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Abstract: In the current context of severe environmental challenges and climate change,
the low-carbon green development model has become an international consensus. This
study establishes a green supply chain duopoly competition model, considering two
types of government subsidies and data-driven marketing (DDM) to help achieve supply
chain development. The aim of the research is to explore how to provide green subsidies,
enhance green levels, maintain competitive advantage, and improve profits in supply
chain enterprises with inconsistent green levels. The study discusses the impact of green
consumer preferences, market competition, and DDM quality on the profits of supply
chain enterprises. It also analyzes how to use supply chain contracts to achieve coordina-
tion and optimization within the supply chain. The findings are summarized as follows.
(1) As consumer preferences for green products increase, the unit subsidy model continues
to enhance performance and market share more effectively than the total subsidy model.
(2) The unit subsidy model requires a more relaxed subsidy coefficient, making it easier for
enterprises to develop without needing high subsidies. It consistently achieves better total
performance, particularly with improved DDM quality. (3) Manufacturers and retailers
can achieve a win–win situation through internal coordination of the supply chain via
wholesale price contracts. (4) Under certain conditions, consumers more sensitive to green
products will increase the product pricing of both M1 and M2. The level of greenness of M2
will also increase. But also, the wholesale and retail prices of M1 will decrease because of the
effect of DDM. (5) The effect of the intensity of market competition on pricing decisions is
more complex. Under certain conditions, the market competition coefficient has a positive
impact on the pricing of M1 and a negative impact on the pricing and green level of M2.
This can be changed due to an increase in the level of DDM quality, where an increase in
the market competition coefficient results in lower pricing for M1 and higher pricing for
M2. The green level for M2 is also improved. In addition, the improvement in DDM quality
consistently has a positive impact on pricing decisions and green levels for M2. Pricing
decisions for M1 are affected differently, depending on the customer’s sensitivity to DDM.

Keywords: duopoly competition model; government subsidy; data-driven marketing;
green level; contract coordination
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1. Introduction
The process of economic development has brought new challenges to society due

to resource scarcity and environmental pressure caused by waste. According to the 2022
data from the International Energy Agency (IEA), global carbon dioxide emissions reached
an unprecedented high of 36.8 gigatons, marking a 1.5% increase from the previous year.
Specifically, carbon emissions in North America rose by 261 million tons, while emissions in
Asia (excluding China) increased by 254 million tons. China’s carbon emissions remained
relatively stable [1–3].

In today’s globalized and highly competitive business environment, supply chain
management has become a crucial strategy for companies to achieve sustainable devel-
opment and reduce environmental impacts. Apple Inc. has committed to achieving full
carbon neutrality across its supply chain and products by 2030. The company plans to
reduce its carbon emissions by 75% by this deadline and develop innovative technologies
to eliminate the remaining 25% of its carbon footprint [4]. Moreover, Apple operates
entirely on 100% renewable energy and requires its suppliers to switch to clean energy.
Over 70 suppliers have pledged to use 100% renewable energy, which expected to reduce
over 14.3 million metric tons of carbon dioxide emissions annually [5]. Therefore, supply
chain enterprises need to pay part of the cost for the upgrade of the green supply chain,
including the purchase of installation equipment for the use of clean energy and the daily
maintenance of subsequent equipment [6]. In addition, JD.com is a Chinese e-commerce
company that provides shopping services to consumers through supply chain technology
and an omnichannel retail model. JD.com can significantly reduce energy consumption by
building automated storage systems and energy-saving lighting systems [7]. Enterprises
must create automation systems and replace lighting equipment to construct a green sup-
ply chain. Improving the economic effect of green supply chains can help supply chain
enterprises carry out green transformation.

Sustainability, environmental, social, and governance (ESG) are essential in supply
chain management. In the global pursuit of net-zero emissions and the fight against climate
change, companies must achieve low-carbon operations and ensure that their upstream and
downstream supply chains meet green environmental goals [8]. For example, Apple has
actively responded to this challenge, aiming to achieve complete carbon neutrality in the
supply chain by 2030 [9]. A detailed report of Apple’s carbon footprint reveals that product
manufacturing accounts for 55% of its carbon emissions. Therefore, effective measures to
reduce carbon emissions from the beginning of product design to the end of manufacturing
are required to optimize the green level of the entire supply chain. However, due to the
varying levels of green manufacturing development among different companies, there are
disparities in green levels between enterprises.

As consumers become more conscious of low-carbon initiatives, their preference for
green products is shaping market trends. To attract more consumer interest, sales platforms
are increasingly incorporating information technology to gather consumer data. This
enables them to customize products more effectively according to consumer preferences,
thereby boosting sales.

Data-driven marketing (DDM) is a data-based marketing method. After collecting
data through technical analysis, enterprises can locate precise consumer groups to achieve
higher revenue [10]. Specifically, companies can integrate and analyze data through various
technologies to develop personalized marketing strategies, target precise consumer groups,
and create targeted marketing programs for them.

For example, Amazon collects user data such as website browsing history, shopping
cart data, purchase history, and consumer reviews [11]. Data analysis is performed through
machine learning algorithms. After that, Amazon can divide consumers into different
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groups and adopt various marketing strategies. Price-sensitive consumers will push
discount ads. For high-frequency buyers, Amazon recommends ads for premium products
and the latest products.

In addition, Starbucks also collects a large amount of consumer data through mobile
apps and membership programs, such as consumption amounts, product preferences,
geographic locations, and purchase frequency. Through this information, Starbucks uses big
data algorithms to identify high-frequency consumer groups and provide exclusive offers
and recommendations [12]. Starbucks will push reminder notifications and customized
coupons for consumers at risk of churn to improve consumer retention. DDM is based
on consumer data, and through big data algorithms, it can not only improve consumer
satisfaction but also improve enterprise profits. With the future development of artificial
intelligence technology, the application of DDM in supply chain enterprises will be more
extensive and in-depth.

The purpose of this paper is to study what kind of subsidy policy the government
should implement to help enterprises gain more profits in the green supply chain. The
paper discusses the impact of data-driven marketing (DDM) on pricing decisions, green
levels, and profits. According to the duopoly competition model, when the green consumer
sensitivity coefficient is considered against the background of ESG, due to the green-level
variable, the intensity of competition has an influence on the manufacturers of pricing
decisions and the level of green products. This study uses the electronic product industry as
the background to establish a model based on the above description. The primary research
questions addressed in this paper are divided as follows:

1. What are the optimal decisions for manufacturers and retailers under unit and total
subsidy models?

2. How do consumer preferences for green products influence the price decision and
green level of manufacturers, retailers, and the supply chain as a whole?

3. How does the market competition coefficient affect the price decision and green level
of manufacturers, retailers, and the overall supply chain?

4. How does the quality level of data-driven marketing (DDM) impact the price decision
and green level of manufacturers, retailers, and the entire supply chain?

5. When two subsidy policies are compared, which policy can enable the supply chain
to achieve higher profits?

The contributions of this study are significant. First, this study establishes a duopoly
competition model and considers two subsidy policies for comparison. The study finds
that, regardless of the green sensitivity coefficient of consumers or the market share of
products with high green levels, increasing the quality level of DDMs results in higher
profits for firms under the government’s unit subsidy policy than in the total subsidy
strategy. This extends the study of Li and He [13]. If, in this market, consumers are more
sensitive to the green level of products, the higher the proportion of products with high
green levels, the higher the DDM quality level, the government can adopt a lower unit
subsidy coefficient, and the enterprise will also obtain higher profits under the unit subsidy
policy than under the total subsidy strategy. In addition, the existing literature has rarely
studied the influence of DDM on green levels. This study finds that DDM quality has a
positive impact on the green levels of manufacturers, and improving the DDM quality level
is helpful to improve the green levels of manufacturers. However, it is necessary to pay
attention to the cost of DDM, which cannot improve DDM quality infinitely and will affect
a platform’s profit, consistent with the study by Xu, Tang and Huang [3]. In addition, in
order to improve the overall profit of the supply chain, this study introduces the wholesale
price contract to promote cooperation among the members of the supply chain in order to
achieve Pareto optimization.
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The structure of this paper is as follows: The Section 2 presents a review of the
literature. The Section 3 summarizes the problem statement and the definitions of symbols.
The Section 4 formulates the model. The Section 5 examines the impact of consumer
green preferences, competition coefficients, and DDM quality on decision variables and
profit functions. The Section 6 incorporates numerical simulations to validate the effects of
relevant parameters on the profits of supply chain members and overall profitability, and it
compares the profits under different subsidy policies. The Section 7 proposes a wholesale
price contract to verify the coordination mechanism of the supply chain, aiming to further
enhance the overall performance of the supply chain.

