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Abstract
The vital role that digital transformation plays in reducing carbon emissions has been made 
clear by the exponential growth of digital technology. Consequently, figuring out how to 
effectively employ digital transformation to improve carbon performance is both a signifi-
cant issue for businesses and a chance for sustainable development. This research inves-
tigates the relationship between corporate digital transformation and corporate carbon 
performance using unbalanced panel data from A-share listed companies in Shanghai and 
Shenzhen from 2012 to 2020, as well as the moderating effect of the strength of local low-
carbon policies. It is found that: (1) there is a significant U-shaped relationship between 
corporate digital transformation and carbon performance; (2) the strength of local low-car-
bon policies positively moderates the relationship between corporate digital transformation 
and carbon performance; and (3) heterogeneity analysis reveals that the U-shaped relation-
ship between digital transformation and corporate carbon performance is more prominent 
among large firms, firms in heavily polluting industries, and firms with high R&D inten-
sity, and state-owned enterprises. This study adds to the body of knowledge on the studies 
of carbon reduction enabled by digital transformation and serves as a guide for the devel-
opment of local low-carbon policies.
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1  Introduction

Digital transformation is a crucial aspect of the global wave of technology and industrial 
revolution. It not only drives economic and social changes worldwide but also plays a vital 
role in promoting high-quality development of China’s modernized economy (Liu et  al., 
2020), as shown in Fig.  1. Enterprises, as major contributors to market economy devel-
opment, have the primary responsibility for digital economic transformation and develop-
ment (Wu et al., 2021). With policy guidance and practical development as driving forces, 
digital transformation has become an inevitable choice for enterprises seeking high-quality 
growth (Autio et al., 2018). Enterprise digital transformation involves efficiently integrat-
ing information technology, communication networks, and artificial intelligence technolo-
gies while optimizing resource allocation. This process leads to transformative restructur-
ing in production methods, business processes, organizational structures, and commercial 
models. Its goal is to drive systematic innovation upgrades within enterprises with the aim 
of enhancing value creation (Vial, 2019; Hanelt et al., 2021). The adoption of digital trans-
formation is crucial for enterprises to improve their competitiveness, and it is a necessary 
strategy for their survival and growth. China, the world’s largest developing country, is fac-
ing increasingly severe environmental problems due to rapid economic development. This 
has led to a significant increase in energy consumption and carbon emissions, surpassing 
the USA as the largest emitter of carbon dioxide (Wang et al., 2014; Irfan et al., 2021; Su 
et al., 2014). To address these issues, President Xi Jinping announced at the 75th session of 
the United Nations General Assembly in September 2020 that China aims to peak its car-
bon emissions before 2030 and achieve carbon neutrality by 2060. This “dual-carbon” goal 
holds global significance as it encourages countries worldwide to prioritize energy conser-
vation and emission reduction for effective environmental governance. Therefore, focusing 
on how Chinese enterprises can reduce their carbon footprint will contribute not only to 
China’s efforts but also to global initiatives in reducing carbon emissions. Wu Hequan, a 
member of the Chinese Academy of Engineering, stressed the importance of digitalization 
in reducing carbon emissions in 2021 at the first China Digital Carbon Neutrality Sum-
mit Forum (Zhu, 2021). He stated that established sectors may be persuaded to use digital 

Fig. 1   China’s digital economy scale and GDP share (2014–2021)
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technology to reduce emissions and conserve energy to assist them meet the double carbon 
objective.

Most recent study focuses on the effect of the digital economy on the intensity and 
effectiveness of carbon emission production at the macro- and meso-levels, e.g., countries, 
regions, and cities. However, consistent research findings have not yet been made. The 
majority of academic research have found that digital empowerment significantly increases 
the ability of nations, regions, and cities to reduce their carbon emissions. For instance, 
some scholars found that the digital economy can greatly cut the carbon emission intensity 
of cities and regions while simultaneously increasing the carbon emission efficiency (Yi 
et al., 2022; Wang et al., 2022; Ma et al., 2022). For another example, Dong et al. (2022) 
demonstrated that advancements in the digital economy can contribute to reductions in 
carbon emissions by using panel data from 60 different countries. However, some stud-
ies assumed that carbon emissions and regional digital economy growth have an inverted 
U-shaped relationship with the evolution of the digital economy development stage (Li & 
Wang, 2022; Cheng et al., 2023).

