and
market demand drops significantly, which results in a decline in the overall profit of
LCE-SC. Although the e-commerce platform obtains a high percentage of profit, its actual
profit declines, which can explain why the commission rates set by major e-commerce
platforms often do not exceed 30%. Additionally, no matter how the commission rate
changes, increasing consumers’ preference for low-carbon products is conducive to CER
and also increases the profits of both parties. Moreover, the lower the commission rate, the
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more significant the marginal influence of the sensitivity coefficient of CER k on reducing
emission and manufacturer’s profit, which shows that as consumers’ low-carbon preference
is enhanced, a lower commission rate is beneficial to environmental protection.

Analyze the impact of the coefficient of emission-reduction cost h and carbon price
sensitivity coefficient r on the LCE-SC’s performances. Based on the base parameters,
assume that ρ = 0.05, k = 1, αc = 5000, and YU = 6000, and take h and r as independent
variables. The changing surfaces of economic and environmental performances are shown
in Figure 3.

Figure 3. Changes in optimal decisions with h and r.

It is graphically shown in Figure 3b that the influence of the carbon price sensitivity
coefficient r on the manufacturer’s profit is first negative and then positive. With the
increase in r, carbon emission decreases according to Figure 3a, and the manufacturer’s
revenue is not enough to cover the ever-growing emission-reduction cost, resulting in a
decrease in its profit. When r is too high, the manufacturer still chooses to reduce emission,
but the extent of reduction becomes smaller. At this time, boosting sales revenue can make
up for the emission-reduction cost, and the profit increases. It is illustrated in Figure 3b,c
that, as r increases, the marginal impacts of emission-reduction cost coefficient h on profits
of both members in LCE-SC increase. This shows that when r is in the low-value range,
the method to optimize the emission-reduction program for reducing cost has a certain
limitation; when r is larger, the marginal profit by optimizing the emission-reduction
program is higher.
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Analyze the impact of carbon emission cap YU and the scale of the carbon market αc
on the LCE-SC’s performances. Based on the base parameters, assume that ρ = 0.05, k = 1,
h = 1, and r = 1, and take YU and αc as independent variables. The changing surfaces of
economic and environmental performances are shown in Figure 4.

Figure 4. Changes in optimal decisions with YU and αc.

As illustrated in Figure 4, the changing surface of each variable with the carbon
emission cap YU and the scale of the carbon market αc is almost flat. It can be concluded
that the changes in the carbon-market scale have the same impacts on the carbon emissions
of both high-cap and low-cap enterprises and the profits of both members in LCE-SC.
According to Proposition 1, the government can regulate carbon emissions through the
scale of the carbon market, and the above conclusion indicates that this measure cannot
produce differentiated CER effects for high-cap and low-cap enterprises, which causes a
certain limitation.

With the rapid growth of the national economy, environmental issues related to the
over-consumption of resources and energy have become more serious in China. Excess
carbon emission has caused the greenhouse effect, which attracts widespread attention [52].
In the context of low carbon, enterprises seek a balance between maintaining profit growth
and controlling carbon emission. However, the existing research centers on the impact
of carbon trading on the industry from a macro perspective or the impact on corporate
decision-making from a micro perspective [11], and there is no research combining the two.
On the one hand, as important micro-units in the regional economy [53], enterprises are
the main force to drive regional economic development. On the other hand, industrial
enterprises are the focus to control carbon emissions, and their total amount of CER reflects
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the whole industry’s effort to conserve energy and reduce emissions. Therefore, it is of
practical significance to expand the micro research to the macro level.

