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Abstract: The carbon quota allocation method serves as the foundation for the design of the carbon
trading mechanism, which has a significant impact on supply chain production decisions and the
operational efficiency of the carbon trading market. To analyze the behavioral decision problem of
supply chain members under different carbon quota allocation methods, the low-carbon reference
effect is introduced to characterize the effect of consumers’ low-carbon preference on market demand.
On this basis, three differential game models are constructed, namely, no emissions penalty, trading
under the grandfathering principle, and trading under the benchmarking principle. The results
indicate that the implementation of carbon trading policies enhances consumers’ low-carbon reference
levels, the carbon emission reduction levels of manufacturers, and the low-carbon publicity levels of
retailers. Moreover, the enhancement of the low-carbon reference effect becomes a positive driver
of profit growth. Manufacturers are observed to make more efforts in carbon reduction under the
benchmarking principle compared to the grandfathering principle. In contrast, the level of low-carbon
publicity by retailers remains unchanged. The above findings can provide a scientific basis for the
decision-making of emission reduction in low-carbon supply chain enterprises, which has certain
theoretical significance.

Keywords: carbon quota allocation; low-carbon reference effect; differential game; grandfathering
principle; benchmarking principle

1. Introduction

The potential threat to the environment caused by increasing greenhouse gas (GHG)
emissions is accelerating the process of global warming due to the increase in carbon
emissions from industrial production and domestic consumption [1]. In recognition
of the importance of reducing carbon emissions, governments and public sectors have
reached a consensus on the concept of “carbon neutrality” [2]. To achieve this goal,
governments across the globe have implemented a series of measures to reduce carbon
emissions [3,4], including energy storage resource management, carbon emissions trading,
carbon taxes, carbon subsidies, and renewable energy subsidies. Among these measures,
carbon emissions trading represents a pivotal policy instrument for reducing GHG emis-
sions, such as carbon dioxide, and for actively and steadily advancing carbon peaking and
carbon neutrality. This is achieved through the control of market mechanisms, which regard
carbon dioxide emission rights as a commodity and establish a carbon dioxide emission
right trading market [5]. The “Emissions Trading Worldwide 2023 Status Report” published
by the International Carbon Action Partnership (ICAP) indicates that regions accounting
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for 55% of the world’s GDP and 1/3 of the world’s population operate 28 carbon markets,
which collectively cover 17% of total GHG emissions [6]. Meanwhile, China is also actively
establishing a carbon market and promoting carbon emissions trading, and “Interim rules
for carbon emissions trading management” have come into force since 1 May 2024 [7].

The carbon quota allocation method represents the foundational element of the car-
bon trading market, serving as the basis for the subsequent design of the carbon trading
mechanism. Two primary categories of carbon quota allocation methods exist: free allo-
cation and compensated allocation. In the nascent stages of the carbon trading market,
the free allocation method can reduce the participation costs of companies and facilitate
the implementation of carbon trading policies [8]. Two principal methods may be em-
ployed to achieve such an allocation: the grandfathering principle and the benchmarking
principle. The grandfathering principle establishes the initial total carbon quota based on
the enterprise’s historical production carbon emission statistics. In contrast, the bench-
marking principle is based on the principle of “one product, one benchmark”, whereby
the government determines the benchmark carbon quota for an industry based on the
industry’s total carbon emission statistics. The total carbon quota allocated to an enter-
prise is then calculated as the product of the benchmark carbon quota and the enterprise’s
production volume.

The grandfathering principle has a less negative impact on enterprises’ production
and a relatively simple allocation process. However, it may result in a reduction in the
necessity for early trading. The benchmarking principle is more restrictive for high carbon
emitters and can address fairness issues in a more equitable manner. However, the process
of establishing benchmarks is more complex and rigorous. These two initial carbon quota
allocation methods have distinct advantages and disadvantages, and their implementa-
tion varies by country and period. For instance, the European Union has implemented a
hybrid system of free and remunerated carbon quota allocation. This system will grad-
ually expand the benchmarking principle based on the grandfathering principle, with a
certain percentage of remunerated auctions introduced in stages 1 and 2. New Zealand
has developed allocation methods and credits for different industries [9]. Additionally, a
combination of multiple scenarios, including grandfathering, benchmarking principles,
and purchasing, has been adopted for a single industry. China’s carbon market quota
allocation is based on grandfathering and benchmarking guidelines, with varying methods
across provinces. For example, Guangdong Province employs the benchmarking principle
for the paper industry, whereas Hubei Province employs the grandfathering principle [10].
Furthermore, the carbon quota allocation mechanism is not fixed and may also be adjusted
within specific industries, according to the relevant regulations. For instance, Shenzhen
modified its quota allocation method from the benchmarking principle to the grandfa-
thering principle in 2021 for four specific industries: public transportation, port terminal,
hazardous waste treatment, and subway. Additionally, Beijing altered the quota approval
method from the grandfathering principle to the benchmarking principle in 2022 for two
subsectors: other power generation (pumped storage) and power supply (grid). As the
carbon trading market continues to evolve, an increasing number of enterprises are pur-
suing the optimization of their production processes and technologies with the objective
of achieving low-carbon production and reducing carbon emissions [11]. Presently, the
manufacturing industry is the industrial sector with the highest energy consumption and
most significant carbon emissions in China. Furthermore, manufacturing production is the
primary contributor to excessive resource consumption [12]. Therefore, it is necessary to
further investigate which method is more effective in incentivizing enterprises to engage in
low-carbon manufacturing and carbon emission reduction: the grandfathering principle or
the benchmarking principle.

At the consumer level, heightened low-carbon awareness among consumers will also
provide an incentive for enterprises to engage in green emission reduction. The advent of
information technology has facilitated consumers’ access to information regarding product
pricing, quality, and green performance. The purchasing decisions of consumers with
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low-carbon preferences will be influenced not only by factors related to emission-reduction
efforts and low-carbon advertisements but also by the information they have previously
gathered and the expectations they have formed (reference points). Moreover, by compar-
ing the actual low-carbon level of a current product with the low-carbon reference level of
a previously purchased product, consumers are more likely to make a purchase when they
perceive a gain [13]. According to NIQ 2024 Consumer Outlook, 66% of consumers are
willing to pay more for sustainable goods, with millennials being the most willing to pay
extra for sustainable products. About 45% of respondents indicated that a company’s com-
mitment to environmental stewardship can influence their purchasing decisions. Therefore,
this trend has prompted many companies to include carbon footprint information on their
products, with the aim of enhancing their market competitiveness. As pivotal actors in the
initial stages of the supply chain, manufacturers are implementing measures to enhance the
environmental sustainability of their products and bolster their corporate reputation. For
example, the Midea Group, headquartered in Guangdong Province, China, is dedicated
to the establishment of a low-carbon supply chain. Their air-conditioning products are
manufactured in accordance with green manufacturing technology and energy-saving
equipment, and the use of environmentally friendly materials, such as GWP refrigerants, is
prioritized in product design in order to reduce the impact on the environment.

In conclusion, enterprises guarantee the stable operation of the carbon trading market
by engaging in the purchase or sale of carbon emission credits within the carbon trad-
ing market. Although the government is not directly involved in carbon trading, it can
indirectly influence carbon trading through the initial allocation of carbon quotas, the
implementation of carbon pricing policies, and other means. These measures are designed
to achieve the desired reduction in carbon emissions. Meanwhile, the low-carbon reference
effect has a significant impact on consumer behavior and enterprise product decisions.
Consequently, the equations include both the carbon quota and the consumers’ low-carbon
reference effect. By examining the influence of disparate carbon quota distribution methods
on the decision-making processes of supply chain members, it is possible to establish a
foundation upon which manufacturers and retailers can base their emission-reduction
strategies. Furthermore, this paper makes a further contribution by focusing on the fact
that the reduction in carbon emissions by enterprises in the supply chain is a process that
extends over a long period of time. The effect of decisions made by these enterprises in
previous stages will affect the decisions made regarding the reduction in carbon emis-
sions in subsequent stages. In addition, the carbon emissions of the final product will
be affected by the decisions regarding the reduction in carbon emissions made by the
different enterprises in the supply chain. Given this, it is assumed that the consumers’ low-
carbon reference level exhibits dynamic change characteristics in line with the evolution of
emission-reduction efforts and the influence of low-carbon publicity, which is introduced
into different differential game models.

However, few studies have simultaneously considered the effects of different carbon
quota allocation methods and consumer reference effects on the operational decisions of
supply chain members. In light of this research gap, it is necessary to address the following
questions: (1) How do the optimal paths of low-carbon reference levels for consumers
differ under different carbon quota allocation scenarios? (2) What are the effects of different
scenarios on manufacturers’ efforts to reduce emissions and retailers’ commitment to low-
carbon practices? (3) How do different principles for carbon trading systems affect the
profitability of supply chain members differently?

