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Abstract: To investigate the effects of carbon trading pricing and overconfidence on supply chain
emission reduction decisions, this paper establishes a supply chain model consisting of a manufacturer
and a retailer and applies the Stackelberg game model. The objective is to explore the effects of carbon
trading pricing and overconfidence on supply chain members’ decisions and profits. The study shows
that carbon trading prices can be a good guide for low-cost manufacturers to reduce emissions when
manufacturers are rational under carbon trading policies. However, the ability of carbon trading
prices to act as a guide starts to fail as the cost of emission reduction increases. When manufacturers
are overconfident, this causes manufacturers to increase the emission reduction rate of their products
under carbon trading policies. In addition, this effect increases in line with increases in carbon trading
prices. When manufacturers face different emission reduction costs, higher carbon trading prices do
not necessarily always generate benefits for rational manufacturers. For overconfident manufacturers,
however, overconfidence is always detrimental, especially when the price of carbon trading increases.
Retailers tend to choose to work with manufacturers who are less overconfident, when the higher
price of carbon trading results in higher gains for the retailer.

Keywords: carbon trading price; overconfidence; emission reduction decisions; game theory

1. Introduction

Over the past few years, excessive greenhouse gas emissions have exacerbated global
warming. The frequency of climate-related changes and extreme weather events has also
had a negative impact on the environment and society [1–3]. In order to control carbon
emissions and maintain sustainable economic development, governments have started
to implement low-carbon policies. The more commonly used policies currently include
the introduction of carbon taxes [4], the implementation of carbon trading systems [5]
and low-carbon subsidy policies [6]. Among them, a carbon trading policy, as an effective
measure used to control carbon emissions, on the one hand, raises the cost of reducing
emissions for enterprises and controls carbon emissions at source [7]. On the other hand,
a carbon trading policy enhances the efficiency of resource allocation, while simultane-
ously enriching financial sources and realizing the unity of environmental and economic
benefits [8]. The experience of the European Union’s carbon trading market (EU-ETS) also
confirms the policy’s role in promoting emissions reduction [9].

Under a carbon trading policy, the carbon trading price is the most direct market signal.
The price effectively guides enterprises in terms of regulating their carbon emissions in their
production processes [10]. Enterprises make emission reduction decisions with the goal of
maximizing profits. As such, enterprise managers need to consider both costs and benefits
when making decisions. From a cost perspective, enterprises often need to anticipate
the price of carbon trading in their production activities. If the price of carbon trading
fluctuates more than expected, the original production plan will be adjusted, resulting
in additional emergency disposal costs [11]. From a revenue perspective, when the price
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of carbon trading shows a steady upward trend, the benefits of emission reduction will
increase, and, conversely, with a downward trend, the benefits will decrease. Therefore,
changes in the price of carbon trading affect enterprises’ revenue, and these price changes
are an important basis for regulating emission reduction decisions [12].

However, in the face of government pressure to reduce carbon emissions, coupled with
the uncertainty faced in the carbon market, enterprises tend to show limited rationality [13].
Overconfidence, a common irrational psychological characteristic in corporate decision
making, not only reduces the quality of corporate decisions to a certain extent, but also
affects the performance of the whole supply chain [14]. For example, Nokia was overcon-
fident regarding its self-developed Symbian system and was unwilling to use Android.
Eventually, Nokia sold its mobile phone business to Microsoft. Therefore, there is relevance
in studying the impact of overconfidence on corporate decision making and profits.

The research in this paper makes three contributions, as follows: first, it enriches the
study of overconfidence in low-carbon supply chains. Considering both the impact of
overconfidence and the need for firms to reduce emissions, a game model is constructed
to analyze the impact of overconfidence on supply chain emissions reduction decisions.
Second, this study provides new insights into the operational strategies of supply chain
members. When the manufacturer is overconfident, the retailer’s profit change depends
on the degree of the manufacturer’s overconfidence. In addition, this overconfidence does
not necessarily harm the retailer’s profits. Finally, the paper analyzes the impact of carbon
trading prices on the emission reduction decisions of different types of manufacturers and
provides suggestions for government involvement in setting carbon pricing mechanisms.

2. Literature Review

The literature relevant to this paper focuses on three areas of research: carbon trading
prices, overconfidence (particularly in the area of supply chain management) and supply
chain mitigation decisions under a carbon policy.

