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Abstract

Against the background of carbon neutrality, the impact of carbon quota allocation mech-
anism on supply chain’s decision-making of emission reduction has received increasing
attention. This study analyzes the optimal decision-making behavior of manufacturing
supply chains under three mechanisms: completely free, complete auction and hybrid.
Meanwhile, the abatement cost-sharing contract is introduced and the backward induc-
tion method is applied to solve the optimal equilibrium solution under each mechanism.
Combined with numerical simulation, this study further investigates the impacts of market
demand and cost-sharing coefficient changes on the system profit. The result shows that
the abatement cost-sharing contract can significantly improve the level of manufacturers’
abatement and the total profit of the supply chain. Among the mechanisms analyzed, the
hybrid mechanism realizes the balance between efficiency and incentives and demonstrates
stronger adaptability and policy flexibility.

Keywords: low carbon supply chain; carbon quota mechanism; cost-sharing contract;
Stackelberg game; supply chain management

1. Introduction
As global climate change is worsening, the sustainable development of the environ-

ment, resources and economic systems is under growing pressure. The Paris Agreement
sets a clear target of limiting global temperature rise to below 2 ◦C [1] and encourages
countries to promote low-carbon transition through institutional frameworks. The carbon
quota system has gradually become a core policy tool for governments to control carbon
emissions and guide enterprises to reduce emissions. According to the research report of
the United Nations Compact Organization, carbon emissions from supply chain activities
account for about 60% of total global emissions, and manufacturers are usually the major
carbon emitters in the supply chain [2]. Therefore, building a low-carbon supply chain has
become a key link in the emission reduction strategy.

As one of the countries with the largest global carbon emissions [3], China has been
continuously promoting the construction of and improvement in the carbon emission
trading market since 2020, when it proposed the goal of reaching “carbon peak” by 2030
and “carbon neutrality” by 2060 [4]. In order to improve the carbon market trading
system, the establishment and design of the carbon quota allocation system are crucial and
also the key to promoting the optimal allocation of resources and green transformation
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and upgrading [5]. China has established eight regional carbon emission trading (CET)
market pilots to curb carbon emissions and gradually achieve carbon neutrality goals [6].
Carbon trading is a model of emissions reduction, which is scaled up by quantitatively
controlling carbon allowances and allowing enterprises to buy and sell carbon emission
rights on the carbon trading market, thereby incentivizing enterprises to invest in carbon
emission reduction. In the early stages of carbon market development, allowances were
allocated entirely for free, with the aim of lowering corporate costs and encouraging their
participation in the system. With the maturity of the carbon market, the government has
gradually introduced paid allowances, the auction mechanism has prompted enterprises to
internalize the carbon cost, and they have developed the hybrid carbon mechanism [7,8].
By setting different ratios of free and auctioned allowances, the carbon cost structure faced
by manufacturers and retailers has changed accordingly, which triggers a readjustment of
their production decisions, pricing behaviors, and willingness to reduce emissions.

Therefore, cost-sharing contracts have attracted widespread attention as an effective
tool to harmonize emission reduction responsibilities with economic benefits. By con-
structing a reasonable sharing mechanism, manufacturers can share the emission reduction
inputs with retailers to alleviate cost pressure and enhance the overall emission reduction
efficiency of the supply chain [9,10]. However, the incentive effect of cost-sharing contracts
may vary under different carbon allowance mechanisms due to different sharing factors
and regional policies. Especially in the hybrid mechanism, how to balance the type of
allowance, cost structure and market response becomes a key issue [11].

In real markets, many large manufacturers distribute their products across hetero-
geneous retail markets; they supply both large-scale chain retailers in first-tier cities and
regional distributors in second- and third-tier cities. These markets are characterized by
significant differences in carbon policy enforcement and consumer preferences: consumers
in metropolitan areas, influenced by energy-efficiency subsidies and stronger environ-
mental awareness, exhibit higher demand for low-carbon products, whereas those in less
developed regions remain more price-sensitive [12]. This implies that supply chain systems,
when formulating coordination decisions, need to fully account for external conditions
such as the political environment and social needs of the regions.

A similar pattern can be observed in the energy sector. Under the constraints of the
Dual Carbon goals, the coal industry must strike a balance between resilience of the indus-
trial and supply chain system (RCICSC) and coal industrial efficiency (CIE) and construct
comprehensive evaluation frameworks to examine their synergistic relationship [13], which
also aligns with the core analytical approach of this study. However, existing literature
has rarely integrated cost-sharing contracts with carbon quota allocation mechanisms to
develop a unified analytical framework, thereby limiting in-depth exploration of the coor-
dination and balance between profit objectives and emission reduction investments within
supply chain systems.

To address this gap, this study incorporates two heterogeneous retailers into the supply
chain model, thereby providing a more realistic depiction of multi-channel distribution and
uncovering how different carbon quota allocation mechanisms shape emission reduction,
pricing, and cost-sharing decisions across distinct retail markets.

2. Literature Review
Extensive research has examined the coordinating role of cost-sharing contracts in

low-carbon supply chains, particularly in enhancing overall system profitability. For in-
stance, Banerjee and Lin analyzed bilateral cooperation and determined cost-sharing ratios
based on incremental profits from collaboration [14]. To compare cooperative and non-
cooperative strategies in R&D, Ma and Guo formulated a game-theoretical model and
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designed two types of cost-sharing contracts. Their findings indicate that coordinated
decision-making via contracts can outperform pure collaborative R&D in terms of effi-
ciency [15]. Extending this line of research, Ghosh and Shah developed a green cost-sharing
game model involving manufacturers and retailers, deriving optimal sharing ratios that
maximize both greenness and profit [16]. Zhi proposed a Stackelberg game framework to
capture strategic interactions within the supply chain and derived a theoretically optimal
carbon reduction strategy [17]. A supply chain model composed of a single manufacturer
and retailer, under the assumption of consumer preference for low-carbon products, was
established by Xu, and it showed that emission-reduction option contracts can facilitate
effective supply chain coordination [18]. Most existing studies tend to construct a simple
two-tier supply chain consisting of a single manufacturer and a single retailer, with little
attention paid to scenarios involving multiple retailers distributing to different regions.
However, in reality, the presence of multiple retailers more accurately reflects actual market
conditions and therefore offers greater research value.