The rest of the paper is structured as follows: Section 2 presents a review of the
literature on supply chain management under carbon trading policy, carbon quota allo-
cation mechanisms, and consumers’ low-carbon reference effect and other related fields.
Section 3 describes the supply chain differential game problem under different carbon quota
methods and proposes hypotheses. Section 4 compares the optimal operating decisions of
manufacturers and retailers under different carbon quota allocation methods. Section 5 is
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a numerical analysis. Section 6 is the discussion, and Section 7 concludes the paper and
presents shortcomings and prospects. All demonstrations are provided in Appendix A.

2. Literature Review
2.1. Supply Chain Management under Carbon Trading Policy

The operational decisions of supply chain members under carbon trading policies
have emerged as a prominent area of academic inquiry. Wang et al. [6] constructed three
emission-reduction models for a secondary supply chain consisting of manufacturers and
suppliers. They then compared the effects of different scenarios on product pricing, sales
volume, and revenue of supply chain members under carbon quota trading. Their findings
indicated that, under the two-way cooperation contract scenario, the supply chain profit
and emission reduction are on average maximum. Yang et al. [14] considered the impact of
different recycling modes on manufacturers’ optimal pricing, carbon emission reduction,
and levy rate under carbon trading policy and found that the higher carbon trading price
is conducive to members’ positive carbon emission reduction. In light of the informa-
tion asymmetry and carbon trading mechanism, Zhao et al. [15] conducted an analysis
of the impact of manufacturers’ direct sales of products to consumers (i.e., manufacturer
encroachment) on carbon emission reduction and the performance of each supply chain
member. Their findings indicate that when the direct sales cost of green manufacturers is
low, the encroachment mode reduces carbon emissions compared to non-encroachment.
Furthermore, Ji et al. [16] employed a two-stage Stackelberg game to investigate the pro-
duction decisions of supply chain members under a carbon trading mechanism and further
found that the over-allocation of carbon quotas by the government may affect the wholesale
price of manufacturers. Cai and Jiang [17] constructed a low-carbon supply chain system
consisting of suppliers and manufacturers under three power structures and found that the
carbon trading mechanism’s ability to improve the environment and the performance of the
low-carbon supply chain is contingent upon the carbon quota and the carbon trading price.
Moreover, Li et al. [18] proposed that although higher carbon trading prices can facilitate
greater emission reduction, the profit of a green manufacturer may decline in the event
of emission-reduction investments. Ma et al. [19] investigated the issue of information
asymmetric procurement in a supply chain consisting of a single manufacturer and multiple
suppliers and devised an effective carbon contract to guide the manufacturer in balancing
the emission allowance based on the optimal number of orders. Xia and Niu [20] examined
how contracts can be designed to facilitate investment in carbon-reducing technologies by
manufacturers and green marketing efforts by retailers to reduce carbon footprints. In ad-
dition, Tang and Yang [21] examined the impact of varying power structures and financial
systems on the operations of companies in the supply chain in the context of carbon trading.
Zhen et al. [22] constructed a decision model of a financially constrained manufacturer in
the context of carbon trading, which considered the manufacturer’s financing through both
retailers and third-party platform companies.

The above studies mainly focus on the static analysis of the impacts of carbon trading
mechanisms under the grandfathering principle on production and pricing, quantitative
decision-making, carbon emission decision-making, and contract design of supply chain
members. However, further investigation is required to ascertain the impact of the car-
bon trading mechanism under the benchmarking principle on the decision-making of
companies, as well as the extent to which the carbon trading mechanisms under different
principles contribute to reducing emissions in the supply chain.

2.2. Studies on Carbon Quota Allocation Mechanism

Previous studies have primarily focused on the carbon quota mechanism from both
a macro and micro perspective. On the one hand, Wang et al. [23] conducted a macro-
level analysis and demonstrated that the grandfathering principle is more suitable for
low-carbon saving manufacturers, whereas the benchmarking principle is more suitable
for high-carbon saving manufacturers. Furthermore, they investigated the supply chain



Systems 2024, 12, 371 5 of 25

system and the members’ preferences for different quota allocation methods under different
conditions. Qi et al. [24] demonstrated that the benchmarking method markedly enhanced
the low-carbon international competitiveness of industries by examining the heterogeneity
of different pilot industries and carbon quota allocation methods. Chi et al. [25] constructed
a system dynamics model under different scenarios and found that the grandfathering
method stimulates the carbon trading market and reduces carbon emissions more than
the benchmarking method. The study by Yoon and Oh on the impact of carbon quota
allocation rules on the market structure in the Cournot duopoly market indicates that the
benchmarking principle is more effective than the grandfathering principle in terms of
emission-reduction investment and market output [26]. On the other hand, a number of
scholars have studied the carbon quota allocation methods from a micro perspective. Zhang
et al. [2] constructed a two-stage Stackelberg game model comprising the government, man-
ufacturers, and retailers. The model was employed to assess the optimal decision-making
of companies, consumer surplus, and overall social welfare under the two allocation meth-
ods. In their study, Wang et al. [27] analyzed the optimal decision-making and financing
selection strategies of supply chain members under different carbon quota allocation rules.
They considered scenarios in which manufacturers are subject to financial constraints and
trading market regulation. Furthermore, Yang et al. [28] identified that the grandfathering
principle is more constraining than the benchmarking principle; thus, companies seem
to be more effective in reducing emissions. Ji et al. [29] examined the impact of different
carbon quota allocation mechanisms on corporate decisions, profits, and social welfare
within the context of the O2O retail supply chain in a low-carbon environment.

The aforementioned studies focus on the comparison of grandfathering and bench-
marking principles. The impacts of the carbon quota allocation method on the operational
efficiency of the carbon market and the reduction in carbon emissions are studied from
a macro perspective, while the impacts of the carbon quota allocation method on the
decision-making of companies, profits, consumer surplus, and social welfare are studied
from a micro perspective. However, operational decision-making in supply chains is not
only a static decision-making problem but a dynamic process involving time series and
feedback mechanisms. Therefore, it needs to be analyzed from a dynamic perspective.
Furthermore, the above studies have solely examined the influence of carbon quota allo-
cation on decision-making from the standpoint of consumer rationality, overlooking the
impact of irrational factors such as consumers’ low-carbon reference. Consequently, the
static decisions fail to account for the impact of temporal factors on the equilibrium state of
the supply chain [30]; thus, such irrational factors must be incorporated into the model.

2.3. Low-Carbon Reference Effect

The reference effect refers to the reference point of price, quality, and emission-
reduction efforts of a product formed by consumers over a long period of time in their
purchasing activities, which in turn influences purchasing behavior [31]. A number of
scholars have conducted research on the impact of the reference effect on supply chain
decision-making. With regard to the price reference effect, some scholars have dedicated
their research to investigating the impact of price reference on the production and pricing
of supply chain products [32–34]. Other scholars have considered the price reference effect
and explored the issue of optimal investment decisions for green operations and preserva-
tion technologies of companies [31,35]. In terms of the quality reference effect, some studies
have addressed the issue of pricing strategy and product quality strategy under the quality
reference effect [36,37], while other scholars have explored the issue of the relationship
between product pricing, quality, and advertising strategies and short-sightedness and
farsightedness behaviors from different perspectives [38,39].

Low-carbon supply chain has gained increasing attention in recent years, prompting
the development of new research avenues focused on the low-carbon performance of
products. For instance, Liu and Li [40] explored this topic by examining the secondary
low-carbon supply chain as a case study. They introduced the concept of the low-carbon
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reference effect into a supply chain model and designed a bilateral cost-sharing contract to
enhance the performance of the supply chain. Yu et al. [41] examined the emission reduc-
tion and pricing decisions of supply chain members, taking into account the simultaneous
presence of both the low-carbon reference effect and the cost-learning effect. Wang et al. [42]
investigated the dual factors of quality reference and price reference in order to analyze the
dynamic control optimization problem of companies’ long-term quality improvement and
emission-reduction efforts, considering both the company’s profit maximization and the
government’s social welfare maximization. Zhang and Yu [43] developed a dynamic opti-
mization model for emission reduction in a dual-channel supply chain. A differential game
was employed to identify the optimal emission-reduction investment for manufacturers
and the optimal low-carbon publicity investment strategy for retailers under four different
decision scenarios. The above studies concur that the consumers’ low-carbon reference
effect is a pivotal factor in the formulation of companies’ emission-reduction strategies.

In order to clearly reveal the differences between the previous literature and this paper,
some relevant works of literature are listed in Table 1. In summary, there is a substantial
body of research on carbon trading policies, carbon quota allocation mechanisms, and
consumers’ low-carbon reference effects. However, the existing literature tends to focus on
operational decision-making within supply chains under a single carbon quota policy or the
impact of the reference effect on low-carbon supply chains. There is a paucity of literature
on the impacts of different carbon quota allocation modes and the low-carbon reference
effect on companies’ decision-making simultaneously. Therefore, this paper will construct
a differential game model of a supply chain consisting of a single manufacturer and a
single retailer. Given the dynamic nature of the carbon emission reduction decision-making
process within supply chain companies, it is assumed that consumers’ low-carbon reference
points will be influenced by manufacturers’ emission-reduction efforts and retailers’ low-
carbon promotion levels, and that these will change over time. Under this assumption,
the long-term impacts of carbon trading systems based on different principles on the
profits of supply chain members and the effects of carbon emission reduction are further
investigated. The results of the study provide a scientific basis and theoretical guidance for
the emission-reduction decision-making of low-carbon supply chain companies.

