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Digital transformation (DX) has become an important strategy for the sustainable develop-
ment of traditional manufacturers. However, the impact of DX on the environment is still
inconclusive, and whether it is beneficial for manufacturers to reduce total carbon emissions
remains to be examined. Therefore, based on the carbon cap-and-trade policy, this paper
employs a game-theoretic model to study the DX strategies of duopolistic manufacturers and
to explore the influence of low-carbon policy on these strategies. Additionally, we compare
the total carbon emissions before and after DX implementation by manufacturers, discussing
the environmental implications of DX. And we innovatively segment the market into two
scenarios: one with a low digital technology level and the other with a high digital technology
level. Our research demonstrates that the appropriate DX strategy can not only boost
manufacturers’ profits but also enhance their ability to withstand external shocks. In the
scenario with a high level of digital technology, manufacturers can achieve greater profits and
are more likely to reduce total carbon emissions, resulting in a win-win situation. Sensitivity
analysis reveals that an increase in carbon trading prices encourages manufacturers to ramp
up their investments, ultimately driving comprehensive DX. This study not only provides
decision-making guidance for the DX of manufacturers, but also provides a direction for the
government to promote DX and achieve carbon neutralization.

TCollege of Management Science, Chengdu University of Technology, Chengdu, China. 2 Post-doctoral Research Station of Management Science and
Engineering in Chengdu University of Technology, Chengdu, China. ®email: zhanghuigin@mail.cdut.edu.cn

HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS | (2024)111326 | https://doi.org/10.1057/541599-024-03862-0 1


http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-024-03862-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-024-03862-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-024-03862-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-024-03862-0&domain=pdf
http://orcid.org/0000-0003-1129-4430
http://orcid.org/0000-0003-1129-4430
http://orcid.org/0000-0003-1129-4430
http://orcid.org/0000-0003-1129-4430
http://orcid.org/0000-0003-1129-4430
mailto:zhanghuiqin@mail.cdut.edu.cn

ARTICLE

Introduction

ith the increasingly serious problem of global climate

change, numerous countries have instituted the car-

bon cap-and-trade policy as an approach to control
emissions, widely perceived as one of the most efficient methods
to restrain emissions (Lim and Prakash 2023; Bai et al. 2023). The
carbon cap-and-trade policy refers to a system where the gov-
ernment establishes an overall limit on greenhouse gas emissions
(the “cap”) and allocates this limit to specific emitting entities,
such as industries and companies, which can then buy and sell
carbon allowances in the market (the “trade”). This policy is
widely applied across various sectors, particularly in high-
emission industries like electricity, manufacturing, and trans-
portation. By setting a total emissions cap, the government
encourages businesses to adopt sustainable reduction measures to
achieve environmental protection goals. In examples such as the
European Union Emissions Trading System (EU ETS) and the
California cap-and-trade program, companies utilize market
mechanisms to buy and sell carbon allowances, enabling flexible
reduction strategies that effectively advance the development of a
low-carbon economy. Additionally, this policy is employed in
national and regional climate action plans, fostering collaboration
among all stakeholders to tackle the challenges posed by climate
change. As one of the largest carbon emitters in the world, China
kickstarted pilot projects as early as 2011 and inaugurated the
national carbon emission trading market in 2021. As of now, a
growing number of manufacturers are becoming part of this
system. The policy aims to reduce greenhouse gas emissions in a
cost-effective manner by capping carbon emissions and allowing
companies to trade emissions quotas. However, to achieve this
goal requires not only the design at the policy level, but also the
positive response and innovative practice at the enterprise level.
Within the Chinese economic framework, industrial sectors
represent one of the main carbon emission contributors. As a
significant component of industry, the manufacturing industry
shoulders the responsibility of carbon reduction.

In the past few years, the swift evolution of digital technologies,
including big data, artificial intelligence, blockchain, and the
Internet of Things, digital transformation (DX) has progressively
become a crucial strategy for the sustainable advancement of
traditional manufacturers (Wen et al. 2022). Industrial power-
houses globally are actively pushing for the digital evolution of
their manufacturing sectors, such as “Advanced Manufacturing”
in the U.S., “Industry 4.0” in Germany, and “Intelligent Manu-
facturing” in China. Manufacturing is foundational to socio-
economic development, making its transformational upgrade an
imperative for China in navigating global competition (Zhang
and Gu 2024). DX refers to a series of activities undertaken by
enterprises utilizing digital technologies, optimizing production
processes and innovating business processes and models (Warner
and Waeger 2019), thereby driving qualitative change, efficiency,
and momentum across the manufacturing domain. Many man-
ufacturing enterprises have already begun exploring DX. For
example, after Siemens introduced digital technology into the
process of producing high-efficiency motors, it greatly reduced
the consumption of energy and raw materials in production.
Midea’s microwave oven Shunde factory has launched related
equipment interconnection, digital applications, automation,
intelligent logistics and value flow traction and other related
transformations and upgrades, reducing product costs by 6% and
carbon dioxide emissions by 9.6%. Therefore, there is an inherent
relationship between DX and carbon cap-and-trade policy: on the
one hand, the DX serves a vital function in aiding the accom-
plishment of sustainable development objectives (Yousaf et al.
2023; Wang et al. 2023; Bocean and Varzaru 2024). On the other
hand, the carbon cap-and-trade policy promote the DX of
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manufacturers through economic incentives in order to achieve
long-term sustainable development.

DX has revolutionized traditional industry’s innovation para-
digms, market demand characteristics, and collaborative compe-
titive behaviors, significantly propelling the evolution and growth
of emerging businesses (Zhang et al. 2021). While DX can sub-
stantially bolster enterprise competitiveness, it invariably incurs
additional the DX investment costs. Excessive the DX expenses
can lead to cost disadvantages, undermining an enterprise’s
market competitiveness (Xin et al. 2024). For instance, the UK’s
National Health Service initiated a DX project termed the
“National Electronic Health Record System”, which was even-
tually terminated in 2013 after an expenditure of around 120
million pounds. The endeavor failed primarily due to an oversight
in balancing the relationship between investment costs and
returns, coupled with an inadequate digital technology level at the
time to fully realize the project. Similarly, General Electric’s (GE)
DX, after a 7-year endeavor costing 4 billion dollars, ended with
the departure of its then CEO and a decline in stock prices. One
contributing factor was the imbalance between the DX invest-
ment costs and benefits. Such instances underscore the sig-
nificance of judiciously balancing the costs and benefits of DX,
underlining the urgency to optimize the DX strategy.

During the DX, enterprises do not transition to a fully digital state
immediately. Manufacturers may DX in a certain part of the pro-
duction process or business process. For instance, Midea initiate DX
underwent stages like information integration, internet assimilation,
digital exploration, industrial internet, and comprehensive digitali-
zation. Depending on the degree of DX, manufacturers would incur
varying investment costs, and the optimal DX investment costs
becomes one of the strategic considerations. Moreover, the DX
investment costs are not only associated with the degree of DX, but
are also influenced by the prevailing digital technological level. As
digital technologies mature, the necessary investment costs for DX
naturally decrease. For example, the prices of VR products and cloud
services have been decreasing as their technologies mature. This
paper categorizes the market into low and high digital technology
levels to explore manufacturers’ DX strategy at different stages of
digital technology advancement.