2.1. Studies Related to Carbon Trading Prices

Under a carbon trading mechanism, carbon emission rights can be used for trading as
a general commodity to achieve complementary resources between trading parties. With
the establishment of the EU-ETS, for the first time, a carbon trading price was established
in Europe. Most studies on carbon prices have focused on predicting carbon prices [15–18]
and their influencing factors [19–21]. For example, Yan made a hybrid model of carbon
price prediction based on feature selection and multi-objective optimization algorithms,
setting up models with lower errors [22]. Fan et al. [23] investigated which policy adjust-
ments in the EU carbon trading mechanism actually affect carbon prices. Hao et al. [24]
investigated the impact of different factors on carbon trading prices. However, very few
studies have focused on the impact of carbon prices on firms’ carbon emissions. Among
the ones that have, most of the research affirms the role of carbon trading prices, arguing
that a higher carbon trading price can motivate manufacturers to increase investment in
and make improvements in emissions reduction [25,26]. Li et al. [27] suggested that the
government should reduce carbon quotas and encourage manufacturers to increase green
investments by increasing the carbon trading prices. However, as time increases, the effect
of a carbon trading policy on firms diminishes and can have a negative effect on long-term
profits when carbon trading prices are high [28]. Xia et al. [29] found that carbon trading
prices have very different impacts on clean and polluting manufacturers. The study con-
cluded that, in order to better reduce emissions, the government needs to set appropriate
carbon trading prices, according to different types of manufacturers. In addition, setting
a price floor in carbon trading policies can stabilize investors’ expectations of future carbon
prices and better promote low-carbon investments [30]. As a market set up by the govern-
ment, a carbon market can effectively reduce the total carbon emissions of companies by
regulating the price of carbon trading [31]. For firms, deciding how to use carbon trading
prices to determine their productivity and trading volumes is challenging [32], and yet,
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little attention has been paid to carbon trading prices as an important indicator. Therefore,
exploring the mechanism of the impact of carbon trading prices on carbon emissions is
conducive to a sound carbon trading policy. The results may help ensure that the potential
curbing effect of carbon trading on carbon emissions can be fully exploited.

2.2. Overconfidence

Overconfidence, the most prevalent, prominent and influential irrational behavior [33],
has been studied in many fields. Moore et al. [34] classified overconfident behavior into
three types, based on statistics and a summary of previous research: overestimation,
overplacement (one’s belief that he or she is better than others) and overprecision (one’s
exaggerated certainty that they know the truth). The first two types are based on over-
confidence in the decision maker’s ability, i.e., the belief that one is above average. The
third type is overconfidence based on predictive accuracy, i.e., people believe that they
are more accurate in predicting the actual situation and outcome. Subsequent scholars
have built on previous research and found that the overconfidence of supply chain mem-
bers not only affects their own decisions, but also the performance of the whole supply
chain [35,36]. Related studies fall into two main categories. One considers overconfidence
in supply chain decision making; for example, considering the impact of overconfidence
on optimal decision making in inventory management [37], the decision-making problem
of overconfident retailers when their beliefs about market demand are biased [38], and
the impact of overconfidence of a single oligarch on the pricing and ordering decisions
of another oligarch [39]. Some studies also examine the impact of the interaction effect
of overconfidence and social preferences on supply chains. Examples include discussing
the interaction effect of overconfidence with equity concerns [40–42] and risk aversion [43]
on supply chain performance. The second strand of literature examines the impact of
overconfidence on supply chain coordination. These studies discuss the impact of over-
confidence on traditional supply chain coordination contracts, including quantity discount
contracts [44], wholesale price contracts [45] and option contracts [46].

In addition, some other scholars have analyzed the impact of overconfidence on supply
chain reduction decisions in the background of a low-carbon economy. Liu et al. [47]
stated that overconfidence makes manufacturers increase the greenness of their products,
compared to rational manufacturers. This will increase the profits of retailers and the whole
supply chain [48] but hurts the manufacturer’s own profits [49].

Existing related studies have achieved fruitful results in areas such as the overconfi-
dence of supply chain members. However, few scholars have studied supply chain decision
making when overconfidence is considered in the context of a low-carbon economy. Car-
bon trading is a policy tool used to encourage and strengthen manufacturers’ motivation
to reduce emissions. Therefore, this paper introduces the psychology of overconfidence
under a carbon trading policy and explores the impact of overconfidence on supply chain
members’ decision making.

2.3. Research Related to Supply Chain Emissions Reduction Decisions under a Carbon Policy

Existing discussions regarding the impact of carbon policies on the level of firms’ emis-
sion reduction efforts and low-carbon investment decisions have mostly used mathematical
modelling [50]. However, some scholars have also demonstrated through empirical studies
that carbon trading systems influence firms’ emission reduction behavior by regulating
low-carbon management systems and carrying out carbon asset transactions [51]. The
retrieved literature can be divided into two categories. First, some studies have explored
the effectiveness of carbon policies on supply chain emissions reduction. Yang investigated
manufacturers’ channel choices and emissions reduction decisions when considering car-
bon emission constraints [52]. Li et al. [53] explored the impact of two types of government
subsidies on supply chain emissions reduction decisions and found that higher subsidies
encourage firms to use more expensive (but cleaner) low-carbon technologies. The second
type of study has explored the effects of carbon policies on supply chain firms’ choice of low-
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carbon technologies [54]. Xu et al. [55] constructed a dynamic production model to derive
both the optimal carbon trading policy and the optimum production strategy (low-carbon
product or common product) while considering the inventory strategy. Diao et al. [56]
explored the relationship between manufacturers’ optimal emission reduction decisions
and carbon quotas and taxes under a mixed carbon policy. The study aimed to provide
a theoretical basis for government policies. Wang et al. [57] investigated manufacturers’
production decisions regarding whether to remanufacture or invest in emission reduction
under a carbon tax policy [58]. In addition, some studies have explored supply chain
R&D cooperation for emissions reduction [59]. These studies have suggested that manu-
facturers and suppliers make higher emissions reduction efforts and higher profits under
a cooperative emissions reduction model than under a non-cooperative model [60].