The key to balancing economic development and emission reduction is to increase
carbon productivity which is also the unique way for developing countries to achieve
sustainable development [54]. To ascertain the influence of carbon trading on carbon
productivity, assuming that ρ = 0.05, k = 1, h = 1, r = 1, and YU = 6000, αc is taken as
the explanatory variable. Changes in LCE-SC’s carbon productivity ( π∗M+π∗E

Y∗ ) and emission-

dependent manufacturer’s carbon productivity ( π∗M
Y∗ ) are shown in Figure 5. As shown in

this figure, increasing the scale of the carbon market promotes the carbon productivities
of both LCE-SC and the manufacturer. It can be preliminarily inferred from the micro
perspective that enterprises’ carbon productivity is improved due to the implementation of
carbon trading. Then, what is the implementation effect of the carbon trading mechanism
on the macro level? In the next section, the issue is addressed by empirical analysis.
Considering the authority and availability of statistical data, regional carbon productivity
is selected as the indicator to measure the sustainable development level of the enterprise
group. The research relationships from the micro perspective and the macro perspective
are shown in Figure 6.

Figure 5. Changes in carbon productivity with the scale of carbon market.

Figure 6. Relationship between the micro research and the macro research.
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5. An Empirical Analysis of the Influence of Carbon Trading on Regional Enterprises’
Sustainable Development
5.1. The Method of Empirical Analysis

Based on natural experiments and pooled cross-sections, the Difference-in-Difference
method (DID) is widely adopted in evaluating the implementation effect of specific
policies [55]. The advantage of DID lies in controlling the discrepancy between the ex-
perimental group and the control group before and after implementing the policy to
eliminate some uncontrollable and unpredictable factors [56]. The basic form of DID is:
Ygt = β0 + β1Tg + β2Pt + β3

(
Tg × Pt

)
+ εgt, among which Tg and Pt are dummy variables

with g = 1, . . . , G indexing cross-sectional units and t = 1, . . . , T indexing periods. The
interaction item is the estimation of the treatment effect under the parallel trend assump-
tion [57]. In recent years, the DID gradually became the mainstream method for measuring
the effect of carbon trading. For example, Zhang et al. [36] and Dong et al. [58] empirically
analyzed the implementation effect of carbon trading policy on the basis of provincial
panel data and the DID method. Zhu et al. [59] explored whether the carbon trading policy
promotes green development efficiency in China by DID.

However, the selection of carbon trading pilots is not arbitrary. Instead, it is dependent
on the regional economic level, historical data of carbon emission, environmental regulation,
and other important indicators, which causes heterogeneity. Among such observational
studies, scholars tend to choose the Propensity Score Matching (PSM) to overcome the
selective bias in causality assessment [60]. Rosenbaum and Rubin [61] proved that among
the observation subjects that match the propensity scores, the treatment group and the
control group have similar baseline characteristic distribution. Therefore, scholars tend
to combine the PSM and DID methods to verify the policy effect. For example, based on
provincial panel data, Zhou et al. [35] conducted an empirical study to assess the influence
of carbon trading policy using PSM-DID. With reference to previous research, this paper
adopts PSM-DID to empirically analyze the influence of the carbon trading mechanism on
regional sustainable development.

5.2. Variable Selection and Data Sources
5.2.1. Carbon Productivity

The research object of this section is the influence of the carbon trading mechanism
on regional sustainable development. With reference to Zhang et al. [62], it is found
that scholars prefer to choose carbon intensity as the dependent variable for empirical
research. However, for developing countries, carbon intensity is more suited to measuring
carbon emission reduction rather than stressing economic development. Thus, referring
to Wang et al. [63], carbon productivity, which reflects GDP per unit carbon emission, is
selected as the dependent variable. The higher carbon productivity means greater economic
output and lower carbon emission, so carbon productivity can measure a country’s or
a region’s effort to deal with the global warming problem, and place more emphasis on
economic growth.

5.2.2. Control Variables

With reference to Yan et al. [64] and Hu et al. [65], resource endowment and industrial
structure are selected as control variables in this paper. According to Proposition 2, environ-
mental governance intensity is added. On this basis, referring to Xu et al. [66], household
consumption and population scale are supplemented to reduce the endogenous deviation
between the treatment group and the control group due to demographic factors. Table 2
shows the specific measurement methods of these variables.
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Table 2. Measurement methods of control variables.