2. Literature Review
This paper will review the literature from four key perspectives: the duopoly competi-

tion model, green supply chains, government subsidies, and data-driven marketing.

2.1. Duopoly Competition Model

Duopoly competition refers to a market scenario where there are two independent
and competing enterprises. The existing research on duopoly competition models has
primarily focused on organizational behavior, with scholars concentrating on three main
aspects: product pricing decisions, influence mechanisms, and dynamic decision-making.
Several scholars have studied the pricing decisions of SMEs [14] and how companies make
pricing decisions under carbon emission control policies [15]. Kuang, Lian, Lien, and
Zheng [16] studied how to optimize the routes of transport companies and how to achieve
more profit by building a model of duopoly competition. Ding, Sun, Sun, and Han [17]
discuss how to reduce price differences between supply chain firms through dynamic
decision modeling, thus avoiding price competition. Zhu, Zhou, and Chu [18] investigate
the effects of heterogeneous goods on market stability and firm behavior by building a
mixed duopoly model. Some studies have also discussed how to adjust the government’s
strategy of regulating firms based on the duopoly competition model [19].

Subsequently, a number of scholars have considered whether investments in green
technologies have an impact on manufacturers’ profits [20]. There are also a number
of studies in the field of economics, some of which discuss the relationship between
environmental R&D risk and emissions taxes in a model of duopoly competition [21].
Brianzoni, Campisi, and Colasante [22] built a nonlinear bank duopoly model to study
how to improve the operational efficiency of banks. Some other scholars have studied the
optimal trade policy in a duopoly market [23].

Furthermore, existing research includes various other competition models, such as
competition among multiple retailers [24] and competition between green and non-green
enterprises [13].

In summary, the duopoly competition model serves as the theoretical foundation
of this paper. Most of the existing research focuses on how the duopoly competition
model affects corporate decision-making, including company profits and strategies. These
models primarily consider price competition among firms and lack models that address
competition between green manufacturing enterprises and green products. Therefore,
this paper explores the competition among manufacturers with varying levels of green
practices within the framework of the duopoly competition model, thereby supplementing
existing research.

2.2. Green Supply Chain

The green supply chain achieves the goal of high efficiency and low pollution by manag-
ing communication, coordination, economy, and resources among the various entities within
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the supply chain [25]. Green supply chain management is primarily divided into internal
and external aspects [26]. Internal environmental management includes green technology,
green manufacturing, green procurement, green finance, and green logistics [27–30]. External
environmental management encompasses the management and cooperation of supply chain
members and collaboration with governmental or non-governmental organizations [31–33].

In the practice of green supply chain management, the existing research primarily
focuses on the following aspects. First, Konstantaras, Skouri, and Benkherouf [34] proposed
that optimizing green supply chain processes could reduce total costs while effectively
lowering carbon emissions. Another area of focus is management issues related to the green
supply chain and circular economy [35]. Kazancoglu et al. [36] mainly solved the multi-
objective optimization problem in the design of a green, dual-channel, closed-loop supply
chain network in the context of e-commerce and finally concluded that, by improving the
network structure and transportation mode, enterprises can simultaneously reduce carbon
dioxide and particulate matter emissions and reduce total costs.

Moreover, by optimizing the competition model of closed-loop supply chains under
different carbon emission policies, it is suggested that enterprises adopt mixed carbon
policies to achieve a balance between environmental and economic objectives [37]. In
addition, many scholars have studied pricing decisions in green supply chains, including
the green supply chain pricing decisions coordinated via different contracts [38]. Other
scholars have studied the pricing decisions of different financing schemes in the closed-loop
supply chain. Chen et al. [39] proposed that the trade credit financing scheme is more
beneficial to recyclers and that the reduction in remanufacturing costs and government
subsidies will affect the selection of financing strategies. They suggested adopting revenue-
sharing contracts to achieve a win–win situation among supply chain enterprises and
stressed the importance of green consumption awareness and government subsidies.

The green cost in the supply chain includes many aspects [40]. The primary sources are
energy consumption, water management, waste management, environmentally friendly
packaging, and pollution control. The first is the costs associated with environmental
policies, such as energy consumption and water control [41]. There is also the pollution
generated via activities such as the raw materials of products and harm to the environ-
ment [42], as well as the cost of environmentally friendly product packaging, recycling,
and disposal [43].

The existing literature usually regards the green supply chain, and the green level of
the supply chain members, as consistent, regardless of the differences among the supply
chain members. This study fills this research gap, considering that the green level of
each supply chain member is different, and most upstream and downstream enterprises
have inconsistent development and make optimization decisions based on green levels
and prices.

2.3. Government Subsidies

Some early studies laid the foundation and proposed that subsidy policies could
encourage enterprises to reduce emissions, thereby regulating environmental pollution [44].
Some studies suggest that government incentive measures can encourage enterprises to
carry out green technology innovation, which greatly promotes the development of the
supply chain [36,45,46]. In the existing research, the most common subsidy beneficiaries
are consumers, retailers, and manufacturers. Some researchers have discussed the impact
of government subsidies on different enterprises in the green supply chain. For example,
Yi, Wang, Fu, and Li [47] established a two-level supply chain consisting of manufacturers
and retailers, indicating that government subsidy policies can produce more effective
green emission reduction impacts than emission taxes. Other studies have explored how
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subsidies to manufacturers and subsidies to consumers affect optimal decision-making in
the supply chain, respectively [48].

Moreover, in the green supply chain, in addition to government subsidies, consumer
preferences are also taken into account [23,49]. The effects of government subsidies on
pricing and green product quality in the dual-channel supply chain model are also stud-
ied [50]. Furthermore, Liu et al. [51] proposed that the subsidy threshold should be set,
and consumer preferences should also be considered. Research shows that a lower subsidy
threshold is more conducive to increasing profits, but consumers’ environmental prefer-
ences will be changed. Research methods for the comparison of multiple subsidy models
are frequently used in the existing literature [37,39]. Since there is little literature that
considers the inconsistency of green levels of supply chain members, this study combines
this with the subsidy threshold and proposes two subsidy strategies for comparison, and
explores which subsidy method has a more positive impact on supply chain profits.

2.4. Data-Driven Marketing (DDM)

The core of supply chain operation is data. With the rapid development of information
technology, such as artificial intelligence, the marketing needs of sales platforms can
be realized through DDM [52,53]. DDM plays a massive role in grasping user trends
and discovering consumer needs [54]. Therefore, in recent years, many scholars have
studied DDM, and some scholars have found that DDM can help enterprises record and
evaluate the degree of consumer participation and consumer behavior in each activity [55].
Some scholars believe DDM is conducive to sales platforms providing consumers with
customized services [56,57]. Some scholars have found that DDM can more accurately
discover consumers’ consumption preferences and recommend more targeted promotional
activities for a platform [58]. DDM can help a platform improve efficiency; with the help of
DDM, the platform can implement a more accurate pricing and promotion plan to avoid the
loss of profits caused by consumer loss [59]. Some scholars also analyzed how DDM affects
pricing and delivery time decisions and its influence on optimal decisions in dual-channel
supply chains by establishing mathematical models [3]. Therefore, some scholars believe
DDM is a better approach to marketing and can change and improve management [60].

Table 1 concludes from the above literature review that there is a lack of research on
the inconsistent green level of supply chain members in the existing literature. Therefore,
based on the duopoly competition model, this study considered the inconsistent levels of
supply chain members. It integrated green-level competition and various subsidy schemes,
taking subsidy thresholds into account, and introduced DDM information technology to
help sales platforms collect consumer preferences. Based on the theoretical foundation of
the Stackelberg game, the study conducted pricing decisions, compared different subsidy
schemes, and proposed a wholesale price contract for coordination.

Table 1. Key related studies in the literature.