Few studies in recent years have recognized digital transformation as an antecedent fac-
tor for boosting the carbon performance of businesses at the level of business, but Sheng 
et al. (2022) and Shang et al. (2023). The existing literature on the study of antecedent fac-
tors contributing to corporate carbon performance focuses on the following aspects. Firstly, 
many studies explored the impact of institutional environmental factors such as environ-
mental regulations and pilot policies on corporate carbon performance (Shen et al., 2020; 
Xuan et al., 2020), green finance experimental reform policies (Ren et al., 2020; Meo & 
Abd, 2022), and environmental regulatory frameworks (Haque & Ntim, 2018; Du & Li, 
2020). Secondly, some studies have explored the corporate social responsibility (He et al., 
2023a, 2023b) on the carbon performance based on the social role of enterprises.

Corporate carbon performance is also closely related to the external policy environ-
ment (Ashraf et al., 2020; Luo, 2019). However, in the existing research, there is a dearth 
of a well-organized set of low-carbon policies to achieve the “dual-carbon” goal. In addi-
tion, there have only been a handful of studies that have attempted to quantify the effect 
that local low-carbon policy measures have on the carbon performance of corporations. 
Therefore, this paper aims to explain the contextual conditions that impact enterprise digi-
tal transformation on their carbon performance by making use of the strength of local low-
carbon policies as a moderating variable.

The following is a summary of the major contributions that can be drawn from reading 
this article. Firstly, there is a dearth of evidence at the micro-level in the existing body of 
academic work concerning the connection in digital transformation and corporate carbon 
performance. Although there have been some studies on this topic, they primarily focus 
on the macro level of countries, industries, or regions. Therefore, the value of this paper 
rests in its ability to provide micro-level evidence on how digital transformation affects 
the carbon performance of businesses. By doing so, the paper fills a relatively unexplored 
research field and consequently can be used as a useful reference for relevant scholars and 
practitioners. Secondly, the digital transformation of businesses is taken as an influential 
factor to investigate the nonlinear effect that it has on corporate carbon performance com-
bining from the digital empowerment theory. This will help to enrich the research on the 
antecedent conditions of corporate carbon performance. Thirdly, this study introduces local 
low-carbon policy strength as a moderating variable based on institutional theory. Through 
an analysis of the influence that the strength of local low-carbon policy has on the connec-
tion between digital transformation and carbon performance, the purpose of this paper is 
to provide a description of the background factors of digital transformation on the carbon 
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performance of companies. The findings of this research will assist in gaining insight into 
the boundary influence of digital transformation on corporate carbon performance as well 
as the implementation effect of low-carbon policies.

2 � Literature review and hypotheses development

2.1 � Digital transformation and enterprises’ carbon performance

Strategic transformation theory refers to the adjustment and transformation of the existing 
strategy of an enterprise in the process of operation as the internal and external environ-
ment changes (Mintzberg & Westley, 1992; Johnson et al., 2012; Davis et al., 2010). This 
theory places a strong emphasis on the idea that strategic transformation is an ongoing 
process that involves the interaction between an organization’s internal resources and capa-
bilities and its external environment. The theory of strategic transformation recognizes that 
strategic transformation is not a one-time event or a linear process but rather a continuous 
evolutionary process that involves feedback loops, learning, and adaptation (Davis et al., 
2010; Mintzberg & Westley, 1992).

Digital transformation refers to the process whereby businesses or organizations reshape 
their business processes, innovate their business models, improve their organizational effi-
ciency, and create greater value through the utilization of digital technology. This process 
can bring fundamental organizational changes, impacting the enterprises’ capabilities 
(Vial, 2019). Digital transformation is viewed as a strategic transformation that seeks to 
achieve organizational change through digital projects, initiatives, and strategies (Rach-
inger et  al., 2018). Because enterprise digital transformation is a complex process that 
requires coordination across all aspects of an organization, the strategic transformation 
process theory can offer helpful insights into the motivation and capability requirements 
of businesses at every stage of digital transformation. When companies are just getting 
started with digital transformation, they frequently run into significant obstacles and have a 
low success rate, which can result in higher costs and additional responsibilities (Liu et al., 
2021). Moreover, they frequently focus more of their attention on investments in digital 
infrastructure. In this situation, it is simple to fall into the trap of digital transformation and 
harm businesses in several ways, including by causing digital growth to stagnate, making 
digital construction a “cost center,” and using digital capital in an ineffective manner (Kane 
et al., 2015). Additionally, it is essential to bear in mind that digital transformation can also 
result in an increase in the amount of carbon pollution. Although the fast growth of digital 
technology has made it possible for various industries to experience significant improve-
ments, it has additionally brought about an upsurge in energy utilization, particularly to 
produce electrical power, which has, in consequently, given an enormous rise in carbon 
dioxide emissions (Jones, 2018). Therefore, enterprises must effectively and efficiently use 
digital transformation to achieve refined operation management, rather than treating it as a 
technical tool. Companies relying too heavily on technology investments can lead to high 
costs and expenses and hinder carbon performance improvements.