Although DX is widely regarded as the key to the sustainable
development of the manufacturing industry, its specific impact
and strategy choices under the carbon cap-and-trade policy have
not been fully studied. Given this context, under the carbon cap-
and-trade policy, we investigated the DX strategy of duopoly
manufacturers in markets of varying digital technology levels,
aiming to answer the following questions:

RQ1: Under the carbon cap-and-trade policy, what is the
optimal DX strategy for manufacturers at different digital tech-
nology levels?

RQ2: How do the carbon cap-and-trade policy impact the DX
strategy of manufacturers?

RQ3: What effects does the DX have on the total carbon
emissions of manufacturers?

To answer these questions, we constructed a game model for
duopoly manufacturers under three scenarios: both manu-
facturers implement DX (DD), one manufacturer implements DX
while the other does not (DN), and neither manufacturer
implements DX (NN). Through a comparison of equilibrium
profits in these three scenarios, we have identified the manu-
facturers’ optimal DX strategy. Furthermore, we have discussed
the impacts of carbon trading prices (CTP) on the DX strategy.
Additionally, we have examined and compared the manu-
facturers’ carbon emissions before and after implementing the
DX strategy, examining its effects on their total carbon emissions.
This paper contributes in three main areas: Firstly, it integrates
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the degree of the manufacturers’ DX into the game model,
exploring their optimal strategies and enriching the theory and
application of DX in manufacturing. Secondly, by differentiating
between low and high digital technology levels in the market, it
aims to offer more appropriate DX strategy for manufacturers at
varying stages of technological development. Thirdly, the study
goes further to explore the manufacturers’ DX strategy under the
low-carbon policy, discussing the policy’s influence on the DX
strategy and the impact of DX on carbon emissions. The research
reveals the uncertainty of DX’s effect on manufacturers’ carbon
emissions, thereby broadening the research scope in this field.

The structure of this paper is organized as follows: Section
“Literature review” conducts a review of pertinent literature.
Section “Problem description and assumption” provides a com-
prehensive description of the problem and the assumptions made
in the model. In Section “Model construction and solution”, the
game models for the three scenarios are established and solved.
Section “Model analysis” undertakes an analysis of the equili-
brium solutions of the three models. Section “Numerical simu-
lations” presents a numerical simulation of the results. Section
“Discussion” delves into a detailed discussion of the findings,
offering managerial implications. Section “Conclusion” concludes
the full text.

Literature review

This paper primarily delves into the DX strategy of manufacturers
under the carbon cap-and-trade policy. The research mainly
touches upon three aspects: the application of digital technology
in manufacturing, the DX of manufacturers, and the impact of
DX on carbon emissions.

Application of digital technology in manufacturing. As the
foundation of the real economy, the application of digital tech-
nology in manufacturing has garnered widespread attention from
academia. Traditional manufacturers can overcome conventional
operational management challenges by introducing disruptive
digital technologies (Tortorella et al. 2020; Lai et al. 2023). For
instance, automation of smart manufacturing systems is achieved
through digital technologies (Xia et al. 2021), smart manu-
facturing platform has become an important carrier of DX of
manufacturing industry (Han et al. 2023). The realization of
Industry 4.0 through digital means (Aheleroff et al. 2021). As well
as manufacturers drive service innovation through artificial
intelligence to promote the DX of manufacturers (Dou et al.
2024). The transformation and upgrading of manufacturing can
be realized by constructing digital platforms (Jovanovic et al.
2022). Many scholars have endeavored to uncover how digital
technologies facilitate the transformation of manufacturers.
Sundarakani et al. (2021) and Sarfraz et al. (2023) both indicate
the positive effect of blockchain technology on the enhancement
of corporate performance. Stentoft et al. (2021) posited that the
advancement of technologies like Industry 4.0 offers new possi-
bilities for manufacturers’ DX. Tian et al. (2022) conducted an
interpretive study on four apparel manufacturing companies
based on platform leverage theories, revealing companies’ stra-
tegic roadmaps for digitalization, intelligence, and servitization
under platform leverage. Li and Zhang (2024) developed a game
theory model to solve the problem of network security investment
in the Internet of things environment, and found that the higher
the service level of the Internet of things platform, the higher the
security responsibility, which provides valuable decision-making
guidance for enterprises seeking DX. Smania et al. (2024) pro-
poses that effective collaboration among manufacturers, tech-
nology providers and customers is a critical issue in the digital
services ecosystem. Wei et al. (2024) believes that manufacturers

can use digital technology to innovate traditional products and
produce more innovative digital products. Ghobakhloo and Fathi
(2020) carried out an in-depth study over five years on a man-
ufacturer using digital technologies for the DX. They found that
DX necessitates organizational integration based on digital tech-
nology and digitization of the entire value chain. The DX of
manufacturers is inextricably linked with digital technology, and
the evolution of digital technology is intimately related to the
manufacturers’ DX. Hence, this paper innovatively considers both
high and low digital technology level market scenarios.

Digital transformation in manufacturing. Research on the DX
of manufacturing predominantly focuses on definitions and
driving factors. Regarding the definition of the DX, researchers
and practitioners have been using the term “DX” to describe the
phenomenon associated with changes caused by the increased use
of digital technologies (Riedl et al. 2024). Warner and Waeger
(2019) perceive DX as a process that utilizes digital technologies to
drive substantial business advancements. These advancements can
take the form of enhancing customer experiences, streamlining
operations, or even developing entirely new business models.
Wessel et al. (2021) distinguished DX from IT-driven organiza-
tional transformation through two case studies. They believed that
the DX uses digital technologies to define an organization’s value
proposition, accompanied by the emergence of a new organiza-
tional identity. Kao et al. (2024) believes that DX is an adaptive
strategy in the ever-evolving technology and business environ-
ment. It can help organizations enhance operations and customer
experiences to stay competitive. Regarding the driving factors for
DX, some scholars believed leadership, organizational culture, and
employee participation are the determinants of a successful DX
(Jiang et al. 2023; Bilal et al. 2024). Zhang et al. (2023) showed that
top managers have a significant positive moderating effect on the
relationship between IT infrastructure and DX strategy, as well as
the relationship between DX strategy and DX. Yao et al. (2024)
obtained data from 351 Chinese technology enterprises, and the
research results proved that digital leadership has a positive
impact on DX. DX is becoming a coveted model for the manu-
facturing industry. Through the DX, businesses can effectively
enhance competitiveness. Chiu et al. (2022) discovered that the
DX based on deep learning not only reduces manpower for pro-
duct orchestration but also shortens processing times and expands
production capacity. Chatterjee, Mariani (2022) used survey
results from 312 managers, found that the DX helps organizations
become more agile and ultimately increase their competitiveness.
Some studies have shown that DX can also alleviate financial
distress by reducing operational risks and easing financing con-
straints (Cui and Wang 2023). Wang and Shao (2024) found that
DX can significantly improve the production efficiency of man-
ufacturers. Llopis-Albert et al. (2021) believed that appropriate
investment of DX is necessary, and manufacturers will eventually
achieve higher profits, productivity, and competitiveness. Stentoft
et al. (2021) posited that manufacturers would offer products and
services to the market at competitive costs after DX. Due to
resource integration and optimized production methods, manu-
facturers reduce resource consumption, thereby lowering per unit
carbon emissions after DX (Sepasgozar 2021). Therefore, manu-
facturers decision-makers must formulate appropriate DX strat-
egy, leveraging digital technologies to achieve traditional
manufacturers’ DX and enhance corporate competitiveness. In
this paper, we assume that manufacturers will reduce production
costs, reduce unit carbon emissions, and increase market product
demand after DX.

