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Abstract: With the continuous spread of cap-and-trade mechanisms and consumers’ great concerns
about environmental issues, manufacturers strive to reduce carbon emissions. Unfortunately, they
are not always willing to disclose their accurate emission reductions or may even falsify emission
reduction information. By developing a signaling model, we explore the impact of the cap-and-
trade mechanism and asymmetric information on the decision-making of supply chain members
composed of a manufacturer regulated by the cap-and-trade mechanism, and a retailer. As a result,
we show that the low-type manufacturer has the incentive to mimic the pricing behavior of the
high-type manufacturer under information asymmetry. Thus, in order to avoid this mimicry, the
high-type manufacturer will distort the wholesale price. Moreover, the impact of the cap-and-trade
mechanism on the manufacturer depends on the initial quotas. Only when the initial quota is
in the middle range does the high-type manufacturer benefit, while the low-type manufacturer
suffers. Furthermore, the low-type manufacturer tends to hide emission reduction information, while
the high-type manufacturer tends to disclose the information. We also address how information
asymmetry weakens the emission reduction advantages of the high-type manufacturer. However, the
cap-and-trade mechanism can effectively alleviate this negative effect.

Keywords: cap-and-trade; asymmetric information; emission reduction; signaling game

1. Introduction

As global warming poses a more serious threat to human society, the world community
is actively taking measures to reduce carbon emissions to delay the intensification of global
warming. Among various policies and regulations, the cap-and-trade mechanism is a
widely-used and effective measure [1–3]. The cap-and-trade mechanism is based on the
1997 Kyoto Protocol, which first proposed that carbon dioxide emission rights could be
traded like ordinary commodities. After years of development, many countries and regions
around the world are applying the cap-and-trade mechanism, such as Britain, Australia,
Japan, and so on. The European Union Emission Trading System (EU-ETS) is at the forefront
of the world. Coincidentally, the Chinese government began to launch the China Carbon
Emission Trade Exchange (CCETE). The pilot project was started in 2013 and gradually
promoted nationwide in 2017. During the pilot period, carbon emissions were reduced by
129.588 million tons [4].

The key to the cap-and-trade mechanism is to use market means to control carbon
emissions in two steps. First, the government allocates the initial carbon emission quotas
to companies [5]. The total amount of the initial carbon quotas for allocation, directly, is
the maximum carbon emission of regulated companies within a specified period of time.
Next, a company can freely trade carbon quotas in the carbon trading market [6]. Due to
changes in emission reduction technology and economic activity level, the actual carbon
emissions are usually different from the allocated initial carbon quotas. If the actual carbon
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emissions are greater than the initial carbon emission quota, they need to buy quotas so that
excess carbon emissions can be legally discharged. Conversely, if the quotas are surplus,
companies can sell the additional parts. Thus, when the initial carbon emission quotas
become tightened slightly every year, the carbon trading price becomes higher which is
determined by the carbon trading market. So, the cap-and-trade mechanism can impel
companies to constantly innovate to reduce carbon emissions [7,8].

Moreover, the public universally follows environmental issues with interest and favors
low-carbon products. As consumers are also aware of the importance of environmental
protection, low-carbon products have become a popular choice. For example, more and
more Chinese consumers are willing to buy environment-friendly electric vehicles; 67% of
Americans believe that the emergence of green products has affected their purchase deci-
sions; the proportion of European consumers who prefer low carbon products has increased
significantly from 31% in 2005 to 75% [9]. This preference for low-carbon products translates
into purchasing power, which means more and more consumers are willing to spend more
on low-carbon products [10,11]. Recently, according to a survey of public environmental
awareness, nearly 70% to 80% of the respondents are willing to pay for environmental
improvement and the purchase of environmental protection products [12].

Manufacturers pay more and more attention to carbon emission reduction, but their
emission reduction level is not often announced to the public. Manufacturers invest
in technology and capital to reduce carbon emissions in the production process, in re-
sponse to the appeal of the cap-and-trade mechanism and the market for environmental
protection [13,14]. For example, Baosteel Group Corporation, the largest iron and steel
conglomerate in China, is actively developing hydrogen metallurgy technology to replace
coke in the traditional process, so as to greatly reduce emissions from the iron-making
process [15]. However, there is a problem in that the emission reduction level is usually
privately grasped only by the manufacturers. Intuitively, manufacturers are reluctant to
disclose carbon information. Manufacturers would voluntarily participate in the CDP and
publish reports such as sustainable development reports to disclose carbon information.
However, because of the non-standard computing system and imperfect information shar-
ing mechanism, the quality and reliability of the sustainable development reports disclosed
by enterprises cannot be guaranteed [16]. Some enterprises will even carry out greenwash-
ing practices, which means that enterprises that are destructive to the environment will
manipulate the information disclosure and create the illusion of environmental friendliness,
which will challenge the credibility of the information disclosure [17]. These manufacturers,
who are regulated by cap-and-trade regulations, sell their low-carbon products through
retailers. For example, the products produced by Baosteel Group Corporation need to be
sold through sales agencies all over the country. Since it is impossible to ensure that the
manufacturer publishes the carbon emission efficiency truly and accurately, there is carbon
emission reduction information asymmetry between the retailer and manufacturer. Thus,
on account of the above considerations, the following key questions are worth discussing:
(1) How will the manufacturer and retailer determine optimal decisions to maximize their
own profits with asymmetric information on carbon emission reduction? (2) What is the
impact of the cap-and-trade mechanism on the performances of the supply chain mem-
bers? (3) How does the asymmetry of carbon emission reduction information affect the
performance of supply chain members?

In order to address the aforementioned questions, we construct a framework composed
of a manufacturer who is subjected to the cap-and-trade mechanism, and a retailer. There
are three scenarios considered in our study that capture three stages in the process of
policy implementation: (1) original scenario, in which the cap-and-trade mechanism is not
implemented and the manufacturer privately has carbon emission reduction information;
(2) implementation scenario, where the cap-and-trade mechanism is put into effect but
information is still asymmetric; (3) transparency scenario, in which the cap-and-trade
mechanism continues to be implemented, but the information becomes transparent. Under
information asymmetry, the manufacturer acts as the signal sender and uses the wholesale
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price to transmit emission reduction information to the retailer, who is the signal receiver.
Then, we compare the equilibrium in three scenarios to investigate the effects of the cap-
and-trade mechanism and asymmetric information. Additionally, we analyze the effect of
consumer environmental awareness and carbon trading price on the equilibrium results
through sensitivity analysis. We have made some conclusions as seen below.

First, regarding the cap-and-trade mechanism, we find that the cap-and-trade mech-
anism can effectively urge the manufacturer to reduce emissions, only when the initial
quota is in a relatively middle area. This area is determined by the manufacturer’s en-
dogenous technological uncertainty and does not depend on the traditional initial quota
allocation factors: historical emissions or industry benchmarks. In this area, the high-type
manufacturer is better off, while the low-type manufacturer is worse off compared with
no cap-and-trade mechanism. However, the cap-and-trade mechanism is always harmful
to the retailer. Furthermore, the initial quota and carbon trading price work together to
affect the changing trend of manufacturers’ profits. When the initial quota is large, the
manufacturer’s optimal profit increases with the carbon trading price, and vice versa.
However, the retailer’s profit always decreases with the carbon trading price.

Second, regarding asymmetric information, it is not always beneficial for manufactur-
ers to have private information on emission reduction rates. Under information asymmetry,
the low-type manufacturer is motivated to mimic the pricing behavior of the high-type
manufacturer, which can induce the retailer to believe that the low-type manufacturer
has high carbon emission reduction. Thus, the high-type manufacturer will distort the
wholesale price to avoid this mimicry. This distortion results in a loss of profits. Conversely,
whether the information is symmetric or not, the performance of the low-type manufac-
turer is the same. Moreover, information asymmetry also weakens the emission reduction
advantages of the high-type manufacturer. However, the cap-and-trade mechanism can
effectively alleviate this negative effect.

Third, regarding consumer environmental awareness, the improvement in the con-
sumer environmental awareness is beneficial to all supply chain members. As the consumers’
environmental awareness increases under asymmetric information, the optimal wholesale
price, determined by the high-type manufacturer, will decrease first and then increase.

The remainder of the paper is organized as follows. In the next section, we review
the literature closely related to this research. This is followed by some basic assumptions
and our model setting in Section 3. Sections 4 and 5 investigate the equilibrium solutions
under three scenarios. In Section 6, we analyze the impact of the cap-and-trade mechanism,
asymmetric information, and the consumer environmental awareness on supply chain
members. This study ends with conclusions and some directions for future research in
Section 7. To enhance the readability, all proofs are placed in the Appendices A and B.

2. Literature Review

In this section, we review the literature closely related to this research, which is mainly di-
vided into two main research streams: the cap-and-trade mechanism and asymmetric information.