Table 1. Comparative analysis of relevant studies.

Paper Low-Carbon
Reference Effect

Carbon Quota Allocation Methodology

Grandfathering Benchmarking Statics Dynamic

Yang et al. [14]
√ √

Cai and Jiang [17]
√ √ √

Wang et al. [23]
√ √ √

Yoon and Oh [26]
√ √ √

Liu and Li [40]
√ √

Wang et al. [42]
√ √

This paper
√ √ √ √

3. Model Construction
3.1. Problem Description

Under the carbon trading policy, the government establishes the carbon trading price
and determines the initial carbon emission quotas based on the grandfathering principle
and the benchmarking principle, respectively. As the dominant players in the Stackelberg
differential game, manufacturers are constrained by carbon quotas to produce a single
product through the introduction of emission-reducing technologies and sell it in the
consumer market through retailers. Retailers, as followers, are not directly constrained by
the government’s carbon trading policy. Instead, they participate in emission reduction
through low-carbon publicity to sustain the stable operation of the low-carbon supply
chain. The low-carbon reference effect can be observed in consumer behavior. When
comparing the low-carbon reference level of a previously purchased product with the
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actual low-carbon level of the current product, consumers perceive a “loss” if the former
is greater than the latter. This perception of a loss lowers their demand. Conversely, they
perceive a “gain”, resulting in an increase in demand. During the decision-making process,
supply chain members must consider the impact of consumers’ low-carbon reference effects
on their emission-reduction strategies and profits. The decision sequence of the above game
is as follows: Under the carbon trading policy, the manufacturer determines its carbon
emission reduction efforts first, and the retailer, as a follower, determines its own low-
carbon promotion level after observing the manufacturer’s emission-reduction behavior.
The overall decision-making process of supply chain members is depicted in Figure 1.
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3.2. Notation Description

The notations and their definitions are shown in Table 2.

Table 2. Notations and their definitions.

Decision Variables Definition

E(t) Carbon emission reduction level per unit of product at time t
A(t) Product’s low-carbon publicity level at time t

State Variable Definition

R(t) Consumer’s low-carbon reference level at time t

Parameters Definition

vm, vr
Manufacturers’ and retailers’ marginal profit per unit of product
(vm > 0, vr > 0)

α Potential demand in the product market (α > 0)

E0
Initial carbon emissions per unit of product without emission reduction
treatment

km, kr
Manufacturer’s emission-reduction cost coefficient, retailer’s low-carbon
publicity cost coefficient (km > 0, kr > 0)

θ Coefficient of consumers’ memory of low-carbon reference level (θ > 0)

δ
Coefficient of the effect of product’s low-carbon publicity on low-carbon
reference (δ > 0)

µ Coefficient of consumers’ low-carbon preference (µ >λ)
λ Coefficient of the effect of low-carbon reference on demand (λ > 0)

η
Coefficient of the effect of product’s low-carbon publicity level on demand
(η > 0)
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Table 2. Cont.

Parameters Definition

c Price per unit of carbon quota (buying price is equal to selling price),
determined by the carbon trading market (c > 0)

g Carbon quotas per unit of product determined by the government based
on carbon emission statistics of products in the same industry (g > 0)

e Carbon quotas determined by the government based on historical statistics
on carbon emissions of companies (e > 0)

Superscript Definition

N No emissions penalty
G Carbon trading policy under grandfathering principle
B Carbon trading policy under benchmarking principle

Subscript Definition

m Manufacturer
r Retailer

3.3. Model Assumption

Assumption 1. In reference to the previous study [40], the concept of the consumer’s low-carbon
reference level can be defined as the subjective sense of “low-carbon gains and losses” formed in the
past consumption experience. This will be influenced by the actual emission-reduction level of the
product and the effect of low-carbon publicity. The equation of state describing the dynamic change
of the low-carbon reference level is as follows:

R′(t) = θ[E(t)− R(t)] + δA(t) (1)

θ[E(t)− R(t)] indicates the influence of past consumption experiences on the low-
carbon reference level. The larger θ means that consumers are likely to have a short-term
memory of the product’s low-carbon level and are less loyal to the product. δA(t) indicates
the impact of retailers’ low-carbon publicity efforts on the low-carbon reference level.

Assumption 2. According to the study [44], it is assumed that the demand is jointly influenced by
the level of product emission reduction, consumers’ low-carbon reference, and retailers’ low-carbon
publicity. The product demand function is as follows:

D = α + µE + λ(E − R) + ηA (2)

Assumption 3. Referring to the study [45], the cost of emission reduction and low-carbon publicity
for manufacturers and retailers at time t are presented as follows:

Cm[E(t)] =
kmE2(t)

2
, Cr[A(t)] =

kr A2(t)
2

(3)

Assumption 4. In accordance with the reference [46], a standardized carbon trading market, subject
to government regulation, permits the purchase and sale of carbon emission rights. The government
determines the carbon trading price, which is fixed for a specified period, while the price of a unit of
carbon quota is also stabilized.

Assumption 5. In light of the study [6,47], it is assumed that the carbon trading policy acts only on
manufacturers and that there are two ways of allocating carbon quotas: the grandfathering principle
and the benchmark ng principle. In the former case, the government determines the overall carbon
quota e (e > 0) based on the historical data of the manufacturer’s carbon emissions. In the latter case,
the government further sets the individual quota g (g > 0) for the manufacturer’s products based
on the average carbon emissions of the manufacturer’s industry. The individual quota g multiplied
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by the production volume of the product is the carbon quota obtained by the manufacturer. Thus, the
benefits of carbon trading for manufacturers under both carbon trading policies are as follows:

c[e − (E0 − E)D], c[g − (E0 − E)]D (4)

E0 − E denotes the actual carbon emission volume per unit of product after emission-
reducing treatment.

Assumption 6. The manufacturer and the retailer have the same discount rate ρ and both have
the decision objective of maximizing profits in the infinite time domain. t will not be listed in the
following presentation due to the difficulty of solving under dynamic parameters.

4. Model Analysis

The objective of this section is to analyze the impact of consumers’ low-carbon ref-
erence effect on companies’ multi-period dynamic emission-reduction decisions under
different carbon trading policies. To this end, this section commences with the assumption
of a scenario of no emissions penalty (Model N) as the baseline, based on the problem
description and assumptions presented in the previous section. This subsection is devoted
to an analysis of the impact of consumers’ low-carbon reference level on the equilibrium
strategy, with a particular focus on the contrast with the subsequent study of different
carbon trading policy scenarios. Following this, two specific carbon quota trading policies
are analyzed in detail: the carbon trading policy based on the grandfathering principle
(Model G) and the one based on the benchmarking principle (Model B).

4.1. Trading Policy without Carbon Quotas (Model N)

A baseline model is first developed to investigate the impact of consumers’ low-
carbon reference effects on manufacturers’ emission-reduction efforts and retailers’ low-
carbon publicity efforts in the absence of carbon quota policy constraints. It is unnecessary
to consider the constraints of carbon quotas throughout the decision-making process.
However, consumers’ low-carbon reference effect consistently influences the choices made
by supply chain members during the decision-making process. Then the profit functions of
the supply chain members in the infinite time domain can be expressed as follows:

JN
m (R) = max

E>0

∫ ∞

0
e−ρt[vm(α + µE + λ(E − R) + ηA)− kmE2

2
]dt (5)

JN
r (R) = max

A>0

∫ ∞

0
e−ρt[vr(α + µE + λ(E − R) + ηA)− kr A2

2
]dt (6)

In light of the solution to the optimal control problem in the study [48], the Hamilton–
Jacobian–Bellman equation, which is satisfied by the optimal control problem of each
member of the supply chain at any time, can be derived using Bellman’s continuous
dynamic programming theory and differential game theory:

ρΠN
m (R) = max

E>0

{
vm(α + µE + λ(E − R) + ηA)− kmE2

2
+ ΠN′

m (R)[θ(E − R) + δA]

}
(7)

ρΠN
r (R) = max

A>0

{
vr(α + µE + λ(E − R) + ηA)− kr A2

2
+ ΠN′

r (R)[θ(E − R) + δA]

}
(8)

ΠN
m (R) and ΠN

r (R) are the optimal profit value functions of the manufacturer and the
retailer, respectively, representing their total profit at time t. ΠN′

m (R) denotes the first-order
derivative of the manufacturer’s profit optimum function with respect to the emission-
reduction reference, implying the marginal contribution of a unit change in the consumer’s
emission-reduction reference to the manufacturer’s profits, and ΠN′

r (R) corresponds to the
retailer by the same logic.
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Proposition 1. Applying the backward induction method to solve the above game model, the optimal
feedback strategy between the manufacturers and the retailers is as follows:

EN =
vm[µθ + ρ(λ + µ)]

km(ρ + θ)
, AN =

vr[η(ρ + θ)− λδ]

kr(ρ + θ)

The optimal path of the consumer’s low-carbon reference level is as follows:

RN(t) = (R0 − RN
SS)e

−θt + RN
SS

where RN
SS = krµvmθ2+[ηδvrkm+ρkrvm(λ+µ)]θ−kmδvr(λδ−ηρ)

θkmkr(ρ+θ)
is the steady state value of the low-carbon

reference level.