Beyond the cost-sharing contracts, governments across the globe have enacted a vari-
ety of economic policies in response to the high levels of carbon emissions, and the Carbon
Quota Trading (CQT) market stands out as a potent market-based instrument [19]. Peng
examined the joint effects of carbon quota and subsidy policies, suggesting that sharing
low-carbon costs among manufacturers leads to more efficient supply chain decisions [20].
Jiang developed a differential game model to show that a benchmarking-based allocation
system significantly enhances both emission reduction efforts and advertising investments
by supply chain members, outperforming grandfathering in improving product repu-
tation [21]. In a capital-constrained e-commerce context, Wang investigated the role of
grandfathering and baseline systems under a carbon buyback policy, identifying optimal
allocation strategies across carbon-saving scenarios [22]. Based on the Stackelberg game
model, Yang evaluated various quota allocation mechanisms. Their results indicate that
free allocation provides the strongest incentives for emission reduction and demand growth
across the supply chain [23]. Li Biao compared emission reduction investment strategies
between component suppliers and manufacturers and confirmed that centralized decision-
making under carbon trading can enhance supply chain revenue [24]. However, most of
these studies focus on the impact of environmental and low-carbon policies within a single
region, without considering the distribution of products across different regions. This
omission may overlook the fact that manufacturers and retailers will face heterogeneous
market policies, which can lead to divergent decision-making behaviors.

With the enhancement of consumers’ awareness of environmental protection, the
market demand for green products is also growing. Ma’s research employed carbon quota
mechanisms to show how firms optimize pricing and emission levels in response to green
consumer demand [25]. In the closed-loop supply chains, it was demonstrated by Chen
that a synergistic effect between consumer environmental awareness and government
subsidies can significantly increase both manufacturers’ emission reduction efforts and
profits [26]. Long-term cooperation between manufacturers and distributors was explored
by Xu, with findings indicating that consumers’ low-carbon preferences serve as a key
driving force for both parties to engage in coordinated emission reduction through cost-
sharing contracts [27]. Zhang constructed a revenue model to analyze the impact of
supply chain strategy choices around consumers’ environmental awareness and carbon
quota trading mechanism. The results highlight how carbon-related incentives can shape
firms’ operational decisions [28]. Du confirmed in an emission-sensitive supply chain
model that the intensity of consumer preferences is positively correlated with supply
chain abatement strategies and channel profits, and that emission-related contracts can
effectively coordinate decision-making [29]. Similarly to studies on carbon policy, research



Systems 2025, 13, 841 4 of 21

on consumer environmental awareness has largely focused on comparing scenarios with
and without such awareness. However, few works have integrated consumer preferences
with the heterogeneity of low-carbon policies across regions, leaving a gap in understanding
how these factors jointly influence supply chain decision-making.

Taken together, the existing literature predominantly concentrates on dyadic supply
chain structures consisting of a single manufacturer and a single retailer. While this simpli-
fication has provided useful theoretical insights, it neglects the reality that many industries,
such as consumer electronics, fast-moving consumer goods and household appliances,
are characterized by multi-retailer distribution structures and highly segmented markets.
Moreover, most prior studies treat carbon policies in a uniform manner, overlooking the
significant heterogeneity across regions in terms of carbon taxation, allocation rules, and
consumer environmental preferences. These limitations make it difficult to fully capture
how carbon quota mechanisms interact with cost-sharing contracts in more complex supply
chain settings.

To bridge this gap, the present study develops a low-carbon supply chain model with
one manufacturer and two heterogeneous retailers under three carbon quota allocation
mechanisms. By introducing both the diversity of retail markets and the coordination
effects of cost-sharing contracts, this research advances the existing literature and provides
more realistic implications for firms seeking to improve supply chain performance under
differentiated carbon policy environments. Especially under the context of accelerating the
expansion of the national carbon market [30] and the significant differences in the regional
carbon policies, how to improve the overall low-carbon performance of the supply chain
through optimization of internal coordination contracts has become a key issue, which is
both challenging and urgent in the process of achieving the “dual carbon” goals.

3. Model Establishment
3.1. Problem Description

In supply chain operation, manufacturers may sell their products to multiple markets
at the same time. And there exists policy heterogeneity and differences in consumer
preferences in different market areas. In the production field, in the supply chain structure
composed of manufacturers and retailers, there is a situation where the manufacturer
plays the leading role in the Stackelberg game and has the ability to determine the level of
carbon emission reduction and wholesale prices, while retailers need to set their own retail
prices based on the manufacturer’s strategy [11]. Therefore, the production-distribution
system can be defined as a supply model in which a manufacturer produces and sells in
two markets with different attributes. Considering the differences in carbon policies and
consumer environmental awareness in different regions [31], this research sets the region
with strong environmental awareness, strict market policies, and high carbon tax collection
as Retailer 1, and the region with relatively strong environmental awareness, strict market
policies, and high carbon tax collection as Retailer 2. At the same time, the manufacturing
industry has a certain degree of stability, and the sensitivity of consumers to emission
reduction levels is relatively stable, which can be used to better characterize the impact
of policy mechanisms on the game structure and emission reduction strategies between
supply chain entities. Based on the market principle, in this research, manufacturers and
retailers are defined as completely rational entities, who can make the best choice based on
fully shared information in the decision-making process [32]. At the same time, because the
carbon market generally adopts the average price auction mechanism, all successful bidders
obtain carbon emission quotas at a unified clearing price [33]. Research of the model intends
to construct the supply chain of manufacturers in two consumer markets with different
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attributes and explore the emission reduction and pricing strategies of enterprises under
different carbon quota mechanisms.

3.2. Parameters

The manufacturer of the supply chain system set up in this research produces a
uniform product and sells it to two retailers at wholesale prices w1, w2, and the retailer
sells the product to the consumer market at retail prices p1, p2 [34].