2.1. The Cap-and-Trade Mechanism

The first stream of research focuses on investigating the cap-and-trade mechanism in
supply chain management. Some scholars consider the problems of the emission reduction
investment strategy [18–20] and inventory decisions [21–24]. In addition, some scholars
analyze how the cap-and-trade mechanism affects production and management decisions
from a different perspective, which is the main field of our research. On the one hand, some
literature study the cap-and-trade mechanism under the production of two kinds of green
products and non-green products. Gong and Zhou [25] investigate the production problem
of the manufacturer with both green technology and regular production technology, and
present that the initial quota and carbon trading price will determine the two technology
options. Toptal et al. [1] study the optimization problem when the manufacturer sells
the ordinary and the low-carbon product to consumers with a low-carbon premium, and
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they note that the carbon trading price will reduce the gap between the two products. On
the other hand, some literature study the management problems when the manufacturer
only produces green products. Xu et al. [26] investigate the impact of emission trading
price on production and pricing in a make-to-order supply chain, and conclude that the
emission trading decisions follow a two-threshold policy. Xia et al. [27] consider social
preference, which relaxes the assumption that supply chain members are rational, and
they study the impact of social preference and low-carbon awareness on supply chain
members’ decision-making and performance. Chai et al. [28] analyze the impact of the
cap-and-trade mechanism in re-manufacturing, and find that the carbon trading price plays
a greater role in reducing emissions and improving profits than the initial carbon quota.
Liu et al. [29] consider a supply chain with two competitive manufacturers, and show that
consumers’ low carbon preference and carbon trading price have an important impact on
manufacturers’ decision-making. Tang and Yang [30] analyze supply chain members with
different capital adequacy, and find that the increase in the initial carbon quota and carbon
trading price can effectively improve social welfare.

The above literature mainly believes that all supply chains can obtain the specific
emission reduction level from manufacturers. As a result of the manufacturer’s internal
decision, emission reduction is not always disclosed to the public. Thus, in order to make
it more realistic, this study introduces asymmetric information into the cap-and-trade
mechanism, which helps provide valuable insights for application of the cap-and-trade
mechanism. On this account, we propose an incomplete information dynamic game that
the emission reduction is the manufacturer’s private information. Different from previous
studies, we find the range of initial carbon quotas that can effectively stimulate the internal
motivation of the manufacturer to reduce emissions under asymmetric information, which
can damage the profits of the relative low emission reduction manufacturer, and improve
the emission reduction level.

2.2. Asymmetric Information

The second stream of research focuses on studying asymmetric information. Previ-
ous scholars discuss a variety of information asymmetry, mainly including widespread
asymmetric information and distinctive asymmetric information. Widespread asymmetric
information has attracted much attention in the field of supply chain management, such as
demand information [31–34], cost information [35–37], quality information [3,38,39], and
so on. It is also so abundant in the green supply chain. Hong et al. [40] study the effect of
asymmetric green production cost information on product pricing strategy when there is
competition between green products and non-green products in the market. They find that
the green manufacturer needs to raise prices when asymmetric green production costs are
high. Zhou et al. [41] analyze the manufacturer’s production decision when the retailer
with fair concerns has private demand information, and they find that the manufacturer
always chooses to produce green products if they have a choice between green products
and non-green products. Xia and Niu [42] investigate how manufacturers deal with the
problem that only the retailer has market information when both the manufacturer and re-
tailer make efforts to reduce carbon emissions in a two-echelon supply chain. Additionally,
they show that the manufacturer can induce the retailer to disclose market information,
and actively participate in emission reduction activities through a series of contracts.

Moreover, distinctive asymmetric information only exists in carbon emission reduc-
tion. Xia and Niu [43] analyze that the government designed carbon contractual policy to
encourage firms to reduce emissions, and consider two kinds of information asymmetry of
carbon emission efforts and costs. They reveal that the carbon contract menu can induce
the firm to reveal its real carbon-reducing capacity and encourage emission reduction.
Li et al. [44] construct a supply chain consisting of the manufacturer and supplier where
abatement costs and efforts of the manufacturer are private for the government. Addi-
tionally, they find that the government should consider the types of manufacturers when
formulating linear incentive contracts. Ma et al. [45] consider the impact of government
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subsidies on enterprise performance under asymmetric emission reduction information.
They find that the subsidy policy can encourage the manufacturer to actively share in-
formation if the subsidy can effectively increase demand. Wang et al. [46] analyze the
impact of emission reduction efficiency on supply chain performance in the supply chain
of a product designer and a manufacturer. Zhang et al. [47] explore the contract design
problem when the supplier carries out environmental innovation, but the environmental
innovation efficiency is not published to the retailer. They find that the retailer can use two
kinds of contract, including a two-part tariff contract and an innovation effort requirement
contract, to incite the manufacturer to reveal the information. Moreover, some scholars
also study the problem of information asymmetry under the cap-and-trade mechanism.
Yuan et al. [48] consider a supply chain composed of a retailer and a manufacturer, who
has private emission reduction information and goes along with cap-and-trade mechanism,
and investigate the problem of designing an incentive contract to encourage the disclosure
of carbon emission information. Ma et al. [49] consider the supply chain of a manufacturer,
subject to the cap-and-trade mechanism and multiple suppliers, where the supplier holds
private information about the unit emission rate of the raw materials. In addition, they
determine an effective carbon emission trading policy to control manufacturers’ carbon
emissions. Li et al. [17] studied the information asymmetry between the manufacturer
and consumers, where low-carbon preference is private for consumers, and they built
three abatement mechanisms. Additionally, they found that the information rent caused by
information asymmetry affects the efficiency of emission reduction.

We make a comparison between the above literature and our paper, as shown in
Table 1. At present, asymmetric information in emission reduction activities is focused
on carbon reduction efficiency. When the cap-and-trade mechanism is considered, the
information asymmetry of carbon emission efficiency is often more directly related to this
mechanism. That is exactly what we do. In addition, most studies use the mechanism
design method to analyze the problem of information asymmetry, but we use the signal
game method, which is consistent with the method adopted by Ma et al. [45]. What
differentiates our model from theirs includes two aspects: one is that, as mentioned above,
we consider the cap-and-trade mechanism in our model while they consider government
subsidy, and the other is that we consider a complete supply chain while they consider
only one enterprise. By building a signaling game model in which the manufacturer is
the signal sender and the retailer is the signal receiver, we find that the counter intuitive
thing is that the h-type manufacturer will set a lower wholesale price under asymmetric
information to hurt his profit.

Table 1. Key similarities and diferences in literature.

Literature Asymmetric Information Cap-and-Trade
Mechanism

Consumer Environmental
Awareness

Supply Chain

[43] carbon reduction efficiency
[44] carbon reduction efficiency X
[45] carbon reduction efficiency X
[46] carbon reduction efficiency X X
[47] carbon reduction efficiency X X
[48] carbon reduction efficiency X X
[49] carbon reduction efficiency X X
[17] low-carbon preference X X

this paper carbon reduction efficiency X X X

3. Model

Consider a low-carbon product supply chain including two members, a retailer (she)
and a manufacturer (he) who is subject to the cap-and-trade mechanism. In order to deal
with this mechanism, the manufacturer utilizes carbon emission reduction technology to
produce low-carbon products. Then, he sells these products at a wholesale price w to
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the retailer, who orders in quantity q and sells them to consumers with a preference for
low-carbon products. In the subsequent analysis, m and r are denoted as the manufacturer
and retailer, respectively.

The supply chain members have asymmetric information about the carbon emission
reduction rate. The emission reduction rate is an effective indicator that can reflect the
outcome of emission reduction technology. As long as the manufacturer does not actively
disclose the emission reduction rate, it is difficult for the retailer to obtain the accurate
emission reduction rate. We assume that the carbon emission reduction rate ẽ of the
manufacturer is ex ante random, and exhibits two values: either high eh with probability µ
or low el with probability 1− µ, where 1 ≥ eh > el ≥ 0. Thus, the retailer only learns about
the prior distribution of emission reduction rate when she orders from the manufacturer. On
the contrary, the actual emission reduction rate is the manufacturer’s private information,
which means that it is only in his own hands. Thus, there are two types i ∈ {l, h} of
manufacturer according to the emission reduction rate. For example, the sales agent
of Hebei Iron&Steel Group does not know the specific emission reduction, while Hebei
Iron&Steel Group has a clear understanding of the whole product production process,
including the emission reduction rate. Moreover, focusing on short-term decisions, we do
not put long-term emission reduction investment into consideration and we normalize that
the cost of emission reduction is zero.

As one of the driving forces of the manufacturer’s emission reduction, the cap-and-
trade mechanism is implemented in two steps. First, a “cap” is allocated. There is a ceiling
(i.e., cap) on carbon emissions, which will be tightened slightly every year, so the total
emissions will decrease over time. Under this mechanism, the government will allocate
initial carbon quotas G to the manufacturer based on his previous experience. Then, they
trade quotas. Based on the difference between initial carbon quotas and the actual carbon
emission, the manufacturer decides to buy or sell quotas in the carbon trading market.
After the application of carbon emission reduction technology, the actual carbon emission is
qt(1− ei), where t represents the initial carbon emission per unit product. Thus, the carbon
trading amount is

Ei = qt(1− ei)− G. (1)

Specifically, the manufacturer must purchase an additional carbon quota if his car-
bon emission exceeds the allocated quota (i.e., Ei > 0), otherwise the surplus can be
sold. This form of carbon trading is frequently employed in cap-and-trade mechanism
research [2,50,51]. Moreover, we assume that the unit carbon trading price pc is exoge-
nously determined by the carbon trading market. Thus, through the above two steps,
the cap-and-trade mechanism can encourage the manufacturer to reduce emissions in a
market-oriented way.