Key Related Literature Duopoly
Competition Model

Subsidy Strategy
DDM Inconsistent

Green LevelsUnit Subsidy Total Subsidy

Li and He [13]
√ √ √

Zhu, Zhou and Chu [18]
√

Liu, et al. [51]
√ √

Meng, Wang, Zhang and He [61]
√

Guo, Zhang, Wu and Gonzalez [62]
√ √

Xu, Tian, Pang and Tang [50]
√

Yi, Wang, Fu and Li [47]
√

Xu, Tang and Huang [3]
√

Zhang, Chan and Xu [53]
√

This study
√ √ √ √ √
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3. Problem Notations and Assumptions
In the context of the electronics industry, take Apple as an example; it requires all

of its supply chain companies to be 100% carbon neutral by 2030 [9]. Many companies
are not yet 100% carbon neutral in the current supply chain. Therefore, Apple needs to
provide manufacturers with incentives, such as subsidies, to encourage its manufacturers to
upgrade green technology actively in order to meet Apple’s requirements. In this process,
manufacturers will also form a competitive pattern, and manufacturers that do not meet
the green standards will lose subsidies or even be eliminated.

In addition, in the context of the rapid development of artificial intelligence, we con-
sidered the role of DDM in the supply chain. We added it to the model for further research.

This paper focuses on two manufacturers with differing levels of green practices as
participants. Figure 1 illustrates the model structure.
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Figure 1. The structure of the green supply chain.

This study constructed a green supply chain comprising two manufacturers and
one retailer. It analyzed consumers’ green preferences and the competition coefficient in
the context of low-carbon sustainable development. The government encourages green
production by manufacturers, offering subsidies to those that meet the mandated green
standards. Additionally, manufacturers use data-driven marketing (DDM) to provide
targeted green products to consumers, enhancing demand.

This research considers two different subsidy strategies: a total subsidy for manu-
facturers’ green production (Model Z), and a per-unit subsidy for the production cost of
green products (Model H). Using the Stackelberg game model and referencing the existing
literature, the two manufacturers are positioned as leaders. The retailer, as the follower,
purchases products with varying green levels from these manufacturers and sells them to
consumers. Consumers choose products based on their green preferences.

3.1. Notations

The variables and their notations are shown in Table 2.
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Table 2. Related notations.

Symbols Definitions

c Unit production cost of the product
α Market demand coefficient for M1

1 − α Market demand coefficient for M2
θ Competition intensity coefficient between manufacturers
γ Consumer green sensitivity coefficient
µ Green cost coefficient for producing green products
β Total cost green subsidy coefficient provided by the government
s Unit green subsidy coefficient provided by the government
e Green standard set by the government/Green level of Manufacturer 1

t1, t2 Consumer sensitivity coefficient to DDM
v Quality coefficient of DDM
η Data analysis cost coefficient
Q Data collection cost
D0 Potential market demand
D1 Demand function for Manufacturer 1 (M1)
D2 Demand function for Manufacturer 2 (M2)
π1 Profit function for Manufacturer 1 (M1)
π2 Profit function for Manufacturer 2 (M2)
πR Profit function for Retailer

Decision variables
p1 Selling price of M1’s product
p2 Selling price of M2’s product
w1 Wholesale price of M1’s product
w2 Wholesale price of M2’s product
k Green level of Manufacturer 2

3.2. Problem Assumptions

Assumption 1. The demand for each product is a linear function of market share, retail price,
product green level, market competition intensity, and the quality of data-driven marketing (DDM).
The demand function for high-level green products is given by D1 = αD0 − p1 + θ(e − k) +
γe + t1v, while the demand function for lower-level green products is D2 = (1 − α)D0 − p2 +

θ(k − e) + γk + t2v. According to the duopoly competition model and considering the impact of
market share on product prices and corporate profits, if Manufacturer 1 (M1) occupies a market share
of α(0 < α < 1), then Manufacturer 2 (M2) has a market share of (1 − α) [13]. Consumers’ green
preference is denoted as γ(γ > 0), and θ(θ > 0) is the market competition intensity coefficient,
with higher θ indicating more intense market competition [63]. Additionally. v represents the
quality of DDM, and t1, t2 denote consumer sensitivity to DDM [3]. In order to simplify the
calculations, it is assumed that the retailer’s order quantity is equal to the demand function.

Assumption 2. M1 has achieved the government-mandated green level e, while M2 has not, with a
green level of k(0 < k < e < 1). In order to represent the costs incurred by manufacturers for green
production activities to enhance their green levels, we use the following cost functions c(e) = 1

2 µe2

and c(k) = 1
2 µk2. Here, µ represents the cost coefficient related to the green level.

Assumption 3. To avoid trivial situations, based on the research, p1 > w1 > c and p2 > w2 >

c are set.

Assumption 4. In this study, the production costs, c, for goods manufactured by M1 and M2
are identical. Given the high costs associated with green investments, the government will reward
enterprises with higher green levels. Considering the differences in green levels between M1 and
M2, the government will only provide subsidies to M1, which has achieved higher green standards.
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4. Model Formulation and Optimal Decision-Making
According to the duopoly competition game model, the decision-making sequence is

as follows: First, M1 and M2, as leaders, determine the wholesale prices of the goods they
produce, as well as the level of green development that does not meet the government-
mandated green standards. Second, the retailer, as the follower, sets the retail prices
of the products from both manufacturers based on the decisions made by M1 and M2.
Additionally, the analysis includes the impact of the consumer green sensitivity coefficient,
the competition intensity coefficient between manufacturers, and the quality of data-driven
marketing (DDM) on the profits of manufacturers, the retailer, and the total profit of the
supply chain. Finally, a wholesale price contract is proposed to coordinate the relationship
between manufacturers and the retailer.

4.1. Policy 1: Total Subsidy for Manufacturers’ Green Production Costs (Model Z)

In Model Z, where the government provides a total green production subsidy to
Manufacturer 1 (M1) for achieving the green level, the profit functions for the manufacturers
and the retailer are as follows:

πDZ
1 = (w1 − c)D1 −

1
2

µe2 +
1
2

βe2 (1)

Equation (1) represents the profit function for Manufacturer M1, which meets the
government-mandated green standards. The first component denotes revenue, while
the second part reflects green production costs. Here, µ(µ > 0) is the cost coefficient
associated with the green level, and the green cost is given by 1

2 µe2. The third component
is the government subsidy, with β(β > 0) representing the subsidy coefficient provided to
companies that meet the green standards, and the subsidy amount is 1

2 βe2.

πDZ
2 = (w2 − c)D2 −

1
2

µk2 (2)

Equation (2) represents the profit function for Manufacturer M2, which does not meet
the government-mandated green standards. The first component denotes revenue, while
the second part reflects green costs. As M2’s green level has not reached the government’s
prescribed green standard, no green subsidy has been provided.

πDZ
R = (p1 − w1)∗D1 + (p2 − w2)∗D2 − 2

(
Q + ηv2

)
(3)

Equation (3) represents the profit function for the retailer. The retailer’s revenue
includes the profit from selling products from M1 and M2, as well as the costs associated
with using data-driven marketing (DDM). Here, η denotes the cost coefficient for data
analysis, and Q represents the cost of data collection. Both products are sold on the same
retail platform, and the DDM cost is given by 2

(
Q + ηv2) [3,57].

In the centralized decision-making model, manufacturers and retailers jointly decide
on the retail price and green level with the objective of maximizing the supply chain’s profit.
Therefore, the profit function for the centralized decision-making model is as follows:

πCZ = πZ
1 + πZ

2 + πZ
R

πCZ = (p1 − c)∗D1 + (p2 − c)∗D2 − 1
2 µe2 − 1

2 µk2 + 1
2 βe2 − 2

(
Q + ηv2) (4)
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Proposition 1. In the decentralized decision-making model (D), based on backward induction, if
the condition µ > 1

4
(
γ2 + 2γθ + θ2) is satisfied, then an optimal solution exists.

wDZ∗
1 =

1
2
(c + eρ1 + αD0 + vt1 − θρ1(c + eθ + (−1 + α)D0 − vt2)/T) (5)

wDZ∗
2 = c(T + 2µ) + 2eθµ + 2(−1 + α)µD0 − 2vµt2/T (6)

kDZ∗ = ρ1(c + eθ + (−1 + α)D0 − vt2)/T (7)

pDZ∗
1 =

(
ρ1(c(γ − 2θ) + 3eγρ2)− 4(c + 3eρ1)µ+

3(ρ1(αγ + θ)− 4αµ)D0 + 3vTt1 + 3vθρ1t2

)
/4(T + 2µ) (8)

pDZ∗
2 = c

(
ρ1

2 − µ
)
+ 3eθµ + 3(−1 + α)µD0 − 3vµt2/T (9)