There is limited literature directly studying manufacturers’ DX
strategy. Zhang et al. (2021) researched the coordination
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mechanisms and the optimal DX strategy among traditional
manufacturers, digital technology providers, and governments.
The results indicate that cooperative games can achieve a Pareto
optimum for the system. Liu et al. (2022) constructed a game
model for supply chain DX, examining the impacts of monetary
and symbolic incentives on suppliers’ DX participation. Zhang
and Gu (2024) considered two competing supply chains and used
a dynamic game model to analyze manufacturers’ game
equilibrium and optimal strategy choices for the DX. Xin et al.
(2024) researched the strategy of data capital investment in
competitive supply chains and found that two manufacturers
would make investments in data capital only when the returns on
digital capital investment are relatively significant. Chen et al.
(2024) studied the DX decisions of monopoly manufacturers
under the carbon cap-and-trade mechanism. In this paper, we
take the degree of DX and product pricing together as decision
variables to explore the DX strategy of competitive
manufacturers.

Impact of digital transformation on environmental. The
environmental problem has always been one of the important
issues concerned by the academic circles. With the development
of digital technology, the impact of DX on the environment has
become a hot topic in the current academic circles. At present, it
is generally accepted that DX can help enterprises reduce resource
consumption and improve resource utilization in production and
operation. Specific digital technologies, including big data tech-
nology (Wang et al. 2016), blockchain technology (Saberi et al.
2019) and the Internet of things (Liu et al. 2023), have been
shown to have a positive impact on green sustainability. In
addition, artificial intelligence can monitor energy consumption
in real time and optimize production, thereby reducing unit
carbon emissions (Fang et al. 2016). Tong et al. (2023) analyzed
the digital work of intelligent cement plants in China, using a
variety of digital technologies, such as special integrated robots,
online equipment, information factory forms, artificial intelli-
gence, and so on, to achieve fine management through a variety of
ways. The results show that cement plants usually save 2-5% of
energy and 20% of staff simplification. Apple is trying to make it
green by using recycling robots to disassemble phones. BYD, a
Chinese new energy car maker, has developed an ecosystem that
supports blockchain with supply chain partners to reduce its
carbon footprint (Han et al. 2020). Lai et al. (2023) conducted in-
depth exploration and interviews on the DX of six enterprises,
including Huawei and Lenovo, and found that DX has improved
the environmental performance of enterprises. It can be seen that
in the actual production and operation, DX can help enterprises
to reduce resource consumption, thus reducing unit carbon
emissions.

Some scholars explore the impact of DX on carbon emissions
from a macro point of view. The impact of DX on the overall
carbon emissions of enterprises is still controversial, there are
mainly three views. The first viewpoint asserts that DX
contributes to a reduction in carbon emissions. At present, many
scholars have proved that DX is beneficial to the reduction of
carbon emission intensity through empirical research (Huang
et al. 2023). Yi et al. (2022) found that the digital economy
significantly in decrease of carbon emissions via spatial spillover
effects. Zhang et al. (2024) used the data of listed companies in
the manufacturing industry and found that DX has a significant
mitigation effect on carbon emissions in the manufacturing
industry. The second viewpoint contends that DX is not certain
lead to a decrease in carbon emissions. Hu (2023) employed a
dynamic differential approach for analyzing panel data from
prefecture-level cities, revealing that the incremental impact of
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digital economy growth on emissions reduction is subtle.
Additionally, Gao et al. (2023) found that DX has a statistically
significant negative effect on carbon emission intensity. The third
viewpoint proposes that the impact of DX on carbon reduction is
uncertain. Jia et al. (2023) estimated the carbon emissions
brought by the DX of different industries, and the results showed
that the labor productivity of the digital economy has not yet
shown the promotion of carbon emission reduction. Chen et al.
(2024) used a mathematical model to prove that the impact of DX
on the total carbon emissions of monopoly manufacturers is
uncertain. Therefore, this paper introduces low-carbon policy
into the study of the DX strategy, assumes that DX can reduce
unit carbon emissions, comparing the total carbon emissions
before and after manufacturers’ DX, exploring its impact on
carbon emissions.

To summarize, under the carbon cap-and-trade policy, this
study investigates manufacturers’ DX strategies under varying
levels of digital technology. In addition to proposing optimized
DX strategies for manufacturers, the paper also examines the
effects of low-carbon policies on manufacturers’ DX. Further-
more, the influence of DX on total carbon emissions is also
explored. To emphasize the contributions of this study, relevant
literature has been consolidated in Table 1.

Problem description and assumption

In this section, we will first define the symbols used within this
paper, followed by a detailed outline of the problem in question.
Furthermore, we will offer a series of basic assumptions to sup-
port our study.

For ease of analysis, Table 2 provides definitions and expla-
nations for relevant symbols. In a duopoly market, leti = 1,i =2
represent manufacturer 1 (M1), manufacturer 1 (M2). Let j =
NN denote scenario NN, where both M1 and M2 adopt tradi-
tional technologies; j = DD represents scenario DD, where both
M1 and M2 implement the DX; j= DN (j = ND) represents
scenario DN (scenario ND), where M1 (M2) implements the DX,
and M2 (M1) adopts traditional technologies.

In the duopoly market, our study focuses on two traditional
manufacturers who are involved in Bertrand competition. These
manufacturers offer perfectly substitutable products to con-
sumers. As a result, we can identify three different scenarios or
market structures, which are illustrated in Fig. 1. That is, both M1
and M2 use traditional technology (ie. scenario NN), both
implement DX (i.e. scenario DD), M1 implements DX while M2
adopts traditional technology (i.e. scenario DN). M1 uses tradi-
tional technology while M2 implements the DX (i.e., scenario
ND). Since scenarios DN and ND are symmetrical, we only
consider scenario DN.

Different from the traditional technology, the DX is mainly
manifested in two aspects to the production and operation of
manufacturers. First, the use of digital technology to achieve
product production process optimization and reengineering.
Sensors deployed in all aspects of the plant can monitor energy
consumption in real time and provide data for analyzing and
optimizing energy efficiency. Use the algorithm to analyze the
production process, optimize the operation and reduce the waste
of raw materials. The use of digital tools in the product design
stage can reduce the physical prototyping in the process of trial
and error and reduce the waste of materials. The use of block-
chain technology can optimize inventory management and
reduce overproduction and waste. This part can be understood as
the result of technological progress, which can reduce the cost per
unit product (Moeuf et al. 2018; Stentoft et al. 2021; Gokalp and
Martinez 2021; Xin et al. 2024) and carbon emissions (Han et al.
2020; Zheng et al. 2021; Liu et al. 2023). For example, Midea’s

| (2024)11:1326 | https://doi.org/10.1057/541599-024-03862-0



ARTICLE

Table 1 Comparison between this article and related literature.