In summary, there is a wealth of domestic and international research on carbon policy
and supply chain carbon emissions. Importantly, however, few scholars have analyzed the
impact of overconfidence on supply chain emissions reduction decisions in the context of
carbon trading policies. Carbon trading, as a policy tool used to drive manufacturers to
reduce emissions, undoubtedly strengthens manufacturers’ incentives to reduce emissions.
However, what are the implications for their decisions and those of other members of the
supply chain when manufacturers overestimate the benefits that may be accrued from their
emissions reduction inputs?

3. Methodology and Model Assumptions
3.1. Methodology

The effectiveness of carbon markets has been the focus of scholarly research since the
implementation of carbon trading policies. In this paper, a low-carbon supply chain (details
can be found in the problem description) is studied, to explore the effects of carbon trading
prices and manufacturer overconfidence on manufacturers and retailers in the supply chain.
Considering the methodology and contributions, this paper adopts the Stackelberg game
model, a research method based on a large body of existing studies; the game is widely
used to solve supply chain decision problems. In the existing literature, few scholars have
introduced overconfidence into the field of low-carbon supply chains; neither have they
considered the impact of carbon trading price volatility on the supply chains. This paper
aims to fill this research gap. To highlight the novelty more clearly, Table 1 shows the
differences between this study and previous studies.

Table 1. The differences between this study and previous studies.

Author(s) Focus Point Overconfidence Carbon Trading Methods

Xu, X et al. [38] Production, price ×
√

Stackelberg game model

Wan, X et al. [35] Profit
√

× Stackelberg game model

Zhou, H et al. [42] Revenue-sharing, R&D
√

× Stackelberg game model

Yang, L et al. [51] Channel selections ×
√

Stackelberg game model

Wu, D et al. [28] Emission reduction ×
√

Differential game model

Xu, L et al. [39] Price
√

× Game model

Lu, X et al. [41] Emission reduction,
Inventory optimization

√
× VMI model

Liu, J et al. [40] Production, R&D
√

× Newsboy model

Hasan et al. [25] Inventory optimization ×
√

EOQ model

Our model Emission reduction
√ √

Stackelberg game model

3.2. Problem Description

This paper constructs a supply chain consisting of a manufacturer and a retailer under
a carbon trading policy. Since manufacturers carry out emission reduction activities and
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are more sensitive to fluctuations in carbon trading prices, they are prone to make biased
estimates of expected returns [50]. In other words, there is an overconfidence mentality
that causes manufacturers to overestimate the signals released by the carbon trading price.
They are also overconfident that they can increase their sales while gaining higher returns
through emission reduction. Therefore, this paper focuses on the impact of carbon trading
prices and overconfidence on supply chain members and makes the following assumptions
for further analysis.

3.3. Model Assumptions

Assumption 1. When a manufacturer is faced with a carbon trading policy, the initial carbon
quota per unit of product is hardly enough to meet the carbon emissions required for the company’s
production, i.e., e > Eg.

Assumption 2. The product emission reduction rate is denoted by β, and the green input cost of

producing a low-carbon product is gβ2

2 , where g > 0 is the low-carbon input cost factor.

Assumption 3. The market demand function for the product is assumed to be linear, with a being
the total potential market demand, b = 1 being the sensitivity of demand to price, and a− bp > 0;
λ being the sensitivity of consumers to the low-carbon level of the product [61], and the actual
market demand being:

Q = a− p + λβ

Assumption 4. Manufacturer overconfidence is manifested by a bias in the estimation of emission
reduction effects; manufacturers believe that consumers prefer products with a high rate of emission
reduction, and the overconfident manufacturer market demand is assumed to be:

Qm = a− p + (1 + k)λβ

where k = εPc, k is the manufacturer overconfidence level, ε ∈ [0, 1] is the manufacturer
overconfidence coefficient, ε = 0 indicates that the manufacturer is perfectly rational and
Pc > 0 is the carbon trading price in the carbon market, which acts as a market signal to
influence the manufacturer’s overconfidence level.

Assumption 5. Since the potential market demand is usually large, it is reasonable to assume here
that a− c +

(
−e + Eg

)
pc > 0, i.e., pc <

a−c
e−Eg

.

The specific parameters and variable symbols are described in Table 2.

Table 2. Symbol description of the model’s relevant basic parameters.