πDZ∗
1 =

1
8

4e2β − 4e2µ +
1

T2

(
−((c − eγ)ρ1ρ2) + 4(c − eρ1)µ+

(ρ1(αγ + θ)− 4αµ)D0 + v
(
ρ1

2 − 4µ
)
t1 + vθρ1t2

)2
 (10)

πDZ∗
2 = −µ(c + eθ + (−1 + α)D0 − vt2)

2/2T (11)

πDZ∗
R = 1

16T2 (c2(32µ2 + ρ1ρ2(−8µ + ρ1ρ2)
)
+ 2ce

(
−γρ2

1ρ2
2 + 4µ(−4γµ + ρ2ρ1(2γ + θ))

)
+

16µ2e2(θ2 + ρ2
1) + v(T2vt2

1 + 2Tt1(4cµ + ρ1(−4eµ + vθt2 + (−c + eγ)ρ2))+

t2
(
−2(c − eγ)θρ2

1ρ2 + t2v
(
16µ2 + θ2ρ2

1
)
− 8µ(4(c + eθ)µ + θρ1(−c + eρ1))

)
)+

D2
0(ρ3

2ρ2
1 + 8µ(2µ + 4(−1 + α)αµ − αρ1ρ3))− 2(D0

[
16µ2(c + e(θ − αρ2))−

vt1T(−4αµ + ρ1ρ3)− t2v
(
−4µ(4(−1 + α)µ + αθρ1) + θρ2

1ρ3
)
+ 4µρ1(−c(θ + 2αρ1)+

e(θρ1 + αγ(2γ + 3θ))) + (c − eγ)ρ2ρ2
1(αγ + θ)) + 4(4QT2 + 64v2ηµ2+

µρ2
1(−32v2η + e2γρ2))) + ρ2

1(−32v2ηρ2
1 + e2γ2ρ2

2))

(12)

where ρ1 = γ + θ, ρ2 = γ + 2θ, ρ3 = αγ + θ, T = ρ1
2 − 4µ.

Proof of Proposition 1. See Appendix A.1. □

Proposition 2. In a centralized decision-making model, the optimal solution can be obtained if
µ > 1

2
(
γ2 + 2γθ + 2θ2) is satisfied.

pCZ∗
1 =

((eρ1 + c)(T + 2µ)+

(ρ1ρ3 − 2αµ)D0 + v(ρ1
2 − 2µ)t1 + vθρ1t2)

/2T1 (13)

pCZ∗
2 =

(ρ1(2cγ + θ(c + eρ1 + αD0 + vt1))+

(θ2 − 2µ)(c − eθ − (−1 + α)D0 + vt2))
/2T1 (14)

kCZ∗ = cγ + 2eθρ1 + ((−1 + α)γ + (−1 + 2α)θ)D0 + vθt1 − vρ1t2/T1 (15)

πCZ∗ =

(2e2βγ2 + e2γ4 − 8v2γ2η + 4e2βγθ + 4e2γ3θ − 16v2γηθ+

4e2βθ2 + 4e2γ2θ2 − 16v2ηθ2 + c2(ρ2
2 − 4µ

)
−

8Q(T + 2µ) + 16v2ηµ − 4e2(β + ρ2
1
)
µ+

4e2µ2 + 2ceγ
(
−ρ2

2 + 2µ
)
+
(
ρ3

2 − 2(1 + 2(−1 + α)α)µ
)

D2
0+

2D0(−((c − eγ)ρ2ρ3) + 2(c + e(θ − αρ2))µ+

v(ρ1ρ3 − 2αµ)t1 + v(θρ3 + 2(−1 + α)µ)t2)+

v(v(ρ1
2 − 2µ)t2

1 + 2t1(−((c − eγ)ρ1ρ2)+

2(c − eρ1)µ + vθρ1t2) + t2(−2(c − eγ)θρ2+

4(c + eθ)µ + v(θ2 − 2µ)t2)))

4T1 (16)

where T1 = (γ2 + 2γθ − 2µ).



Mathematics 2025, 13, 965 11 of 27

Proof of Proposition 2. See Appendix A.2. □

4.2. Policy 2: Unit Subsidy for Manufacturers’ Green Production Costs (Model H)

In Model H, the government provides unit subsidies for manufacturers (M1) who
meet green production standards. The profit functions of manufacturers and retailers in
Model H are as follows:

πH
1 = (w1 − c + sce)D1 −

1
2

µe2 (17)

The government provides unit subsidies to the manufacturer M1 based on the unit
production cost, c, the unit subsidy coefficient, s(0 < s < 1), and the green production
level, e. The unit subsidy amount is thus calculated as sce. Additionally, since the manufac-
turer M2 does not meet the subsidy criteria, the profit functions for M2 and the retailers
remain unchanged.

πH
2 = (w2 − c)D2 −

1
2

µk2 (18)

πH
R = (p1 − w1)∗D1 + (p2 − w2)∗D2 − 2

(
Q + ηv2

)
(19)

The profit function in the centralized model is as follows:

πCH = πH
1 + πH

2 + πH
R

= (p1 − c + sce) ∗ D1 + (p2 − c) ∗ D2 − 1
2 µe2 − 1

2 µk2 − 2
(
Q + ηv2) (20)

Proposition 3. The optimal solution in Model H in the decentralized decision-making model is
as follows:

pDH∗
1 =

1
4T

(
−cρ1((−1 + es)γ + (2 + es)θ) + 3eρ1

(
T − θ2)+

4c(−1 + es)µ + 3(ρ1(αγ + θ)− 4αµ)D0 + 3v(Tt1 + θρ1t2)

)
(21)

pDH∗
2 = c

(
ρ1

2 − µ
)
+ 3eθµ + 3(−1 + α)µD0 − 3vµt2/T (22)

wDH∗
1 =

1
2
(c − ces + eρ1 + αD0 + vt1 − θρ1(c + eθ + (−1 + α)D0 − vt2)/T) (23)

wDH∗
2 = c(T + 2µ) + 2eθµ + 2(−1 + α)µD0 − 2vµt2/T (24)

kDH∗ = ρ1(c + eθ + (−1 + α)D0 − vt2)/T (25)

πDH∗
1 =

1
8
(−4e2µ +

(ρ1(c(−1 + es)γ + c(−2 + es)θ + eγρ2)−
4(c(−1 + es) + eρ1)µ + (ρ1(αγ + θ)− 4αµ)D0+

vTt1 + vθρ1t2)
2

/T2 (26)

πDH∗
2 = −µ(c + eθ + (−1 + α)D0 − vt2)

2/2T (27)

πDH∗
R = −2

(
Q + v2η

)
+ µ2(c + eθ + (−1 + α)D0 − vt2)

2/T2 +

(ρ1(c(−1 + es)γ + c(−2 + es)θ + eγρ2)−
4(c(−1 + es) + eρ1)µ + (ρ1ρ3 − 4αµ)D0+

vTt1 + vθρ1t2)
2

/16T2 (28)

Proof of Proposition 3. See Appendix A.3. □
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Proposition 4. The optimal solution in Model H in the centralized decision-making model is
as follows:

pCH∗
1 =

(eρ1T1 + c(τ1γ2 + (2 − 3es)θ2+

γ(θ − 2esθ)− 2τ1µ) + (ρ1ρ3 − 2αµ)D0+

v(ρ1
2 − 2µ)t1 + vθρ1t2)

/2T1 (29)

pCH∗
2 =

(ρ1
2(eθρ1

2 + c(2γ + θ + esθ) + αθD0 + vθt1)+

(θ2 − 2µ)(c − eθ − (−1 + α)D0 + vt2))
/2T1 (30)

kCH∗ =
(2eθρ1 + c(γ + esθ) + ((−1 + α)γ+

(−1 + 2α)θ)D0 + vθt1 − vρ1t2)
/T1 (31)

πCH∗ =

(e2γ4 − 8v2γ2η + 4e2γ3θ − 16v2γηθ + 4e2γ2θ2 − 16v2ηθ2−
8Q
(
T + 2µ + θ2)+ 16v2ηµ − 4e2(ρ1

2 + θ2)µ+
4e2µ2 + c2(τ3

2 − 2(2 + esτ2)µ
)
+ 2ce(γρ2τ3 − 2(−γτ1 + esθ)µ)+

((αγ + θ)2 − 2(1 + 2(−1 + α)α)µ)D2
0 + 2D0((αγ + θ)(cτ3 + eγρ2)+

2(c − cesα + e(θ − αρ2))µ + v(ρ1(αγ + θ)− 2αµ)t1 + v(θ(αγ + θ)+

2(−1 + α)µ)t2) + v(t1(2ρ1(cτ3 + eγρ2)− 4(−cτ1 + eρ1)µ + v(ρ1
2 − 2µ)t1)+

2(eγθρ2 + cθ(−τ1γ + τ2θ) + 2(c + eθ)µ + vθρ1t1)t2 + v(θ2 − 2µ)t2
2))

/4T1 (32)

where τ1 = 1 − es, τ2 = −2 + es, τ3= −τ1γ + τ2θ.