Level of digital
technology

Carbon
policy

Performance of DX

Market structure

Method

Literature

X

Case study

Ghobakhloo and
Fathi, 2020

e

Empirical study

Theoretical

Zhao et al. 2023
Huang et al. 2023

Duopoly manufacturers

modeling

X

Increase total profit

A manufacturer, a digital
technology provider,

government

Theoretical

Zhang et al. 2021

modeling

A manufacturer and a retailer Increase demand

Theoretical

Liu et al. 2022

modeling

Improve product quality, reduce

production cost

Two manufacturers and one

retailer

Theoretical

Xin et al. 2023

modeling

Increase market demand, reduce

production cost

Two competitive supply chains

Theoretical

Zhang and Gu 2024

modeling

Improve product quality

Two suppliers and one

manufacturer

Theoretical

Wei et al. 2024

Increase product demand, reduce

Duopoly manufacturers

modeling
Theoretical

This paper

production costs and reduce unit

carbon emissions

modeling

Table 2 Symbols and descriptions.

Symbols Descriptions

M: The price of the manufacturer i's product, ﬂ, >0.

q. The output of the manufacturer i's product, g} >0.

A The degree of the manufacturer i's DX, 0 < 6} < 1.

m The profits of the manufacturer i, 7, > 0.

Q Potential market demand, Q > 0.

c The unit cost of the product, ¢ >0.

a Production cost saving coefficient, O<a<c.

@ Demand increment coefficient, ¢ > 0.

A Technology spillover coefficient, 0 < A< ¢.

G Investment cost of the manufacturer i's DX, ¢; > 0.

m Cost coefficient of manufacturer's DX, m> 0.

e Unit carbon emissions, e > 0.

p Carbon emission saving coefficient, 0 < <e.

De CTP of per unit carbon emissions, p, >0.

R; Carbon quota allocated by the government to manufacturer i,
R > 0.

microwave oven Shunde factory has launched related equipment
interconnection, digital applications, automation, intelligent
logistics and value flow traction, resulting in a 6% reduction in
product costs and a 9.6% reduction in carbon dioxide emissions.
Siemens significantly reduced energy and raw material con-
sumption in the production process after introducing digital
technology into the efficient motor production process. Second,
DX has transformed business model. This is also one of the
biggest differences between digitalization and informatization.
DX can help manufacturers to better analyze consumer demand,
improve product quality and personalization, enhance user
experience (Liu et al. 2024), so as to improve product demand
(Liu et al. 2022; Zhang and Gu 2024). For example, Midea dee-
pened the layout of intelligent transportation incremental parts,
with shipments of 750,000 units in 2023, an increase of 400% over
the same period last year.

To derive results that are simpler to analyze, we make the
following assumptions:

Assumption 1: According to the above description, manu-
facturers can increase market demand after implementing DX
(Liu et al. 2022; Zhang and Gu 2024). At the same time, DX has
positive externalities, competitors to implement DX will produce
technology spillover effects, but also can improve the market
demand of manufacturers to a certain extent. Referring to the
studies by Liu et al. (2022)and Niu and Xie (2020), we set the
demand function as:

‘1/1: = Q_P]:: +Pj37i+‘/’6i+/wsfi (1

where Q represents the potential market demand. ¢ denotes the
market demand increment coefficient due to the DX. A represents
the technology spillover coefficient of competitors, A < ¢.
Assumption 2: It is assumed that both manufacturers have the
same unit production cost and unit carbon emissions, denoted as
c and e respectively. According to the above description of DX on
the production and operation performance of manufacturers, DX
can reduce production costs and carbon emissions of per unit
product (Stentoft et al. 2021; Xin et al. 2024; Chen et al. 2024).
Therefore, after the manufacturer implements the DX, it is
assumed that the production cost and carbon emissions of per
unit product are ¢ —af and e —f0 respectively. Where af and 0
is the unit product production cost and carbon emissions reduced
by DX, respectively. o and f3 are production cost saving coefficient
and carbon emission saving coefficient respectively. For instance,
the Digital Manufacturing Innovation Program initiated in Ger-
many has successfully supported SMEs in adopting advanced
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Fig. 1 Decision model diagram under three scenarios in duopoly market.
fiigital tech.nologie's, resulting in an average coet reduetiep (?f 2000 H,=4m—(p+a«a + ﬁpe)z >0. Therefore, when
in production. This approach can encourage similar initiatives to 455, > (p+a + ﬁp , DD has an optimal solution. By solving
help manufacturers implement DT effectively. And Ford’s o0 gor ¢ b 60 — (p+atpp)Q
implementation of IoT and AI technologies in their manu- apDD =0an a@DD = 0 together, we get 2m—(¢+ D) (g +a+pp,)

facturing plants has resulted in a 15% decrease in operational
costs and a significant reduction in carbon emissions.

Assumption 3: When manufacturers implement DX, there will
be investment costs related to the degree of DX. Referring to Xin
et al. (2023), Zhang et al. (2021), Liu et al. (2022), the relationship
between Manufacturer i's degree of DX and investment cost is
C; = m0;. Where m is the cost coefficient related to the level of
digital technology development. The more advanced the level of
digital technology, the lower the cost of DX, and consequently,
the lower the cost coefficient. In this context, the level of digital
technology refers to the current market development level of
digital technology. Therefore, let - represent the level of digital
technology.

Assumption 4: Under the carbon cap-and-trade policy, R; is
the carbon quota allocated to the manufacturer by the govern-
ment. p, is CTP of unit carbon emissions. Manufacturers sell or
purchase carbon quotas through the carbon trading market. It’s
assumed in this paper that companies can always buy enough
carbon quotas or sell surplus carbon quotas. Finally, it’s assumed
that the market supply and demand are equal, that is, the man-
ufacturer’s output is equal to sales.

Model construction and solution

In this section, we have constructed the profit functions of two
manufacturers under three different scenarios and derived their
equilibrium solutions. In order to ensure that the equilibrium
solution is greater than 0, the condition is set to

Q> max{a+ fp, — ¢ — )L,iz(”ﬁpg_“’)”}.