Symbol Meaning

pi Selling price of products
wi Wholesale price of products
Q Actual market demand for the product

Qm Overconfidence in the market demand as perceived by the manufacturer
e Manufacturer’s initial carbon emissions per unit of product

Eg Carbon quota per unit of product allocated by the government to manufacturers
pc Unit product carbon trading price
βi Manufacturer product reduction rate
g Manufacturer carbon reduction cost factor
λ Consumer sensitivity to product reduction rate
k Manufacturer overconfidence factor

πri Retailer profit
πmi Manufacturer profit
πo

m3 Overconfidence in manufacturer’s expected profits
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4. Decision-Making Models
4.1. Decision-Making Model for Emission Reduction by Manufacturers without Carbon Trading
(Scenario 1)

When supply chain members are not in the carbon trading market, the manufacturer
and retailer profit function is as follows:

πm1 = (w− c)Q− gβ2

2
(1)

πr1 = (p− w)Q (2)

Using the inverse induction method to obtain the optimal decision for the manufac-

turer and the retailer, ∂2πr1
∂2 p < 0, from Equation (2):

p1 =
1
2
(a + w + βλ) (3)

Bringing p1 into Equation (1), the Hessen matrix corresponding to πm1 is

H1(p1, β1) =

(
−1 λ

2
λ
2 −g

)
. The second order sequential principal subformula 4g− λ2 > 0

shows that the matrix is negative definite, and optimal solutions exist for w1, β1.

w∗1 = c− 2gB
A

(4)

β∗1 =
−Bλ

A
(5)

where A = −4g + λ2 < 0, and B = a− c > 0.
Bringing w∗1 , β∗1 into Equation (3) gives

p∗1 = c− 3Bg
A

(6)

From Equations (4)–(6), we get manufacturer and retailer profit.

π∗m1 =
B2g
−2A

(7)

π∗r1 =
B2g2

A2 (8)

4.2. Decision-Making Model for Manufacturers to Reduce Emissions under the Carbon Trading
Market (Scenario 2)

When supply chain members are in the carbon trading market, the manufacturer and
retailer profit function is as follows:

πm2 = (w− c)Q− pcQ
[
(1− β)e− Eg

]
− gβ2

2
(9)

πr2 = (p− w)Q (10)

Using the inverse induction method to obtain the optimal decision for the manufac-
turer and the retailer, ∂2πr2

∂2 p < 0, from Equation (10):

p2 =
1
2
(a + w + βλ) (11)

Bringing p2 into Equation (9), the Hessen matrix corresponding to πm2 is

H2(p2, β2) =

(
−1 1

2 (epc + λ)
1
2 (epc + λ) −g− epcλ

)
. The second-order sequential principal sub-
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formula 4g − (−epc + λ)2 > 0 shows that the matrix is negative definite, and optimal
solutions exist for w2 and β2:

w∗2 =
a
[
−2g + epc(epc + λ)] + [c +

(
e− Eg

)
pc
]
[−2g + λ(epc + λ)]

M
(12)

β∗2 = −N(epc + λ)

M
(13)

where M = −4g + (epc + λ)2 < 0, N = a− c +
(
−e + Eg

)
pc > 0.

From Equations (11)–(13), we get manufacturer and retailer profit.

π∗m2 =
gN2

−2M
(14)

π∗r2 =
g2N2

M2 (15)

4.3. Emission Reduction Decision-Making Model Considering Manufacturer Overconfidence under
a Carbon Trading Market (Scenario 3)

πo
m3 = (w− c)Qm + pcQm

[
(1− β)e− Eg

]
− gβ2

2
(16)

πm3 = (w− c)Q− pcQ
[
(1− β)e− Eg

]
− gβ2

2
(17)

πr3 = (p3 − w)Q (18)

Using the inverse induction method to obtain the optimal decision for the manufac-

turer and the retailer, ∂2π3
r

∂2 p < 0, from Equation (18):

p3 =
1
2
(a + w + βλ + kβλ) (19)

Bringing p3 into Equation (16), the Hessen matrix corresponding to πm3 is

H3(p3, β3) =

(
−1 λ+2kλ−epc

2
λ+2kλ−epc

2 −g + epc(1 + 2k)λ

)
. The second-order sequential principal

sub-formula 4g − (epc + λ + 2kλ)2 > 0 shows that the matrix is negative definite, and
optimal solutions exist for w3 and β3, where H = −4g + Z2 < 0, Z = epc + λ + 2kλ > 0,
Z = epc + λ + 2kλ > 0.

w∗3 =
a(2g− epcZ)−

[
c +

(
e− Eg

)
pc
]
[−2g + (1 + 2k)λZ]

−H
(20)

β∗3 = −NZ
H

(21)

Substituting Equations (19)–(21) into Equations (17) and (18), the manufacturer’s
actual profit is the profit obtained from the calculation based on the actual demand Q. The
actual profit of the overconfident manufacturer is:

π∗m3 =
gN2G
2H2

π∗r3 =
N2(g− Zkλ)2

B2

where G = 4g− Z(epc + λ + 6kλ).
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5. Model Analysis and Discussion
5.1. Analysis of the Impact of Carbon Trading Markets on Manufacturers’ Emissions Reductions
and Profits

Proposition 1. Rational manufacturers in carbon trading markets tend to increase their emission
reduction rates (compared to non-carbon trading markets), with higher carbon trading prices
contributing to manufacturers’ emission reduction rates when the emission reduction cost g ≤ g1.
However, the opposite is true when the emission reduction cost g > g1.