Digital empowerment aims to enhance the capabilities of individuals and communities 
as influential actors through better networking, communication, and collaboration opportu-
nities (Makinen, 2006). The theory of digital empowerment emphasizes using digital tech-
nology and tools to acquire or improve the capabilities of empowered entities (Ying et al., 
2018). In other words, despite the detrimental consequences of digital transformation, once 
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digital transformation of enterprises achieves a certain level, it can enable enterprises to 
benefit from savings on energy usage, decreased emissions, and economic benefits. The 
core of digital transformation lies in adding value to businesses. Only when digital trans-
formation develops to a new stage can companies transform their thinking beyond technol-
ogy investment and instead place greater emphasis on integrating digital technology with 
business. Digital transformation highlights the importance of fully utilizing digital technol-
ogy to support digital business’s realization, operation, and continuous innovation, thereby 
empowering companies to achieve refined operation, realize high-quality development, and 
ultimately improve their carbon performance. The adoption of digital transformation has 
been demonstrated to be an efficient strategy for cutting carbon pollution and fostering the 
growth of a green economy with less greenhouse gas emissions. According to the conclu-
sions of a few studies that have already been carried out, digital transformation may be 
able to hasten the reduction of the release of greenhouse gases, along with fostering tech-
nological innovation and the research and development of environmentally friendly tech-
nologies (Lerman et al., 2022; Li et al., 2023). Moreover, enterprise digital transformation 
has the potential to facilitate energy and cost optimization of companies through digital 
technology, which establishes a technological foundation for reducing energy and resource 
consumption in key carbon-emitting sectors to help enterprises achieve the goal of carbon 
performance improvement (Kunkel & Matthess, 2020). Combined with the theory of digi-
tal empowerment, when enterprise digital transformation reaches a certain “turning point,” 
enhancing the degree to which it has undergone digital transformation can help reconstruct 
the energy supply system, comprehensively improve the refinement and operational level 
of enterprise operation management, and provide real empowerment for the improvement 
of corporate carbon performance, forming internal driving forces.

As a result, the following hypothesis is one that we propose:

H1  It appears that there is a positive U-shaped relationship between corporate digital 
transformation and carbon performance. It is indicated by the fact that as the degree to 
which enterprises are undergoing digital transformation improves, the carbon performance 
of enterprises initially diminishes and then increases.

2.2 � The effect of local low‑carbon policy

In a field of organizational analysis, the institutional theory has been recognized as a sig-
nificant perspective that sheds light on why many organizations share similar features 
(Struckell et al., 2022). According to institutional theory, organizational decisions are not 
solely driven by rational decision-making processes aimed at maximizing efficiency but 
are also influenced by the administrative setting within which the organization performs 
its activities (Heikkilä, 2013). Institutional theory holds that the institutional environ-
ment effectively constrains the behavior of enterprises, and external institutions will have 
a substantial influence on the process for making choices, behavior, and structure of the 
organization (Dunning & Lundan, 2008; Peng et al., 2009). According to the findings of 
Yang et al. (2021), firms do not exist in a vacuum, and the political and economic struc-
tures in place will both constrain and direct the behavior of the businesses they operate 
within. Some studies have found that government-issued low-carbon policies can induce 
firms to adopt low-carbon awareness and behavior in response to external pressures (Liu 
et al., 2018). Hence, while a firm’s level of digital transformation plays an internal driving 
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force in shaping its carbon performance, the external environment also exerts a significant 
impact.

The effectiveness of local policy laws is reflected by the strength of local low-carbon 
policies, which indicates the government’s attitude toward policy implementation (Guox-
ing et al., 2015). The institutional theory considers external institutional pressure as a sig-
nificant factor in encouraging enterprises to undertake green innovation (Chu et al., 2018), 
with government policy being a prominent source of such pressure.

Firstly, strict local low-carbon policies can regulate the behavior of enterprises effec-
tively. The stronger the low-carbon policy strength, the more robust policies, and strict 
laws and regulations the government has put forward. Under the strict regulations and con-
straints of the government, enterprises can feel the institutional pressure of the external 
environment and develop a strong awareness of low-carbon practices, thereby complying 
with policy requirements and actively engaging in low-carbon behaviors. Moreover, the 
punishment for non-compliant companies becomes more severe as the strength of local 
low-carbon policies increases, which raises the cost of non-compliance for enterprises. 
With such institutional pressure, enterprises are strongly motivated to align with the gov-
ernment to avoid administrative penalties (Dai et al., 2021).