Scenario DD. In the scenario DD, the profit function of the

manufacturer is
D _ (. DD DD\ DD DD2
=(p; —c+ab g Rlp, — mb;

(@)

[(e — BO?")g;™” —

where (pPP — ¢ + afBPP)gPP represents the proceeds from the sale

of the product by the manufacturer. [(e — 6°")g”" — R]p,
represents the carbon emission costs (or benefits) incurred by
manufacturers buying (or selling) carbon quotas. 7P is a func-

tion of pPP and 07", and we can get the Hessian matrix of 7°P as
I e e
HDD —_
' (p_a_ﬁpe 2¢(a+ﬁpe)_2m

In order to ensure that 7P” has an optimal solution, Hessian
matrix must be negative definite, that is, it satisfies H; = —2<0,

6

Since O<0iD <1, when m> Qrethetatfp) _

2
facturer i optimal transformation degree is 67”. Otherwise, when
6°P = 1, the manufacturer can achieve maximum profit. Since m
is inversely proportional to the digital technology level, we divide
the two situations into low digital technology level (i > m;) and
high digital technology level (m < m;), represented by subscripts
L and H respectively. Therefore, substituting 6°° into Eq. (2), the
equilibrium solution under the low digital technology level is

1> the manu-

DD* __ [2m— (a+Bp, )@ +a+pp,)IQ
b = 2m—(p+M)(p+a+pp,) T ot ep,

DD* _ 2mQ
qi 2m—(9+ M9+ a+ Pp,)

D* __ (p+a+pp)Q
03 — 2m—(p+M)(o+a+fp,) (3)
bt — _ mlg+at Bp.) @
[2m— (9 +M)(9+a +13Pc)]Z

DpD* ___mldm—(p+a+pp)]

L= R (p+ Dig+atf, )]z + PR,

<

When m m;, substitute GiDD =1 into Eq. (2), and the
equilibrium solution under the high digital technology level is

DD*

=Q—-a+9+A+c+ (e—pp,
PP=Q+ ¢+
9’?”:1 (4)
cy =

=Q+ ¢+ 1)+ pR—m

Scenario DN. In the scenario DN, the profit functions of M1 and
M2 are

DN _

y N — et af)M)g — [(e — pOTVgr — Rylp, — m6™

)
= = og" — (eq)™ — Ry)p, (©)

where (pPN — ¢+ af?)gPN and (PPN — c)gDPN represent the
revenue generated by the sale of products by M1 and M2,
respectively. [(e — BOPN)gPN — R,]p, and (eq?N — R,)p, represent
the cost (or benefit) of carbon emissions from M1 and M2 buying
(or selling) carbon allowances, respectively Similarly, it is found
that when m>CQE2etatfp “H)(‘HH’B P =m,, the equilibrium

solutions of M1 and M2 under the low digital technology level are
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Table 3 The relationship between product prices of M1 (M2) in different scenarios.
Pe<Peo mb<m < m, my<m<m, m>m,
p?ﬁ)* >P4VHD*1 Pﬁ.’ﬂ* >p_INN* p'lDf-?* >p_f‘\zD*' p?LN* >p_f‘VN* p'IDLD* > p_ll\iD*' p_ﬁN* >p_|NN*
PoR" > o, Pon > o™ P >, por* > Py PoC>p3l", P >ph™
Pe > Peo mp<m < m m<m < m, m>m,
Pe <Pe<Per PR > Py, PR > Py PR >ph>", pptt > pp P > P, Pt > p
PO >Po", Phn” > Py P > Py, ph* > pi po>* >por™, phr* > py
Pe>Par PR <Py, P <pp™ PR <7, PR < pp PR <pi®, pp < pp
PO <P PhA* <Py Por <Pai, PhA <Py pa>* <pal', ph* <Py
Table 4 The relationship between outputs of M1 (M2) in different scenarios.
Pe < Peo mi<m=<m, my<m<m m > m
qﬁl’)* > qq\lHD*l q?’.ly\l* > qq\lN* %Dp.?* > qﬁD*' qﬁN* > qg\IN* qﬁD* > qﬁD*' q?LN* > C#IN*
i >l o > a >, o> g P>l o> a
Pe > Peo m’o<m§m1 m<m<m, m>my
q1DHD* S q4\IHD*I q?’y* > qq\lN* q?’?* > qﬁD*' q1DLN* > qg\/N* q1DLD* > qﬁD*, qﬁN* > q4\lN*
On* >, oy >4 G >, ayt > At > a5, gyt >
Similarly, the manufacturer i's equilibrium solution is
DN* _ _ 3[2m—(a+pp,)(¢+a+pp,)IQ y
1473 — 6m—Qo+a+pp, +M)(e+a+pp,) tctoep, pﬁ\]N =c+ep, +Q
DN* __ 6mQ NN* __
DL = Gm—(Gg+atPp, +Dg+atpp) 4 = Q (12)
gON* _ 3(p+a+fp)Q W = Q* + p,R;
L= &m—Qg+a+fp, +0(@+atpp) ™)
CDN* — om(p +a+pp,)'Q
1L [6m — 29+ o+ fp, + Mg+ o+ Bp, )] Model analysis
DN* _ om{4m — (¢ -+ a+ pp.)"1Q" R From the above, we can see that the equilibrium solutions in different
L= fom— o tathp, t0gtatfpor T Pef : o
e ¢ scenarios are related to the level of digital technology. When
—a+2) .
POV = [om—(p +2a-+ 2p, + Nlgtatp)Q | ep p,< £=4E2 — p . my > m,. Otherwise, m, > m;. To ensure that the
2 om = Qo +a+fp.+Dp+atpp.) ¢ equilibrium solution is non-negative, and the Hessian matrix is
DN* __ [6m— (¢ +2a+2fp, + M9+ a+pp,)IQ : : (p+M(p+a+pp,) h
= < < tive definite, m > “————"" =m; when p.<pyn and
2L 6m— @+ at fp, + Mg+ atfp,) (8) nega > 2 0 e <Peo
22 (a+Bp)o+a+Pp,) (p+2a+2Bp,—Mo+a+pp)| _ 1 h
DN [6m — (¢ + 20+ 2fp, + (¢ +a+ pp, )P Q + p.R m > max 5 R 3 = m, when
2L — e 2

[6m — 29 +a+Bp, + (9 +a+fp,)I
When m < m,, substituting 9? N* — 1 into Eq. (5), the equilibrium
solutions for M1 and M2 under the high digital technology level
are

DN* _ 3Q+2¢p—2a—2fp, +A
PIH - 3 +c+ epe
qDI{I\]* _ 3Q+42¢+a+pp, +A
1H = 3
DN*
o =1 ©)
DN* _
Cyg =m
DN* __ (3Q+2¢+a+pp, +1)
T = 9 +pR —m
DN* _ 3Q+¢—a—fp, 421
PZH - 3 +c+ epe
DN* _ 3Q+t¢—a—fp +2)
D = 3 (10)
DN* _ (3Q+¢—a—fp,+2))
g = 9 + p.R,

Scenario NN. In the scenario NN, the manufacturer i's profit
function is

m =@ =0 — (eq) —Rp, (1)

where (pMN — c)g™N represents the revenue generated by the
manufacturer from the sale of the product. (eg™ — R;)p, repre-
sents the cost (or benefit) of carbon emissions resulting from the
purchase (or sale) of carbon credits by the manufacturer.

Pe > Peo- Next, we will conduct a comparative analysis of the equi-
librium solutions. All the propositions have been proven and are
provided in the Appendix.