Proof. See Appendix A. �

Proposition 1 suggests that manufacturers in a carbon trading market will increase
their emission reduction rate. This is because, after being included in the carbon trading
market, the manufacturers will first reduce a portion of their carbon emissions per unit
by strengthening their production management, thereby reducing the cost of purchasing
a carbon quota. Once a manufacturer has reached the upper limit of the reduction rate that
can be achieved through management, the optimal reduction rate increases in line with
the carbon trading price for manufacturers with a reduction cost between g ≤ g1. This is
because the manufacturer’s abatement cost factor is small at this point, so the marginal
cost of emission reduction is relatively low. When the carbon trading price increases, these
manufacturers will choose to invest in emission reduction to maximize their returns, in
order to increase their carbon trading revenue or reduce the cost of purchasing a carbon
quota. Therefore, manufacturers at this time are more inclined to increase emissions
reductions. For manufacturers with emission reduction costs where g > g1, the optimal
emission reduction rate decreases as the carbon trading price rises. This rate is lower than
the emission reduction rate for manufacturers without a carbon trading market when the
carbon trading price rises to −4Bg

−4eg+eλ(B+λ)−AEg
− λ

e . This is because the excessive emission
reduction costs make it difficult for manufacturers to make gains from the carbon trading
market through emission reduction. As the price of carbon trading rises, the expenditure
from purchasing carbon quotas also remains lower than the cost of acquiring an equivalent
carbon quota through carbon emission reduction. As a result, manufacturers will buy
carbon quotas outright, rather than increase their emission reduction rates.

Proposition 2. Compared to a situation with no carbon trading market, (i) manufacturers can earn
more under the carbon trading policy when the abatement cost g ≤ g2, and the carbon trading price
positively affects manufacturers’ profits. The exact opposite is true when the emission reduction cost
g > g1. (ii) When the emission reduction cost is between g2 < g < g1, the carbon trading price

pc < −
2B[−4eg+eλ(B+λ)−AEg]

a2e2−2ace2+c2e2−A(e−Eg)
2 , manufacturers are less profitable under the carbon trading policy,

and the carbon trading price has a negative impact on manufacturers’ profits. When the carbon

trading price pc > −
2B[−4eg+eλ(B+λ)−AEg]

a2e2−2ace2+c2e2−A(e−Eg)
2 , the exact opposite is true.

Proof. See Appendix A. �

Proposition 2 shows that: (i) manufacturers with emission reduction costs of between
g ≤ g2 gain a portion of their profits by reducing carbon emissions through better man-
agement. In addition, as the price of carbon trading rises, the manufacturer’s emission
reduction gains from the carbon trading market are higher than the expenses incurred
when buying a carbon quota, and as the cost of emission reduction is lower, manufacturers’
profits rise as the price of carbon trading increases. Manufacturers with emission reduction
costs of between g > g1, on the one hand, suffer from higher emission reduction costs. On
the other hand, as the price of carbon trading rises, the expense of purchasing carbon quotas
is higher than the revenue gained from emission reduction, so profits are lower than those
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of manufacturers without a carbon trading market. In this case, the price of carbon trading
inversely affects manufacturers’ profits. (ii) For manufacturers with emission reduction
costs of between g2 < g < g1, profits first decrease as the carbon trading price rises, and
then show a U-shaped increasing trend when the trading price becomes small. This is due
to the fact that the increase in the price of carbon trading makes it more and more expensive
for these manufacturers to trade carbon. Therefore, manufacturers continue to increase
their investment in emissions reduction while bearing the cost of carbon trading, causing
their own profits to continuously decline. As the rate of emission reduction increases and
the price of carbon trading rises, the amount of carbon emissions generated is close to the
manufacturer’s carbon allowance. As such, the manufacturer can sell the excess carbon
quota on the carbon trading market and make a profit.

5.2. Analysis of the Impact of Overconfidence on Supply Chain Members’ Emissions Reductions
and Profits

Proposition 3. Under a carbon trading policy, overconfidence leads manufacturers to increase the
rate of their products’ emissions reduction, relative to the rational case. In addition, the higher the
price of carbon trading is, the higher the rate of emission reduction will be.

Proof. See Appendix A. �

Proposition 3 suggests that, compared to rational manufacturers, overconfident man-
ufacturers believe that consumers have a higher willingness to pay for their products.
The overconfident manufacturers incorrectly overestimate the demand for their products.
Higher carbon trading prices amplify the overconfident mentality of manufacturers, when
higher emission reduction rates will increase the benefits manufacturers receive from car-
bon trading. Thus, under a carbon trading policy, manufacturers’ emission reduction rates
will gradually increase as their overconfidence grows.