Variable Measurement Method Symbol

Resource Endowment
Proportion of investment in fixed assets of the
mining industry (excluding rural households) to
the total investment in fixed assets

RE

Industrial Structure Proportion of secondary industry to regional GDP IS
Environmental Governance

Intensity
Proportion of investment completed in the
treatment of industrial pollution to regional GDP EGI

Household Consumption Household consumption in the total consumption
of energy HC

Population Scale Population at year-end POP

5.2.3. Data Sources and Descriptive Statistics

Taking into account the availability and timeliness of the data, provincial panel data
from 2009 to 2017 are used. The data of Tibet, Hong Kong, Macao, and Taiwan are excluded
from the research since there are relatively more defaults. The original data sources for
calculating the variables are as follows: GDP, investment in fixed assets of the mining
industry (excluding rural households), investment of fixed assets in the whole society, GDP
of the secondary industry, investment completed in the treatment of industrial pollution,
and population at year-end come from the China Statistical Yearbook of 2010 to 2018
and the provincial annual database of the National Bureau of Statistics. The household
consumption is from the China Energy Statistical Yearbook of 2010 to 2018. Table 3 shows
the descriptive statistics of variables in the model.

Table 3. Descriptive statistics of variables.

Variables ln CP RE IS EGI ln HC ln POP

2009
Mean 7.76602 0.04620 0.47461 0.00159 6.86159 8.16080

Std. Dev. 0.52569 0.04531 0.07627 0.00116 0.69372 0.76387

2010
Mean 7.82837 0.04374 0.49071 0.00113 6.95988 8.17059

Std. Dev. 0.52532 0.04516 0.07586 0.00089 0.70520 0.75837

2011
Mean 7.91161 0.04554 0.49565 0.00107 7.04084 8.17772

Std. Dev. 0.54293 0.04507 0.08064 0.00067 0.70480 0.75428

2012
Mean 7.96974 0.04119 0.48648 0.00110 7.11616 8.18518

Std. Dev. 0.55357 0.03921 0.07903 0.00085 0.69778 0.75045

2013
Mean 8.01021 0.03832 0.46781 0.00172 7.12947 8.19240

Std. Dev. 0.60977 0.03522 0.07952 0.00131 0.67814 0.74697

2014
Mean 8.06601 0.03313 0.45984 0.00189 7.15885 8.19891

Std. Dev. 0.61777 0.03036 0.07815 0.00180 0.66334 0.74442

2015
Mean 8.11762 0.02778 0.43255 0.00122 7.23768 8.20539

Std. Dev. 0.62495 0.02502 0.07790 0.00073 0.66524 0.74327

2016
Mean 8.18463 0.01971 0.41553 0.00133 7.29991 8.21142

Std. Dev. 0.67653 0.01824 0.07769 0.00142 0.66808 0.74330

2017
Mean 8.21442 0.01861 0.40707 0.00090 7.35082 8.21709

Std. Dev. 0.67278 0.01852 0.07578 0.00074 0.67553 0.74345
Mean 8.00763 0.03491 0.45892 0.00133 7.12836 8.19106

According to Table 3, from 2009 to 2017, carbon productivity increased year by year,
while resource endowment generally showed a downward trend, but rebounded slightly in
2011. Industrial structure showed an upward trend from 2009 to 2011 and began to decline
in 2012. Environmental governance intensity was in an unstable fluctuation, peaking in
2014, and it reached the lowest in 2017. Household consumption and population scale
increased from 2009 to 2017. It can be seen that the changing trends of each control
variable and the explained variable are not exactly the same or the opposite. Therefore,
whether these control variables have a significant impact on carbon productivity needs to
be further verified.
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5.3. Model Construction