Comparison of equilibrium solutions. Proposition 1: Given M2
(M1)'s strategy (N or D), the relationship between product prices of

M1 (M2) in different scenarios is shown in Table 3. Where
_ 29—2a+A

P =25

Proposition 1 indicates that when the CTP is low (p, < p 1),

given M2 (M1)'s strategy (N or D), the product pricing of M1
(M2) will be higher after DX, regardless of the digital technology
level. The primary reason is that the investment cost of DX leads
to increased costs, resulting in higher product prices. When the
CTP is high (p. > p.1), M1 (M2) will reduce their product prices.
This is because when the CTP is sufficiently high, DX helps
manufacturers reduce carbon emissions, bringing more cost
advantages. Manufacturers can then lower their product prices to
attract more consumers to buy products, thereby promoting their
business development.

Proposition 2: Given M2 (M1)'s strategy (N or D), the
relationship between the outputs of M1 (M2) in different scenarios
is shown in Table 4.

Proposition 2 indicates that, given M2 (M1)‘s strategy (N or
D), the output of M1 (M2) will increase after DX, regardless of
the CTP or digital technology level. The reasons are: (1) DX has a
direct market expansion effect. (2) DX helps reduce costs
(production costs and carbon emission costs). When p, > p.;,
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Table 5 The profit relationship of M1 (M2) in different scenarios.
Pe < Peo mh<m <m, my<m<m m > my
DD+ - _ND+ DN« — NN« DD+  ~ND+ _DNx NN+ DD+ - _ND+ DN« NN«
My~ >y My > Ty > Ty > I >, Ty >
noR* > o, o >y noR* > o, mhp* > mh oLt > o, iyt > i
Pe > Peo mhy<m<m, my<m <m, m>m,
DDx NDx DNx NN« DD« NDx DN NN« DDx NDx DN NN
T T T M M G R A
& * % * % * £ * £ * % *
TR >ToH .+ Thon > 71 Ton 2T . Ty > 1, T > T > 71,

M1 (M2) will lower the product price, which will ultimately have
a positive impact on market demand. (3) When p, < p,;, product
pricing may increase, suppressing market demand, but the output
of M1 (M2) will still rise, as the market expansion effect of the DX
dominates. Therefore, when manufacturers implement the DX,
their product output will always increase.

Proposition 3: Given M2 (M1)'s strategy (N or D), the profit
relationship of M1 (M2) in different scenarios is shown in Table 5.

Proposition 3 indicates that, given M2 (M1)‘s strategy (N or
D), the profit of M1 (M2) will increase after DX, regardless of the
CTP or digital technology level. The reasons are: (1) DX has a
direct market expansion effect and the utility of cost reduction
(production costs and carbon emission costs). The profit
generated is greater than the investment cost of the DX, resulting
in profit growth. (2) While p, < p.; may lead to an increase in
product pricing, the market demand for M1 (M2) will still
increase, leading to profit growth. Therefore, when manufacturers
implement the DX, their profits will always increase.

Equilibrium strategy. Proposition 4: Strategy DD is the only
Nash equilibrium.

Proposition 4 indicates that the scenario in which both
manufacturers implement DX is the only equilibrium situation.
This is because when M1 (M2) chooses traditional technology or
DX, M2 (M1) will realize profit improvement. In order to
maximize the benefits, M2 (M1) will implement DX on its own
initiative or out of necessity, so as to achieve competitive balance
in the market. This conclusion also corresponds to the actual
situation. For example, both Gree and Midea have implemented
DX. Manufacturers will implement DX regardless of digital
technology level. However, the digital technology level determines
the degree of DX and the investment cost of DX. In a market with
low digital technology level, both manufacturers will partially

transformation, degree of DX is 6" " and investment costs of DX

is CPP". When the digital technology level exceeds a certain
threshold, both manufacturers will implement complete trans-
formation, investment costs of DX is Cgf*.

Proposition 5: When m > ms and p, < p., the two
manufacturers fall into a prisoner’s dilemma, ie., PP <7 N".

Where my = (¢ + )(2Q + ¢ + A), p,, = 2=+

Proposition 5 illustrates that a prisoner’s dilemma might occur
amongst two manufacturers in a competitive environment. Specifi-
cally, when m > ms3 and p, > p.,, the equilibrium strategy of both
manufacturers is to implement DX, but their respective profits are
smaller than that of scenario NN. Even if traditional technology can
potentially lead to greater profits, both manufacturers will still adopt
DX. This is because both manufacturers pursue their own profit
maximization and will choose to implement DX. However, when the
cost coefficient of DX is large, it will lead to a smaller degree of
manufacturers’ DX, and the increase of CTP will also lead to an
increase in carbon emission costs. If both manufacturers choose
traditional technologies, they will also pay higher carbon emissions
costs, but will still be able to maintain high profits because they do
not invest in expensive digital technologies. Consequently, in scenario

8

0.5

045

partial transformation
04

£ 025~
m

0 0.2 0.4 0.6 0.8 1
P,

e

Fig. 2 Equilibrium strategy of the two manufacturers.

DD, each manufacturer’s profits are lower than in scenario NN,
meaning both manufacturers succumb to the prisoner’s dilemma.
This proposition indicates that the existence of a prisoner’s dilemma
is not advantageous for manufacturers seeking to maximize their
profits. Hence, under the aforementioned conditions, both manu-
facturers should seek strategies to mitigate the effects of the prisoner’s
dilemma.

Figure 2 showcases the outcomes of Propositions 4 and 5. The
shaded region signifies the infeasible domain. The top segment
(indicated by a blue arrow) suggests partial transformation by
manufacturers, while the central area (indicated by a red arrow)
indicates complete transformation by manufacturers. Further-
more, the upper right corner signifies that both manufacturers are
caught in a prisoner’s dilemma.

Impact of CTP on equilibrium results. Since scenario DD is the
only Nash equilibrium, we only need to discuss the impact of the
CTP on the equilibrium solution of scenario DD.
Proposition 6: The impact of CTP on equilibrium strategy.
201"
p,

achp
9p,

(1) aa% >0; (2) >0; (3) >0.

Proposition 6(1) implies that an increase in the CTP will serve
as a catalyst for manufacturers to undergo a complete
transformation, a phenomenon also depicted in Fig. 2. Proposi-
tions 6(2) and (3) suggest that at a lower digital technology level,
an upsurge in the CTP can stimulate manufacturers to augment
their DX investment, thereby enhancing their degree of DX. This
is predicated on the idea that a higher CTP encourages
manufacturers to actively seek ways to diminish carbon emissions
for the dual purpose of reducing costs and boosting profits. By
enhancing the degree of DX, manufacturers can use resources
more efficiently and considerably decrease carbon emissions.
Therefore, they will increase their investment in DX to achieve a
higher level of DX and consequently, realize an increase in profits.

Proposition 7: The effect of CTP on manufacturers’ profits
under scenario DD. .