Proof of Proposition 4. See Appendix A.4. □

5. Further Analysis
Since the sensitivity analyses of Model Z and Model H are consistent, based on the

above equilibrium solutions, this section will study how the green sensitivity coefficient,
competition intensity coefficient, and DDM quality affect the decisions and profits of
manufacturers and retailers and compare these decision outcomes.

Proposition 5. In the decentralized model, when − eθ
−1+α < D0 ≤ −A

(−1+α)B and

0 < v < (c + A
B + (−1 + α)D0)/t2, ∂pd

1
∂γ > 0, ∂wd

1
∂γ > 0; when − eθ

−1+α < D0 ≤ −A
(−1+α)B and

(c + A
B + (−1 + α)D0)/t2 < v < (c−eγ)(γ+θ)+4eµ+(−1+α)(γ+θ)D0

(γ+θ)t2
, ∂pd

1
∂γ < 0, ∂wd

1
∂γ < 0, where

A = e((γ + θ)2(γ2 + 2γθ + 2θ2)− 4(2γ2 + 4γθ + θ2)µ + 16µ2) and B = θ((γ + θ)2 + 4µ).

Proposition 5 it indicates that the more sensitive consumers are to green products, the
more advantageous it is for the retailer and M1 to increase both the retail price and the
wholesale price of green products, consistent with the findings of Li and He [13]. When
the quality of DDM improves, companies can better grasp market demand data, making
retailers and M1 more willing to lower retail and wholesale prices to attract consumers
sensitive to green products.

Proposition 6. In the decentralized model, ∂pd
2

∂γ > 0, ∂wd
2

∂γ > 0, ∂kd

∂γ > 0.

Proposition 6 indicates that the more sensitive consumers are to green products, the
more advantageous it is for M2 to increase both the wholesale and retail prices of its
products. Additionally, this sensitivity can incentivize M2 to enhance its green production
level, contributing to sustainable development.

Proof of Propositions 5 and 6. See Appendix A.5. □
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Proposition 7. In the decentralized model, when − eθ
−1+α < D0 ≤ E

F(−1+α)
and

0 < v < (c − E
F + (−1 + α)D0)/t2, ∂pd

1
∂θ > 0, ∂wd

1
∂θ > 0; when − eθ

−1+α < D0 ≤ E
F(−1+α)

and (c − eE
F + (−1 + α)D0)/t2 < v < (c−eγ)(γ+θ)+4eµ+(−1+α)(γ+θ)D0

(γ+θ)t2
, ∂pd

1
∂θ < 0, ∂wd

1
∂θ < 0.

where E = e(γ2(γ + θ)2 + 4(−2γ2 − 2γθ + θ2)µ+ 16µ2), F = (γ(γ + θ)2 − 4(γ + 2θ)µ).

Proposition 7 indicates that, when market potential demand is limited, and the quality
level of data-driven marketing (DDM) is low, the market competition coefficient has a
positive impact on both the wholesale and retail prices of M1’s products. Conversely,
when the quality of DDM is high, companies have a precise consumer base, and as market
competition intensifies, M1 needs to lower its wholesale and retail prices to attract more
consumer demand.

Proposition 8. In the decentralized model, when µ > (γ+θ)(e(γ−θ)−2(−1+α)D0)
4e and

(γ+θ)(2c+e(−γ+θ))+G
2(γ+θ)t2

< v < (c−eγ)(γ+θ)+G
(γ+θ)t2

, ∂pd
2

∂θ > 0, ∂wd
2

∂θ > 0; when µ > (γ+θ)(e(γ−θ)−2(−1+α)D0)
4e

and 0 < v < (γ+θ)(2c+e(−γ+θ))+G
2(γ+θ)t2

, ∂pd
2

∂θ < 0, ∂wd
2

∂θ < 0.
where G = 4eµ + 2(−1 + α)(γ + θ)D0.

Proposition 8 indicates that, in the context of high green production costs, DDM can
provide greater advantages for M2. When the quality level of DDM is high, the market
competition coefficient positively affects the selling and wholesale prices of M2’s green
products. Conversely, when the DDM quality is low, M2, with a lower green level, needs to
reduce prices to attract more demand.

Proposition 9. In the decentralized model, when − eθ
−1+α < D0 ≤ I

(−1+α)((γ+θ)2+4µ)
,

(c − I
((γ+θ)2+4µ)

+ (−1 + α)D0)/t2 < v < (c−eγ)(γ+θ)+4eµ+(−1+α)(γ+θ)D0
(γ+θ)t2

, ∂kd

∂θ > 0;

when − eθ
−1+α < D0 ≤ G

(−1+α)I , 0 < v < (c − G
I + (−1 + α)D0)/t2, ∂kd

∂θ < 0, where

I = eγ(γ + θ)2 − 4e(γ + 2θ)µ.

Proposition 9 indicates that, when market potential demand is limited and the quality
level of DDM is high, the competition coefficient positively affects M2’s green production
level, promoting the development of M2’s green level. Conversely, when the quality level
of DDM is low, intensified market competition is detrimental to the development of the
green level in supply chain enterprises.

Proof of Propositions 7–9. See Appendix A.6. □

Proposition 10. In the decentralized model, when 0 < θ < D0−αD0
e , 0 < t2 <

−γ2t1−2γθt1−θ2t1+4µt1
γθ+θ2 , ∂pd

1
∂v > 0, ∂wd

1
∂v > 0; when 0 < θ < D0−αD0

e , t2 > −γ2t1−2γθt1−θ2t1+4µt1
γθ+θ2 ,

∂pd
1

∂v < 0, ∂wd
1

∂v < 0.

Proposition 10 indicates that, when M2’s consumers are not sensitive to DDM, the
quality of DDM has a positive impact on M1’s product prices, with retail and whole-
sale prices continuously rising. When M2’s consumers are sensitive to DDM, M1 will
lower its wholesale prices, and retailers will reduce M1’s selling prices to capture a larger
market share.

Proposition 11. In the decentralized model, ∂pd
2

∂v > 0, ∂wd
2

∂v > 0, ∂kd

∂v > 0.
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Proposition 11 indicates that, as the quality level of DDM continuously improves,
M2’s wholesale price, retail price, and green production level will keep rising, thereby
encouraging M2’s sustainable development.

Proof of Propositions 10 and 11. See Appendix A.7. □

Proposition 12. when 0 < γ <
√

2
√

µ, 0 < α < α1, β > β1, s > s1 (1) when v1 < v,
πCH > πCZ; (2) when 0 < v < v1, πCH < πCZ.

Proposition 12 indicates that, when consumers’ green preferences are less than
√

2
√

µ,
and the market share of high-level green products is below a specific value, while the unit
subsidy coefficient and the total subsidy coefficient are above certain thresholds, the total
profit of the unit subsidy model (Model H) will be greater than that of the total subsidy
model (Model Z). Conversely, when the DDM quality level is lower than a certain value,
the total profit of Model Z will exceed that of Model H.

Proposition 13. When
√

2
√

µ ≤ γ, α1 < α, β > β1, s > 0. (1) When v1 < v, πCH > πCZ; (2)
when 0 < v < v1, πCH < πCZ.

Proposition 13 shows that, when consumers’ green preference is higher than
√

2
√

µ,
the market share of high-level green products exceeds a specific value, and the total subsidy
coefficient is above a certain threshold—regardless of whether the unit subsidy coefficient
is high or low—if the DDM quality level is greater than a specific value, the total profit
of the unit subsidy model (Model H) will be greater than that of the total subsidy model
(Model Z). Conversely, when the DDM level is lower than a certain value, the total profit of
Model Z will surpass that of Model H.