Calculate the ring growth of China’s carbon productivity, and draw a line chart in
time series. As shown in Figure 7, before 2013, the changes in China’s carbon productivity
were in an unstable fluctuation, but since the carbon trading mechanism was implemented,
carbon productivity has been steadily increasing. It is preliminarily inferred that the
carbon trading mechanism improves carbon productivity. Therefore, the implementation
of the carbon trading mechanism is regarded as a natural trial, where pilot provinces
and cities constitute the treatment group and the control group includes other provinces.
Specifically, Beijing, Shanghai, Guangdong Province (Shenzhen is included in Guangdong
Province), Tianjin, Hubei Province, Chongqing, and Fujian Province compose the treatment
group, while the control group consists of other provinces excluding Tibet, Hong Kong,
Macao, and Taiwan. Since the pilots were initiated in 2013, 2009–2012 is regarded as
the pre-implementation period with 2013–2017 as the implementation period. Carbon
trading’s implementation effect is evaluated by contrasting the changes in the two periods
between the treatment group and the control group. The absolute variables such as
carbon productivity, household consumption, and population scale are logarithmically
processed. The regression model based on the DID method with the control variables
added is as follows:

ln CPit = β0 + β1 periodt + β2treatedi + β3didit + β4CVit + µit

Among the model, i indexes region, hile t indexes year. didit = periodt × treatedi is
the interactive item that reports the net implementation effect of carbon trading and is the
core explanatory variable of the regression model. periodt is the time dummy variable.
periodt = 1 indicates that carbon trading has been implemented that year, while periodt = 0
indicates the opposite. treatedi is the region dummy variable. treatedi = 1 indicates the
province or city is the pilot area, while treatedi = 0 indicates the opposite. ln CPit represents
the logarithm of carbon productivity, and CVit represents the set of control variables.

Figure 7. Annual carbon productivity growth.

5.4. Analysis of Regressive Results
5.4.1. Preliminary DID Analysis

The influence of carbon trading on regional carbon productivity is analyzed by DID.
Table 3 shows the regressive results of Stata15.1. The results point out that the effect of
the interactive item on the carbon productivity of pilot regions is positive with the 1%
significant level, which implies that the carbon trading mechanism has a positive impact
on regional sustainable development.
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Although the regressive results preliminarily verify the implementation effect of
carbon trading, the parallel trend assumption that the pilot regions and other regions
possess the same changing trend of carbon productivity should be satisfied. Therefore, data
in the respective four years before and after implementing the carbon trading mechanism
are selected to test the parallel trend. A regression model is constructed with the interaction
item and ln CP as the independent and dependent variables, respectively. As shown in
Table 4, Be f ore variables are all significant and the parallel trend assumption is not satisfied,
which implies the self-selection bias in the pilot region cannot be ruled out.

Table 4. The results of preliminary DID regression.

ln CP

period 0.122 *
(2.53)

treated 0.396 ***
(5.55)

did 0.233 **
(2.67)

RE −6.122 ***
(−8.93)

IS −0.881 **
(−3.36)

EGI −143.706 ***
(−7.18)

ln HC −0.229 ***
(−4.18)

ln POP 0.283 ***
(5.12)

_cons 7.934 ***
(33.35)

N 270
R2 0.7598

* p < 0.05, ** p < 0.01, *** p < 0.001.

5.4.2. Analysis of PSM Results

In order to eliminate the self-selection bias and make the pilot regions and other
regions meet the parallel trend assumption, the PSM method is selected to improve the
matching degree between the two groups. After the nearest neighbor matching, the
estimated value of the average treatment effect on the treated (ATT) is 0.405 and the t value
is 3.48 at the 1% significant level. Therefore, the ATT is significantly positive, which
indicates that the establishment of carbon trading pilots significantly promotes regional
carbon productivity.

To test whether the distribution of each control variable in the treatment group and
the control group is balanced after matching, a t-test is adopted. As shown in Table 5,
after matching, the biases of resource endowment, environmental governance intensity,
and household consumption are reduced by more than 90%, and deviations of industrial
structure and population scale have also been improved to a certain extent. Moreover, the p
values of each control variable do not pass the test of significance at the level of 10%. It can
be deduced from the results that the null hypothesis that there is no systematic difference
between the two groups is accepted. The result of PSM is valid, and PSM-DID can be used
to estimate the implementation effect of carbon trading.
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Table 5. The results of the parallel trend test in the DID model.

ln CP

Be f ore4 0.457 *
(2.09)

Be f ore3 0.514 *
(2.35)

Be f ore2 0.608 **
(2.78)

Be f ore1 0.692 **
(3.17)

Current 0.796 ***
(3.64)

A f ter1 0.863 ***
(3.95)

A f ter2 0.929 ***
(4.25)

A f ter3 1.097 ***
(5.02)

A f ter4 1.093 ***
(5.00)

_cons 7.825 ***
(76.63)

N 270
R2 0.3551

* p < 0.05, ** p < 0.01, *** p < 0.001.