In order to achieve the abatement targets, manufacturer needs to invest in abatement
costs Ce, and the carbon abatement level of manufacturer’s e ∈ [0, 1]. The maximum market
potential demand in each market when the retail price and the abatement level are zero is
a1, a2; the sensitivity of each market to the retail price is b1, b2; the intensity of consumer
preference for low-carbon products in the two markets is λ1, λ2 [35]. Retailer 1 and Retailer
2 face different carbon tax rates t1 and t2, with t1 > t2 [36]. Parameters in the model are
summarized in the Table 1 below.

Table 1. Parameters explanation.

Parameter Description

p1, p2 Retail prices of goods in market 1 and market 2
q1, q2 Demand in market 1 and market 2
a1,a2 Base market demand in both markets, reflecting regional market size
b1,b2 Price sensitivity coefficients of consumers in the two markets

λ1,λ2
Coefficient of consumer preference for low-carbon products in two

markets
e Level of emission reductions by manufacturers
c Manufacturer’s unit cost of production
k Abatement cost growth factor

t1, t2 Carbon tax rates in the regions where the two retailers are located
β Proportion of abatement costs borne by manufacturers
α Retailers1 bear their share of the (1-β) component

w1, w2 Wholesale prices of goods obtained by retailer 1 and retailer 2
πm,πr1,πr2 Profit of Manufacturer, retailer 1 and retailer 2

Q Total supply chain carbon emission
F Amount of carbon allowances issued free of charge by the government

QA Amount of carbon allowances acquired through auctions
PA Average price at quota auction
CA Auction cost
QT Amount of carbon allowances purchased on the carbon trading market
PT Carbon market prices
CT Carbon market costs

3.3. Objective Function of the Model

The consumers’ purchasing behavior is mainly influenced by price and carbon reduc-
tion level [37,38]. So, the demand functions of the two retailers in their respective markets
can be expressed as follows, where b2 > b1, λ1 > λ2, e ∈ [0, 1]:

q1 = a1 − b1 p1 + λ1e (1)

q2 = a2 − b2 p2 + λ2e (2)

To reach the emission reduction target [39], manufacturer needs to bear the emission
reduction cost as: Ce = ke2, where the emission reduction growth coefficient k > 0.
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If a cost-sharing contract mechanism exists between the manufacturer and the seller,
the manufacturer’s profit function is defined as revenue minus production expenses and
the carbon costs incurred.

πm =
2

∑
i=1

[(wi − c)qi]− βCe (3)

The retailer’s profit function is the profit on sales minus its share of the abatement
costs, which also takes into account the impact of the carbon tax [40], where t1 > t2:

πr1 = (p1 − w1 − t1)q1 − α(1 − β)Ce (4)

πr2 = (p2 − w2 − t2)q2 − (1 − α)(1 − β)Ce (5)

The maximization of the total profit is considered as the optimization objective and
constructs the following mathematical planning model:

max ∏
w1,w2,p1,p2,e

=πm + πr1 + πr2 (6)

This setting reflects typical real-world scenarios of cross-regional or multi-channel
distribution, where a manufacturer supplies products to two retailers operating under
different policy environments or market conditions. Such situations are common in practice,
when a manufacturer simultaneously sells to regions with stricter versus looser carbon
regulations, by employing this simplified structure, the model provides clear insights
into how different carbon allowance mechanisms and cost-sharing contracts influence the
decisions of supply chain members and the overall system coordination.

In order to distinguish the parameters and optimal solutions for various cases, the
research denotes the contract-free and abatement cost-sharing contract as N and R; and
denotes F, A, and H as the completely free mechanism, the complete auction mechanism
and the hybrid mechanism, respectively.

4. Analysis
According to the above settings, the total carbon allowance under the hybrid mecha-

nism can be expressed by the equation Q = F + QA + QT, when the carbon emissions of the
manufacturer do not exceed the amount of free allowances allocated by the government,
no additional carbon allowances need to be purchased, which is equivalent to the com-
pletely free mechanism [41]. When no free allowances are provided by the government,
the manufacturer must purchase all carbon allowances through the carbon auction market,
and the hybrid mechanism is transformed into a complete auction mechanism. So, the
hybrid carbon allowance mechanism can be regarded as a broad form of the completely
free mechanism and the complete auction mechanism, and its specific shape is determined
by the government’s free carbon allowance allocation F and the manufacturers’ carbon
emission demand Q. By adjusting the ratio of free to auctioned allowances and setting
appropriate auction pricing rules, the government can flexibly shift the mechanism along a
spectrum between these two extremes.

4.1. Description of Three Mechanism
4.1.1. Completely Free Mechanism

Under the completely free mechanism, regulated enterprises are granted a certain
amount of free carbon emission allowances. When the scale of these allowances exceeds
the enterprises’ actual carbon emissions, the enterprises can sell the surplus portion in the
carbon market to obtain economic returns; if the scale of these allowances is insufficient
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to cover the enterprises’ actual carbon emissions, they need to purchase the deficit in the
carbon market to meet compliance requirements.

4.1.2. Complete Auction Mechanism

When all carbon allowances are allocated through market auctions, firms are required
to purchase the required carbon allowances through bidding, which can be regarded as
the complete auction mechanism. The manufacturer must consider not only the trade-off
between emission reduction and increased market demand, but also explicitly factor the
carbon auction price into the profit optimization problem [42]. In this mechanism, the
auction price is determined by market demand and supply, and the funds are usually used
for environmental subsidies or carbon emission reduction technology research [43]. The
research assumes that manufacturers can always obtain the amount of carbon allowances
they need in the auction market, with no overflow or shortage of allowances.

4.1.3. Hybrid Mechanism

The manufacturer’s carbon emissions are greater than the amount of free carbon
allowances issued by the government. The manufacturer must first acquire the necessary
additional allowances through the auction market. If the allowances obtained via auction
are still insufficient, the remaining shortfall must be covered by purchasing permits from
the secondary carbon market. Under this mechanism, enterprises can optimize their
carbon management by trading carbon allowances or investing in low-carbon technologies,
thus achieving the overall carbon emission reduction target while reducing the emission
reduction cost [44]. Similarly to the previous section, the auction method in this section
still adopts the uniform-price mechanism.