The low-carbon product price is linear with the carbon emission reduction and quantity.
Consumers are environmentally conscious and ready to pay more for low-carbon products.
Based on the emission reduction and green supply chain literature [52–54], we assume the
inverse demand function is as follows:

pi = a− q + bei, (2)

where a is the potential market size and b represents the carbon emission sensitivity, which
is regarded as consumer environmental awareness. When the consumer environmental
awareness and emission reduction rate are improved, the product price will increase.

In order to analyze the effect of the cap-and-trade mechanism and asymmetric in-
formation, we consider the following three scenarios. (1) Original scenario, in which the
cap-and-trade mechanism is not implemented, and the manufacturer privately has carbon
emission reduction information. (2) Implementation scenario, where the cap-and-trade
mechanism is put into effect, but information is still asymmetric. (3) Transparency scenario,
in which the cap-and-trade mechanism continues to be implemented, but the information
becomes transparent. The above three scenarios capture three characteristic stages in the
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process of policy implementation, which are summarized in Table 2. The implementation
scenario is the central case of our research, while the original scenario and transparency
scenario are the contrasting cases, without considering asymmetric information or the
cap-and-trade mechanism. Moreover, we use the superscript O, I and T to represent the
original scenario, implementation scenario and transparency scenario, respectively, in the
following analysis.

Table 2. The three scenarios.

Asymmetry Symmetry

Cap-and-trade implementation scenario transparency scenario
No Cap-and-trade original scenario /

Moreover, the sequence of events is as follows. Firstly, the manufacturer privately
holds the true information of ei and decides a wholesale price w. Next, after observing the
wholesale price, the retailer infers the type of manufacturer and decides the quantity qi.
Finally, the market is cleared and the firm’s profits are realized.

4. The Equilibrium under Symmetric Information

In this section, emission reduction information ei is common knowledge, providing
that the manufacturer discloses emission reduction information to retailer. For example,
Baosteel announced that the total carbon emission of a single steel tank is reduced by 15%.
This symmetric situation corresponds to the transparency scenario. Then, we discuss opti-
mal decisions and profits of the manufacturer and retailer under the transparency scenario.

To solve the Stackelberg game, we employ backward induction and start with the
retailer’s decision. Firstly, given the actual emission reduction rate ei and wholesale price
wi, the retailer determines her quantity qi as the solution to

max
qi

ΠT
ri = (a− qi + bei − wi)qi. (3)

Then, the manufacturer decides on the wholesale price wi with the purpose of opti-
mizing his profit

max
wi

ΠT
mi = wiqi − Ei pc. (4)

Using the first-order condition, we obtain the equilibrium outcome under this scenario,
as shown in Lemma 1.

Lemma 1. In the transparency scenario, the manufacturer’s optimal wholesale price, the retailer’s
optimal product quantity, and their optimal profits are as follows:

wT∗
i =

a + bei + pct(1− ei)

2
,

qT∗
i =

a + bei − pct(1− ei)

4
,

ΠT∗
mi =

[a + bei − pct(1− ei)]
2

8
+ Gpc,

ΠT∗
ri =

[a + bei − pct(1− ei)]
2

16
.

5. The Equilibrium under Asymmetric Information

In this section, the carbon emission reduction rate ei is the manufacturer’s private
information, which is usually not revealed to the retailer. In such a case, there is a dynamic
game of incomplete information: the signaling game between the manufacturer and the
retailer. The manufacturer is the sender and the retailer is the receiver in the signaling
game, where the wholesale price is a message that is a signal for the manufacturer to send
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emission reduction information to the retailer. Next, we analyze the equilibrium with and
without the cap-and-trade mechanism.

5.1. Implementation Scenario

In an implementation scenario, the cap-and-trade mechanism is put into effect and the
carbon reduction emission information is asymmetric.

Based on the Harsanyi transformation [55–57], the timing of this signaling game is
as follows. Firstly, “nature” endows the manufacturer with two types of carbon emission
reduction rate according to the prior probability distribution; secondly, the manufacturer
privately holds the information of ei and decides on wholesale price w as a message; thirdly,
observing the wholesale price, the retailer updates the beliefs of carbon emission reduction
rate, and then determines the order quantity qi. Finally, the market is cleared and firms’
profits are realized.

Due to the difference in the signaling strategy, the signaling game will yield multiple
equilibria. As is common in the literature, we consider two typical pure strategy perfect
Bayesian equilibrium: the separating equilibrium and the pooling equilibrium. The former
equilibrium means that different types of the manufacturer determine different wholesale
prices; that is, the manufacturer will perfectly reveal the carbon emission reduction rate
to the retailer. The latter equilibrium indicates that the manufacturer decides the same
wholesale price regardless of his type, so that the retailer cannot infer his type. However,
not all equilibria are reasonable. So, we apply the intuitive criterion refinement to refine
the unreasonable equilibrium, which is developed by Cho and Kreps [58] and becomes a
common refinement principle in the signal game.

The pooling equilibrium is an unreasonable equilibrium, which can be eliminated by the
intuitive criterion refinement and a detailed discussion is provided in Appendixes A and B.
This reveals that the pooling equilibrium violates the intuitive criterion. There always exists
an intuition that the high-type manufacturer is willing to deviate from the pooling equilib-
rium by reducing the wholesale price, while the low-type manufacturer is willing to keep
the pooling equilibrium. Hence, the pooling equilibrium is an unreasonable equilibrium.
Therefore, for the remainder of the paper, we focus on the separating equilibrium uniquely
surviving the intuitive criterion refinement.

Under separating equilibrium, relying on her beliefs, the retailer can infer the carbon
emission reduction rate from the wholesale price. It is intuitive that the manufacturer, with
higher carbon emission reduction which can reduce expenses in the carbon market, will
set a lower wholesale price. Thus, the reasonable beliefs regarding the carbon emission
reduction rate under separating equilibrium are as follows:

Pr(ẽ = eh) =

{
1 i f w ≤ ŵ,
0 i f w > ŵ,

(5)

which means that the retailer infers that the manufacturer is high type when the wholesale
price is not more than a threshold ŵ, otherwise they are low type.

Similarly, given a wholesale price wi, the retailer’s optimal quantity is given by solving

max
qi

ΠI
ri = (a− qi + bei − wi)qi, (6)

which yields q∗i (wi) =
a+bei−wi

2 . Then, considering the belief structure and response of the
retailer, we redefine the following function:

Vij(wj) =
(wj − (1− ei)tpc)(a + bej − wj)

2
+ Gpc, ∀i, j ∈ {h, l}. (7)
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Here, Vij(wi) is the manufacturer’s profit if, given the wholesale price wi, the retailer
deduces the carbon emission reduction rate is ej when the actual carbon emission reduction
rate is ei. Thus, the manufacturer’s constrained optimization problem ismax

wh
Vhh(wh),

max
wl

Vll(wl),
(8)

s.t.
V∗hh ≥ Vhl(wl), (9)

V∗ll ≥ Vlh(wh), (10)

where V∗hh ≥ Vhl(wl) does not bind, while V∗ll ≥ Vlh(wh) is binding. This indicates that the
low-type manufacturer has an incentive to mimic the high-type one, while the high-type
manufacturer has no incentive. As constraint (10) does not always hold, the low-type
manufacturer may earn more profit if the low-type manufacturer successfully mimics the
high-type. This is because by inducing the retailer to believe that the low-type manufacturer
has a high emission reduction, the retailer will increase orders. Thus, the mimicry is
favorable to the low-type manufacturer from more orders. On the contrary, for the high-
type manufacturer, the potential market size is fixed, and more orders for a low-type
manufacturer mean fewer orders for themselves. That is, if the low-type manufacturer
succeeds in imitation, the high-type manufacturer’s profits will be hurt. Therefore, the
high-type manufacturer is always better off when he delivers information truly, and is
unwilling to mimic pricing. Hence, considering only constraint (10), we get the equilibrium
solution shown in Lemma 2.

Lemma 2. In the implementation scenario, the equilibrium outcome and the retailer’s beliefs are
as follows:

(1) The manufacturer’s optimal wholesale price is

wI∗
i =

{
a+bel+pct(1−el)

2 , if ẽ = el ;
a+beh+pct(1−el)−M

2 , if ẽ = eh.

(2) The retailer’s optimal product quantity is

qI∗
i =

{
a+bel−pct(1−el)

4 , if Pr(ẽ = eh) = 0;
a+beh−pct(1−el)+M

4 , if Pr(ẽ = eh) = 1,

consistent with her beliefs that:

Pr(ẽ = eh) =

{
1 if w ≤ wI∗

h ,
0 if w > wI∗

h .