Proposition 2. The profit optimum functions of manufacturers and retailers in case of no emissions
penalty are as follows:

ΠN
m = x1RN + x2, ΠN

r = y1RN + y2

(The proofs of Propositions 1 and 2 are presented in Appendix A).

Deduction 1. ∂AN

∂η > 0, ∂AN

∂θ > 0, ∂AN

∂δ < 0, ∂AN

∂λ < 0.

Proof. ∂AN

∂η = vr
kr

> 0, ∂AN

∂θ = vrλδ

kr(ρ+θ)2 > 0, ∂AN

∂δ = −vrλ
kr(ρ+θ)

< 0, ∂AN

∂δ = −vrλ
kr(ρ+θ)

< 0 □

Deduction 1 suggests that for retailers, the effort they invest in low-carbon publicity is
positively correlated with the coefficient η of the effect of the level of low-carbon publicity
on demand and the parameter θ of consumption memory and negatively correlated with
the coefficient δ of the effect of low-carbon publicity of the product on the low-carbon
reference and the coefficient λ of the effect of the low-carbon reference on demand.

(1) Retailers would be willing to increase their investment in low-carbon publicity
when they perceive more demand from the same unit of publicity effort. (2) As the
coefficient of consumer memory increases, the level of retailer publicity rises. This can be
attributed to the fact that consumers tend to have a short-term memory for the product’s
low-carbon level (the larger θ is). The less the past level of the product’s emission reduction
affects the consumer, the more sensitive the consumer is to short-term low-carbon publicity.
Such sensitivity raises consumer expectations and demand for the current low-carbon
level of products, which in turn will lead retailers to enhance the level of low-carbon
publicity. (3) The low-carbon reference effect exerts a suppressive influence on retailer
publicity, as retailers reduce their publicity investment in order to maintain profitability
and avoid loss due to the low-carbon reference effect, which results in a reduction in
consumer demand. The decision-making process in question engenders a vicious circle
that is detrimental to the sustainable development of low-carbon supply chains. Therefore,
it is imperative that supply chain members adopt a more precise and innovative approach
to communication, eschewing excessive promotion and effectively influencing demand
and purchasing behaviors.

Deduction 2. ∂EN

∂µ > 0, ∂EN

∂λ > 0, ∂EN

∂θ < 0, ∂EN

∂km
< 0.

Proof. ∂EN

∂µ = vm
km

> 0, ∂EN

∂λ = ρvm
(ρ+θ)km

> 0, ∂EN

∂θ = −vmλρ

(ρ+θ)2km
< 0, ∂EN

∂km
= −[(µ+λ)ρ+µθ]vm

(ρ+θ)k2
m

< 0.

□

Deduction 2 demonstrates that when carbon trading is not considered, the product
emission-reduction effort paid by manufacturers is positively correlated with the coefficient
of consumer low-carbon preference µ and the coefficient λ of the effect of low-carbon



Systems 2024, 12, 371 11 of 25

reference on demand and negatively correlated with the parameters θ of consumer memory
and the coefficient km of the cost of emission reduction.

(1) As consumers are keen to purchase low-carbon products and consider the discrep-
ancy between the actual low-carbon level and the low-carbon reference level when making
purchasing decisions, manufacturers would make greater emission-reduction efforts to
encourage consumers’ willingness to purchase. (2) When consumers retain a long-term
memory of a product’s low-carbon level (the smaller θ), manufacturers are more inclined to
invest in emission-reduction efforts. This phenomenon can be attributed to the formation
of consumers’ low-carbon reference levels based on previous product emission reductions,
as their emphasis on long-term emission-reduction levels increases, they will consequently
demand higher levels of reduction from manufacturers. In order to achieve more sub-
stantial emission reduction, the government can advocate for consumers to cultivate their
long-term low-carbon awareness and pay attention to the long-term emission-reduction
level of products, thereby encouraging manufacturers to increase their investment in emis-
sion reduction and to reduce the carbon emissions of their products. (3) An increase in the
coefficient of emission-reduction costs could discourage manufacturers from participating
in low-carbon emission reduction.

4.2. Trading Policy Based on the Grandfathering Principle (Model G)

This subsection develops a model to investigate the decision-making process of manu-
facturers and retailers when considering the low-carbon reference effect under the carbon
trading policy of the grandfathering principle. In this decision-making process, the govern-
ment grants a company a free and freely tradable carbon quota e for the current period after
reviewing the company’s historical carbon emissions statistics. In this instance, companies
consider the gains or losses resulting from the quota constraints while accounting for the
impact of consumers’ low-carbon reference effect. If the quota in question is insufficient to
support production and operational activities, it can be purchased in the carbon market at
the price c of a unit of carbon quota from a company with a surplus of carbon quotas, which
increases costs. Alternatively, the surplus carbon quotas would be sold at the same price to
generate carbon revenue, with the price c of carbon trading determined by the government.
The profit functions of the manufacturer and the retailer are expressed as follows:

JG
m(R) = max

E>0

∫ ∞

0

e−ρt
{

vm[α + µE + λ(E − R) + ηA]− 1
2

kmE2+

c[e − (E0 − E)(α + µE + λE − λR + ηA)]}dt
(9)

JG
r (R) = max

A>0

∫ ∞

0
e−ρt{vr[α + µE + λ(E − R) + ηA] − 1

2
kr A2

}
dt (10)

The Hamilton–Jacobian–Bellman equations satisfied by the optimal control problem
are as follows:

ρΠG
m(R)= max

E>0

{
vm[α + µE + λ(E − R) + ηA]− 1

2
kmE2 + ΠG′

m (R)[θ(E − R) + δA]

+c[e − (E0 − E)(α + µE + λ(E − R) + ηA)]}
(11)

ρΠG
r (R) = max

A>0

{
vr[α + µE + λ(E − R) + ηA]− kr A2

2
+ ΠG′

r (R)[θ(E − R) + δA]

}
(12)

Proposition 3. Under the trading policy based on the grandfathering principle, the optimal feedback
strategy for manufacturers and retailers is as follows:

EG =
[(RG

SSλ+E0λ+E0µ−α)c−vm(µ+λ)−(2 f1RG
SS+ f2)θ]kr−cη(δz1+ηπr)

kr [2c(µ+λ)−km]

AG = δz1+ηπr
kr
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RG(t) = (R0 − RG
SS)e

− θ[km−2 f1θ−c(λ+2µ)]
km−2c(λ+µ)

t
+ RG

SS

RG
SS = (z1δη+αkr+vrη2)θc+θkr(λ+µ)(vm−E0c)+ f2krθ2+δ[km−2c(λ+µ)](δz1+vrη)

krθ[km−(λ+2µ)c−2 f1θ]
is the steady-state

value of the low-carbon reference level.

Proposition 4. The profit optimum functions for manufacturers and retailers at time t under the
trading policy based on the grandfathering principle are as follows:

ΠG
m = f1(RG)

2
+ f2RG + f3, ΠG

r = z1RG + z2

The coefficients are as follows:

f1 = (2θ+ρ)(km−2cµ)−2cλ(θ+ρ)−
√

∆
4θ2

f2 = kr{(2 f1θ−cλ)[(µ+λ)(cE0−vm)−cα]+λ(cE0−vm)[2c(µ+λ)−km ]}
{(ρ+θ)[2c(µ+λ)−km ]+2 f1θ2−cλθ}kr

(δz1 + vrη){2 f1δ[2c(µ + λ)− km]− cη(2 f1θ − cλ)}
f3 = −{kr [(µ+λ)(cE0−vm)−cα− f2θ]−cη(δz1+vrη)}2

ρk2
r [4c(µ+λ)−2km ]

+ (δz1+vrη)(vmη+ f2δ−cηE0)+kr(vmα+ce−αcE0)
ρk2

z1 = vr [kmλ−(λ+µ)(2 f1θ+λc)]
2 f1θ2+λc(2ρ+θ)+(ρ+θ)(2cµ−km)

z2 = {kr [(cE0−vm)(µ+λ)−cα− f2θ]−cη(δz1+vrη)}[vr(µ+λ)+θz1]
ρkr [2c(µ+λ)−km ]

+ 2krvrα+(δz1+vrη)2

2ρkr

where ∆ = {(ρ + 2θ)[2c(µ + λ)− km]}2 − 4cλθ(ρ + 2θ)[2c(µ + λ)− km].