4.2. Calculation Process and Results

This research acknowledges that providing detailed solution processes for all three
mechanisms individually would introduce redundancies and obscure the core methodol-
ogy. To preserve methodological integrity while enhancing precision and readability, the
research focuses on the full free allocation mechanism as a representative case, providing a
comprehensive exposition of the backward induction method’s application steps, computa-
tional logic, and derivation process within this framework. Analytical outcomes for the
remaining two carbon quota mechanisms are presented systematically in tabular form in
subsequent sections.

Under the completely free mechanism, manufacturer does not need to bear the di-
rect economic costs about carbon emissions but only needs to take into account the im-
pacts of the abatement investment cost [45] and the cost-sharing of the supply chain
cooperation [46].

4.2.1. Contract-Free Supply Chain Decision-Making

No abatement contract between the supply chain means that the manufacturer has to
bear the abatement investment cost Ce alone, so the profit function of the manufacturer is
πm = ∑2

i=1[(wi − c)qi]− ke2, and the profit functions of the two retailers, respectively, are
πr1 = (p1 − w1 − t1)(a1 − b1 p1 + λ1e) and πr2 = (p2 − w2 − t2)(a2 − b2 p2 + λ2e).

If a cost-sharing contract mechanism exists between the manufacturer and the seller,
the manufacturer’s profit function is defined as revenue minus production expenses and
the carbon costs incurred. This research chooses to use the inverse induction method [47],
within the Stackelberg game, the manufacturer acts as the leader, while the two retailers
function as followers: the manufacturer set the wholesale price w1, w2 and the carbon
reduction level “e” first. The retailers observe the manufacturer’s decision and decide
their retail prices p1, p2. The retailers’ objective is to choose their optimal retail price p to
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maximize their profit, which requires taking the first-order derivative of their respective
profit functions with respect to p1 and p2, respectively:

∂πr1

∂p1
= a1 − 2b1 p1 + b1w1 + b1t1 + λ1e (7)

∂πr2

∂p2
= a2 − 2b2 p2 + b2w2 + b2t2 + λ2e (8)

Solve for the optimal retail price by making the above two first order derivatives equal
to 0, respectively [48]:

p1 =
a1 + b1(t1 + w1) + eλ1

2b1
(9)

p2 =
a2 + b2(t2 + w2) + eλ2

2b2
(10)

Given the assumption of complete information sharing within the supply chain, the
result of Equations (9) and (10) can be substituted into the manufacturer’s profit function:

πm = −e2k +
1
2
[(w1 − c)(a1 + eλ1 − b1t1 − blw1) + (w2 − c)(a2 + eλ2 − b2t2 − b2w2)] (11)

The manufacturer maximizes profit by setting wholesale prices and the carbon reduc-
tion level [49]. The optimal wholesale prices w1 and w2 are derived by differentiating the
profit function with respect to each price variable.

w1 =
a1 + b1(c − t1) + eλ1

2b1
(12)

w2 =
a2 + b2(c − t2) + eλ2

2b2
(13)

The expression is derived by substituting the manufacturer’s wholesale prices to the
two retailers into the manufacturer’s profit function:

πm =
(a1 + eλ1 − b1t1)(a1 + eλ1 − b1t1 − 2b1w1)

4b1
+

(a2 + eλ2 − b2t2)(a2 + eλ2 − b2t2 − 2b2w2)

4b2

)
− e2k (14)

Taking the first-order derivative of Equation (12) with respect to “e”:

e =
b2λ1(2a1 − b1(c + 2t1 + w1)) + b1λ2(2a2 − b2(c + 2t2 + w2))

2
(
4b1b2k − b2λ2

1 − b1λ2
2
) (15)

Substituting “e” into Equations (9), (10), (12) and (13), respectively:

pNF
1 =

(a1 + b1c − b1t1)
(
λ2

2 − 8b2k
)
+ 2b2λ2

1(c + t1) + λ1λ2(b2c + b2t2)− a2

2
(
b1λ2

2 + b2λ2
1 − 8b1b2k

) (16)

pNF
2 =

(a2 + b2c − b2t2)
(
λ2

1 − 8b1k
)
+ 2b1λ2

2(c + t2) + λ1λ2(b1c + b1t1)− a1

2
(
b1λ2

2 + b2λ2
1 − 8b1b2k

) (17)

wNF
1 =

(a1 + b1c − b1t1)
(
λ2

2 − 8b2k
)
+ 2cb2λ2

1 + λ1λ2(b2c + b2t2)− a2

2
(
b1λ2

2 + b2λ2
1 − 8b1b2k

) (18)

wNF
2 =

(a2 + b2c − b2t2)
(
λ2

1 − 8b1k
)
+ 2cb1λ2

2 + λ1λ2(b1c + b1t1)− a1

2
(
b1λ2

2 + b2λ2
1 − 8b1b2k

) (19)
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Then, the optimal solution “e” can be found as:

eNF =
b2(a1 − b1(c + t1))λ1 + b1(a2 − b2(c + t2))λ2

8b1b2k − b2λ2
1 − b1λ2

2
(20)

where b2 > b1, λ1 > λ2, t1 > t2, k > 0.
In this research, the overall profit of the supply chain is the sum of the profits of the

internal members of the supply chain, i.e., πt = πr1 + πr2 + πm.
Based on the previous parameters, the value of πRF

t can be calculated as follows:

πRF
t = 1

8b1b2

[
a2

1b2 + a2
2b1 + b1b2c2(b1 + b2)− 8b1b2e2k + b2

1b2
(
t2
1 + 4ct1

)
+b1b2

2
(
t2
2 + 4ct2

)
+ b2

1b2
(
2cw1 − 2t1w1 − 2w2

1
)

+b1b2
2
(
2cw2 − 2t2w2 − 2w2

2
)
+ b2e2λ2

1 + b1e2λ2
2

−4b1b2ce(λ1 + λ2)− 2b1b2e(t1λ1 + t2λ2)

+2b1b2e(w1λ1 + w2λ2) + 2a1b2(b1(−2c − t1 + w1) + eλ1)

+2a2b1(b2(−2c − t2 + w2) + eλ2)

Since the computed equilibrium solutions are overly complex, in order to avoid
redundancy in the article, this research will no longer present the profit calculation process
for each individual case but will instead analyze the profits under different mechanisms
directly through the data of simulation figures.