Secondly, high levels of local low-carbon policy strength usually led to enterprises receiv-
ing more environmental subsidies and tax incentives, thereby reducing the cost of low-car-
bon behavior for businesses. The ability of companies to improve carbon performance solely 
through digital transformation is limited. However, a strong low-carbon policy strength 
indicates that the government will provide the necessary financial support for technologi-
cal updates and cooperative research of enterprises, helping them overcome difficulties and 
invest in technological transformation. As a result, the strength of low-carbon policies has a 
positive correlation with the influence digital transformation has on carbon performance.

Consequently, the first half of the U-shaped curve can be flattened by a strong high-
low-carbon policy strength. Also, the stronger the low-carbon policy strength, the more it 
can stimulate low-carbon awareness among enterprises and help them obtain more govern-
ment-provided resources, thereby amplifying the effect on carbon performance improve-
ment. Because of the mentioned changes, the point at which the U-shaped curve is at its 
lowest will appear earlier. To provide further clarity, the point of transition on the positive 
U-shaped curve that is currently located at its lower right will move to the higher left of its 
current location. To summarize, the following hypothesis is put forward for consideration:

H2  The strength of local low-carbon policies acts as a positive moderator and positively 
affects the U-shaped relationship that exists between digital transformation and carbon per-
formance. When local low-carbon policies are strong, the first half of the U-shaped curve 
flattens out, while the second half becomes steeper. Additionally, as local low-carbon poli-
cies become stronger, the turning point in the U-shaped curve shifts to the higher left side 
of the graph.

3 � Research methods

3.1 � Data

The businesses listed on the A-share markets of Shanghai and Shenzhen between the 
years 2012 and 2020 make up the study’s initial sample. The frequency of the keywords 
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on “digital transformation” in these companies is evaluated using the method developed 
by Wu Fei et al. (2021), which entails collecting keyword frequency data from company 
annual reports using crawler technology. The “China Energy Statistical Yearbook” issued 
by the National Bureau of Statistics (http://www.stats.gov.cn/) is the source for the col-
lected information on the industry carbon emissions. In addition, the data on local low-
carbon policy come from the Peking University Fabao Database (http://www.pkulaw.com). 
This database is presently the domestic legal community’s go-to resource for retrieving 
authoritative and widely used legal information. The CSMAR database is searched in order 
to retrieve the control variables. Several principles are applied to the sample before it is 
analyzed. Firstly, ST, ST*, PT, and period delisting samples are excluded. Secondly, sam-
ples from the financial sector are excluded. Finally, samples with missing variables are 
eliminated. The resulting dataset comprises 7086 observations from 1213 listed compa-
nies. In addition, all continuous variables were shrunk-tailed at the levels of 1% and 99% 
with the aim to reduce the influence that extreme anomalies had on the outcomes of the 
investigation.

3.2 � Econometric model

The Hausman test is what we use to decide which model is the most appropriate to use 
when analyzing the influence that digital transformation would have on carbon perfor-
mance. The findings suggest that the null hypothesis of random effects should be discarded 
in support of the fixed effects regression model, which has been proven to be the most 
appropriate statistical model (p = 0.000). Second, we determine the significance of the rela-
tionship between the year dummy variables by using the Wald test, and the outcome is sta-
tistically significant (p = 0.000). As a result of this, the authors of this study made the deci-
sion to include enterprise fixed effects and year fixed effects within the equation in order to 
control the endogenous problems that were caused by the absence of individual and year 
variables. In addition, cluster robust standard errors were utilized in order to investigate 
and regulate the issues that were associated with model heteroscedasticity. The following 
outlines both the primary effect model and the moderating effect model that were utilized 
in the research project.

Main effect model:

Moderating effect model:

In these two regression equations, the subscript i represents the enterprise, t represents 
time; �i and �t , which stand for the fixed effect of the company and the fixed effect of the 
year, respectively, control the influence of factors that do not change with time at the level 
of the company while also controlling the influence of macrofactors that do change with 
time; �i,t is the random disturbance item.