(The proofs of Propositions 3 and 4 are presented in Appendix A).

4.3. Trading Policy Based on the Benchmarking Principle (Model B)

A carbon trading policy based on the benchmarking principle entails the government’s
collection of carbon emission statistics for products within the same industry, after which
the carbon quota g for that specific type of product is determined. In contrast to the
trading policy based on a company’s historical carbon emissions statistics, this trading
policy adheres to the principle of the “individual” product, whereas the trading policy
in the previous section is based on the principle of the “whole” company. Similarly, in
this subsection, the consumers’ low-carbon reference effect and the level of low-carbon
publicity jointly affect the demand for the product, at which point the profit functions of
the manufacturers and the retailers are expressed as follows:

JB
m(R) = max

E>0

∫ ∞

0

e−ρt
{

vm[α + µE + λ(E − R) + ηA]− 1
2

kmE2+

c(α + µE + λ(E − R) + ηA)(g − E0 + E)}dt
(13)

JB
r (R) = max

A>0

∫ ∞

0
e−ρt{vr(α + µE + λ(E − R) + ηA) − kr A2

2

}
dt (14)

According to the optimal control theory, the HJB equations are as follows:

ρΠB
m(R) =max

E>0

{
vm[α + µE + λ(E − R) + ηA]− 1

2
kmE2 + ΠB′

m (R)[θ(E − R) + δA]

+c(α + µE + λ(E − R) + ηA)(g − E0 + E)}
(15)

ρΠB
r (R) = max

A>0

{
vr[α + µE + λ(E − R) + ηA]− kr A2

2
+ ΠB′

r (R)[θ(E − R) + δA]

}
(16)
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Proposition 5. The optimal feedback strategy for manufacturers and retailers under the trading
policy based on the benchmarking principle is as follows:

EB =

{
[(RB

SS − g + E0)λ + (E0 − g)µ − α]c − vm(µ + λ)− (2b1RB
SS + b2)θ

}
kr − cη(δc1 + ηvr)

kr[2c(µ + λ)− km]

AB =
δc1 + ηπr

kr
, RB(t) = (R0 − RB

SS)e
− θ[km−2b1θ−c(λ+2µ)]

km−2c(λ+µ)
t
+ RB

SS

where RSS
B = θkr [(λ+µ)(vm+cg−E0c)+b2θ+cα]+[ηcθ−2cδ(u+λ)+kmδ](δc1+vrη)

krθ[km−(λ+2µ)c−2b1θ]
is the steady-state value

of the low-carbon reference level.

Proposition 6. The profit optimum functions for manufacturers and retailers at time t under the
trading policy based on the benchmarking principle are as follows:

ΠB
m = b1(RB)

2
+ b2RB + b3, ΠB

r = c1RB + c2

The coefficients are as follows:

b1 = (2θ+ρ)(km−2cµ)−2cλ(θ+ρ)−
√

∆
4θ2

b2 = kr{(2b1θ−cλ)[(µ+λ)(cE0−cg−vm)−cα]+λ(cE0−cg−vm)[2c(µ+λ)−km ]}
kr [(ρ+θ)(2cµ+2cλ−km)+2b1θ2−cλθ]

(δc1 + vrη)[2b1δ(2cµ + 2cλ − km)− cη(2b1θ − cλ)]

b3 = −{kr [(µ+λ)(cE0−cg−vm)−cα−b2θ]−cη(δz1+vrη)}2

ρk2
r (4c(µ+λ)−2km)

+ (δz1+vrη)(vmη+b2δ+cηg−cηE0)+kr(vmα+cαg−cαE0)
ρkr

c1 = vr(kmλ−(λ+µ)(2b1θ+λc))
2b1θ2+λc(2ρ+θ)+(ρ+θ)(2cµ−km)

c2 = {kr [(cE0−vm−mg)(µ+λ)−cα−b2θ]−cη(δz1+vrη)}(vrµ+vrλ+θc1)
ρkr(2c(µ+λ)−km)

+ 2krvrα+(δc1+vrη)2

2ρkr

where ∆ = {(ρ + 2θ)[2c(µ + λ)− km]}2 − 4cλθ(ρ + 2θ)[2c(µ + λ)− km].

(The procedures for proving Propositions 5 and 6 are similar to those for Propositions
4 and 5 and will not be reiterated here).

4.4. Comparative Analysis

Deduction 3. AG = AB > AN .

(See Appendix B for proof).
The extent of low-carbon publicity afforded to products by retailers is identical un-

der both the grandfathering-based carbon trading policy and the benchmarking-based
carbon trading policy, as the implementation of the trading policy does not have a direct
impact on retailers. Carbon trading policies provide market signals indicating a preference
for low-carbon products. Furthermore, the level of low-carbon publicity by retailers, as
a downstream part of the supply chain, can also influence consumer purchasing deci-
sions. In comparison to a scenario with no emissions penalty, manufacturers act as the
dominant players in the market, enhancing their emission-reduction levels within the
constraints of the carbon trading policy. Retailers, in contrast, act as followers, observ-
ing the decision-making behaviors of manufacturers and subsequently modifying their
promotional strategies in order to maximize profits.

Deduction 4. EB > EG > EN .

Deduction 4 is analogous to the study [26], which posits that manufacturers will invest
greater resources to enhance product emission reduction under carbon trading policies than
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they would under policies that have no emissions penalty. This may be attributed to the fact
that the carbon trading policy establishes a ceiling on the quantity of carbon emissions that a
company is permitted to emit, compelling manufacturers to implement measures to reduce
carbon emissions to comply with the policy and avoid exceeding the carbon emission limits.
The degree of carbon emission reduction achieved by manufacturers in accordance with the
benchmarking principle is more pronounced than that observed under the grandfathering
principle. When a manufacturer is confronted with elevated product carbon emissions,
it may refrain from pursuing emission-reduction measures if the supplementary benefits
that could be attained through carbon reduction strategies are not commensurate with the
costs associated with such reductions. This is particularly true in instances where there is a
substantial scope for emission reduction. In such circumstances, manufacturers may choose
to reduce the production of their products as a means of meeting the total carbon emission
limits e set by the government. In contrast, the benchmarking principle establishes explicit
individual carbon emission limits for products, necessitating that manufacturers achieve
specified emission-reduction targets for their respective products, thus prompting them to
implement more aggressive emission-reduction measures.

Deduction 5. RB > RG > RN .

In the absence of an emissions penalty, the initial low-carbon reference level is typically
low, and the low-carbon reference level formed within the consumer is also low. Conse-
quently, the actual low-carbon level of the product is easily able to satisfy the consumer.
The advent of carbon trading policy has the potential to influence the differentiation of
products by manufacturers, who may enhance the low-carbon attributes of their products
to align with market demand. Conversely, retailers may also adopt promotional activities
to publicize the characteristics of low-carbon products. This differentiation strategy may
increase consumers’ sensitivity to low-carbon attributes, which in turn may increase their
low-carbon reference effect. Meanwhile, the emission-reduction endeavors of manufactur-
ers are influenced by the consumers’ low-carbon reference effect. Additionally, Deduction
4 indicates that the product emission-reduction level under the benchmarking principle is
superior to that under the grandfathering principle. It follows that the low-carbon reference
level under the benchmarking principle is greater than that under the grandfathering
principle.

(The procedures for proving Propositions 5 and 6 are similar to those for Propositions
4 and 5 and will not be reiterated here).

The complexity of some analytical solution expressions makes direct discussion chal-
lenging. This paper therefore draws on existing literature [18,29] and conducts a sensitivity
analysis of equilibrium strategies and profits for the manufacturer and retailer under differ-
ent scenarios, which is achieved through algebraic assignments and arithmetic examples in
Section 5 arithmetic analysis.

5. Numerical Analysis

This section is organized as follows: (1) The optimal decisions of manufacturers and
retailers in the three scenarios of no emissions penalty, grandfathering principle, and
benchmarking principle are comparatively analyzed through the parameter assignment
method. (2) A series of numerical simulations is conducted to study the trend of consumers’
low-carbon reference levels over time under different carbon trading policies. (3) A compre-
hensive analysis of how consumers’ low-carbon reference effects and carbon trading prices
on the decision-making processes and financial outcomes of supply chain members under
no emissions penalty, grandfathering principle, and benchmarking principle is conducted.
Referring to the studies [28,49], relevant parameters are set below:

α = 2, km = 50, kr = 35, e = 1.1, g = 0.4, E0 = 1, c = 4, vm = 10, vr = 6, θ = 3, δ = 1,
µ = 3, λ = 2, ρ = 0.8η = 5
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5.1. Numerical Examples Datasets

Through parameter assignment, Table 3 obtains the numerical simulation results of
manufacturers and retailers in three situations.

Table 3. Members’ decision outcomes under three scenarios.