DD*
(1) When p, < pes, g‘—;e >0, otherwise, ag;; <0; (2)

DD*
oy

S > 0.
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Where p3 = 5,25 + 76 Bg-A'R, B

® =[98(g + 1)’(m — (¢ + V)m*Q@R}

13

+V3\/Blg + WmQRL7(p + N — (9 + V)R + 4pm Q]

Proposition 7 reveals that in a market with a low digital
technology level, as the CTP increases, manufacturers’ profits
initially increase and then decrease post-DX. This is attributed to
the fact that DX can curtail carbon emissions, and a rise in the
CTP will decrease the manufacturer’s carbon emission expenses,
thereby leading to an increment in profits. As CTP continue to
rise, manufacturers will increase investment to achieve a higher
degree of DX. However, the returns from DX fail to exceed the
investment costs, hence leading to a decrease in manufacturers’
profits. Therefore, when the CTP is p,;, the manufacturers’ profit
is maximized post-DX. In a market with a high digital technology
level, CTP always positively impact manufacturers’ profits. This is
because, in a high digital technology market, manufacturers
always achieve a complete degree of DX, and an increase in CTP
will reduce the manufacturers’ carbon emission costs, resulting in
increased profits.

Analysis of total carbon emission. In the context of global car-
bon neutrality, environmental issues are increasingly garnering
attention from governments worldwide. Manufacturers are
compelled to focus on carbon emission issues too. Although DX
can mitigate resource consumption, its impact on total carbon
emissions remains uncertain. Therefore, we will discuss the effect
of manufacturers’ DX on total carbon emissions in this section.
As strategy DD is the only Nash equilibrium, we will only
compare the total carbon emissions of scenario DD with scenario
NN. The formula for calculating total carbon emissions is as
follows:

CE = q(e — p9) (13)

Based on Eq. (13), we can calculate the total carbon emissions
under both scenarios. In the DD scenario, total carbon emissions
from manufacturers operating in markets with low and high
levels of digital technology are given as follows:

2mQ[2me — Qg + a + fp,) — e(p + V(¢ + a + fp,)]

CEPP* —
. [2m — (¢ + )( + a + Bp,)T’
(14)

CERY = (e~ P(Q+¢+2) (15)

In scenario NN, the total carbon emissions of manufacturers
are:

CEMY" = Qe (16)

Proposition 8: The relationship between total carbon emissions
before and after the DX of manufacturers.

(1) When m >my, CEQD* > CE,NN* if e >ey; otherwise,
CEPP" < CENVY;

(2) When m<my, CEPP">CENN" if e>ey otherwise,
CE%D* ) CE?JN*' 2mpQ BQ+9+1)

m,

Where 1 = o+ D Tt fp? 2 = 91

Proposition 8 indicates that while DX can reduce carbon
emissions of the unit product, the change in manufacturers’ total
carbon emissions is uncertain. In the low digital technology level
market, the relationship between total carbon emissions before
and after manufacturers’ DX is related to unit carbon emissions.
When unit carbon emissions are small (e < e;), DX can reduce
manufacturers’ total carbon emissions, benefiting environmental
protection. When unit carbon emissions are large (e > e;), the
manufacturers’ total carbon emissions will increase after DX,

which is not conducive to environmental protection. This is due
to the market expansion effect caused by manufacturers’ DX.
Raising CTP can increase this threshold (e;), so a higher CTP can
reduce manufacturers’ total carbon emissions. Similar conclu-
sions can be drawn for the high digital technology level market.
When unit carbon emissions are small (e < e,), DX can reduce
manufacturers’ total carbon emissions. When unit carbon
emissions are large (e > e), the manufacturers’ total carbon
emissions will increase after DX. Interestingly, due to e; < e,, it’s
more likely that manufacturers will reduce total carbon emissions
after DX at the high digital technology level market. The
government must strengthen digital infrastructure, encourage
digital technology research and development, and enhance the
market’s digital technology level. In conclusion, the DX of
traditional manufacturers is inevitable. In the context of global
carbon neutrality, it is also inevitable for manufacturers to reduce
total carbon emissions. Therefore, manufacturers must continu-
ously introduce and develop green technologies, reduce unit
carbon emissions in production, effectively reduce total carbon
emissions, and achieve the goals of transformation, upgrading,
and sustainable development.

Numerical simulations

In this section, we will conduct numerical simulations predicated
on the model’s analysis results. As pointed out in the white paper
“The Impact of the Fourth Industrial Revolution on the Supply
Chain”, DX has the potential to cut down manufacturing costs by
17.6% and enhance revenue by 22.6% (World Economic Forum
2017). Referring to Xin et al. (2024) and Liu et al. (2022), we set
the parameters as follows: Q = 1, & = 0.176, f = 0.226, ¢ = 0.25,
A = 0.1, R; = 0.5. Next, we use numerical simulations to
demonstrate the impact of manufacturers’ DX strategy and CTP
on the strategy.

Figure 3 shows the profit relationship of M1 (M2) under four
scenarios, set respectively as p, = 0.5 (left) and p, = 1 (right). As
seen from Fig. 3, regardless of whether competitors choose tra-
ditional technology or DX, M1 (M2) can achieve higher profits
after DX. Thus, manufacturers will always opt for DX. This is
consistent with Proposition 3 and Proposition 4. In Fig. 3 (right),
the shaded part indicates that both manufacturers are trapped in
the prisoner’s dilemma, i.e., 7°?* < 7¥N". This is consistent with
Proposition 5.

Figure 4 shows the impact of CTP on manufacturers’ product
prices at different digital technology levels, set respectively as m =
0.3 and m = 0.7 to reflect high and low digital technology levels.
From Fig. 4, as the CTP increases, the product price also rises.
Comparing scenario DD with scenario NN, we find that the slope
in scenario DD is smaller. This means that after manufacturers
implement DX, the impact of CTP on product prices diminishes.
As an external environmental variable, CTP reveal an intriguing
conclusion: DX enhances the manufacturers’ ability to handle
external shocks, i.e., organizational resilience.

Figure 5 shows the effect of CTP on the degree of DX and
investment costs at a low digital technology level, set as m = 0.4,
m = 0.6, and m = 1.0 to reflect different digital technology levels.
From Fig. 5, as CTP rise, both the optimal degree of DX and
investment costs for manufacturers increase. This is in line with
Proposition 6. Comparing results across different digital tech-
nology levels, we also find that the higher the digital technology
level (i.e, m is smaller), the greater the degree of DX and
investment costs. Additionally, the higher the digital technology
level, the more sensitive the manufacturers’ DX strategy is to
market reactions.

Figure 6 depicts the effect of CTP on manufacturers’ profits
in the different digital technology level market. In the low
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Fig. 3 Profit relationship of two manufacturers under different scenarios.
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Fig. 5 Impact of CTP on manufacturers’ strategy.

digital technology level market, the impact of CTP on profits
follows an inverted “U” pattern, meaning that as CTP rise,
manufacturers’ profits first increase and then decrease. There
exists a unique CTP (p.3) that maximizes manufacturer profits.
In the high digital technology level market, CTP positively
affect manufacturer profits. This is consistent with Proposition
7. Moreover, comparing m = 0.2, m = 0.3, and m = 0.4, we

10

Q
05~ 02

0.05 - il

find that the higher the digital technology level, the larger the
manufacturer profits.