While the result adopts a static Stackelberg game framework to derive equilibrium
strategies, the model can be further extended to a dynamic optimization setting. In such
a framework, emission-reduction processes and consumer demand fluctuations could be
characterized as stochastic variables [50].

4.2.2. Supply Chain Decision-Making Under the Cost-Sharing Contract

Assuming that the manufacturer bears β, the manufacturer ’s profit function:
πRF

m = ∑2
i=1[(wi − c)qi]− βke2, the two retailers share (1 − β) jointly and the sharing ratio

between them is α, with retailer 1 sharing α(1 − β) and retailer 2 sharing (1 − α)(1 − β), so
the profit functions of the two retailers : πrRF

1 , πrRF
2 .

Because the computational procedure under this scenario is same as the no-contract
case under the completely free mechanism, the results can be derived as follows:

eRF =
b2(a1 − b1(c + t1))λ1 + b1(a2 − b2(c + t2))λ2

8b1b2kβ − b2λ2
1 − b1λ2

2

Similarly, wRF
1 , wRF

2 , pRF
1 , pRF

2 can be derived by applying the analogous computational
procedure previously. Compared with the no-contract scenario, the implementation of
cost-sharing contract alleviates manufacturer’s carbon cost burden, increasing the emission
reduction level. This change not only reduces the manufacturer’s own carbon-related
expenditures but also influences the market demand of two retailers [51].

In order to clarify the differences among the scenarios under the three carbon quota
mechanisms, the profit function expressions are summarized as follows.

Table 2 demonstrates the calculation method of the reverse induction method will not
alter the structure form of the pricing function under each mechanism, both the wholesale
and the retail price are always positively correlated with the carbon emission reduction
level “e”, reflecting the systematic impact of emission reduction investment on pricing
strategies through the cost transmission mechanism [52]. To enhance clarity and avoid
redundancy, this research will not repeat the derivation of the expression of the retail price
and the wholesale price, the emission reduction levels “e” under different mechanisms are
summarized in the following table:
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Table 2. Comparison of model parameters.

Cost-Sharing Contract Carbon Allowance
Mechanism Manufacturer’s Profit Function Retailer Profit Function

Contract-free

Completely Free 2
∑

i=1
[(wi − c)qi ]− ke2

(p1 − w1 − t1)(a1 − b1 p1 + λ1e)
(p2 − w2 − t2)(a2 − b2 p2 + λ2e)

Complete Auction 2
∑

i=1
[(wi − c)qi ]− ke2 − CA

Hybrid 2
∑

i=1
[(wi − c)qi ]− ke2 − CA − CT

Contractual

Completely Free 2
∑

i=1
[(wi − c)qi ]− βke2

(p1 − w1 − t1)q1 − α(1 − β)ke2

(p2 − w2 − t2)q2 − (1 − α)(1 − β)ke2Complete Auction 2
∑

i=1
[(wi − c)qi ]− βke2 − CA

Hybrid 2
∑

i=1
[(wi − c)qi ]− ke2 − CA − CT

As evidenced in Table 3, the denominator in the carbon emission reduction level
“e” expression decreases under all mechanisms due to the parametric condition β < 1.
Consequently, the cost-sharing contract consistently yields significantly higher emission
reduction levels compared to scenarios without contractual provisions. This indicates that
the cost-sharing contract effectively reduces the manufacturer’s marginal cost of emission
reduction through internal risk transfer, thereby strengthening its willingness to engage in
emission reduction decisions.

Table 3. Comparison of “e” under Different Mechanisms.

Carbon Allowance Mechanism Existence of Cost-Sharing Contract Carbon Reduction Factor e

Completely Free
no eNF b2(a1−b1(c+t1))λ1+b1(a2−b2(c+t2))λ2

8b1b2k−b2λ2
1−b1λ2

2

yes eRF b2(a1−b1(c+t1))λ1+b1(a2−b2(c+t2))λ2
8b1b2kβ−b2λ2

1−b1λ2
2

Complete Auction
no eNA = A

b2λ2
1+b1λ2

2+8b1b2 PA(λ1+λ2)−8b1b2k

yes eRA = A
b2λ2

1+b1λ2
2+8b1b2 PA(λ1+λ2)−8b1b2kβ

Note: A = 4b1b2(b1 p1 + b2 p2 − a1 − a2)PA + λ1(b2(b1(c + 4PA + t1)− a1)) + λ2(b1(b2(c + 4PA + t2)− a2))

Hybrid

no eNH = B
b2λ2

1+b1λ2
2+8b1b2 PT(λ1+λ2)−8b1b2k

yes eRH = B
b2λ2

1+b1λ2
2+8b1b2 PT(λ1+λ2)−8b1b2kβ

Note: B = 4b1b2PT(b1 p1 + b2 p2 − a1 − a2) + λ1(b2(b1(c + 4PT + t1)− a1)) + λ2(b1(b2(c + 4PT + t2)− a2))

In green supply chain management, small and medium-sized suppliers often occupy
a relatively weaker position, with limited influence over pricing compared with core enter-
prises [53]. Similarly, within the supply chain, retailers may find themselves disadvantaged
due to differences in market size, consumer preferences, or cost structures, and weaker
retailers are more likely to face higher carbon cost pass-through pressures. Introducing
a cost-sharing contract can mitigate these disadvantages by redistributing part of the
abatement costs, thereby alleviating profit pressures and enhancing the weaker retailers’
willingness to participate in emission reduction. Furthermore, as highlighted in recent
studies on horizontal supply chain collaboration [54], coordination among firms at the
same level can generate additional synergy effects, but requires careful consideration of
all parties’ interests. This suggests that in supply chain management, whether addressing
vertical coordination or horizontal collaboration, mechanisms should be designed to ensure
both fairness and system-wide sustainability.