Decision Variable State Variable Target Variable

E A R Πm Πr Π

No emissions penalty (N) 0.68 0.76 0.93 77.57 42.45 120.02
Grandfathering principle (G) 1.89 1.01 2.23 651.01 239.98 890.99
Benchmarking principle (B) 2.17 1.01 2.51 661.67 267.98 929.65

Table 3 illustrates that manufacturers invest the greatest effort in reducing emissions
under a carbon trading policy based on the benchmarking principle, and the least effort
when no emissions penalty is in place. However, for retailers, the level of publicity effort
invested is the same under either carbon trading policy. The implementation of carbon
trading policies can also contribute to increased profits for both manufacturers and retailers.
As a result of the positive effect of increased demand, supply chain members are likely to
increase their level of investment and publicity for emission reductions. At the same time,
the supply chain as a whole is likely to realize increased profits. The positive impact of this
policy has served to reinforce the resilience of supply chains, thereby contributing to an
overall increase in their resilience.

5.2. Analysis of Consumers’ Low-Carbon Reference Level under Carbon Trading Regulation

As illustrated in Figure 2, under disparate decision scenarios, the low-carbon reference
level increases over time when the initial low-carbon reference level is low, whereas the
low-carbon reference level decreases over time when the initial low-carbon reference level
is high. This suggests that although the low carbon reference level under different initial
conditions will lead to differences in its evolution path over time, the low-carbon reference
level will eventually converge to the same stable value for the same carbon quota approach.
It indicates that a long-term and stable cooperative game relationship among supply chain
members is conducive to ensuring the stability of the supply chain system. In addition, the
stable value is positively correlated with the manufacturer’s emission-reduction inputs.
Furthermore, the benchmarking principle scenario (Model B) has the highest stable low-
carbon reference level compared to the low-carbon reference levels in the other decision
scenarios. The introduction of carbon trading policies results in an increase in the low-
carbon reference level for consumers in comparison to the absence of emissions penalty
(Model N), which also corroborates the findings of Deduction 5.
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5.3. The Impact of Unit Carbon Quota Price on Supply Chain Members’ Strategies

As shown in Figures 3 and 4, the manufacturer’s and retailer’s strategies remain
unaffected by fluctuations in the carbon trading price when the emissions penalty is not
considered. Following the implementation of the carbon trading policy, the extent of
product emission-reduction initiatives undertaken by manufacturers and the scope of low-
carbon marketing activities conducted by retailers both increase in tandem with the price
of carbon trading. On the one hand, manufacturers are directly confronted with carbon
emission restrictions and carbon quota constraints when the carbon price is low. This is
because the cost of carbon trading is relatively low, and manufacturers are subjected to
less obvious controls. However, as the carbon price rises, companies have to invest in
clean technologies to reduce carbon emissions. On the other hand, manufacturers can sell
the remainder of their carbon quota in the carbon market to increase profits once they
have reached the required quota amount through emission reduction. Thus, the rise in
the price of carbon trading is conducive to further motivating companies to take action
to reduce carbon emissions and participate in the carbon trading market. As a follower,
the retailer observes the manufacturer’s increased emission reduction. The carbon trading
policy can indirectly influence the retailer’s decision-making through the supply chain
system, thereby increasing its long-term low-carbon publicity level. Nevertheless, as the
two carbon trading policies do not directly impact the retailer, they ultimately yield the
same result for the retailer, thereby substantiating the conclusion of Deduction 3.
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5.4. The Impact of Low-Carbon Reference Effect on Supply Chain Members’ Strategies

As illustrated in Figure 5, the correlation between manufacturers’ emission-reduction
levels and the low-carbon reference effect λ is positive regardless of the existence of carbon
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trading policies. However, the introduction of such policies has the effect of increasing
the level of emission-reduction efforts, as manufacturers recognize the potential impact of
consumer low-carbon reference levels on their own profits. Furthermore, failure to actively
reduce emissions results in insufficient carbon quotas being granted by the government
to support business operations. In order to meet the quota conditions, manufacturers are
required to purchase carbon quotas in the carbon trading market, which increases their
costs. Therefore, manufacturers can achieve sustainable green development by investing
more in their products to reduce emissions and meet the quota conditions while earning
additional carbon trading revenues.
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Figure 5. The impact of low-carbon reference effect on manufacturers’ emission-reduction level.

As shown in Figure 6, in the absence of an emissions penalty, manufacturers are
solely responsible for the costs associated with emission reduction, while retailers benefit
from the positive externalities of emission reduction by manufacturers. Retailers perceive
that in the absence of external incentives, the marginal cost of increasing low-carbon
publicity may be higher than the marginal benefit it creates, leading retailers to reduce their
investment in low-carbon publicity. This is consistent with the findings of Deductions 1
and 2. The decision-making process in question creates a vicious circle that is not conducive
to the sustainable development of low-carbon supply chains. The implementation of
carbon trading policies leads to a gradual increase in the reference low-carbon level among
consumers. Consequently, a moderate investment in promotional efforts is necessary to
attract consumers. The findings of Deduction 3 indicate that carbon trading policies can
indirectly influence retailers’ decision-making through the supply chain system, thereby
increasing their low-carbon advocacy level in the long term. Therefore, the low-carbon
publicity level will rise in tandem with the increase in the low-carbon reference effect.
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5.5. Impact of Carbon Quota Allocation Method and Low-Carbon Reference Effect on Profits of
Supply Chain Members

Figures 7 and 8 illustrate the impacts of parameters g and e on the profits of man-
ufacturers and retailers, respectively, under different low-carbon reference effects. The
implementation of carbon quota allocation can prove advantageous for all members of the
supply chain in comparison to its absence. In Model B, the profits of manufacturers and
retailers increase monotonically with g, whereas in Model G, the profits of manufactur-
ers increase monotonically with e, with no effect on retailers. This indicates that carbon
quota allocation based exclusively on the grandfathering principle has a positive impact on
manufacturers’ profits, whereas unit carbon quota allocation based on the benchmarking
principle is beneficial for the individual effort level and profitability of each member of the
supply chain. The relationship between the magnitude of manufacturers’ profits under
these two carbon quota allocation models is indeterminate and is contingent upon the
specific values of the overall carbon quota e and the individual quota g.

Systems 2024, 12, x FOR PEER REVIEW 22 of 30 
 

 

reference effect increases, which differs from those reported in previous literature [Error! 
Reference source not found.,Error! Reference source not found.]. This is primarily due 
to the fact that this paper considers the operation of supply chains under the carbon trad-
ing policy, and carbon quotas are also a form of resource under carbon trading. This 
prompts manufacturers to invest in emission reduction in order to gain a competitive ad-
vantage in the market and to generate profits in the carbon trading market by selling car-
bon quotas. Furthermore, the supply chain system can derive greater benefits from the 
product market as a result of the enhanced carbon emission reduction and low-carbon 
promotion activities of its members. In light of the above, it can be posited that an increase 
in the low-carbon reference effect may act as a catalyst for profit growth when carbon 
trading policies are taken into consideration. 

  
(a) (b) 

Figure 7. The impact of g  and λ  on manufacturers’ and retailers’ profits. (a) The impact of g  
and λ  on manufacturers’ profits and (b) the impact of g  and λ  on retailers’ profits. 

 
(a) (b) 

Figure 8. The impact of e  and λ  on manufacturers’ and retailers’ profits. (a) The impact of e  
and λ  on manufacturers’ profits and (b) the impact of e  and λ  on retailers’ profits. 

6. Discussion 
This paper investigates the long-term impacts of different carbon quota allocation 

methods and consumers’ low-carbon reference effects on carbon emission reduction in 
supply chains. The differential game models are constructed under three scenarios, with 
the incorporation of the consumers’ low-carbon reference effect. First, a two-tier supply 
chain, in which one manufacturer plays the dominant role and one retailer assumes the 
follower position, more accurately reflects the actual situation. Secondly, a more compre-
hensive theoretical model of reality leads to some illuminating conclusions for managers. 

First, the implementation of carbon quota allocation is conducive to enhancing the 
reduction in carbon emissions from manufacturers’ products. In order to meet the 

Figure 7. The impact of g and λ on manufacturers’ and retailers’ profits. (a) The impact of g and λ on
manufacturers’ profits and (b) the impact of g and λ on retailers’ profits.

Systems 2024, 12, x FOR PEER REVIEW 22 of 30 
 

 

reference effect increases, which differs from those reported in previous literature [Error! 
Reference source not found.,Error! Reference source not found.]. This is primarily due 
to the fact that this paper considers the operation of supply chains under the carbon trad-
ing policy, and carbon quotas are also a form of resource under carbon trading. This 
prompts manufacturers to invest in emission reduction in order to gain a competitive ad-
vantage in the market and to generate profits in the carbon trading market by selling car-
bon quotas. Furthermore, the supply chain system can derive greater benefits from the 
product market as a result of the enhanced carbon emission reduction and low-carbon 
promotion activities of its members. In light of the above, it can be posited that an increase 
in the low-carbon reference effect may act as a catalyst for profit growth when carbon 
trading policies are taken into consideration. 