Where v1 =

(−2ces(γ + θ)(γ2 + 2γθ − 2µ) + 2eβ(γ2 + 2γθ + 2θ2 − 2µ)+

c2s(−((γ + θ)(−2γ + esγ − 4θ + esθ))+

2(−2 + es)µ)− 2cs((γ + θ)(αγ + θ)− 2αµ)D0)
2cs((γ+θ)(γ+2θ)−2µ)t1

,

β1 =

cs(c(γ + θ)(−2γ + esγ − 4θ + esθ) + 2e(γ + θ)(γ2 + 2γθ − 2µ)

−2c(−2 + es)µ + 2((γ + θ)(αγ + θ)− 2αµ)D0)
2e(γ2+2γθ+2θ2−2µ)

,

α1 =

−((c(γ + θ)(−2γ + esγ − 4θ + esθ)+

2e(γ + θ)(γ2 + 2γθ − 2µ)− 2c(−2 + es)µ + 2θ(γ + θ)D0)
(2(γ(γ+θ)−2µ)D0))

, s1 = − 2(γ+θ)(γ2+2γθ−2µ)

c((γ+θ)2−2µ)
.

Proof of Propositions 12 and 13. See Appendix A.8. □

Propositions 12 and 13 indicates that, when the market share of high-level green
products is small and consumer green preference is low, both subsidy models require
additional subsidies to support supply chain enterprises. As the quality level of DDM
improves, the profit performance of the unit subsidy model will surpass that of the total
subsidy model. Furthermore, when the consumer green preference increases and the market
share of high-level green products aligns with consumer needs, the total subsidy model
still necessitates a higher subsidy. However, the requirement for the subsidy coefficient of
the unit subsidy model becomes more relaxed, and a higher subsidy is no longer essential.
Additionally, with continued improvement in DDM quality, the unit subsidy model’s profit
performance will remain superior to that of the total subsidy model.
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6. Numerical Analysis
In this section, numerical analysis is used to verify the models and conclusions men-

tioned above. The impacts of γ, θ and v on decision variables and profit functions are
clearly illustrated. In order to evaluate the proposed model, some numerical examples
are taken from Li and He [13] and Xu, Tang and Huang [3], with modifications to fit the
conditions of our models. We assume the potential market demand of D0 = 1000, a unit
production cost for M1 and M2 of c = $100, a green production level for M1 of e = 0.8, a
market share of M1 α = 0.4, a green production cost coefficient of µ = $9000, a govern-
ment green subsidy coefficient of β = $4500, and s = 0.45. The sensitivity coefficients of
consumers to DDM t1 = t2 = 10, the DDM data collection cost is Q = $6000, and the data
analysis cost coefficient is η = 100. According to these values, the study also takes into
account the theoretical assumptions mentioned above, and it concludes that γ, θ, and v all
have limited ranges. In Sections 6.1–6.3, the ranges of these parameters are considered for
numerical analysis.

6.1. Comparison of Profits Under Different Green Sensitivity Coefficients (γ)

This subsection compares the profits of manufacturers and retailers under different
green sensitivity coefficients in two models. According to Li and He [13], θ is set to 25, v is
set to 5, and 0 < γ < 16. Figure 2 shows the effect of γ on the profits of M1, M2, retailers,
and the total supply chain in both models, and the figure compares them.
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As Figure 2a shows, in the decentralized model, as γ increases, M1’s profit gradually
increases, and M1’s profit in Model H is higher than in Model Z.

Figure 2b shows that, as γ increases, M2’s profit continuously increases, and M2’s
profit in Model H is equal to that in Model Z.

Figure 2c shows that, as γ increases, the retailer’s (R) profit continuously increases,
which is consistent with the finding of Li and He [13], and R’s profit in Model H is generally
higher than in Model Z.
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Additionally, Figure 2d shows that, as γ increases, the total profit function in the cen-
tralized model also continuously increases. For M1, M2, and R, the profit in the centralized
model is higher than in the decentralized model, and the centralized profit in Model H is
generally higher than in Model Z.

In summary, consumers’ green product preferences have a positive impact on the
profits of M1, M2, retailers, and the overall supply chain. In Model H, the profits of supply
chain members and the overall supply chain are better than those in Model Z.

6.2. Comparison of Profits Under Different Competition Coefficients (θ)

This subsection compares the profits of manufacturers and retailers in the supply chain
under different competition coefficients (θ). With γ set to 15, v set to 5, and 0 < θ < 29,
Figure 3 shows the impact of θ on the profits of M1, M2, retailers, and the total supply chain
in two models.

Mathematics 2025, 13, x FOR PEER REVIEW 17 of 28 
 

 

  

  

Figure 3. Comparison of profits under different competition coefficients (𝜃). 

6.3. Comparison of Profits Under Different DDM Quality Levels (𝑣) 

This subsection compares the profits of manufacturers and retailers in the supply chain 
under different DDM quality levels (𝒗). With 𝛾 set to 15 and 𝜃 set to 25, 0 < 𝑣 < 13, Fig-
ure 4 shows the impact of v on the profits of M1, M2, retailers, and the total supply chain. 

As Figure 4a shows, in the decentralized model, as 𝒗 increases, M1’s profit continu-
ously increases, and M1’s profit in Model H is higher than in Model Z. 

Figure 4b shows that, as 𝒗 increases, M2’s profit continuously increases, and M2’s 
profit is consistent in both models. 

Figure 4c shows that, as 𝒗 increases, the retailer’s (R) profit first increases and then 
decreases, and R’s profit in Model H is generally higher than in Model Z. 

Additionally, Figure 4d shows that, as 𝒗 increases, the total profit function in the 
centralized model also gradually increases, and the centralized profit in Model H is gen-
erally higher than in Model Z. For M1, M2, and R, the profit in the centralized model is 
higher than in the decentralized model. 

In summary, the quality level of DDM has a positive impact on the profits of M1 and 
M2, but over-pursuing higher DDM quality levels can affect the retailer’s profit. This is 
consistent with other studies on DDM [3,57]; DDM can improve the previous research on 
green supply chains and increase economic returns. 

  

Figure 3. Comparison of profits under different competition coefficients (θ).

As Figure 3a shows, in the decentralized model, as θ increases, M1’s profit first
increases and then decreases, and M1’s profit in Model H is higher than in Model Z.

Figure 3b shows that, as θ increases, M2’s profit continuously decreases, and M2’s
profit is consistent in both models.

Figure 3c shows that, as θ increases, the retailer’s (R) profit continuously increases,
and R’s profit in Model H is generally higher than in Model Z.

Additionally, in the centralized model, Figure 3d shows that, as θ increases, the total
supply chain profit for M1, M2, and R continuously decreases. This contradicts the findings
of Li and He [13], which indicated that market competition increases the total supply chain
profit. This difference arises because the previous study considered price competition,
while this study focuses on green-level competition. Inappropriate green-level competition
affects supply chain profit performance.

In summary, the competition coefficient has a negative impact on the profits of M1
and M2, a positive impact on the retailer’s profit, and a negative impact on the overall
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supply chain profit. This indicates that inappropriate competition in the market affects the
profitability of competing enterprises within the supply chain.

6.3. Comparison of Profits Under Different DDM Quality Levels (v)

This subsection compares the profits of manufacturers and retailers in the supply chain
under different DDM quality levels (v). With γ set to 15 and θ set to 25, 0 < v < 13, Figure 4
shows the impact of v on the profits of M1, M2, retailers, and the total supply chain.
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As Figure 4a shows, in the decentralized model, as v increases, M1’s profit continu-
ously increases, and M1’s profit in Model H is higher than in Model Z.

Figure 4b shows that, as v increases, M2’s profit continuously increases, and M2’s
profit is consistent in both models.

Figure 4c shows that, as v increases, the retailer’s (R) profit first increases and then
decreases, and R’s profit in Model H is generally higher than in Model Z.

Additionally, Figure 4d shows that, as v increases, the total profit function in the cen-
tralized model also gradually increases, and the centralized profit in Model H is generally
higher than in Model Z. For M1, M2, and R, the profit in the centralized model is higher
than in the decentralized model.