(1)CPi,t = �0 + �1DIi,t + �2DI
2
i,t
+ �controli,t + �i + �t + �i,t

(2)
CPi,t = �0 + �1DIi,t + �2DI

2
i,t
+ �3DIi,t × POi,t−1 + �4DI

2
i,t
× POi,t−1

+ �5POi,t + � controli,t + �i + �t + �i,t



	 F. Yu et al.

1 3

3.3 � Measures

(1)	 Corporate carbon performance ( CPi,t)

The academic research that was carried out on the carbon performance of corporations 
is not particularly perfect; furthermore, the evaluation index system, weight, and evalu-
ation methodologies do not agree with one another. For example, Haque (2017) utilized 
two different indicators for the purpose of evaluating the corporate carbon performance. 
The first indicator was the carbon emission reduction initiative index to measure the pro-
cess-oriented carbon performance, and the second indicator was the natural logarithm of 
greenhouse gas emissions to serve as the result-oriented carbon performance. While the 
calculation of carbon performance by Ashraf et al. (2020) was based on the sum of car-
bon credits obtained by enterprises in registered carbon offset projects divided by sales. In 
another study, Hou et al. (2022) employed questionnaire surveys to investigate papermak-
ing enterprises’ carbon performance qualitatively. To account for data availability at the 
micro-level, this paper utilizes the operating income per ton of carbon emissions as the car-
bon performance indicator of the enterprise (Clarkson et al., 2008). If this indicator has a 
greater value, it indicates that the carbon performance is better. Due to the lack of access to 
direct data, this study makes use of the total operating expenses and the carbon emissions 
associated with the industry as a whole in order to provide an estimate of the carbon emis-
sions produced by Chinese companies. The calculations used to determine the industry’s 
carbon emissions start with the utilization of eight different types of fossil fuels and energy 
carbon emission reference coefficients taken from the “China Energy Statistical Yearbook.” 
Energy carbon emission coefficients are determined using the “2006 IPCC Guidelines for 
National Greenhouse Gas Inventories” by multiplying the energy heating value by the car-
bon oxidation factor. The carbon emissions of each enterprise are then obtained by weight-
ing their total operating costs by the total operating costs of the industry. The following 
equation can be used to calculate the enterprise’s carbon performance:

(2)	 Enterprise digital transformation ( DIi,t)

We first count the length of the yearly reports of publicly traded companies and con-
struct a dictionary of digital transformation terms. This vocabulary is expanded into the 
Python jieba library, and stop words are removed. The next step is to count how many 
times each of these terms appears throughout the entire yearly report. The level of digi-
talization (DI) in a company can be calculated by taking the number of times the digital 
transformation-related vocabulary appears in the MD&A section of the yearly report and 
multiplying it by 1000. A greater value for this metric suggests that the company is further 
along in its digital transformation (Wu et al., 2021).

(3)	 Strength of local low-carbon policies ( POi,t)

(3)CP =
enterprise operating revenue

total operating cost of enterprise

total operating cost of industry
× Industry Carbon Emissions
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Policy strength refers to the level of trust in a policy. Its influence depends on the issu-
ing agency’s administrative level and whether the document is consistent with the central 
government’s development policy. Therefore, this is measured based on the issuing insti-
tution’s administrative level and policy style (Wang & Chang, 2014). This paper adopts 
Zhang Guoxing et al.’s (2015) method to assess the strength of low-carbon policies in dif-
ferent provinces. Based on the policy document’s type and issuing agency, each policy 
is assigned a value of 4, 3, 2, or 1 to describe its policy effect’s magnitude. In Peking 
University’s Fabao database, policy documents are limited to local regulations. The title 
is searched with the keywords “low carbon,” “carbon emission reduction,” “carbon reduc-
tion,” “carbon emission,” “carbon reduction,” “energy saving and emission reduction,” 
“carbon dioxide,” “carbon neutrality,” and “carbon peak.” The total downloads and scores 
are calculated, and variables are formed to measure the strength of low-carbon policies.

In the formula (4): POjt represents the policy strength of province j in year t; Wjtk denotes 
the weight of the k policy in province j during year t, while N indicates the total amount 
of policies promulgated by each province in that year. The assigned points for each policy 
type are multiplied by the number of policies of a particular province in that year and then 
summed up to obtain the policy strength value.

Through the collection and organization of low-carbon policy texts and calculations, the 
intensity of low-carbon policies in China’s major provinces and cities from 2012 to 2020 is 
shown in Fig. 2.