  
(a) (b) 

Figure 7. The impact of g  and λ  on manufacturers’ and retailers’ profits. (a) The impact of g  
and λ  on manufacturers’ profits and (b) the impact of g  and λ  on retailers’ profits. 

 
(a) (b) 

Figure 8. The impact of e  and λ  on manufacturers’ and retailers’ profits. (a) The impact of e  
and λ  on manufacturers’ profits and (b) the impact of e  and λ  on retailers’ profits. 

6. Discussion 
This paper investigates the long-term impacts of different carbon quota allocation 

methods and consumers’ low-carbon reference effects on carbon emission reduction in 
supply chains. The differential game models are constructed under three scenarios, with 
the incorporation of the consumers’ low-carbon reference effect. First, a two-tier supply 
chain, in which one manufacturer plays the dominant role and one retailer assumes the 
follower position, more accurately reflects the actual situation. Secondly, a more compre-
hensive theoretical model of reality leads to some illuminating conclusions for managers. 

First, the implementation of carbon quota allocation is conducive to enhancing the 
reduction in carbon emissions from manufacturers’ products. In order to meet the 

Figure 8. The impact of e and λ on manufacturers’ and retailers’ profits. (a) The impact of e and λ on
manufacturers’ profits and (b) the impact of e and λ on retailers’ profits.

Without considering the emissions penalty, both manufacturers’ and retailers’ profits
monotonically decrease as the low-carbon reference effect increases. The introduction of
the low-carbon reference effect can promote carbon emission reduction in manufacturers’
products, while it has a dampening effect on manufacturers’ profits. In the context of
the model that considers the allocation of carbon quotas (Models B and G), the profits
of manufacturers and retailers demonstrate a consistent upward trend as the low-carbon
reference effect increases, which differs from those reported in previous literature [40,43].
This is primarily due to the fact that this paper considers the operation of supply chains
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under the carbon trading policy, and carbon quotas are also a form of resource under
carbon trading. This prompts manufacturers to invest in emission reduction in order to
gain a competitive advantage in the market and to generate profits in the carbon trading
market by selling carbon quotas. Furthermore, the supply chain system can derive greater
benefits from the product market as a result of the enhanced carbon emission reduction
and low-carbon promotion activities of its members. In light of the above, it can be posited
that an increase in the low-carbon reference effect may act as a catalyst for profit growth
when carbon trading policies are taken into consideration.

6. Discussion

This paper investigates the long-term impacts of different carbon quota allocation
methods and consumers’ low-carbon reference effects on carbon emission reduction in
supply chains. The differential game models are constructed under three scenarios, with the
incorporation of the consumers’ low-carbon reference effect. First, a two-tier supply chain,
in which one manufacturer plays the dominant role and one retailer assumes the follower
position, more accurately reflects the actual situation. Secondly, a more comprehensive
theoretical model of reality leads to some illuminating conclusions for managers.

First, the implementation of carbon quota allocation is conducive to enhancing the
reduction in carbon emissions from manufacturers’ products. In order to meet the demand
for green and low-carbon consumption, achieve a higher level of dynamic equilibrium
between supply and demand, and enhance the overall effectiveness of the supply chain,
manufacturers must reduce the carbon emissions of their products through the input of
emission-reduction technologies. Meanwhile, retailers may also be encouraged to invest
more in publicity.

Secondly, within a defined range, the extent of carbon emission reduction by manu-
facturers is positively correlated with the price of carbon trading, and an increase in the
price of carbon trading can facilitate the efforts of retailers in publicizing their products.
Consumers’ low-carbon reference should raise the demand for product emission reduction
and low-carbon promotion, and manufacturers and retailers need to proactively cater to
consumers’ demand and improve product emission reduction in order to avoid the negative
impact of the low-carbon reference effect.

Finally, the introduction of a carbon trading policy can also improve the profits of
manufacturers and supply chains and further strengthen the economic resilience of supply
chains in the face of risks, thus enhancing the resilience of supply chains. This is evidenced
by the intensification of benefits among members of the supply chain. One such initiative is
the generation of revenue through the sale of surplus carbon quotas in the carbon trading
market. For instance, based on data from 2021, the revenue that BYD could potentially
generate through the sale of carbon quotas is valued at over CNY 8 billion, which places it
at the forefront among Chinese car manufacturers in this regard. According to the most
recent fourth-quarter and annual reports for 2023, Tesla’s total annual revenue from the
sale of carbon quotas increased from $1.78 billion to $1.79 billion. For another, the provision
of carbon footprint information on products encourages the promotion of low-carbon
products to attract consumers.

The following recommendations for managerial action are derived from the findings
of the aforementioned study: First, it is recommended that governments and regulatory
authorities continue to promote and enhance carbon trading systems, with a particular
focus on carbon trading policies that are aligned with the benchmarking principle. The
government should invest in the establishment of a comprehensive and accurate industry
carbon emissions database, which aims to collect and analyze carbon emissions data from
the procurement of raw materials, through production, to the sale of products. Furthermore,
the establishment of more scientific individual carbon limits based on industry averages
and the carbon emission performance of leading companies will provide data support for
the formulation and adjustment of policies, thus promoting long-term action on carbon
emission reduction by manufacturers. Secondly, the carbon price represents a pivotal
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policy factor that motivates companies to curtail their emissions. When establishing the
carbon price, it is essential that the government or the regulatory authority responsible
for setting the carbon trading benchmark price considers the country’s economic situation
and the industry’s affordability. This ensures that the carbon trading price can effectively
promote the emission reduction target without imposing an excessive burden on economic
development. A progressive adjustment strategy can be implemented to afford companies
and the market sufficient time to adapt to the new carbon pricing policy. In the initial
stages of implementing a carbon trading policy, the carbon trading price can be set at a
relatively low level, allowing market participants to establish the actual price through
trading. Subsequently, the efficacy of the carbon pricing policy is evaluated on a regular
basis, and the price setting is adjusted in accordance with environmental changes and
policy objectives.

7. Conclusions

Presently, China’s national carbon trading market is still in its infancy. The prevailing
approach is the free allocation of carbon emission rights. However, the long-term impact of
grandfathering and benchmarking principles on carbon emission reduction in the supply
chain remains to be studied. In this context, the impacts of no emissions penalty trading,
the grandfathering principle, and the benchmarking principle on manufacturers’ emission-
reduction efforts, retailers’ low-carbon promotion, and their respective profits are compared.
The optimal carbon emission reduction decisions and optimal profits of supply chain
members in different models are further solved, and the equilibrium solutions under
different decision-making modes are compared and analyzed. This analysis leads to the
following main conclusions:

In comparison to the absence of carbon trading, the implementation of the policy has
been observed to enhance both consumers’ low-carbon reference effect and manufacturers’
long-term emission-reduction level. In particular, the impact of manufacturers’ carbon
emission reduction levels is more pronounced under the carbon trading policy based on
the benchmarking principle.

1. In comparison to the no emissions penalty trading, the implementation of the pol-
icy has been observed to enhance both consumers’ low-carbon reference effect and
manufacturers’ long-term emission-reduction level. In particular, the impact of man-
ufacturers’ carbon emission reduction levels is more pronounced under the carbon
trading policy based on the benchmarking principle.

2. The implementation of a carbon trading policy has been demonstrated to be an
effective means of enhancing the level of low-carbon publicity among retailers. This
level of publicity is found to be consistent across retailers, regardless of their respective
benchmarking and grandfathering principles.

3. The introduction of a low-carbon reference effect without consideration of emissions
penalty may encourage carbon reduction by manufacturers. However, the low-carbon
reference level has a dampening effect on the profits of manufacturers and retailers.
The incorporation of carbon trading policies into the low-carbon reference effect may
prove to be a beneficial factor in driving profit growth.

4. Carbon quota allocation based on the grandfathering principle positively affects manu-
facturers’ profitability, while unit carbon quota allocation based on the benchmarking
principle facilitates the individual effort level and profitability of each member of the
supply chain.

5. Although the difference in the initial low-carbon reference level affects the trend of
the low-carbon reference level over time, it would ultimately converge to the same
stable value for the same carbon quota approach.