(3) The manufacturer’s optimal profit is

ΠI∗
mi =

{
(a+bel−pct(1−el))

2

8 + Gpc, if ẽ = el ;
(a+beh−pct(1−eh))

2−(M−pct(eh−el))
2

8 + Gpc, if ẽ = eh.

(4) The retailer’s optimal profit is

ΠI∗
ri =

{
(a+bel−pct(1−el))

2

16 , if Pr(ẽ = eh) = 0;
(a+beh−pct(1−el)+M)2

16 , if Pr(ẽ = eh) = 1.

Here, M ≡
√

b(eh − el)(2a + beh + bel − 2pct + 2el pct).



Int. J. Environ. Res. Public Health 2023, 20, 1944 10 of 27

According to Lemma 2, the two types of manufacturer have different pricing strategies to
separate them successfully, shown in Figure 1, leading to two distinct equilibrium outcomes.

0 0.2 0.4 0.6 0.8 1 1.2

0

0.02
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0.16

Figure 1. Demonstration of separating equilibrium. The parameters are: t = 1, pc = 0.3, µ = 0.5,
G = 0, a = 1, b = 0.2, eh = 0.7 and el = 0.3.

Due to the mimic incentive of the low-type manufacturer, the high-type manufacturer
has to distort the wholesale price downward. In detail, if the high-type manufacturer
remains having the first-best wholesale price (i.e., wT∗

h ), the low-type manufacturer will
decide the same price on account of higher mimic profit in the situation where the retailer
mistakenly infers the type. For the high-type manufacturer, cutting the wholesale price is
the effective means to deal with this mimicry because lower wholesale price reflects higher
carbon emission reduction. When the wholesale price drops to wI∗

h and lower, the low-type
manufacturers will suffer more than if they are not mimicking. This price reduction will
give rise to profit losses, which means an information cost for the high-type manufacturer
accurately passing on his type. Moreover, this information cost will increase with price
reduction. Hence, in the pricing range of preventing mimic behavior, that is, w ≤ wI∗

h ,
the optimal wholesale price of the high-type manufacturer is wI∗

h , and can separate the
high-type manufacturer from the low-type. However, because no one mimics the low-
type manufacturer, his equilibrium outcomes are the same as under complete information,
namely the implementation scenario.

5.2. Original Scenario

In the original scenario, the carbon reduction emission information is still asymmetric,
but the cap-and-trade mechanism is not implemented. Similar to implementation scenario,
there is still a signaling game between the manufacturer and the retailer. In this scenario,
regarded as a special case of the implementation scenario with G = 0 and pc = 0, only the
separating equilibrium is taken into consideration as shown in Lemma 3, while the pooling
one is eliminated by the intuitive criterion.

Lemma 3. In the original scenario, the equilibrium outcomes and the retailer’s beliefs are as follows:
(1) The manufacturer’s optimal wholesale price is

wO∗
i =


a+bel

2 , if ẽ = el ;
a+beh−

√
b(eh−el)(2a+beh+bel)

2 , if ẽ = eh.

(2) The retailer’s optimal product quantity is
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qO∗
i =


a+bel

4 , if Pr(ẽ = eh) = 0;
a+beh+

√
b(eh−el)(2a+beh+bel)

4 , if Pr(ẽ = eh) = 1,

consistent with her beliefs that:

Pr(ẽ = eh) =

{
1 if w ≤ wO∗

h ,
0 if w > wO∗

h .

(3) Regardless of the emission reduction rate, the manufacturer’s optimal profit is

ΠO∗
mi =

(a + bel)
2

8
.

(4) The retailer’s optimal profit is

ΠO∗
ri =


(a+bel)

2

16 , if Pr(ẽ = eh) = 0;
(a+beh+

√
b(eh−el)(2a+beh+bel))

2

16 , if Pr(ẽ = eh) = 1.

From Lemma 3, similarly, only the high-type manufacturer will distort the wholesale
price in the original scenario. Whether the cap-and-trade mechanism is implemented or
not, there is no change in the incentive to mimic of the two types of manufacturer. In
other words, the low-type manufacturer always mimics the high-type to lure the retailer
to order more. Hence, the high-type manufacturer decides on a relatively low wholesale
price. However, it needs a large degree of distortion to completely separate, which leads
the profit of the high-type manufacturer to be the same as the low type’s (i.e., ΠO∗

mh = ΠO∗
ml ).

6. Analysis

In this section, we first analyze the impact of the cap-and-trade mechanism and
asymmetric information on supply chain members by comparing the equilibrium in three
scenarios. Then, we consider the influence of the consumer environmental awareness on
the equilibrium results.

6.1. Impact of Cap-and-Trade Mechanism

In this part, we compare the equilibrium of the manufacturer and the retailer between
the implementation scenario and the original scenario to analyze the overall impact of the
cap-and-trade mechanism. In addition, we discuss the impact of carbon trading price pc on
the equilibrium outcomes.

Proposition 1. Impact of the cap-and-trade mechanism on manufacturer’s profits is as follows:
(1) For h-type manufacturer, there exist two thresholds ēh and Ĝh = t

8 [(1− el)(2a + 2bel −
pct + 2el pct)− 2(eh − el)(a + beh − pct + el pct + M)]. When eh > ēh, ΠI∗

mh > ΠO∗
mh always

holds. When eh ≤ ēh, ΠI∗
mh > ΠO∗

mh if and only if G > Ĝh and vice versa.
(2) For l-type manufacturer, there exists a threshold Ĝl =

t
8 (1− el)(2a+ 2bel− pct+ 2el pct),

such that ΠI∗
ml > ΠO∗

ml if and only if G > Ĝl and vice versa.

Proposition 1 investigates how the manufacturer’s profits are affected by the cap-and-
trade mechanism. For the high-type manufacturer, when the emission reduction rate is high
(i.e., eh > ēh), the cap-and-trade mechanism always increases his profits because the carbon
emission rate is so high that there can always be superfluous quotas to sell in the carbon
trading market. At this time, the manufacturer can always obtain additional benefits in the
carbon trading market. However, when the emission reduction rate is low (i.e., eh ≤ ēh),
the intuition that the mechanism has a positive impact only holds when the initial carbon
quotas G are more than a threshold value Ĝh. That is, the cap-and-trade mechanism makes
the manufacturer better off when the received initial carbon quotas are relatively large.
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If the initial carbon quotas are relatively small, the high-type manufacturer needs to buy
quotas in the carbon trading market that will lead to additional costs. Similarly, for the
low-type manufacturer, the impact of the cap-and-trade mechanism depends on the initial
carbon quotas G. When the initial carbon quotas G > Ĝl , the cap-and-trade mechanism is
beneficial to the low-type manufacturer. However, when G ≤ Ĝl , this mechanism harms the
low-type manufacturer. When the carbon quota reaches a certain threshold, it is intuitive
that the cap-and-trade mechanism is beneficial to manufacturers, which shows that loose
initial carbon quotas can give the manufacturer the opportunity to make profits through
carbon trading.

We can also find that Ĝl > Ĝh for any given parameters when eh ≤ ēh. This shows
that when the high-type manufacturer has low emission reduction (i.e., eh ≤ ēh), reasonable
initial carbon quotas G ∈ [Ĝh, Ĝl ] can effectively inspire emission reduction, as shown in
Figure 2.

0  Gh
 Gl

G

Worse off 

Worse off Better off 

Better off 
the l-type 

manufacturer 

the h-type 

manufacturer 

Figure 2. Illustration of Performance Comparison.

If the initial carbon quotas are relatively low (i.e., G < Ĝh), it is adverse for both types
of the manufacturer that the carbon quotas are insufficient and need to be purchased. If
the initial carbon quotas are relatively high (i.e., G > Ĝh), the cap-and-trade mechanism is
good for the manufacturer regardless of emission reduction rate, but it is difficult to control
carbon emissions. Only when the quota is within a reasonable range can the cap-and-
trade mechanism benefit the high-type manufacturer, but not the low-type manufacturer.
Consequently, the low-type manufacturer is encouraged to improve the emission reduction
rate and strives to improve the level of emission reduction to turn himself into the high-type.

Furthermore, Figure 3 shows the different impacts of the cap-and-trade mechanism
on the manufacturer in different parameter areas. According to the different impacts,
this figure is divided into three areas. In area A, reflecting G > Ĝl , the cap-and-trade
mechanism makes both types of manufacturer better off. In area B, only the high-type
manufacturer is better off. In other words, as stated earlier, region B is the feasible area for
the initial carbon quotas. In area C, both types of manufacturer are worse off. Thus, this
figure vividly integrates Proposition 1 and the relationship between Ĝh and Ĝl . Only under
certain conditions can this mechanism effectively motivate the high-type manufacturer.
Before formulating the cap-and-trade mechanism, it is necessary for the government to
collect as much information as possible about carbon emission reduction of manufacturers.
After this step, they need to analyze the information in depth and try to determine the initial
carbon quota based on our findings. Otherwise, the manufacturer with a high emission
reduction level will suffer from a loss of profits after implementing the policy, which will
reduce their emission reduction motivation.