(4)	 Control variable ( controli,t)

Building on previous studies (Goud, 2022; Lee & Min, 2015; Sheng et al., 2022), we 
included control variables that may impact corporate carbon performance, including asset-
liability ratio (LEV), the shareholding ratio of the largest shareholder (LHR), net profit 
(NP), company age (AGE), the proportion of fixed assets (FA), nature of property rights 

(4)POjt =

N
∑

k=1

Wjtk

Fig. 2   Low-carbon policy strength in China’s major provinces and cities from 2012 to 2020
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(PR), Tobin’s Q (TQ), whether the company is in the heavy polluting industry (WR), and 
research and development intensity (RD). Additionally, our model accounts for individual 
firm- and year-fixed effects. In Table 1, we list all the variables and their measurement.

4 � Empirical results

4.1 � Descriptive statistics and correlation analysis

In Table 2, we provide the descriptive statistics as well as the findings of the correlations 
that were performed on the important variables in our research. According to the informa-
tion presented in Table 2, the enterprise digital transformation (DI) can have a number as 
low as 0 and as high as 0.593, with 0.089 being the value that serves as the average. Based 
on these findings, the overall level of digital transformation that has been accomplished 
by China’s A-share publicly traded businesses has been somewhat inadequate, and there 
are substantial distinctions among companies. In addition, there are significant disparities 
between companies with regard to both their corporate carbon performance (CP) and local 
low-carbon policy strength (PO). In addition, the association coefficients between the pri-
mary variables are all lower than 0.5, which suggests that multicollinearity may not be 
an issue of concern with our model. As stated in the findings of the analysis of correla-
tion, digital transformation and local low-carbon policy strength are both substantially and 
favorably correlated with the corporate carbon performance. The fact that the control vari-
ables that were taken into account in the current investigation had substantial correlations 
with carbon performance demonstrates how important it is to account for these variables 
when carrying out research. It is worth noting that correlation coefficients only reflect the 
strength of the relationship between variables, and additional research ought to be done to 
explore the deterministic functional relationship between these variables.

4.2 � Regression analysis

(1)	 The influence of digital transformation on carbon performance

The outcome results of the regression analysis are presented in Table 3. The outcomes 
of regressions that the control variables may have had on the dependent variable are 
reported using Model 1. In the second model, the influence of digital transformation on 
carbon performance in businesses is investigated by adding the independent variable as 
well as the square term of the independent variable based on the control variables. From 
the data, we can deduce that the primary term (DI) of business digital transformation has 
a negative regression coefficient (= − 0.436, p < 0.01), while the quadratic term (DI2) has 
a positive regression coefficient (= 0.957, p < 0.01). Based on these results, we can make a 
first guess that the effect of DI on CP follows a U-shaped parabola.

The calculation results of Model 2 yield the marginal utility 
( �CP∕�DI = �1 + 2�2 × DI = −0.436 + 2 × 0.957 × DI ). This result indicates that the 
marginal utility ( �CP∕�DI ) rises in line with increasing levels of digital transformation in 
enterprises. When DI is lower than 0.228, the marginal utility ( �CP∕�DI ) remains nega-
tive, indicating a negative relationship between DI and CP. At the inflection point of DI 
around 0.228, the marginal utility ( �CP∕�DI ) becomes zero, and the carbon performance 
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(CP) reaches its lowest level. When the digital transformation (DI) is greater than 0.228, 
the marginal utility begins to turn positive, and the “restraining effect” begins to turn into 
a “promoting effect.“ This means that increasing digital transformation on the left side of 
the turning point inhibits the corporate carbon performance, whereas increasing digital 

Table 3   Regression results

In the table, ***, **, * represent the inspection levels of 1%, 5%, and 10%, respectively. The value in brack-
ets is the standard error value of the variable (the same below)

Variables CP

Model 1 Model 2 Model 3 Model 4

DI − 0.436*** − 0.502** − 0.849***
(− 2.626) (− 2.385) (− 2.677)

DI2 0.957*** 0.674** 1.535**
(3.165) (2.027) (2.517)

PO 0.001 0.000
(0.535) (0.188)

DI×PO 0.020** 0.057**
(1.988) (2.021)

DI2×PO − 0.088
(− 1.587)

LEV 0.181 0.186 0.053 0.049
(1.147) (1.180) (0.327) (0.305)

LHR − 0.001 − 0.001 0.003 0.003
(− 0.181) (− 0.163) (0.853) (0.849)

NP 0.000*** 0.000*** 0.000*** 0.000***
(3.148) (3.248) (3.155) (3.158)

AGE 0.150*** 0.152*** 0.151*** 0.151***
(23.935) (24.398) (20.445) (20.474)

FA − 0.448** − 0.448** − 0.332 − 0.326
(− 2.326) (− 2.331) (− 1.454) (− 1.432)