When the consumers’ low-carbon preference λ approaches zero, their purchasing
decisions are scarcely influenced by the level of emission reduction. In this case, the
incentive for emission reduction stems solely from external policy constraints such as
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carbon taxes or quota mechanisms. As observed from the equilibrium expressions in
Table 3, if the carbon policy is relatively lenient (completely free mechanism), e tends
toward zero, indicating that manufacturers lack strong incentives to abate emissions. By
contrast, under the complete auction or hybrid mechanism, the value of e remains positive,
implying that even when consumers show no preference for low-carbon attributes, firms
are compelled to reduce emissions in order to mitigate auction or trading expenditures. This
leads to the conclusion that consumer preferences primarily drive market-based incentives
for emission reduction, while carbon policies provide institutional incentives.

When the carbon auction price reaches excessively high levels, the value of e declines
significantly, while the carbon cost expenditures increase sharply, severely compressing the
profit margins of both manufacturer and retailers. For retailers, if carbon costs are passed
on to retail prices and consequently trigger a sharp decline in demand, their profits may
turn negative, eventually forcing some retailers to exit the market. Such outcomes not only
undermine the stability of the supply chain but may also increase market concentration,
thereby reshaping the competitive landscape. This finding shows that when determining
auction prices, government must strike an appropriate balance between incentivizing
emission reduction and safeguarding market stability.

5. Simulation Research
In previous sections, the optimal equilibrium solutions in the supply chain with and

without a cost-sharing contract were derived under the three carbon allowance mechanisms
using backward induction. The results show that variations in carbon cost allocation among
supply chain members result in different emission reduction decisions by manufacturers.
These, in turn, influence wholesale and retail pricing strategies, ultimately leading to
variations in the overall profitability of the supply chain.

To validate the analytical results and illustrate how key parameter variations affect
overall supply chain profitability, this research further employs numerical simulations. By
constructing numerical models and plotting the corresponding trend graphs in MATLAB
R2024a [55], the performances of the supply chain under the three allocation mechanisms
are compared, which impact of market demand on overall profit as scenario 1 and impact
of cost-sharing coefficients on overall profit as scenario 2.

5.1. Impact of Market Demand on Overall Profit

According to the existing research [10], the simulation parameters are set to be:

b1 = 1.2, b2 = 1.5, λ1 = 0.8, λ2 = 0.6, t1 = 5, t2 = 3, c = 10, k = 2, α = 0.4, β = 0.6.

The study of the changes in the overall profits of the supply chain as a1, a2 vary in
[0, 200], respectively, in the change in the overall profit of the supply chain when it varies
within the range.

5.1.1. Completely Free Mechanism (Scenario 1)

Figure 1 illustrates that across the entire range, the orange area (without cost-sharing
contract) does not appear in the diagram, as only the blue area (with cost-sharing contract)
is visible. This indicates that the overall profit of the supply chain is consistently lower in
the absence of a cost-sharing contract, thereby demonstrating that the introduction of a
cost-sharing mechanism can significantly enhance overall profitability of the supply chain.



Systems 2025, 13, 841 12 of 21

Figure 1. Impact of market demand on profit under a completely free mechanism.

To more clearly and intuitively illustrate the profit gap between the two scenarios, the
figure above is further expanded in the following diagram:

As shown in Figure 2, under the same market-based demand conditions, the adoption
of the abatement cost-sharing contract reduces the burden of abatement inputs on the
manufacturer. This results in stronger incentives for carbon abatement, which not only
improves the manufacturer’s own profitability, but also improves the downstream retailer’s
market response due to the enhancement of the product’s green attributes, thus improving
the profitability of the whole system.

(1) Comparison of two compacts under the complete  
free mechanism (2) Detailed diagram of (1) 

Figure 2. Expansion Diagram.

In addition, the figure shows that profits increase significantly with higher values of a1

and a2, suggesting that higher baseline market demand from both retailers leads to greater
overall profitability. Compared to the no-contract scenario, profits grow faster when a
cost-sharing contract is implemented, reflecting that the contractual mechanism can more
fully utilize its incentive effect under high demand regions.

It is worth noting that under the completely free mechanism, regardless of whether
or not a cost-sharing contract is introduced, the overall profit is positive, and the maxi-
mum profit can exceed 10,000. This finding suggests that the completely free allocation
mechanism substantially reduces the cost burden of emission reduction for manufactur-
ers, thereby offering stable profit safeguards for supply chain participants, fostering early
engagement in green investment and collaborative emission reduction initiatives [56].
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Given that the figures have already employed two colors to clearly show the difference
between the contract and no-contract scenarios. To avoid redundancy, this research will
omit the display of subsequent detailed diagrams. Instead, the analysis will primarily be
presented through textual interpretation.

5.1.2. Complete Auction Mechanism (Scenario 1)

As shown in Figure 3, under most combinations of market-based demand parame-
ters, the supply chain achieves higher overall profits after the introduction cost-sharing
contracts for emission reduction. This result suggests that cost-sharing contracts are crucial
for establishing coordination between upstream and downstream firms and improving
the profitability of the supply chain. Despite the increase in market potential, when the
basic market demand keeps rising, the supply chain’s profit exhibits a significant down-
ward trend. Moreover, the maximum profit reaches only around 2000, representing a
substantial decrease compared with the maximum profit of 10,000 under the completely
free mechanism. In some high-demand regions, the overall profit even turns negative.

Figure 3. Impact of market demand on profit under a complete auction mechanism.

The fundamental reason for this phenomenon lies in the requirement, under the com-
plete auction mechanism, for manufacturers to purchase emission allowances entirely in
accordance with their actual carbon emissions. As rising market demand boosts prod-
uct sales, carbon emissions grow accordingly, leading to a sharp increase in allowance
purchases and auction-related costs for manufacturers. This heavy carbon cost burden
significantly reduces manufacturer’s profit and may be transmitted to the entire supply
chain [57], potentially triggering systemic financial risks.

However, comparison between the contract and no-contract scenarios reveals that,
although losses may still occur under high-demand conditions, the implementation of a cost-
sharing mechanism effectively mitigates manufacturers’ burden associated with emission
reduction investments and the acquisition of carbon allowances. This significantly mitigates
potential losses and shows a strong buffering effect. By redistributing the abatement cost
burden between upstream and downstream firms, this mechanism effectively enhances the
system’s resilience to external cost shocks.