Proposition 2. No matter what type of manufacturer, wI∗
i > wO∗

i , qI∗
i < qO∗

i and ΠI∗
ri < ΠO∗

ri
always hold.

Proposition 2 indicates that the type of manufacturer will not change the impact of the
cap-and-trade mechanism on the wholesale price, quantity, and retailer’s profit. Under the
cap-and-trade mechanism, the optimal wholesale price is unrelated to the initial quotas
G. Because, when the manufacturer decides the wholesale price, he always considers the
possibility of paying costs in the carbon trading market as long as he has carbon emissions.
So, no matter whether the emission reduction rate is high or low, the manufacturer will
raise the wholesale price. In other words, the cap-and-trade mechanism incurs an increase
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in the wholesale price. Naturally, the quantity is lower under this mechanism. Furthermore,
with the reduction of orders and price markup (i.e., pi − wi), the cap-and-trade mechanism
reduces the profit of the retailer.

Figure 3. Illustration of Different Impacts of the cap-and-trade Mechanism. The parameters are t = 1,
pc = 0.3, µ = 0.5, G = 0, a = 1, b = 0.2, and el = 0.2.

Corollary 1. 1. ∂wT/I∗
i

∂pc
> 0, ∂qT/I∗

i
∂pc

< 0, ∂ΠT/I∗
ri

∂pc
< 0.

2. There exist three thresholds G1 = t(1−eh)(a+beh−(1−eh)pct)
4 , G2 = t(1−el)(a+bel−(1−el)pct)

4

and G3 =
t((1−eh)a+(el−e2

h−e2
l +2el)b−(1−el)(1+el−2eh)pct)

4 − bt(2a+(eh+el)b−3(1−el)pct)
4M .

When G < G1, ∂ΠT∗
mh

∂pc
< 0; when G > G1, ∂ΠT∗

mh
∂pc

> 0.

When G < G2, ∂ΠT/I∗
ml

∂pc
< 0; when G > G2, ∂ΠT/I∗

ml
∂pc

> 0.

When G < G3, ∂ΠI∗
mh

∂pc
< 0; when G > G3, ∂ΠI∗

mh
∂pc

> 0.

Corollary 1 shows the changing trends in equilibrium outcomes, with respect to
carbon trading price. With the rise of carbon trading price, the optimal wholesale price
will rise while the optimal order quantity and optimal retailer profits will decline. As the
higher carbon trading price means that manufacturer’s transaction costs in the carbon
trading market will increase, the manufacturer will raise wholesale prices. Naturally, the
quantity is lower which leads to lower retailer profits. Meanwhile, this corollary is also the
confirmation of Proposition 2. It is easy to spot the fact that the optimal wholesale price,
order quantity, and retailer’s profit are affected by the carbon trading price, but not the
initial carbon quotas. In this case, discussing the carbon trading price can fully represent
the impact of the cap-and-trade mechanism. Consequently, Proposition 2 is equivalent
to investigate the impact of carbon trading price increase from 0 in an implementation
scenario. Moreover, as for the manufacturer, whether the profit increases or decreases with
carbon trading price depends on the initial quotas. In general, when the initial quotas are
relatively low, the manufacturer’s profit decreases in the carbon trading price; whereas,
when the initial quotas are relatively high, the manufacturer’s profit increases with the
carbon trading price. However, the threshold of the initial quota in different scenarios
is different. In contrast to Xu et al. [26], who believe that both the optimal profit of
the manufacturer and the retailer decrease with the increase in carbon trading price, our
analysis shows that carbon trading price and the initial quota will jointly affect the profits
of supply chain members. Specifically, when the initial quota is large, the manufacturer’s
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optimal profit increases with the carbon trading price, and vice versa. However, the
retailer’s profit always decreases with the carbon trading price. Our results for the effect of
the cap-and-trade mechanism on the profits of supply chain members are consistent with
some empirical observations.

6.2. Impact of Asymmetric Information

In this part, we compare the equilibrium of the manufacturer and the retailer between
the implementation scenario and transparency scenario to analyze the impact of asymmetric
information. Intuitively, the manufacturer with sufficient information is often in a favorable
position, and can obtain remuneration beyond the value of goods by virtue of information
advantages. However, this is not always true for different types of the manufacturer.

Proposition 3. For h-type manufacturer, ΠI∗
mh < ΠT∗

mh always holds. For l-type manufacturer,
ΠI∗

ml = ΠT∗
ml always holds.

Proposition 3 reveals that asymmetric information would decrease the high-type
manufacturer’s total (two-stage) profit, while increasing the low-type manufacturer’s total
(two-stage) profit. Asymmetric information will give rise to the signaling effect. That is, as
is stated above, the high-type manufacturer has to distort his wholesale price to truly reveal
his high emission reduction rate while the low-type manufacturer can maintain the first-best
wholesale price. This generates the information cost only for the high-type manufacturer
which reduces his profits. However, the low-type manufacturers can make the same profit
regardless of whether the information is symmetrical or not. Thus, compared with the
low-type manufacturer, the high-type manufacturer prefers information symmetry. In
contrast to Li et al. [44], who believe that H-type manufacturers can only obtain reserved
income, while L-type manufacturers can obtain additional income, our analysis shows that
the manufacturer with private information is in a disadvantageous position. It is difficult
to obtain additional profits, or even the profits of the manufacturer with high emission
reduction level will be damaged. Therefore, it is necessary to eliminate the signaling effect
caused by asymmetric information, so as to prevent the high-type manufacturer from a lack
of emission reduction power by maintaining first-best profits. Our results for the impact
of asymmetric information on a firm are consistent with some empirical observations
that the government needs to strengthen supervision and improve the transparency of
environmental information to encourage enterprises to innovate and reduce emissions [59].

In addition, the manufacturer with a high emission reduction rate, generally speaking,
can obtain more benefits from the carbon trading market and bargaining with the retailer.
In other words, the high-type manufacturer has the emission reduction advantage that can
be described as ∆ = Π∗mh −Π∗ml . Then, we get the following proposition to investigate the
effect of asymmetric information on emission reduction advantage.

Proposition 4. Comparing the emission reduction advantages of the three scenarios, we get
∆T > ∆I > ∆O = 0.

Proposition 4 indicates that asymmetric information weakens emission reduction
advantage. Because of the signaling effect, the high-type manufacturer gains less profit
than that under complete information, that is, less emission reduction advantage. Therefore,
under complete information, that is, the transparency scenario, the high type manufacturer
can obtain the greatest emission reduction advantage. However, this negative effect of
asymmetric information is different in the implementation scenario and original scenario.
In the original scenario, the high-type manufacturer distorts the wholesale price to a great
extent, which makes him lose advantage completely, that is, ∆O = 0. In this case, the
emission reduction advantage is quite small, which can be easily eliminated by asymmetric
information. However, in the implementation scenario, owing to the cap-and-trade mecha-
nism, asymmetric information just weakens the partial advantage. It further illustrates that
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the cap-and-trade mechanism is favorable for the high-type manufacturer by amplifying
the emission reduction advantage.

Proposition 5. If the manufacturer is high type, qT∗
h < qI∗

h and ΠT∗
rh < ΠI∗

rh . If the manufacturer
is low type, qT∗

l = qI∗
l and ΠT∗

rl = ΠI∗
rl .

Proposition 5 shows how asymmetric information affects the retailer, including her
order quantity and profit. If the manufacturer has a high emission reduction rate, asym-
metric information will increase the order quantity and the retailer’s profit. As mentioned
above, the manufacturer needs to reduce the wholesale price to convey his type under
asymmetric information. Thus, the retailer will adjust the order quantity to maximize her
profit. If the manufacturer has a low emission reduction rate, asymmetric information
will not have an impact on retailers. In this case, the equilibrium is consistent with that in
complete information.

6.3. Impact of Consumer Environmental Awareness

In this part, we discuss the impact of consumer environmental awareness b on the
equilibrium outcomes under the three scenarios.

Corollary 2. 1. ∂q∗
∂b > 0 in all scenarios.

2. (1) If the manufacturer is a low type, ∂w∗l
∂b > 0 in all scenarios.

(2) If the manufacturer is a high type, ∂wT∗
h

∂b > 0. When b < (eh−el)(a−pct(1−el))
el(eh+el)

, ∂wI∗
h

∂b < 0;

when b > (eh−el)(a−pct(1−el))
el(eh+el)

, ∂wI∗
h

∂b > 0. When b < a(eh−el)
el(eh+el)

, ∂wO∗
h

∂b < 0; when b > a(eh−el)
el(eh+el)

,
∂wO∗

h
∂b > 0.

3. ∂Π∗m
∂b > 0, ∂Π∗r

∂b > 0 in all scenarios.