5.4.3. PSM-DID Regression Analysis

After PSM, observations that did not satisfy the common support assumption are
deleted. Then the DID method is used for regression, the results are shown in Table 6
where control variables are not added in Model 1 but added in Model 2. Comparatively
analyzing the two models, it is found that there is an obvious improvement of R2 in Model 2
compared with Model 1, which shows that adding control variables increases the goodness
of fit. Thus, analysis of the influence of each control variable on carbon productivity has
practical significance.

Table 6. Validity test of PSM.

Variable Mean Control Mean Treated Reduct |bias| t Value p Value

RE 0.01424 0.01408 99.5 −0.05 0.958
IS 0.47500 0.45169 41.7 −1.52 0.132

EGI 0.00094 0.00090 94.4 −0.36 0.723
ln HC 7.28740 7.28770 99.8 0.00 0.998

ln POP 8.27600 8.23570 55.6 −0.26 0.797

The results in Table 7 are as follows:
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Table 7. The results of PSM-DID regression.

Model 1 Model 2

period 0.174 *
(2.55)

0.160 **
(3.27)

_treated 0.420 ***
(4.00)

0.363 ***
(5.24)

did 0.287 *
(2.11)

0.202 *
(2.35)

RE −8.478 ***
(−6.22)

IS −0.933 **
(−3.16)

EGI −163.073 ***
(−5.81)

ln HC −0.255 ***
(−4.31)

ln POP 0.297 ***
(4.42)

_cons 7.890 ***
(146.95)

8.101 ***
(31.84)

N 206 206
adjR2 0.3179 0.7350

* p < 0.05, ** p < 0.01, *** p < 0.001.

Whether or not the regression model is added control variables, the coefficient of the
core explanatory variable, did, is significantly positive at the 5% significant level. This
shows that after eliminating the self-selection bias as much as possible, the net imple-
mentation effect of carbon trading on carbon productivity is significantly positive. This
suggests that carbon trading is conducive to regional sustainable development, and the
model is robust.

The higher the fixed assets investment of the mining industry, the lower the regional
carbon productivity; the higher the gross annual value of the secondary industry, the
more disadvantageous to regional sustainable development. The impact of RE on carbon
productivity is significantly negative at the level of 0.1%, which indicates that resource en-
dowment is an important factor that affects carbon productivity. It is also worth noting that
dependence on resources is not conducive to the development of technologically innovative
industries. Since the impact of IS is significantly negative at the 1% significant level, it is
imperative to promote the industrial transformation to achieve sustainable development.

The greater the intensity of environmental governance, the lower the regional car-
bon productivity. The impact of EGI on carbon productivity is significantly negative
at the 0.1% significant level, which indicates that excessive environmental regulation is
unbeneficial to regional development. It is of significance to optimizing environmental
governance programs.

The enlargement of the population scale is conducive to regional sustainable develop-
ment, while the increase in household consumption drops regional carbon productivity.
The impacts of ln HC and ln POP on ln CP are significant at the level of 0.1%, but the
former’s coefficient is negative and the latter’s is positive. It is shown that the low-carbon
lifestyle plays a positive role in promoting carbon productivity, and appropriate pop-
ulation growth fills the labor shortage of high-tech industries and promotes regional
sustainable development.

5.4.4. Placebo Test

In order to verify the validation of the DID model after PSM, a placebo test was
conducted. We randomly assigned the treated group and the control group, randomly
assigned the time node of policy implementation, and re-estimated the model. This process
is repeated 1000 times. If the estimated coefficient of the interaction item is not significant,
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the regression model of PSM-DID in Section 5.4.3 is proved valid. The result of the placebo
test is shown in Figure 8. It can be seen that the estimated coefficient of the interaction
term is distributed around 0 and obeys the normal distribution, which shows that the DID
model passes the placebo test.