While this study offers valuable insights for low-carbon supply chain companies in
their emission-reduction decision-making processes, there are still some limitations. First,
the modeling does not consider the real-time pricing strategy of the companies’ products nor
does it take into account the impact of product prices on market demand. The incorporation
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of these factors into the model and subsequent analysis represents a promising avenue for
future research. Furthermore, this paper assumes that the overall carbon quota amount
under the grandfathering principle and the individual carbon emission limit under the
benchmarking principle remain constant over time. In addition, future research directions
include characterizing the change process of the aforementioned parameters over time in
the model. Finally, this paper primarily examines the influence of carbon trading policies
on supply chain members. Carbon taxes and subsidies are effective emission-reduction
policy tools. Further research should comprehensively assess the impact of various carbon
emission reduction policies on supply chain members.
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Appendix A

Proofs of Propositions 1 and 2. Find the first-order derivative of Equation (8) with respect
to A, make it zero, and solve for it. Then we can obtain the following:

A =
δΠ′

r + ηvr

kr
(A1)

After substituting Equation (A1) into Equation (7), take the first-order partial derivative
of E, make it zero, and solve for it. Then we can obtain the following:

E =
vm(λ + µ) + Π′

mθ

km
(A2)

Substituting Equations (A1) and (A2) into Equations (7) and (8), we can obtain as
follows:

ρΠN
m (R) = −(λvm + ΠN′

m θ)R + vmα +
(vm(λ + µ) + ΠN′

m θ)
2

2km
+

(δΠN′
r + ηvr)(ηvm + δΠN′

m )

kr
(A3)

ρΠN
r (R) = −(λvr + ΠN′

r θ)R +
(vm(λ + µ) + ΠN′

m θ)(vr(λ + µ) + ΠN′
r θ)

km
+

(δΠN′
r + ηvr)

2

2kr
(A4)

Observing the structural features of the differential Equations (7) and (8), ΠN
m , ΠN

r can
be regarded as linear analytical expressions.

ΠN
m (R) = x1R + x2, ΠN

r (R) = y1R + y2 (A5)

Further obtain ΠN′
m = x1, ΠN′

r = y1. Substituting ΠN′
m , ΠN′

r and Equation (A5) into
Equation (A3) and (A4), we can obtain the following:

ρ(x1R + x2) = −(λvm + x1θ)R + vmα +
(vm(λ + µ) + x1θ)2

2km
+

(δy1 + ηvr)(ηvm + δx1)

kr
(A6)
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ρ(y1R + y2) = −(λvr + y1θ)R +
(vm(λ + µ) + x1θ)(vr(λ + µ) + y1θ)

km
+

(δy1 + ηvr)
2

2kr
(A7)

Comparing similar terms on both sides of the equation, we can find that x1, x2, y1, y2
are as follows:

x1 = − λvm
ρ+θ

x2 = kr(λ+µ)2v2
m+2vm(kr(αkm+x1θ(λ+µ))+ηkm(δy1+ηvr))+x1(θ

2kr x1+2kmδ(δy1+ηvr))
2ρkmkr

y1 = − λvr
ρ+θ

y2 = ((2(λ+µ)2vm+2θx1(λ+µ)+2αkm)vr+2θy1(vm(λ+µ)+θx1))kr+km(δy1+ηvr)
2

2ρkmkr

Further substituting the optimal equilibrium strategy EN and AN into Equation (1),
we can derive the expressions of RN(t) and RN

SS. Finally, by substituting x1, x2, y1, y2 into
Equation (A5), we can derive the expressions of ΠN

m , ΠN
r . Thus, Proposition 2 is proven. □

Proofs of Propositions 3 and 4. Find the first-order derivative of Equation (12) with respect
to A, make it zero, and solve for it. Then we can obtain the following:

AG =
δΠG′

r + ηvr

kr
(A8)

After substituting Equation (A8) into Equation (11), take the first-order partial deriva-
tive of E, make it zero, and solve for it. Then we can obtain the following:

EG =
[(Rλ + E0λ + E0µ − α)c − vm(µ + λ)− ΠG′

m θ]kr − mη(δΠH′
r + ηvr)

kr(2c(µ + λ)− km)
(A9)

Observing the structural features of the differential Equations (11) and (12), ΠG
m, ΠG

r
can be regarded as linear analytical expressions.

ΠG
m = f1R2 + f2R + f3, ΠG

r = z1R + z2 (A10)

Further obtain ΠG′
m = 2 f1R + f2, ΠG′

r = z1. Substituting ΠG′
m , ΠG′

r and Equation (A10)
into Equations (11) and (12), we can obtain the following:

ρ( f1R2 + f2R + f3) = EG[vm(µ + λ) + cα − cE0(µ + λ)− cλR + cηAG

+EG(cµ + cλ − 1
2 km) + (2 f1R + f2)θ] + AG[vmη + (2 f1R + f2)δ − cηE0]

+R(cλE0 − vmλ − (2 f1R + f2)θ) + vmα + ce − αcE0

(A11)

ρ(z1R + z2) = EG(vr(µ + λ) + θz1) + AG(vrη − 1
2 kr AG + δz1) + vrα

−vrλR − θz1R
(A12)



ρ f1 = −(cλ−2 f1θ)2

4c(µ+λ)−2km
− 2 f1θ

ρ f2 = ((cE0−vm)(µ+λ)−cα− f2θ)(2 f1θ−cλ)
2c(µ+λ)−km

− cη(δz1+vrη)(2 f1θ−cλ)
kr(2c(µ+λ)−km)

+ 2 f1δ(δz1+vrη)
kr

+ cλE0 − vmλ − f2θ

ρ f3 = −((cE0−vm)(µ+λ)−cα− f2θ−cηAG))2

4c(µ+λ)−2km
+ AG(vmη + f2δ − cηE0)+

vmα + ce − αcE0

ρz1 = (cλ−2 f1θ)(vr(µ+λ)+θz1)
(2c(µ+λ)−km)

− vrλ − θz1

ρz2 = (kr((cE0−vm)(µ+λ)−cα− f2θ)−cη(δz1+vrη))(vr(µ+λ)+θz1)
kr(2c(µ+λ)−km)

+vrα + (δz1+vrη)2

2kr

(A13)

After solving the system of equations as shown in Equation (A13), we can obtain the
coefficients f1, f2, f3, z1, z2 given in Proposition 3. During the solution process, it was noted
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that f1 has two solutions. The larger solution will cause the equilibrium solution of the
retailer’s low-carbon publicity level to be negative, so only the relatively small solution is
considered here.

Further substituting the optimal equilibrium strategy EG and AG into Equation (1),
we can derive the expressions of RG(t) and RG

SS. Finally, substituting f1, f2, f3, z1, z2 into
Equation (A10), we can derive the expressions of ΠG

m, ΠG
r . Thus, Proposition 4 is proven. □

Appendix B

Proof of Deduction 3.

∆ = ((ρ + 2θ)(2c(µ + λ)− km))
2 − 4cλθ(ρ + 2θ)(2c(µ + λ)− km)

If 2c(µ + λ)− km > 0, it is not always guaranteed that ∆ > 0.

If ∆ < 0, then
√

∆ in f1 = (2θ+ρ)(km−2cµ)−2cλ(θ+ρ)−
√

∆
4θ2 is meaningless.

Therefore, 2c(µ + λ)− km < 0, ∆ > 0

(2θ + ρ)(km − 2cµ)− 2cλ(θ + ρ)−
√

∆
= [2θ(km − 2µc[λc))− 2(µ + λ)ρc + kmρ]2 − [2c(µρ + λρ + 2µθ)
−(ρ + 2θ)km](ρ + 2θ)(2c(µ + λ)− km) = 4λ2c2θ2 > 0

(A14)

From Equation (A14) and 4θ2 > 0, we have f1 > 0,

(2(2(µ + λ)c − km)θ + 2(µ + λ)ρc − kmρ)2 − ∆ = 4θ(ρ + 2θ)λ(2c(µ + λ)− km)c < 0 (A15)

It can be seen from (A15), cλ − 2 f1θ =
√

∆+2(2(µ+λ)c−km)θ+2(µ+λ)ρc−kmρ
2θ < 0.

Since AG = δz1+ηvr
kr

, AB = δc1+ηvr
kr

, z1 = c1, we can obtain AG = AB.

From AG − AN =
vrδ[(ρ + θ)(2 f1θ + 3λc − km)(u + λ) + θλ(2 f1θ − λc)]

{(2 f1θ2 + [(λ + 2µ)c − km]θ + [2c(λ + µ)− km)]ρ}kr(ρ + θ)
(A16)

And f1 > 0, 2 f1θ − λc < 0, µ > λ, 2 f1θ + 3λc − km = (ρ+2θ)(2cλ−2cu)−ρkm−
√

∆
2θ < 0.

Therefore, vrδ[(ρ + θ)(2 f1θ + 3λc − km)(u + λ) + θλ(2 f1θ − λc)]

2 f1θ2 + ((λ + 2µ)c − km)θ + (2(λ + µ)c − km)ρ =
(2(λ+µ)c−km)ρ−

√
(ρ+2θ)(2( λ+µ)c−km)(2(2 µθ+ρ(λ+µ))c−km(ρ+2θ))

2

(A17)

[(2λc + 2µc − km)ρ]
2 − (ρ + 2θ)[2(λ + µ)c − km]{2c[2µθρ(λ + µ)]c − km(ρ + 2θ)}

= −{[4µθ + ρ(2λ + 4µ)]c − 2km(ρ + θ)}[4c(λ + µ)− 2km]θ
(A18)

2cµ − km < 0 We can finally obtain that AG − AN > 0. □
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