Corollary 2 indicates that the effect of consumer environmental awareness on the
optimal quantity, manufacturer’s profit, and retailer’s profit is the same in each scenario,
but the impact on the optimal wholesale price is different. Firstly, the optimal quantity
increases with the consumer environmental awareness in all scenarios. As the higher
consumer environmental awareness means that consumers are willing to pay higher prices,
the retailer will order more from the manufacturer (i.e., ∂q∗

∂b > 0). This shows that the
consumer environmental awareness is instrumental in opening the product market, which
will not be affected by asymmetric information and the cap-and-trade mechanism.

Secondly, for the optimal wholesale price, the impact of consumer environmental
awareness is different for different types of the manufacturer, as shown in Figure 4. This
is because consumer environmental awareness has two opposite effects on the wholesale
price. One is a positive effect that is to increase the optimal wholesale price by increasing
the optimal order quantity, and the other is a negative effect that is to reduce the optimal
wholesale price by increasing the degree of distortion. For the low-type manufacturer
without distortion, the consumer environmental awareness only plays a positive role.
Hence, if the manufacturer has a low carbon emission reduction rate, the optimal wholesale
price will always increase with the improvement in consumer environmental awareness.
Conversely, for the high-type manufacturer, the two effects work together on the optimal
wholesale price under asymmetric information, while the positive effect works under
symmetric information. Under asymmetric information, when the consumer environmental
awareness is relatively low, the negative effect is dominant rather than the positive effect;
whereas, when the consumer environmental awareness is relatively high, the positive effect
occupies a dominant position. Such effects are consistent, and any increase in consumer
environmental awareness eventually makes the wholesale price increase first and decrease
later. Under symmetric information, similar to the low-type manufacturer, there is no
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distortion. So, the optimal wholesale price is positively correlated with the consumer
environmental awareness in the transparency scenario.
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Figure 4. Illustration of Different Impacts of the Consumer Environmental Awareness on Optimal
Wholesale Price. The parameters are: t = 1, pc = 0.3, µ = 0.5, G = 0, a = 2, eh = 0.5 and el = 0.4.

Thirdly, the improvement of consumer environmental awareness results in the increase
in the optimal profits of the manufacturer and the retailer. The manufacturer’s profit
is positively correlated with order quantity and unit net profit. When the consumer
environmental awareness increases, the optimal quantity and unit net profit increase, and
so does the optimal profit of the manufacturer. Moreover, the retailer’s profit is closely
related to the order quantity. As is stated above, there is always an intuition that the
retailer’s profit will increase with the order quantity. So, the rise in the retailer’s profit
is paralleled by an increase in the consumer environmental awareness. This indicates
that both the manufacturer and the retailer prefer consumers with high environmental
awareness, which can improve their performance.

7. Conclusions

In this paper, we consider a supply chain under the cap-and-trade mechanism, which
consists of one manufacturer who has private control over the emission reduction rate,
and one retailer. We investigate three scenarios to explore the impact of the cap-and-trade
mechanism and asymmetric information. The main conclusions are as follows.

• How will the manufacturer and retailer determine optimal decisions to maximize their own
profits? Using the game model, we get the equilibrium results under each scenario.
Under information symmetry, both the manufacturer and the retailer can obtain
the first-best profits. Under the condition of asymmetric information, the situation
becomes different, that is, the high-type manufacturer will distort the wholesale price,
which will cause changes in the optimal decisions of supply chain members.

• What is the impact of the cap-and-trade mechanism on the performances of the supply chain
members? The cap-and-trade mechanism can effectively encourage the manufacturer
to reduce emissions only when the initial quota is in a relatively middle area, in which
the high-type manufacturer is better off while the low-type manufacturer is worse off.
In addition, information asymmetry also weakens the emission reduction advantages
of the high-type manufacturer. The initial quotas will determine whether the manu-
facturer’s profit increases or decreases with the carbon trading price. Moreover, the
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cap-and-trade mechanism will increase wholesale prices, but reduce quantity. With
the reduction in orders and price markup, the profit of the retailer is reducing.

• What effect does asymmetric information about carbon emission reduction have on the perfor-
mance of supply chain members? It is not always beneficial for manufacturers to have
private information on emission reduction rate. Under information asymmetry, the
high-type manufacturer will distort the wholesale price, which results in the loss
of profits. According to different types of manufacturer, the impact of information
asymmetry on retailers’ orders and profits is also different. However, the retailer
cannot perform better.

Moreover, this paper provides the following managerial implications for the cap-
and-trade mechanism development under asymmetric information. On the one hand,
with regard to the initial carbon quota allocation, we find a reasonable range from the
perspective of the manufacturer’s own current emission reduction technology. The present
distribution system is mainly formulated from historical emissions (grandfathering method)
and industry conditions (benchmarking method). The total amount and distribution of
quotas are still set in advance based on historical data. However, due to the uncertainty
of emission reduction technology innovation, the initial carbon quotas may deviate from
the reality. So, based on the fact that the manufacturer’s own technology is often uncertain
and asymmetric, we find that only a reliable initial carbon quota range can effectively
encourage manufacturers to reduce emissions. This provides a new perspective for the
determination of initial carbon quotas. From the perspective of carbon policy makers,
collecting detailed information and determining the initial carbon quota level are two
important tasks that must be completed before designing this policy. On the other hand,
with regard to carbon emission disclosure, manufacturers with higher carbon emissions
should actively disclose more detailed carbon emission information, and the government
should improve the disclosure standards. For example, digital technology is an effective
way to realize online emission reduction interconnections such as Internet of Things, cloud
computing, and big data.

There are many aspects that can be expanded on in the cap-and-trade mechanism
problem under the asymmetric information of emission reduction. Firstly, we assume that
the manufacturer sells products through only one retailer. In fact, the manufacturer may
sell through multiple distribution channels. If we consider the competition of downstream
enterprises, more interesting conclusions may be drawn. Secondly, we only consider that
there is only one product in the supply chain. However, the manufacturer often carries
out diversified production, and it will be meaningful to consider multi-products. Thirdly,
we consider a single period problem. Actually, product production, sales, and the cap-
and-trade mechanism are a continuous and lasting process. If we consider a multi-period
problem, more valuable conclusions may appear. For example, carbon quotas from the
current period can be traded in the next period.
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Appendix A. Proofs

Proof of Lemma 1. Given the wholesale price wi, the retailer’s optimal quantity can be
obtained to maximize its profit:

q∗i (wi) = arg max
qi

(a− qi + bei − wi)qi =
a + bei − wi

2
.

Similarly, the manufacturer’s optimal wholesale price can be solved:

w∗i = arg max
wi

(w− (1− ei)tpc)q∗i (wi) + Gpc

=
a + bei + pct(1− ei)

2
.

Bring this back to the equation of q∗i (wi) and profit functions, we can derive the optimums.

Proof of Lemma 2. After simplification, the above manufacturer’s optimization problem is
max

wh

(wh − (1− eh)tpc)(a + beh − wh)

2
+ Gpc,

max
wl

(wl − (1− el)tpc)(a + bel − wl)

2
+ Gpc,

(A1)

s.t.
[a + beh − pct(1− eh)]

2 ≥ 4(wl − (1− eh)tpc)(a + bel − wl), (A2)

[a + bel − pct(1− el)]
2 ≥ 4(wh − (1− el)tpc)(a + beh − wh), (A3)

Firstly, constrain (A2) does not bind, showing that high-type manufacturers are not
willing to mimic the pricing behavior of the low-type. So, it is unnecessary for low-type
manufacturers to consider the mimicry when deciding on the wholesale price. Addi-
tionally, the equilibrium outcome of a low-type manufacturer is the same as that in the
transparency scenario.

Second, due to binding constrain (A3), the mimic incentive of low-type manufacturers
should be considered in the optimization problem of the high-type manufacturer:

max
wh

(wh − (1− eh)tpc)(a + beh − wh)

2
+ Gpc,

s.t.

[a + bel − pct(1− el)]
2 ≥ 4(wh − (1− el)tpc)(a + beh − wh).

According to the constraint, we can get wh ≤ wh or wh ≥ wh,

where wh =
a+beh+pct−el pct−

√
b(eh−el)(2a+beh+bel−2pct+2el pct)

2 and wh =
a+beh+pct−el pct+

√
b(eh−el)(2a+beh+bel−2pct+2el pct)

2 . Moreover, Vhh(wh) is a quadratic function

with respect to wh, which monotonically increases with wh when wh < a+beh+pct(1−eh)
2 ≡ wh′

and decreases when wh > wh′ . As wh < wh′ < wh and wh′ −wh < wh−wh′ are always true,
we can obtain that the equilibrium wholesale price is wI∗

h = wh. Making further efforts, we
can get the equilibrium solution.

Proof of Proposition 1. First, comparing the high-type manufacturer’s profit in an imple-
mentation scenario with that in original scenario, we have

ΠI∗
mh −ΠO∗

mh =
(a + beh − pct(1− el) + M)(a + beh − (1 + el − 2eh)pct−M)

8

+ Gpc −
(a + bel)

2

8
,
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which is a monotone function of G. Hence, it has one and only one root

Ĝh =
(a + bel)

2 − (a + beh − pct(1− el) + M)(a + beh − (1 + el − 2eh)pct−M)

8pc

=
t
8
[(1− el)(2a + 2bel − pct + 2el pct)− 2(eh − el)(a + beh − pct + el pct + M)].