Figure 8. Placebo test.

6. Results and Discussion

By establishing the LCE-SC model and conducting empirical analysis, we achieve
the goal of finding the influences of carbon trading on optimal decisions and sustainable
development. The important results are summarized below.

The existing literature shows that increasing the commission rate will harm the rev-
enue of the E-SC [20]. However, we found that in the LCE-SC, increasing the commission
rate within a reasonable range improves the profitability of LCE-SC, which indicates that
implementing carbon trading can effectively alleviate the negative impact of unfair profit
distribution. Moreover, as consumers’ low-carbon preference is gradually enhanced, a
lower commission rate is more conducive to CER. However, the unit carbon emission
decreases first and then increases with the commission rate. Compared with the low-cap
manufacturer, the high-cap one’s sales price is higher but profit is lower. The e-commerce
platform cooperating with the high-cap manufacturer can make more profits.

When discussing carbon trading, the extant literature assumes that the carbon price is
a fixed exogenous variable [40–43]. However, we assumed that the carbon price is affected
by Demand and Supply and found that with the increase in the carbon price sensitivity
coefficient, the e-commerce platform’s sales promotion service first increases and then
declines, and the manufacturer’s profit first declines and then increases. The higher the
carbon price sensitivity coefficient, the higher the marginal profits that members in LCE-SC
can obtain by optimizing the coefficient of emission-reduction cost. Besides, changes in
the carbon market scale have the same impacts on the decisions of both high-cap and
low-cap enterprises.

We find from both the modeling analysis and empirical research that the imple-
mentation of carbon trading significantly improves regional carbon productivity, and
it is noteworthy that controlling the intensity of environmental regulation is conducive
to regional sustainable development. In addition, promoting industrial transformation,
advocating a low-carbon lifestyle, and appropriately relaxing population restriction are
empirically proven to be effective in increasing carbon productivity.

As the impact of carbon trading expands, and the cultivation of sinking markets pro-
motes the continuous and rapid development of the e-commerce industry, it is imperative
to explore the impact of carbon trading on LCE-SC and regional sustainable development.
Compared with existing studies, the innovation of our research includes two aspects: on
the one hand, the existing research only considers the production and inventory decisions
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of the traditional offline supply chain affected by carbon trading, such as in [67–69]. This
paper introduces the carbon trading mechanism into the e-commerce supply chain for the
first time, complementing the research on the interaction of carbon trading and supply
chain management.

On the other hand, the existing research discussing the policy effect adopts micro
research methods only, such as in [50,70] showing the influences of carbon tax and carbon
quota by modeling analysis, respectively, or macro research methods only, such as in [71,72]
studying the effects of subsidy and carbon trading by empirical analysis respectively,
lacking the transition between the two. This paper combined micro modeling analysis with
macro empirical research and found it a feasible way to better study the implementation
effect of a policy.

7. Conclusions

In the low-carbon context, the carbon trading mechanism and consumers’ low-carbon
preference are introduced into the decision-making model of LCE-SC, which differs from
the models in existing studies. The optimal decisions of LCE-SC have been gained by
the Stackelberg game. On this basis, this paper analyzes how the commission rate and
carbon trading influence the decision-making and performance of LCE-SC. The moder-
ating effects of these parameters are discussed by numerical simulation. Then, based on
the initial hypothesis that the carbon trading mechanism promotes carbon productivity,
further empirical research on the implementation effect of carbon trading is conducted. As
expected, we got the following conclusions that play a directive role in enterprise operation
and policymaking.

Firstly, for emission-dependent manufacturers, producing low-carbon products not
only generates higher variable costs but also brings environmental benefits, that is, bet-
ter brand image and higher profits for enterprises. Therefore, considering consumers’
low-carbon preference and the e-commerce platform’s sales rules, manufacturers should
optimize emission-reduction programs to control emission-reduction costs for the sake of
higher profits and fewer carbon emissions.