Figure 7 compares the total carbon emissions before and after
manufacturers’ DX. The influence of DX on overall carbon
emissions is linked to the carbon emissions per unit. Only when
per unit carbon emissions are below a certain threshold (e, or e,),
is DX environmentally beneficial for manufacturers. Since e; < e,,
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Fig. 6 Impact of CTP on manufacturers’ profits in scenario DD.
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Fig. 7 Impact of per unit carbon emissions on total carbon emissions.

the market with a higher digital technology level benefits the
environment more when implement DX. This aligns with Pro-
position 8.

Discussion

This section compares the research findings with previous lit-
erature and examines whether the research results can support
the current industrial practices of DX. Based on the research
results, some management insights are provided for decision-
makers in manufacturers and the government.

Regardless of the digital technology level in the market, the
benefits of the manufacturers’ DX in equilibrium always
exceed the investment costs, meaning that DX can always
increase the manufacturer’s profits. As profit-maximizing
manufacturers, they will choose to implement DX. However,
under a different digital technology level market, the manu-
facturers’ optimal strategy of the DX will also differ. In a low
digital technology level market, manufacturers opt for partial
transformation. When the digital technology level exceeds a
certain threshold, the manufacturers’ profit is maximized by
the complete transformation. Current studies indicate that DX
can enhance manufacturers’ competitiveness (Chatterjee and
Mariani 2022; Llopis-Albert et al. 2021; Chiu et al. 2022; Li
et al. 2024), which is consistent with our findings. Moreover,
real-world examples, such as Midea and SAIC Maxus, have
increased product sales and profits through DX. However,
differing from this study, Xin et al. (2024) argue that only
when the investment in data capital is relatively significant

m=0.2 1

0 0.2 0.4 0.6 0.8 1

sl m<m

06
04+

0.2

will the two manufacturers invest in data capital. This is
because they did not consider the degree of DX as a decision
variable. In this paper, manufacturers implement the optimal
degree of DX and make the best investment in the DX.
Notably, under certain conditions, duopoly manufacturers
might fall into a prisoner’s dilemma, where neither under-
going DX might yield higher profits.

CTP may influence manufacturers’ DX strategy. In a low digital
technology level market, an increase in CTP will drive manu-
facturers to invest more in DX, thus achieving a higher degree of
DX. In other words, carbon cap-and-trade policy promotes manu-
facturers’ DX, consistent with the findings of Zhao et al. (2023).
Numerical simulations show that the higher the digital technology
level, the more sensitive the manufacturers’ DX strategy is to market
reactions. This finding resonates with Troise et al. (2022), suggesting
that digital technology capabilities can enhance organizational agi-
lity. At different digital technology levels, the impact of CTP on
manufacturer profits differs after DX. In a low digital technology
level market, as CTP increase, profits for manufacturers first rise and
then decrease after DX. In contrast, in a high digital technology level
market, CTP consistently positively influence manufacturer profits.
Importantly, DX can enhance a manufacturer’s ability to respond to
external crises, improving organizational resilience. This aligns with
the views of Fletcher and Griffiths (2020). They believe that orga-
nizations with limited digital maturity are more vulnerable in
volatile, uncertain, complex, and ambiguous external environments.
Rauniyar et al. (2023) also suggest that DX can reduce supply
chain risks.
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The impact of DX on a manufacturers’ total carbon emissions
is uncertain and is related to the unit carbon emissions of the
produced products. When unit carbon emissions are small, DX
can reduce a manufacturers’ total carbon emissions. When unit
carbon emissions are large, the manufacturers’ total carbon
emissions will increase after DX. Our research conclusions sup-
port the third view mentioned in Section “Impact of digital
transformation on environmental” (Jiang et al. 2023; Chen et al.
2024). Increasing CTP to control total carbon emissions can only
be achieved in a low digital technology level market. Interestingly,
implementing DX is more environmentally beneficial in a high
digital technology level market. Under carbon neutrality, it’s
imperative for manufacturers to implement green technology,
reducing per unit carbon emissions and consequently, the total
carbon emissions. This outcome is in line with the research
results of Xue et al. (2022) and Yang et al. (2023), indicating that
DX is advantageous for corporations in fostering innovation in
green technology.

Based on the conclusions above, we can provide some
management insights and countermeasure suggestions for
manufacturers and the government. For manufacturers, first,
no matter what stage of digital technology development they
are in, they should implement DX. This is very important. DX
can not only help manufacturers improve production processes
and reduce costs to improve competitiveness, but also the
transformation of business models can enhance consumer
experience and thus increase product sales. Second, decision-
makers should thoroughly assess the current market level of
digital technology through evaluation, simulation, and other
means. When the level of digital technology is low, manu-
facturers should implement partial transformation and make
transformation investments based on evaluation results. When
the digital technology level is high enough, manufacturers
should complete transformation to enhance corporate com-
petitiveness. Third, manufacturers should also continuously
introduce and develop green technologies, reduce per unit
carbon emissions of products. The results show that the impact
of DX on total carbon emissions is uncertain, and it is not
enough to rely on DX to achieve green production. Manu-
facturers must introduce green technology to ensure the green
sustainable development.

For the government, firstly, active promotion of digital
infrastructure development should be pursued while increasing
investment in technology to improve the level of digital tech-
nology. This not only promotes the manufacturers’ DX but also
has a positive impact on the environment. Secondly, the cur-
rent market still has a low level of digital technology, and
adjusting CTP can still effectively control carbon emissions.
Specifically, the government can control total carbon emissions
by raising carbon trading prices. Thirdly, subsidies for green
technology should be provided to businesses to encourage
green transformation, thereby promoting carbon neutrality.
The results show that the impact of DX on the total carbon
emissions of manufacturers is related to the carbon emissions
of per unit product. At present, many green technologies to
reduce unit carbon emissions are relatively mature, and high
prices will prevent enterprises from adopting green technolo-
gies. By implementing green technology subsidy policies, the
government can encourage manufacturers to adopt green
technology, so as to ensure the reduction of total carbon
emissions.

Conclusion
Against the backdrop of digitalization and carbon neutrality,
this article studied the DX strategy of manufacturers. It was
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found that, in markets with different digital technology levels,
manufacturers should implement different degrees of DX.
Upon further analyzing the impact of low-carbon policy on the
DX strategy of manufacturers and the environmental impact of
DX, it was discovered that low-carbon policy is beneficial for
manufacturers to increase investment in the DX, promoting
their DX. However, the impact of DX on carbon emissions is
uncertain. The findings of this study provide a reference for
manufacturers to formulate DX strategies and offer a basis for
the coordinated development of manufacturers’ digitalization
and green transformation.

There are still some limitations in our research. Firstly, we
considered a competitive market and assumed that the two
manufacturers have the same costs for simplification purposes.
This assumption might deviate from reality. Considering product
heterogeneity in duopoly competition might be worth studying.
Secondly, we assumed that the investment cost corresponds
steadily to the degree of DX. However, DX may failure, and
considering the risk attitude of enterprises and the uncertainty of
DX success will be our future research focus.
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