Proposition 4. In a carbon trading market, overconfidence makes manufacturers’ real profits lower
than they would be if the manufacturers were rational. In addition, manufacturers’ real profits
decrease as their overconfidence increases, and they also decrease as the price of carbon trading
increases, relative to the rational case.

Proof. See Appendix A. �

Proposition 4 suggests that overconfident manufacturers will incorrectly overestimate
market demand and will seek to maximize revenue by increasing the wholesale price of
their products. Meanwhile, retailers will also increase the retail price of their products,
which will ultimately result in lower sales and lower profits. In addition, according to
Proposition 3, the emission reduction rate of overconfident manufacturers is always higher
than the optimal emission reduction rate under rational conditions. As the price of carbon
trading rises, even though more revenue can be gained from the carbon market, the
manufacturers’ level of overconfidence will also rise. In this scenario, the revenue brought
by the carbon trading market will not be enough to compensate for the decrease in product
revenue and the manufacturers’ increase in emission reduction investment. Therefore,
an increase in the carbon trading price has a negative impact on manufacturers’ profit.

Proposition 5. In a carbon trading market, relative to the rational case, (i) the retailer’s profit is
higher when the manufacturer’s overconfidence is low; the opposite is true when the manufacturer’s
overconfidence is high. (ii) The price of carbon trading only has a negative effect on retailers’ profits
when the manufacturer’s overconfidence is high and when the emission reduction cost g < g3. In
all other cases, the price of carbon trading has a positive effect on retailers’ profits.

Proof. See Appendix A. �
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Proposition 5 shows that: (i) for retailers, partnering with manufacturers with lower
levels of overconfidence can increase their own profits. This is due to the fact that, even if
manufacturers have lower levels of overconfidence, they will still increase their product
reduction rates. In addition, it follows from Proposition 3 that the price of carbon trading
has a positive effect on the reduction rates of overconfident manufacturers, and that the
low-carbon attributes of the product attract a higher number of consumers than under the
optimal reduction decision. In addition, profits rise as demand rises. Therefore, retailer
profits increase and are positively correlated with the carbon trading price. However, as
the manufacturer’s level of overconfidence increases, the manufacturer will transfer the
emissions reduction cost to the retailer by increasing the wholesale price. The retailer will
then increase the retail sales price and reduce its own sales volume, in order to maintain its
revenue. (ii) For manufacturers with a high level of overconfidence, emission reduction
costs are relatively low for manufacturers with emission reduction costs in the range of
g < g3. The emission reduction costs invested by the manufacturer are much higher than
the rational optimum, and more of the emission reduction costs are transferred to the
retailer, resulting in lower profits for the retailer. Therefore, the retailer’s profit is inversely
proportional to the carbon trading price when the manufacturer’s emission reduction cost
is g < g3. In addition, the retailer’s profit is positively proportional to the carbon trading
price when the manufacturer’s emission reduction cost is g > g3.

6. Numerical Study

This section uses MATLAB R2020b software to explore the impact of manufacturer
overconfidence and carbon trading prices on supply chain members’ decisions and profits.
In this study’s experiments, some parameters were adopted from existing papers. All the
parameters satisfy the constraint conditions and assumptions of the three models. This is
achieved by combining numerical calculations with relevant parameters taken as: a = 100,
λ = 0.5, e = 0.8, c = 0.2, Eg = 0.2, and g = 25.

6.1. Overconfidence and the Impact of Carbon Trading Prices on Supply Chain Members

For the parameters related to overconfidence, some adjustments to parameters were
made, similar to [43,45]. Let the carbon trading price pc vary over the interval [0, 3] and
the manufacturer’s overconfidence level k = εPc varies over the interval [0, 3]. The effects
of manufacturers’ overconfidence levels and carbon trading prices on manufacturers and
retailers under the three scenarios are shown in Figures 1–3.

Figure 1 shows that, in a carbon trading market, manufacturers’ emission reduction
rates are positively correlated with the price of carbon trading. This is mainly because
higher carbon trading prices increase the cost of carbon trading for manufacturers, who
in turn have to increase their reduction rates to reduce their carbon emissions per unit of
product. When manufacturers are overconfident, their reduction rate is positively correlated
with their own level of overconfidence, and the effect of manufacturer overconfidence on
the manufacturers’ reduction rate increases as the carbon trading price rises. This is because
overconfidence makes manufacturers believe that they can gain more by selling their excess
carbon quota, giving them an incentive to invest in greater carbon reduction efforts. This
finding is consistent with Propositions 1 and 3.