When eh ≥ ēh =
(a−pct−bel+2be2

l +e2
l pct)K−

√
b(1−el)3K3+el pct(1−el)(a+bel)

2a2+2bael−bpcte2
l +bpctel−(2b+2pct−3bel−2el pct)K

, where

K = 2a + 2bel − pct + el pct, Ĝh < 0. In this case, ΠI∗
mh −ΠO∗

mh > 0. When eh < ēh, Ĝh > 0.
In this case, when eh ≤ ēh, ΠI∗

mh > ΠO∗
mh if and only if G > Ĝh and vice versa.

Then, comparing the low-type manufacturer’s profit in the implementation scenario
with that in original scenario, we have

ΠI∗
ml −ΠO∗

ml =
(a + bel − pct(1− el))

2

8
+ Gpc −

(a + bel)
2

8
.

Similarly, it has one and only one root

Ĝl =
t
8
(1− el)(2a + 2bel − pct + 2el pct) > 0.

So, ΠI∗
ml > ΠO∗

ml if and only if G > Ĝl , and vice versa.
Last, comparing the two thresholds Ĝh and Ĝl when eh ≤ ēh, we have

Ĝh − Ĝl = −
t
4
(eh − el)(a + beh − pct + el pct + M),

which is negative.

Proof of Proposition 2. First, we consider the low-type manufacturer. Comparing the
wholesale price and quantity in the implementation scenario with that in original scenario,
we have

wI∗
l − wO∗

l =
a + bel + pct(1− el)

2
− a + bel

2
=

pct(1− el)

2
> 0

qI∗
l − qO∗

l =
a + bel − pct(1− el)

4
− a + bel

4
= − pct(1− el)

4
< 0

Then, we consider the high-type manufacturer. Comparing the wholesale price and
quantity in the implementation scenario with that in the original scenario, we have

wI∗
h − wO∗

h =
a + beh + pct(1− el)−M

2
− a + beh −

√
b(eh − el)(2a + beh + bel)

2

=
pct(1− el) +

√
b(eh − el)(

√
2a + beh + bel −

√
2a + beh + bel − 2pct(1− el))

2
> 0.

qI∗
h − qO∗

h =
a + beh − pct(1− el) + M

4
− a + beh +

√
b(eh − el)(2a + beh + bel)

4

= − pct(1− el) +
√

b(eh − el)(
√

2a + beh + bel −
√

2a + beh + bel − 2pct(1− el))

4
< 0

Last, we take the retailer into consideration.

ΠI∗
ri −ΠO∗

ri = (qI∗
i )2 − (qO∗

i )2 = (qI∗
h + qO∗

h )(qI∗
h − qO∗

h ) < 0



Int. J. Environ. Res. Public Health 2023, 20, 1944 20 of 27

Proof of Corollary 1. First, we find the derivative of the optimal wholesale price, with
respect to the carbon trading price under various scenarios.

∂wT∗
i

∂pc
=

(1− ei)t
2

> 0,

∂wI∗
l

∂pc
=

(1− el)t
2

> 0,

∂wI∗
h

∂pc
=

(1− eh)t
2

+
(eh − el)(1− el)bt

2M
> 0.

Then, we find the derivative of the optimal quantity with respect to the carbon trading
price under various scenarios.

∂qT∗
i

∂pc
= − (1− ei)t

4
< 0

∂qI∗
l

∂pc
= − (1− ei)t

4
< 0

∂qI∗
h

∂pc
= − (1− ei)t

4
− (eh − el)(1− el)bt

4M
< 0

Moreover, we can get

∂Π∗ri
∂pc

=
∂(q∗i )

2

∂pc
= 2q∗i

∂q∗i
∂pc

< 0

Finally, we find the derivative of the optimal manufacturer profit with respect to the
carbon trading price under various scenarios.

∂ΠT∗
mh

∂pc
=G− t(1− eh)(a + beh − (1− eh)pct)

4

∂ΠT∗
ml

∂pc
=

∂ΠI∗
ml

∂pc
= G− t(1− el)(a + bel − (1− el)pct)

4

∂ΠI∗
mh

∂pc
=G−

t((1− eh)a + (el − e2
h − e2

l + 2el)b− (1− el)(1 + el − 2eh)pct)
4

− bt(2a + (eh + el)b− 3(1− el)pct)
4M

Let ∂ΠT∗
mh

∂pc
= 0, ∂ΠT∗

ml
∂pc

=
∂ΠI∗

ml
∂pc

= 0 and ∂ΠI∗
mh

∂pc
= 0, we can get G1 = t(1−eh)(a+beh−(1−eh)pct)

4 ,

G2 = t(1−el)(a+bel−(1−el)pct)
4 and

G3 =
t((1−eh)a+(el−e2

h−e2
l +2el)b−(1−el)(1+el−2eh)pct)

4 − bt(2a+(eh+el)b−3(1−el)pct)
4M Therefore, when

G < G1, ∂ΠT∗
mh

∂pc
< 0; when G > G1, ∂ΠT∗

mh
∂pc

> 0. When G < G2, ∂ΠT/I∗
ml

∂pc
< 0; when G > G2,

∂ΠT/I∗
ml

∂pc
> 0. When G < G3, ∂ΠI∗

mh
∂pc

< 0; when G > G3, ∂ΠI∗
mh

∂pc
> 0.

Proof of Proposition 3. Comparing the profits of the manufacturer in the implementation
scenario with that in the transparency scenario, we have

ΠI∗
ml −ΠT∗

ml = 0

ΠI∗
mh −ΠT∗

mh =
(a + beh − pct(1− eh))

2 − (M− pct(eh − el))
2

8
+ Gpc −

[a + beh − pct(1− eh)]
2

8
− Gpc

= − (M− pct(eh − el))
2

8
< 0.
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Proof of Proposition 4. First, we calculate the manufacturer’s emission reduction advan-
tage under three scenarios.

∆T = ΠT∗
mh −ΠT∗

ml =
[a + beh − pct(1− eh)]

2

8
− [a + bel − pct(1− el)]

2

8

∆I = ΠI∗
mh −ΠI∗

ml =
(a + beh − pct(1− eh))

2 − (M− pct(eh − el))
2

8
− (a + bel − pct(1− el))

2

8

= ∆T − (M− pct(eh − el))
2

8
∆O = ΠO∗

mh −ΠO∗
ml = 0

Then, we can easily get
∆T > ∆I > ∆O

Proof of Proposition 5. Comparing the quantity and profits of the retailer in the imple-
mentation scenario with that in the transparency scenario, we have

qI∗
l − qT∗

l = 0

qI∗
h − qT∗

h =
a + beh − pct(1− el) + M

4
− a + beh − pct(1− eh)

4

=

√
b(eh − el)(2a + beh + bel − 2pct + 2el pct)− pct(eh − el)

4
< 0

ΠI∗
rl −ΠT∗

rl = 0

ΠI∗
rh −ΠT∗

rh = (qI∗
h )2 − (qT∗

h )2 = (qI∗
h + qT∗

h )(qI∗
h − qT∗

h ) < 0

Proof of Corollary 2. First, we find the derivative of the optimal wholesale price with
respect to the consumer environmental awareness under various scenarios.

∂wT∗
i

∂b
=

ei
2
> 0

∂wI∗
l

∂b
=

el
2
> 0

∂wI∗
h

∂b
=

eh M− (eh − el)(a + b(eh + el)− pct(1− el))

2M
∂wO∗

l
∂b

=
el
2
> 0

∂wO∗
h

∂b
=

eh
√

b(eh − el)(2a + beh + bel)− (eh − el)(a + b(eh + el))

2
√

b(eh − el)(2a + beh + bel)

Let ∂wI∗
h

∂b = 0, so we can get b = (eh−el)(a−pct(1−el))
el(eh+el)

. So, when b < (eh−el)(a−pct(1−el))
el(eh+el)

,
∂wI∗

h
∂b < 0; when b > (eh−el)(a−pct(1−el))

el(eh+el)
, ∂wI∗

h
∂b > 0. Moreover, let ∂wO∗

h
∂b = 0, and we can get

b = a(eh−el)
el(eh+el)

. So, when b < a(eh−el)
el(eh+el)

, ∂wO∗
h

∂b < 0; when b > a(eh−el)
el(eh+el)

, ∂wO∗
h

∂b > 0.
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Then, we find the derivative of the optimal quantity with respect to the consumer
environmental awareness under various scenarios.

∂qT∗
i

∂b
=

ei
2
> 0

∂qI∗
l

∂b
=

el
2
> 0

∂qI∗
h

∂b
=

eh M + 2(eh − el)(a + b(eh + el)− pct(1− el))

2M
> 0

∂qO∗
l

∂b
=

el
2
> 0

∂qO∗
h

∂b
=

eh
√

b(eh − el)(2a + beh + bel) + (eh − el)(a + b(eh + el))

2
√

b(eh − el)(2a + beh + bel)
> 0

Moreover, we can get

∂Π∗ri
∂b

=
∂(q∗i )

2

∂b
= 2q∗i

∂q∗i
∂b

> 0

Finally, we find the derivative of the optimal manufacturer profit, with respect to the
consumer environmental awareness under various scenarios.