In summary, the quality level of DDM has a positive impact on the profits of M1 and
M2, but over-pursuing higher DDM quality levels can affect the retailer’s profit. This is
consistent with other studies on DDM [3,57]; DDM can improve the previous research on
green supply chains and increase economic returns.

7. Supply Chain Contract Coordination (Model CS)
This section mainly focuses on the coordination mechanisms in the supply chain to

further improve overall performance. Without a coordination mechanism, it is difficult to
optimize supply chain profits. The purpose of contract coordination is to ensure that the
combined profits of both parties, after coordination, achieve the same effect as centralized
decision-making and that each party’s profit is not lower than their profit in decentral-
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ized decision-making [64]. This paper introduces wholesale price contracts to encourage
cooperation among companies, a widely used approach in supply chain management.

On the one hand, to better encourage the development of supply chain companies, M1,
M2, and retailers agree on product prices through contracts to maximize the overall supply
chain profit. On the other hand, M1, M2, and retailers agree on the wholesale price of green
products, ensuring that the profits achieved through contracts are not lower than their
profits from individual decision-making. The key to coordination is the range of wholesale
prices for green products.

Proposition 14. After the wholesale price contract is adopted, the following conditions
must be satisfied to achieve Pareto optimality: πcs

M1 ≥ πDH
M1 , πcs

M2 ≥ πDH
M2 , πcs

R ≥ πDH
R

, and πCH = πcs > πDH .

Due to the complexity of calculations, we need to substitute the values from the
previous section with γ = 15, θ = 25, and v = 5. The results are 165.06 < w1 < 311.58,
239.38 < w2 < 2.08 × 10−29(2.23 × 1031 − 3.46 × 1028w1). By setting w1 = 200, we get
239.38 < w2 < 319.66 and by setting w2 = 300.

Additionally, we can obtain the following. Table 3 presents a numerical comparison
of the three models. The results show that the total profit under the decentralized model
is 66,483.22, the total profit under the centralized model is 95,857.42, and the total profit
under the contract coordination model is 95,857.42. It can be concluded that the centralized
supply chain profit increases by 44.18% with respect to that under the decentralized system.

Table 3. Numerical comparison of three decision models.

Decentralized Centralized Contract Coordination

p1 365.95 264.48 264.48
p2 515.99 378.63 378.63
w1 265.30 -- 200
w2 377.33 -- 300
k 0.62 0.68 0.68

π1 17,380.14 -- 24,385.52
π2 36,745.64 -- 53,636.10
πR 12,357.44 -- 17,835.80
π 66,483.22 95,857.42 95,857.42

8. Conclusions and Managerial Implications
This research takes Apple’s sustainable development strategy as the background and

draws some conclusions at the theoretical level. And this paper is based on a green supply
chain duopoly competition model, considering the inconsistent green levels of supply
chain members and introducing data-driven marketing (DDM). It compares two subsidy
policies and analyzes three models: D, C, and CS. It examines the impact of green consumer
preferences, market competition, and DDM quality on the profits of manufacturers, retailers,
and the overall supply chain. The specific conclusions are as follows:

(1) The proportion of high-level green products in the market must meet consumer
needs. When consumer green preferences are low, the market share of high-level green
products is also low, necessitating high subsidies in both subsidy models to support
enterprise development. An improvement in DDM quality is more beneficial for the total
profit performance of the unit subsidy model, which outperforms the total subsidy profit
model. As consumer preference for green products increases, the market share of high-level
green products also rises. In this scenario, improvements in DDM quality continue to favor
the unit subsidy model, which remains more profitable than the total subsidy profit model.
However, the total subsidy model still requires a high subsidy coefficient, while the unit
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subsidy model’s subsidy coefficient requirements become more relaxed, eliminating the
need for a higher coefficient.

(2) In Model H, the total supply chain profit under centralized decision-making exceeds
that under decentralized decision-making. After coordination through wholesale price
contracts, the total profit in the CS model can equal the total supply chain profit achieved
under centralized decision-making, thus achieving Pareto optimality.

(3) Regardless of the subsidy strategy, the coefficient of consumer sensitivity to green
products affects the pricing decisions and green levels of manufacturers and retailers. When
the market size is small and the level of DDM quality is low, the coefficient of consumer
sensitivity to green products has a positive effect on the pricing decision of M1 with a high
green level, and the more consumers are sensitive to green products, the more expensive
the pricing of products with a high level of green is, both in terms of the retail price of
the product and the manufacturer’s wholesale price. However, when the market size
is small but the level of DDM quality is high, the coefficient of consumer sensitivity to
green products has a negative effect on the pricing decision of M1, and the more sensitive
consumers are to green products, the price of products with high green level decreases
instead. In addition, in general, in any case, for a manufacturer, M2, with a low green
level, the coefficient of consumer sensitivity to green products has a positive effect on M2’s
decisions on retail and wholesale prices, which can also incentivize M2 to increase its level
of greenness.

(4) Under any subsidy strategy, the market competition intensity coefficient affects the
pricing decisions and green levels of manufacturers and retailers. Under certain conditions,
the market competition intensity coefficient has a positive effect on the pricing decision of
M1 with a higher green level when the DDM quality level is low. The more competitive the
market is when the DDM quality level is high, the lower the pricing of M1. Conversely,
at lower levels of DDM quality, M2’s retail and wholesale prices will reduce pricing as
the market becomes more competitive. The market competition intensity coefficient has
a positive effect on the pricing decisions of M2 with a higher level of green when the
level of DDM quality is high. The explanation for this phenomenon is that, in general
market competition, M2’s green products, which need to reduce prices to get more sales
opportunities due to the intervention of DDM, making customer targeting more accurate,
do not need to attract customers through price wars. Therefore, M2 does not need to reduce
the price.

(5) Under either subsidy strategy, the DDM quality level affects the pricing decisions
and green levels of both manufacturers and retailers. Under certain conditions, the DDM
quality level positively affects the pricing decisions of M1, which has a higher green level.
However, when M2’s customer group is sensitive to DDM, a high level of DDM quality
leads to lower retail and wholesale prices for M1. This phenomenon is explained by the
possibility that, when customers are more easily attracted to M2, M1 has to lower its price
to attract more customers. In addition, the quality level of DDM has a positive effect on
M2’s pricing decision, as well as the level of greenness; a higher level of DDM quality can
incentivize M2 to increase the level of greenness, as well as wholesale and retail prices.

The managerial insights of this research are proposed as follows.
(1) The government should prioritize the adoption of the unit subsidy strategy to

subsidize the production costs of manufacturers. Research shows that the unit subsidy
strategy is more effective in improving the profit level of supply chain enterprises than other
subsidy methods. At the same time, this strategy offers the advantage of controllable fiscal
expenditure, which can reduce the government’s fiscal burden while stimulating industrial
development and realizing the balance between policy effect and fiscal sustainability.
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(2) Sales platforms should actively promote the application and innovation of data-
driven marketing (DDM) technology. Under the background of the rapid iteration of
artificial intelligence technology and the deepening of global consensus on sustainable
development, DDM technology has multiple strategic values: for upstream manufacturers,
it can establish an effective incentive mechanism for green technology upgrading and
accelerate the achievement of the 2030 carbon neutrality target; for downstream consumers,
it can accurately match the supply of products with consumption demand and optimize
the price formation mechanism; for downstream consumers, it can precisely match product
supply and consumption demand and optimize the price formation mechanism; for the
platform itself, it can enhance operational efficiency and market competitiveness. Therefore,
it is recommended to take DDM technology as the core hand of supply chain digital trans-
formation and fully allow its key role in promoting supply chain collaborative innovation
and sustainable development.

(3) Supply chain members should establish a cooperative mechanism for in-depth
synergy. The study shows that, through the introduction of coordination mechanisms such
as wholesale price contracts, not only can manufacturers and retailers realize a win–win
situation but they can also promote the overall profit level of the supply chain to increase
significantly by 44.18%. This finding confirms the value of supply chain collaborative
management: through the establishment of effective benefit distribution mechanisms
and cooperation frameworks, it is possible to break through the traditional limitations
and create greater synergistic value. Therefore, it is recommended that supply chain
participants build a strategic partnership to realize the sustainable improvement of the
overall competitiveness of the supply chain through information sharing, risk sharing, and
benefit sharing.

9. Limitations and Future Research
To enhance the robustness and practical relevance of the findings, future research

could address the following limitations by integrating multi-period dynamics and stochas-
tic factors.