Figure 2 shows that, in a carbon trading market, the profits of rational manufacturers
tend to fall and then rise as the price of carbon trading increases. This finding suggests
that an increase in the price of carbon trading gives manufacturers an incentive to invest
more in reducing carbon emissions, which in turn allows them to accrue gains from selling
their excess carbon quota. The profitability of overconfident manufacturers decreases with
the level of their overconfidence and with the increase in the price of carbon trading. This
finding is consistent with Propositions 2 and 4.
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Figure 3 shows that, in a carbon trading market, retailer profits are positively pro-
portional to the carbon trading price and inversely proportional to the level of manufac-
turer overconfidence. Retailer returns are highest when manufacturer overconfidence
levels are lower and carbon trading prices are higher. This finding is also consistent with
Proposition 5.
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6.2. Impact of the Manufacturer’s Emission Reduction Cost Factor

When the manufacturer’s emission reduction cost is g ∈ [10, 30], the carbon trading
price pc = 3, the overconfidence coefficient ε = 0.5, and other parameters are taken
as above.. The impact of the manufacturer’s emission reduction cost coefficient on the
decision and demand of supply chain members was analyzed, and the results are shown in
Figures 4 and 5.
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on demand.

From Figures 4 and 5, one can see that, in all three scenarios, the product emission
reduction rate, market demand and supply chain members’ profits are inversely propor-
tional to the manufacturer’s emission reduction costs coefficient. In addition, the impact of
manufacturers’ overconfidence on supply chain members will gradually decrease as the
emission reduction costs increase. In particular, supply chain members are more affected by
the emission reduction cost coefficient in the carbon trading market. This finding indicates
that companies with low emission reduction costs are more likely to make gains in the
carbon trading market. In addition, as the abatement cost increases, the positive effect of
the carbon trading market will gradually decrease.

7. Conclusions

Most previous studies have explored the effect of carbon trading policies on emission
reduction decisions in the context of supply chain members’ rationality [27–30]. How-
ever, these studies did not take into account the overconfident behavior of supply chain
members. In addition, most studies on overconfidence relate to the field of inventory
management [37,41], because overconfident inventory managers not only incur more costs
(which may stem from higher inventories) but also generate more inventory backlogs.
However, in low-carbon supply chains, overconfidence can also affect the amount of money
firms invest in R&D for emission reduction. Studies by Liu [47] and Lu [48] et al. concluded
that overconfidence can lead to greener, low-carbon products, but at the same time can lead
to higher costs and less profitability for firms [42]. This paper constructs a supply chain
system with one retailer and one manufacturer and introduces the behavioral characteristics
of manufacturer overconfidence. The aim is to discuss the optimal supply chain reduc-
tion decision under three models: (1) no carbon trading policy and rational supply chain
members, (2) consideration of a carbon trading policy and rational supply chain members,
and (3) consideration of a carbon trading policy and manufacturer overconfidence. To
confirm previous studies, the impact of overconfident manufacturers in the supply chain
on retailers is explored.

7.1. Main Conclusions

The main findings of this paper show that:
(1) Under a carbon trading policy, when manufacturers are overconfident, their emis-

sion reduction rate is proportional to the carbon trading price and is always higher than
the emission reduction rate when manufacturers are rational. When manufacturers are
rational and the cost of emission reduction is below a certain threshold, the higher the
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carbon trading price is, the higher the emission reduction rate will be. The opposite is true
when the cost of emission reduction is above the threshold.

(2) When manufacturers are overconfident, their profits fall, because the benefits in
the carbon market are not sufficient to cover their emission reduction inputs; this rate
of decline is inversely proportional to manufacturers’ emission reduction costs. When
manufacturers are rational, higher carbon trading prices have a negative impact on the
profits of manufacturers with high emission reduction costs; the opposite is true when
emission reduction costs are too low. In addition, for manufacturers with moderate emission
reduction costs, profits change in a U-shape as carbon trading prices increase.

(3) Retailer profits are higher when manufacturer overconfidence levels are low, com-
pared to profits when manufacturers are rational. However, retailer profits are inversely
related to manufacturer overconfidence levels, and higher carbon trading prices nega-
tively affect retailer profits when both manufacturer overconfidence levels, and emission
reduction costs, are high.

7.2. Management Insights and Future Research

Based on the above findings, this paper gives the following management insights:
From the perspective of product emission reduction, manufacturers’ overconfidence

can increase the rate of product emission reduction and promote the low-carbon develop-
ment of the social economy. However, ignoring the cost of emission reduction and blindly
increasing the input of emission reduction will lead to a decrease in profits; this is not
conducive to the long-term development of a low-carbon economy. From the perspective
of product promotion, the higher the level of manufacturer overconfidence is, the lower
the profits of retailers will be, and this is not conducive to the promotion of low-carbon
products. Therefore, retailers should try to choose to work with manufacturers with a lower
level of overconfidence, in order to avoid losing or reducing their own profits. While the
government cannot directly set the price of carbon trading, it can participate in carbon
quota trading, set a peak price for carbon trading, develop a carbon financial market, and
restrict the sale and purchase of carbon quotas to form a guide price for the carbon trading
market. This would help to correct the impact of manufacturers’ overconfidence and guide
the benign development of carbon emission reduction and the carbon trading market.