∂ΠT∗
mi

∂b
=

(a + bei − pct(1− ei))ei
4

> 0

∂ΠI∗
ml

∂b
=

(a + bel − pct(1− el))el
4

> 0

∂ΠI∗
mh

∂b
=

pct(eh − el)
2(a + bel − pct(1− el) + beh) + M(ael + be2

l + pct(e2
h + e2

l − el − eleh))

4M
> 0

∂ΠO∗
ml

∂b
=

∂ΠO∗
mh

∂b
=

(a + bel)el
4

> 0

Appendix B. Proofs

Appendix B.1. Pooling Equilibrium

Under the pooling equilibrium, not inferring the type of manufacturer, the retailer
decides the quantity according to its expected profit:

q∗p(wp) = arg max
qp

[a− qi + b(µeh + (1− µ)el)− wp]qp =
a + b(µeh + (1− µ)el)− wp

2
.

So, the i-type manufacturer’s objective function is

Vip =
(wp−(1−ei)pct)(a+b(µeh+(1−µ)el)−wp)

2 + Gpc and the following optimization problem
needs to be solved: 

max
wp

Vhp(wp),

max
wp

Vlp(wp),
(A4)

s.t.

Vhp(wp) ≥ V∗hd, (A5)

Vlp(wp) ≥ V∗ld, (A6)
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where V∗hd = max (wp−(1−eh)pct)(a+bel−wp)
2 + Gpc = (a+bel−(1−eh)pct)2

8 + Gpc and

V∗ld = max (wp−(1−el)pct)(a+bel−wp)
2 + Gpc = (a+bel−(1−el)pct)2

8 + Gpc, which represent the
maximum profits of the high-type and low-type manufacturer, respectively, that enable
the retailer to infer that the carbon emission reduction is low. Constraints (A5) and (A6)
limit whether the manufacturer will decide on the same wholesale price, rather than on a
deviated wholesale price, to make the retailer infer that he is low type.

Firstly, considering unconstrained optimization problems, i.e., problems (A4), the
first-best solutions of the two type manufacturer are wl∗

p = a+(1−el)pct+b(µeh+(1−µ)el)
2 and

wh∗
h = a+(1−eh)pct+b(µeh+(1−µ)el)

2 . The equilibrium wholesale price is the smaller of the
two solutions:

w∗p = min(wl∗
p , wh∗

p ) = wh∗
p . (A7)

For the high-type manufacturer, pooling at a wholesale price higher than wh∗
p is always

inferior to deciding wh∗
p for any reasonable beliefs. Thus, the low-type manufacturer

has to compromise on the same wholesale price wh∗
p . Consequently, to achieve pooling

equilibrium, the maximum wholesale price is wh∗
p .

Second, solving inequality (A5) and (A6), we can obtain that wp belongs to the follow-
ing intervals:

wp ∈ [wp1, wp2] ∩ [wp3, wp4],

where wp1 =
a+(1−eh)pct+b(µeh+(1−µ)el)−

√
bµ(eh−el)(2a+b(µeh+2el−µel)−2(1−eh)pct)

2 ,

wp2 =
a+(1−eh)pct+b(µeh+(1−µ)el)+

√
bµ(eh−el)(2a+b(µeh+2el−µel)−2(1−eh)pct)

2 , wp3 =
a+(1−el)pct+b(µeh+(1−µ)el)−

√
bµ(eh−el)(2a+b(µeh+2el−µel)−2(1−el)pct)

2 and wp4 =
a+(1−el)pct+b(µeh+(1−µ)el)+

√
bµ(eh−el)(2a+b(µeh+2el−µel)−2(1−el)pct)

2 . Then, we can easily get
wp1 < wp3,wp1 < w∗p < wp2 and wp3 < w∗p < wp4 which verify that w∗p is the optimal
solution without deviation, and the minimum value of pooling is wp3.

All in all, under the pooling equilibrium, the manufacturer’s optimal wholesale price
and the retailer’s belief structure are

w∗p =
a + (1− eh)pct + b(µeh + (1− µ)el)

2
,

Pr(ẽ = eh) =


1 i f w < wp3,
µ i f wp3 ≤ w ≤ w∗p,
0 i f w > w∗p.

Appendix B.2. The Intuitive Criterion Refinement

The intuitive criterion verifies the equilibrium between the signal sender and signal
receiver in two steps.

(1) Step 1. Find a set Θ of the types of signal sender in which the payoff under
equilibrium strategy is greater than the maximum payoff deviating from this equilibrium.
In this case, the off-equilibrium strategy is dominated by the equilibrium strategy, that is,
the i-type sender where i ∈ Θ will never choose the deviation strategy. If the set Θ contains
all types of sender, the refinement ends and the equilibrium satisfies the intuitive criterion.
If not, proceed to step 2.

Specifically, in our model, we first find the type set Θ in which the i-type manufacturer
meets the following condition

V∗i > V̂i(w), (A8)

where V∗i is the i-type manufacturer’s equilibrium profit and V̂(w) is the maximum devi-
ation profit when the manufacturer determines an off-equilibrium wholesale price w. In
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all retailers’ beliefs, only when she infers that the carbon emission reduction is high, the
manufacturer can obtain the maximum profit

V̂(w) =
(w− (1− ei)pct)(a + beh − w)

2
+ Gpc.

Then, we analyze the types in the set Θ to decide whether to go to the next step.
(2) Step 2. We first define the set Θc as the complement of set Θ. Such an inference

can be made that any off-equilibrium signal is determined by the j-type sender where
j ∈ Θc, because the i-type sender will never deviate. Then, under this inference, we check
the set Θc in which the payoff under equilibrium strategy is not less than the minimum
payoff deviating from this equilibrium. If all types of signal senders in the set Θc meet the
condition, the intuitive criterion is passed.

Specifically, in our model, we check the type set Θc in which j-type manufacturer
meets the following condition

V∗j > Ṽj(w), (A9)

where V∗j is j-type manufacturer’s equilibrium profit and Ṽj(w) is the minimum deviation
profit when the manufacturer determines an off-equilibrium wholesale price w. According
to the types contained in the set Θc, there are two cases of the minimum deviation profit:

Ṽj(w) =


(w−(1−ej)pct)(a+bel−w)

2 + Gpc i f l ∈ Θc,
(w−(1−ej)pct)(a+beh−w)

2 + Gpc otherwise.

If all types of signal senders in the set Θc meet the condition, the equilibrium survives
the intuitive criterion.

Appendix B.3. The Elimination of Pooling Equilibrium

We can always find w1 < w∗p such that Vhh(w1) = Vhp(w∗p)

Vhh(w1) =
(w1 − (1− eh)pct)(a + beh − w1)

2
+ Gpc,

Vhp(w∗p) =
(w∗p − (1− eh)pct)(a + b(µe + (1− µ)el)− w∗p)

2
+ Gpc.

Then, we substitute w1 and w∗p into Vlh(w) and Vlp(w), and get

Vlh(w1) =
(w1 − (1− el)pct)(a + beh − w1)

2
+ Gpc,

Vlp(w∗p) =
(w∗p − (1− el)pct)(a + b(µeh + (1− µ)el)− w∗p)

2
+ Gpc.

So,

Vhh(w1)−Vlh(w1) =
(eh − el)pct(a + beh − w1)

2
,

Vhp(w∗p)−Vlp(w∗p) =
(eh − el)pct(a + b(µeh + (1− µ)el)− w∗p)

2
.

For w1 < w∗p and be > bµe, it is easy to obtain

Vhh(w1)−Vlh(w1) > Vhp(w∗p)−Vlp(w∗p).

As mentioned earlier, Vhh(w1) = Vhp(w∗p), so

Vlh(w1) < Vlp(w∗p).
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So, as shown in Figure A1, we can find w2 = w1 + ε where ε > 0 and it is small
enough, satisfying the following inequality

Vhp(w∗p) < Vhh(w2),

Vlp(w∗p) > Vlh(w2).

Therefore, when the manufacturer determines an off-equilibrium wholesale price w2,
we can find Θ = l. So, for h-type manufacturer, the minimum deviation profit is Vhh(w2)
but Vhp(w∗p) < Vhh(w2). So, the pooling equilibrium violates the intuitive criterion. In
other words, under the inference that a deviation to w2 makes the retailer believe the
manufacturer is a high type, the high-type manufacturer is willing to deviate from w∗p to
w2, but the low-type manufacturer keeps w∗p unchanged. Thus, the two types are separated.

0 0.2 0.4 0.6 0.8 1 1.2

0

0.05

0.1

0.15

Figure A1. Demonstration of the refinement over pooling equilibria by the intuitive criterion. The
parameters are: t = 1, pc = 0.3, µ = 0.5, G = 0, a = 1, b = 0.2, eh = 0.7 and el = 0.2.
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