1. Multi-period dynamics: The current model assumes fixed parameters over a single
decision period. In reality, market conditions (e.g., consumer preferences, subsidy policies,
and DDM technology) evolve over time. For instance, government subsidies may be phased
out gradually, or consumer sensitivity to green products could shift due to environmen-
tal awareness campaigns. A multi-period framework would allow an analysis of how
long-term strategies (e.g., dynamic subsidy adjustments and iterative green technology
investments) affect supply chain performance.

2. Stochastic demand and external shocks: The deterministic demand function neglects
uncertainties such as economic fluctuations, supply chain disruptions, or sudden shifts
in consumer behavior (e.g., pandemics and regulatory changes). Introducing stochastic
demand models (e.g., Poisson processes or Brownian motion) would better reflect real-
world volatility and enable risk-aware decision-making.

By addressing these limitations, future work can provide deeper insights into the
resilience and adaptability of green supply chains in complex, real-world environments.
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Appendix A.
Appendix A.1. Proof of Proposition 1

In a decentralized decision-making process, there is a Stackelberg game where two
manufacturers lead, and the retailer follows. To find the equilibrium solution, we use the
backward induction method.

Firstly, the first-order partial derivatives of πR over p1, p2 in Equation (3) are
as follows:

∂πDZ
R

∂pDZ
1

= −2pDZ
1 + wDZ

1 + eγ + (e − kDZ)θ + αD0 + vt1

∂πDZ
R

∂pDZ
2

= −2pDZ
2 + wDZ

2 + kDZγ + (−e + kDZ)θ + (1 − α)D0 + vt2

Secondly, the Hessian matrix is H1 =

 ∂2πDZ
R

∂pDZ
1

2
∂2πDZ

R
∂pDZ

1 ∂pDZ
2

∂2πDZ
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∂pDZ
2 ∂pDZ

1

∂2πDZ
R

∂pDZ
2

2

 =

[
−2 0
0 −2

]
, which is

a negative definite for pDZ
1 and pDZ

2 , existing the unique optimal solution for pDZ
1 and pDZ

2 ,
and that maximizes πDZ

R .
Thirdly, let the first derivative of πDZ

R with respect to pDZ
1 and pDZ

2 be equal to 0. So,

pDZ
1 =

1
2

(
wDZ

1 + eγ + eθ − kDZθ + αD0 + vt1

)
(A1)

pDZ
2 =

1
2

(
wDZ

2 + kDZγ − eθ + kDZθ + D0 − αD0 + vt2

)
(A2)

By substituting Equation (A1) into Equation (1) and Equation (A2) into Equation (2),
we can obtain the following:

πDZ
1 =

e2β

2
− e2µ

2
+
(
−c + wDZ

1

)( eγ +
(
e − kDZ)θ + αD0 + vt1+

1
2
(
−wDZ

1 − eγ − eθ + kDZθ − αD0 − vt1
)) (A3)

πDZ
2 = − kDZ2
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2
+
(
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Therefore, the first derivative of πDZ
1 with respect to wDZ

1 and πDZ
2 with respect to

kDZ, wDZ
2 is as follows:
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The Hessian matrix is H2 =

 ∂2πDZ
2

∂wZ
2

2
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2
∂wZ

2 ∂kDZ
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2 is a concave function. And let the

first derivative of πDZ
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0. It can obtain the following:
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(γ + θ)2 − 4µ

Through substitution into Equations (A1) and (A2), it can obtain the following:
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Appendix A.2. Proof of Proposition 2

Firstly, the first-order partial derivatives of πCZ over pCZ
1 , pCZ

2 , kCZ in Equation (4) are
as follows:
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Appendix A.3. Proof of Proposition 3

Similar to Proposition 1.

Appendix A.4. Proof of Proposition 4

Similar to Proposition 2.
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Appendix A.5. Proof of Propositions 5 and 6
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B + (−1 + α)D0)/t2,

∂pd
1

∂γ > 0, ∂wd
1

∂γ > 0; when − eθ
−1+α < D0 ≤ −A

(−1+α)B and (c + A
B + (−1 + α)D0)/t2 < v <

(c−eγ)(γ+θ)+4eµ+(−1+α)(γ+θ)D0
(γ+θ)t2

, ∂pd
1

∂γ < 0, ∂wd
1

∂γ < 0.

Proposition 6 ∂pd
2

∂γ > 0, ∂wd
2

∂γ > 0, ∂kd

∂γ > 0.

Appendix A.6. Proof of Propositions 7–9

Proposition 7 When − eθ
−1+α < D0 ≤ E

F(−1+α)
and 0 < v < (c − E

F + (−1 + α)D0)/t2,
∂pd

1
∂θ > 0, ∂wd

1
∂θ > 0; when − eθ

−1+α < D0 ≤ E
F(−1+α)

and (c − eE
F + (−1 + α)D0)/t2 < v <

(c−eγ)(γ+θ)+4eµ+(−1+α)(γ+θ)D0
(γ+θ)t2

, ∂pd
1

∂γ < 0, ∂wd
1

∂θ < 0.

Proposition 8 When µ > (γ+θ)(e(γ−θ)−2(−1+α)D0)
4e and (γ+θ)(2c+e(−γ+θ))+G

2(γ+θ)t2
< v <

(c−eγ)(γ+θ)+G
(γ+θ)t2

, ∂pd
2

∂θ > 0, ∂wd
2

∂θ > 0; when µ > (γ+θ)(e(γ−θ)−2(−1+α)D0)
4e and 0 < v <

(γ+θ)(2c+e(−γ+θ))+G
2(γ+θ)t2

, ∂pd
2

∂γ < 0, ∂wd
2

∂θ < 0.

Proposition 9 When − eθ
−1+α < D0 ≤ I

(−1+α)((γ+θ)2+4µ)
, (c − I

((γ+θ)2+4µ)
+ (−1 +

α)D0)/t2 < v < (c−eγ)(γ+θ)+4eµ+(−1+α)(γ+θ)D0
(γ+θ)t2

, ∂kd

∂θ > 0;when − eθ
−1+α < D0 ≤ G

(−1+α)I ,

0 < v < (c − G
I + (−1 + α)D0)/t2, ∂kd

∂θ < 0.

Appendix A.7. Proof of Propositions 10 and 11

∂pd
1

∂v
=

3
4
(t1 +

θ(γ + θ)t2

(γ + θ)2 − 4µ
)

∂pd
2

∂v
= − 3µt2

(γ + θ)2 − 4µ

∂wd
1

∂v
=

1
2
(t1 +

θ(γ + θ)t2

(γ + θ)2 − 4µ
)
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∂wd
2

∂v
= − 2µt2

(γ + θ)2 − 4µ

∂kd

∂v
= − (γ + θ)t2

(γ + θ)2 − 4µ

Proposition 10 When 0 < θ < D0−αD0
e , 0 < t2 < −γ2t1−2γθt1−θ2t1+4µt1

γθ+θ2 , ∂pd
1

∂v > 0,
∂wd

1
∂v > 0; when 0 < θ < D0−αD0

e , t2 > −γ2t1−2γθt1−θ2t1+4µt1
γθ+θ2 , ∂pd

1
∂v < 0, ∂wd

1
∂v < 0.

Proposition 11 ∂pd
2

∂v > 0, ∂wd
2

∂v > 0, ∂kd

∂v > 0.

Appendix A.8. Proof of Propositions 12 and 13

πCH − πCZ = 1
16(γ2+2γθ+2θ2−2µ)

e(4ce(γ + θ)(γ2 + 2γθ − 2µ)− 8eβ(γ2 + 2γθ + 2θ2 − 2µ) + c2((γ

+θ)((−4 + e)γ + (−8 + e)θ)− 2(−4 + e)µ) + 4c((γ + θ)(αγ + θ)− 2αµ)D0 + 4cv((γ
+θ)(γ + 2θ)− 2µ)t1)

Proposition 12 When 0 < γ <
√

2
√

µ, 0 < α < α1, β > β1, s > s1 (1) when v1 < v,
πCH > πCZ; (2) when 0 < v < v1, πCH < πCZ.

Proposition 13 When
√

2
√

µ ≤ γ, α1 < α, β > β1, s > 0. (1) when v1 < v, πCH > πCZ;
(2) when 0 < v < v1, πCH < πCZ.
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