To simplify the above problems, this paper only considers the supply chain decision
problem when the manufacturer is overconfident. If further consideration is given to the
case where both the manufacturer and the retailer have a tendency to be overconfident,
a more accurate measure of overconfidence will need to be used. This will be an important
topic for the next step of research in this field.
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Appendix A

Proof of Proposition 1.

β∗2 − β∗1 =
pc
{(

e− Eg
)
(epc + λ)A + ae[4g + λ(epc + λ)]−ce[4g + λ(epc + λ)]

}
AM
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∂β2

∂pc
=

ae(M + 8g)− ce(M + 8g) +
(
e− Eg

)(
−4gλ + e2 pc

2λ + λ3 + 2Aepc
)

M2

when the manufacturer emission reduction cost g ≤ (ae−ce+(e−Eg)λ)
2

4(e−Eg)
2 = g1, β∗2 > β∗1,

∂β∗2
∂pc

> 0. When the manufacturer emission reduction cost g > g1, ∂β∗2
∂pc

< 0, at which point

β∗2 > β∗1 if the carbon trading price pc <
−4Bg

−4eg+eλ(B+λ)−AEg
− λ

e , at which point β∗2 < β∗1 if

the carbon trading price pc >
−4Bg

−4eg+eλ(B+λ)−AEg
− λ

e . �

Proof of Proposition 2.

π2
m − π1

m =
gpc
{

a2e(epc+2λ)+c2e(epc+2λ)−2Ac(e−Eg)−A(e−Eg)
2

pc−2a[4eg+ce2 pc+e(2c−λ)λ+AEg]
}

2AM

∂π2
m

∂pc
=

gN
(
−4eg + e2 pc(B + λ) + eλ

(
B− Eg pc + λ

)
− AEg

)
M2

When emission reduction cost g ≤ 1
4 λ
[

Be
e−Eg

+ λ
]
= g2, ∂π2

m
∂pc

> 0, π2
m > π1

m. When

abatement cost g > g1, ∂π2
m

∂pc
< 0, π2

m < π1
m. When emission reduction cost g2 < g < g1, if

the carbon trading price pc < −
2B[−4eg+eλ(B+λ)−AEg]

a2e2−2ace2+c2e2−A(e−Eg)
2 , then ∂π2

m
∂pc

< 0 and π2
m < π1

m. If the

carbon trading price − 2B[−4eg+eλ(B+λ)−AEg]
a2e2−2ace2+c2e2−A(e−Eg)

2 < pc then ∂π2
m

∂pc
> 0, and π2

m > π1
m. �

Proof of Proposition 3.

β3 − β2 =
2kNλ[4g + (epc + λ)Z]

HM
> 0

∂β3

∂k
= −2NHλ

M2 > 0

∂β3

∂pc
= −
−2eNZ2 + eNH +

(
−e + Eg

)
ZH

H2 > 0

From β3 > 0 and β2 > 0, it follows that −M > 0 and H < 0. Since N > 0, β3 > β2,
∂β3
∂k > 0, and ∂β3

∂pc
> 0. �

Proof of Proposition 4.

π∗m2
πo∗

m3
=

2H2

−2M[4g− Z(epc + λ + 6kλ)]
=

C1

C2

C1 − C2 = 8k2λ2{4g + Z[3epc + (3 + 2k)λ]} > 0

∂πo∗
m3

∂k
=

4gkN2λ2(4g + 3Z2)
H3 < 0

∂π3
m

∂pc
=

gN
[
−2eN(epc + λ + 4kλ)H − 4eNZG + 2

(
−e + Eg

)
HG

]
2H3 < 0

Since C1 > C2, so π∗m2 > πo∗
m3, ∂πo∗

m3
∂k < 0, ∂π3

m
∂pc

< 0. �

Proof of Proposition 5.

π∗r2 − π∗r3 = N2

(
g2

M2 −
(g− Zkλ)2

H2

)
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∂π∗r3
∂k

= −
2N2λ(−g + kλZ)

[
−8gkλ + (epc + λ)Z2]

(−H)3 < 0

∂π∗r3
∂pc

=
2N(g− Zkλ)

[
−2eNZ(g− Zkλ)− ekλNH +

(
−e + Eg

)
(g− Zkλ)H

]
H3

when manufacturer overconfidence is low, i.e., k < epc+λ
2λ , then π2

r < π3
r and ∂π∗r3

∂pc
> 0.

When manufacturer overconfidence is high, i.e., epc+λ
2λ < k < pc, then π2

r > π3
r . When

∂π∗r3
∂pc

> 0 if the manufacturer’s emission reduction rate is low, i.e., g < kλZ2

2(epc+λ)
= g3, and

∂π∗r3
∂pc

< 0 if the manufacturer’s emission reduction costs are high, i.e., g > g3. �
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