5.1.3. Hybrid Carbon Allowance Mechanism (Scenario 1)

Figure 4 exhibits a transitional pattern under the hybrid carbon allocation mechanism.
Under the same market-based demand conditions, the total profit of the supply chain
under the hybrid mechanism consistently lies between that of the complete auction and
the completely free mechanisms, exceeding the former while remaining below the latter.
This outcome can be attributed to the dual effects of the allocation design: on the one hand,
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the proportion of free allowances substantially reduces the manufacturer’s compliance
burden, thereby alleviating cost pressures and supporting higher profits; on the other hand,
the auctioned portion continues to impose explicit carbon costs, which discourages over-
reliance on free permits and maintains incentives for emission reduction. Consequently,
the hybrid mechanism embodies a balance, simultaneously lowering financial stress while
preserving the regulatory function of carbon pricing, which explains its intermediate
performance in terms of supply chain profits.

Figure 4. Impact of market demand on profit under the hybrid mechanism.

It is worth noting that under the medium-to-high level of market demand parameters,
the implementation of a cost-sharing contract significantly mitigates manufacturers’ losses
in the context of high carbon costs. By alleviating the burden of abatement expenditures,
the contract enables manufacturers to respond more proactively through adjustments in
green technology investment and pricing strategies, thereby enhancing overall supply
chain performance. This effect is more prominent under the hybrid mechanism, as the
buffer effect of partially free allowances reduces the sensitivity of manufacturers to carbon
price fluctuations, while the cost-sharing contract further strengthens their decision-making
confidence and resilience to risk in a dynamic market environment.

In addition, the simulation also shows that under high-demand scenarios, the decline
in supply chain profit under the hybrid quota mechanism is significantly less pronounced
compared to the complete auction mechanism. It indicates that the hybrid mechanism has
stronger market adaptability and policy flexibility, offering a more effective balance between
emission reduction objectives and corporate profit stability. Therefore, the combination
of the hybrid mechanism with the cost-sharing contract provides a more practical and
scalable institutional basis for realizing the green transformation of the supply chain, which
is especially suitable for the practice of refined carbon management in the environment of
high demand potential and complex market structure.

In summary, across all carbon allocation mechanisms examined, the introduction of a
cost-sharing contract consistently enhances manufacturers’ incentives for emission reduc-
tion and improves overall supply chain profitability. This contract reduces the marginal
abatement cost of manufacturers and increases their willingness to invest in low-carbon
investments, thus promoting the transition of the whole supply chain towards low-carbon
direction. The contract’s buffering effect is especially pronounced under complete auction
and hybrid mechanisms, highlighting its value in supporting policy frameworks. It also
provides a clear idea for the design of the supporting policies of the system: introducing
internal coordination mechanisms can help stabilize enterprise behavior and profit levels
while steadily advancing carbon marketization.
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5.2. Impact of Cost-Sharing Coefficients on Overall Profit

The cost-sharing contract is characterized by two key parameters: the manufacturer’s
share of the abatement cost is β and the distribution ratio between the two retailers is α.
Together, these two parameters determine the distribution structure of abatement costs
among supply chain members, which has an important impact on the profit and abatement
incentives of each party.

In order to understand their respective independent influences on the profits, this
research splits the two coefficients into independent variables for sensitivity analysis and
explores the mechanism of their effects on the overall profit of the supply chain under the
three carbon quota mechanisms.

5.2.1. Completely Free Mechanism (Scenario 2)

Figure 5 shows that the abatement cost sharing ratio α among retailers exerts only
a limited impact on the profit of the supply chain. The system profit remains relatively
stable at 3802 across the entire range of α from 0.1 to 0.9. Therefore, α can be regarded as
a parameter with managerial flexibility and can be adjusted according to the bargaining
power and cooperation preferences of firms, without pursuing over-optimization.

(1) The effect of alpha on profit under the completely free 
mechanism 

 
(2) The effect of beta on profit under the completely free mech-

anism 

Figure 5. Impact of cost-sharing contract on profit under the completely free mechanism.

In contrast, the β borne by the manufacturer on the overall profit is more significant.
The simulation results show that when the β value is low, the manufacturer bears a smaller
portion of abatement input the overall supply chain profit tends to decrease. This is
mainly because transferring abatement costs to retailers reduces their marginal profitability,
which in turn dampen market vitality and sales profits. Moreover, such cost transfer may
undermine the synergistic relationship among supply chain members, reducing retailers’
incentives to reduce emissions and lowering the system profitability.

Further analysis reveals that supply chain profits are relatively optimal when β is in
the range of 0.5 to 0.7, reflecting the cost-sharing ratio in this range strikes a good balance
between incentivizing manufacturers to reduce emissions and maintaining retailers’ profit
margins. In this scenario, manufacturers are incentivized to invest in emission reduction
due to the partial alleviation of their cost burden, while retailers, bearing a moderate share
of the costs, do not exhibit significant resistance or adverse market behavior. This balanced
cost allocation fosters efficient and stable operation of the entire system.

Under the completely free mechanism, the design of the cost-sharing contract should
focus on reasonably setting the proportion of β to be borne by manufacturers, so as to
guarantee their incentive to reduce emissions while taking into account the affordability
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of retailers. In contrast, adjustments to α should primarily serve to optimize cooperation
mechanisms, reflecting the system’s flexibility and adaptability.

5.2.2. Complete Auction Mechanism (Scenario 2)

Consistent with the completely free mechanism, Figure 6 shows that the cost-sharing
ratio α among retailers under the complete auction mechanism exerts minimal influence
on the profitability of the overall supply chain. Relative to the elevated profit under the
completely free mechanism, supply chain profit contracts to 231 under the complete auction
mechanism, primarily attributable to substantial abatement costs.

(1) The effect of alpha on profit under the complete auction 
mechanism 

(2) The effect of beta on profit under the complete auction 
mechanism 

Figure 6. Impact of cost-sharing contract on profit under the complete auction mechanism.

In contrast, β has a significant impact on overall supply chain profits. When β is at 0.1,
the supply chain achieves its maximum profit. This is primarily because the manufacturer,
facing a lighter abatement burden, has sufficient resources to carry out other profit-related
operations, which enhances the overall level of returns. However, as β rises, the abatement
burden borne by the manufacturer increases rapidly. Significant capital must be allocated
to emission reduction, restricting flexibility and efficiency in regular production operations,
leading to a significant decline in overall profits.