Secondly, CER relies on the investment of low-carbon manufacturers, as well as the
cooperation of e-commerce enterprises. As the core factor for coordinating e-commerce
platforms and settled-in manufacturers, the commissions need to be kept in a low range
to reduce emissions. Thus, e-commerce platforms should consider the impact of the
commission rate on CER and set an appropriate commission rate for the win-win result of
economic benefits and environmental performance in LCE-SC.

Thirdly, as implementing carbon trading contributes to both the economy and the
environment, the government should actively promote the carbon trading mechanism
with a way to standardize the operation of pilot carbon trading markets. By doing this,
the role of carbon trading in mitigating unfair profit distribution and promoting regional
sustainability can be fully utilized. Besides, the government should appropriately relax
population restrictions and foster more high-tech professionals. Meanwhile, the intensity
of environmental governance should also be controlled. Since the cost of CER brings
pressure for emission-dependent enterprises, the government can consider providing
emission-reduction subsidies.

Finally, increased consumers’ low-carbon preference can improve low-carbon enter-
prises’ economic and environmental benefits. Therefore, the government should help
promote the publicity of low-carbon products and advocate the low-carbon lifestyle,
which is advantageous to regional sustainable development. In the current big data
era, e-commerce platforms have the most direct contact with consumers. They can track
consumers’ consumption behavior and analyze their information by technical means for
personally recommending low-carbon products.

Although our research fills the gap of the literature on carbon trading to some extent,
there are certain research limitations. Since the carbon price is influenced by the government
instead of determined entirely by the market, more factors can be considered in LCE-SC,
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such as subsidy for the carbon price and differential carbon pricing for enterprises in
different regions. The consideration that can make the model more realistic is the direction
of future work.
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Appendix A

Proof of Proposition 1.
∂Y∗
∂YU = 4h(lβA−2B)−k2lA(1−ρ)

F3
> 0; ∂Y∗

∂αc
= 2(lβA−2B)

F3
> 0; ∂Y∗

∂ρ =

klβ[4(h+r)α+2k(2rYU−αc)−ck2]
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k4l(1−ρ)2+8(h+r)2βγ2−2k2(h+r)(1−ρ)[4lβ−γ2(1+ρ)]
}

F2
3

> 0. The same

procedure is adapted to prove that ∂Y∗
∂h > 0, ∂Y∗

∂r < 0, ∂Y∗
∂k < 0, ∂y∗

∂YU > 0, ∂y∗
∂αc

> 0, ∂y∗
∂h > 0,

∂y∗
∂r < 0, ∂y∗

∂k < 0.

According to ∂y∗
∂ρ =

β[8Bc(h+r)+F2+F6]{kl(kYU+α)(1−ρ)[2A−k2(1−ρ)]+(ck+4hYU+2αc)βF7}
β2[8Bc(h+r)+F2+F6]

2 −
β(1−ρ)F4{2cβ(h+r)[4(h+r)γ2−k2l]−l[2(h+r)β−k2(1−ρ)](F5+ck2)}

β2[8Bc(h+r)+F2+F6]
2 , if 1 − ρ >

[F2+8(h+r)Bc+F6]{kl(kYU+α)(1−ρ)[2A−k2(1−ρ)]+(ck+4hYU+2αc)βF7}
F4{2cβ(h+r)[4(h+r)γ2−k2l]−l[2(h+r)β−k2(1−ρ)](F5+ck2)} , ∂y∗
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[F2+8(h+r)Bc+F6]{kl(kYU+α)(1−ρ)[2A−k2(1−ρ)]+(ck+4hYU+2αc)βF7}
F4{2cβ(h+r)[4(h+r)γ2−k2l]−l[2(h+r)β−k2(1−ρ)](F5+ck2)} , ∂y∗

∂ρ > 0. �

Appendix B

Proof of Proposition 2.
∂s∗
∂YU = 8Bkr

F3γ > 0, ∂s∗
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2l(h+r)βγAF5[4(h+r)β−k2(1+ρ)]
F2

3
> 0, ∂s∗
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= − 4Bk
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F2

3
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F3
,

∂s∗
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