PR − 0.220 − 0.224 − 0.120 − 0.126
(− 1.550) (− 1.474) (− 0.780) (− 0.824)

TQ 0.013 0.014 0.020 0.020
(1.059) (1.133) (1.394) (1.396)

WR − 1.424*** − 1.425*** − 1.477*** − 1.477***
(− 5.384) (− 5.382) (− 4.783) (− 4.784)

RD − 0.492 − 0.477 − 1.018 − 1.010
(− 0.703) (− 0.687) (− 1.119) (− 1.108)

Constant 9.577*** 9.563*** 9.394*** 9.403***
(37.879) (38.006) (29.099) (29.118)

Observations 7086 7086 5500 5500
R-squared 0.477 0.478 0.478 0.479
Time-fixed effect Yes Yes Yes Yes
Firm-fixed effects Yes Yes Yes Yes
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transformation on the right side of the turning point will improve the carbon performance 
of enterprises.

The results of Model 2 of Table  3 do not provide a clear indication of a positive 
U-shaped relationship, nor does it confirm whether the entire curve falls within the range 
of the sample data. Therefore, to further confirm the objective existence of the U-shaped 
curve relationship between DI and CP in Model 2, this study employs Stata software to 
conduct a U-Test. The findings are outlined in Table 4, which demonstrates that the value 
of the  t test is 2.63 (p < 0.01), with the extreme point included in the sample interval, 
thus verifying the authenticity of the U-curve relationship. In conclusion, Hypothesis 1 is 
established.

(2)	 Moderating effect of local low-carbon policies

This research incorporates the strength of local low-carbon policy with a one-period 
delay so that it can account for the time lag that occurs when policies are put into effect. 
Model 3 and model 4 build on the main effect of digital transformation on corporate car-
bon performance by adding local low-carbon policy strength as a moderating variable with 
a one-period lag. In Models 3 and 4, local low-carbon policy strength is multiplied by the 
first and second order terms of digital transformation, respectively. The results indicate 
that local low-carbon policy strength has a significant moderating effect on the primary 
effect of the main effect, while the moderating effect of the secondary term is not signifi-
cant. These findings suggest that the strength of local low-carbon policies can moderate the 
inflection point and symmetry axis of the U-shaped curve for the main effect but does not 
impact the steepness or opening and closing direction of the curve.

This paper has created a moderation plot to illustrate the moderating effect of local low-
carbon policy strength. As shown in Fig. 3, as the strength of low-carbon policies increases, 
U-shaped curve’s turning point has moved forwards by a large amount, which prolongs 
the positive effect of digital transformation on carbon performance. Moreover, enterprises 
with high local low-carbon policy strength can achieve higher carbon performance than 
those with low-level local low-carbon policy strength. Strengthening the strength of local 
low-carbon policies can make the inflection point of corporate digital transformation from 
reducing to improving corporate carbon performance come earlier, resulting in earlier har-
monious development and a significant improvement in carbon performance. Thus, the 
strength of local low-carbon policies positively moderates the relationship between the 
main effect of enterprise digital transformation and enterprise carbon performance, verify-
ing Hypothesis 2.

This paper presents two hypotheses regarding the impact of digital transformation on 
corporate carbon performance, and the test results are shown in Table 5.

Table 4   U-Test of model 2 R Lower bound Upper bound

Interval 0.000 0.593
Slope − 0.435 0.699
t-value − 2.626 3.275
P>|t| 0.004 0.001
Extreme point 0.228
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4.3 � Heterogeneity analysis

This research further examines the impact of digital transformation on corporate carbon 
performance by considering factors such as firm size, heavy-pollution industry attributes, 
R&D intensity, and the nature of ownership. Table 6 displays the findings obtained from 
conducting the research.

(1)	 Firm size heterogeneity

In this study, the median of the asset size in the sample is used as a benchmark for group 
regression. Companies with assert size that are greater than the median are referred to as 
large enterprises, whereas companies with assert size that are lower than or equal to the 
median are referred to as small- and medium-sized businesses. According to the informa-
tion provided in columns (1) and (2) of Table 6, enterprise size has a heterogeneous effect 
on digital transformation and carbon performance. Large company samples may be bet-
ter suited to examine the U-shaped relationship between digital transformation and car-
bon performance because large businesses typically have more diverse carbon emissions 
sources. As a result, carbon performance may initially decline during the early stages of 
digital transformation. Additionally, large enterprises typically possess greater resources 

Fig. 3   Moderating effect of local low-carbon policy strength

Table 5   Hypothesis test result Hypothesis Contents Test results

H1 It appears that there is a positive 
U-shaped relationship between 
corporate digital transformation and 
carbon performance.