Moreover, the efficiency of the manufacturer’s emission reduction has not yet formed
economies of scale, so the marginal cost of abatement remains high. When β exceeds about
0.7, the profit curve appears to rise. This inflection reflects that under mounting carbon cost
responsibilities, manufacturers adopt more proactive emission reduction strategies such
as technological innovation and energy substitution, allowing them to realize marginal
returns on abatement investments and enhance overall system profitability.

5.2.3. Hybrid Carbon Allowance Mechanism (Scenario 2)

As can be seen from Figure 7, the impact of α change on the overall profit of the supply
chain under the hybrid carbon allowance mechanism remains limited, consistent with
the findings under the completely free and complete auction mechanisms. Nevertheless,
the hybrid mechanism achieves a maximum profit of 218, which is lower than those
attainable under the other two carbon quota mechanisms. It is noteworthy that this value
demonstrates only a marginal difference from the 231 maximum profit realizable under the
full auction mechanism.
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(1) The effect of alpha on profit under the hybrid mechanism  

 
(2) The effect of beta on profit under the hybrid mechanism  

Figure 7. Impact of cost-sharing covenants on profit under the hybrid mechanism.

In contrast, variations in the manufacturer’s cost-sharing ratio β exert a significant
influence on supply chain profitability. The magnitude of this influence is comparable
to that of the complete auction mechanism. However, under the hybrid mechanism, the
overall response curve is smoother, indicating a lower sensitivity of profits to β. The
profit curve shows a nonlinear characteristic of decreasing and then increasing, indicating
that there are stage differences in the trade-off mechanism between abatement cost and
operational efficiency for manufacturers in different β intervals.

In addition, the maximum profit attainable under the hybrid allocation mechanism
is marginally lower than the other two situations. This suggests that although the hybrid
mechanism may give up part of the extreme profit potential, it effectively mitigates the
financial burden on manufacturers. The inclusion of partially free allowances enhances the
adaptability and resilience of the supply chain under varying policy and market conditions.
Thus, the hybrid mechanism realizes an effective balance between incentives and costs
while offering greater profit stability and flexibility.

Overall, the completely free mechanism, by eliminating the carbon cost, encouraging
emission reduction investment but risking resource inefficiency. It is suitable as a transi-
tional tool for early-stage market development but not for long-term deployment. The
complete auction mechanism by enforcing full carbon pricing and drives rational emission
behavior. However, manufacturers need to bear the full cost of carbon quotas by them-
selves, which leads to a decline in their willingness to invest in emission reduction, a lower
level of emission reduction, and an obvious profit compression effect. Therefore, it is better
suited to mature industrial chains, accompanied by contractual or subsidy mechanisms
to absorb cost shocks. The hybrid mechanism reflects a high degree of adaptability by
integrating free and auction elements. For most markets in the transition stage and with
uneven upstream and downstream capacities, by adjusting the proportion of free versus
auctioned allowances, the hybrid mechanism enables more precise policy control while
avoiding the risks associated with abrupt systemic shifts. This mechanism sustains strong
incentives for emission reduction, and it offers enterprises a strategic buffer to adapt the
evolving policy environments. As a result, the hybrid mechanism strikes a practical balance
between economic efficiency and operational resilience, making it a promising policy tool
in dynamic and evolving market environments.

6. Conclusions and Discussion
The main conclusions and future prospects of the research are summarized as follows:
While the pricing structure remains consistent across all carbon allowance mechanisms,

the variation lies in the optimal level of abatement, indicating that the type of carbon policy
directly influences emission reduction behavior.
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The cost-sharing mechanism shows an enhanced effect on system profitability in
all mechanisms, and it demonstrates a dual role in both mitigating profit pressure and
reinforcing emission reduction incentives in carbon-intensive scenarios.

The cost-sharing ratio among retailers primarily serves a coordination function,
whereas the manufacturer’s sharing ratio directly influences the distribution of profits.

When designing carbon allowance systems, policymakers should select the appropri-
ate mechanism by considering both market maturity and industry-specific characteristics:
the completely free allocation mechanism is suitable for stimulating initial abatement will-
ingness; the complete auction mechanism reflects the strength of carbon cost constraints
and is appropriate for carbon-intensive industries, but the auction price should be carefully
set to maintain abatement incentives within the supply chain; the hybrid mechanism of-
fers greater flexibility during transitional periods and in heterogeneous market contexts.
In addition, governments and supply chain managers should consider the interests of
weaker retailers when designing carbon allowance mechanisms and internal contracts.
For example, appropriately adjusting the cost-sharing ratio or providing differentiated
incentives can ensure that all supply chain participants maintain sustainable profit lev-
els, thereby enhancing the stability of the supply chain system and promoting long-term
collaborative behavior.

This research demonstrates that carbon allowance mechanisms are not only tools of
environmental policy but also key variables influencing the coordination and stability of
supply chain systems. By combining appropriate mechanisms with cost-sharing contracts
and selecting mechanism types that align with regional policies and the development
stage of local firms, supply chain systems operating under diverse policy environments
and consumer preference contexts can achieve a balance between emission reduction and
profitability, thereby further enhancing system adaptability and collaborative efficiency.
These findings provide new insights into promoting sustainable supply chain management
in more complex and heterogeneous market environments.

While this research provides theoretical insights into emission reduction strategies
under different carbon allowance mechanisms, several limitations persist that require
further research. This study assumes that all supply chain participants possess complete
information and act fully rationally. However, this assumption is relatively strict and may
introduce biases into the results. Moreover, the model only considers a single manufacturer
and two retailers, which limits the generalizability to more complex, multi-tier supply
chains. Future research could incorporate dynamic optimization methods to better capture
the evolving nature of emission-reduction efforts and also consider extended supply chain
structures with multiple manufacturers or competing retailers, where both cooperation and
competition coexist. We also plan to construct separate profit functions for each carbon
allowance mechanism, examine the effectiveness of cost-sharing contracts under different
mechanisms, and incorporate sensitivity analyses to test the robustness of the results. These
extensions aim to enhance both the practical applicability and theoretical completeness of
the model.
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