H1 supported

H2 The strength of local low-carbon 
policies acts as a positive moderator 
and positively affects the U-shaped 
relationship that exists between 
digital transformation and carbon 
performance.

H2 supported
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and capabilities to facilitate digital transformation, enabling them to achieve economies 
of scale more quickly (Fischer et al., 2020). Furthermore, large enterprises generally have 
more intricate supply chains and production processes, and digital transformation can 
assist them in managing these processes more efficiently, optimizing resource utilization 
and enhancing carbon performance further. Conversely, small- and medium-sized busi-
nesses may not be equipped to deal with the expenses and difficulties of digital transforma-
tion due to a dearth of resources and technology (Li et al., 2018). Therefore, the U-shaped 
connection in digital transformation and carbon performance is more readily observable in 
samples of large enterprises.

(2)	 Industry heterogeneity

Based on Pan Ailing et  al.’s (2019) classification standard for highly polluting indus-
tries, we categorized the sample of publicly traded businesses that we looked at into 
heavily polluting and non-heavily polluting industries according to the characteristics of 
each industry. This was done in order to investigate the heterogeneous effect that digital 
transformation has on the carbon performance of corporations, taking into account the 
various attributes of different industries. The findings are shown in (3) and (4) columns 
in Table 6. The U-shaped relationship was only observed in the samples of heavily pol-
luting industries. This indicates that carbon performance is more likely to be affected by 
digital transformation in high-polluting businesses than in low-polluting businesses. This 
could be because highly polluting enterprises need to change their extensive development 
models urgently. There is more pressure to reduce carbon emissions from heavy-polluting 
industries because they use more energy and emit more carbon during production (Xiong 
et al., 2022). The digital transformation of these industries can enhance operational effi-
ciency, optimize supply chains, and reduce energy consumption and emissions, allowing 
for finer control and management of carbon emissions (Chen et al.,  2022; He et al., 2023a, 
2023b). Heavy-polluting industries have more carbon emission points and links in produc-
tion, making digital transformation an effective tool to control and manage these points and 
links, which in turn can positively impact their carbon performance. Companies in highly 
polluting industries are, therefore, more likely to pursue opportunities for digital transfor-
mation in order to improve their carbon performance compared to those in non-heavy pol-
luting industries.

(3)	 R&D intensity heterogeneity

To investigate how different R&D intensities affect the effect that corporate digital 
transformation has on carbon performance, we used the ratio of R&D investment to 
operating income to measure R&D intensity. Companies with an R&D intensity that 
was higher than the median were categorized as having high R&D intensity, whereas 
companies with an R&D intensity that was lower than the median had low R&D inten-
sity. The findings presented in columns 5 and 6 of Table 6 indicate that businesses that 
have a high R&D intensity have a relationship that is more significantly U-shaped, with 
a coefficient that is more significant than that of businesses that have a low R&D inten-
sity. This could be due to the fact that businesses that place a high emphasis on R&D 
have a greater availability of funds for activities related to R&D, which could support 
their efforts to digitally transformation. Moreover, companies that have a high R&D 
intensity typically have more innovative capabilities and technological innovations in 
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the manufacturing process (Lin et  al., 2006), and as a result, these businesses place a 
greater emphasis on the application of digital technology. Digital transformation can 
enable companies to use resources and energy more efficiently, reduce their carbon 
emissions, and companies with high R&D intensity can better apply digital technology 
to product and service innovation in the digital transformation process, making prod-
ucts and services greener and more sustainable (Mina et al., 2014; Ceipek et al., 2021). 
Because of this, companies that have a high R&D intensity are better able to benefit 
from the influence that digital transformation has on carbon performance than compa-
nies that have a low R&D intensity.

(4)	 Ownership heterogeneity

The research sample was split into two groups, one consisting of state-owned enter-
prises and the other of non-state-owned enterprises, so that the researchers could inves-
tigate the effect of digital transformation on carbon performance under different prop-
erty rights. A presentation of the outcomes of the group regression test can be found in 
Table 6, columns 7 and 8, respectively. According to the conclusions, the U-shaped rela-
tionship is only significant in state-owned enterprises. State-owned enterprises in China 
play a significant role in digital transformation and carbon reduction efforts for several 
reasons. Firstly, these enterprises are more proactive in responding to the country’s call 
for sustainable development. They actively participate in digital transformation prac-
tices and take responsibility for reducing carbon emissions (Pan et al., 2021). Secondly, 
state-owned enterprises have access to abundant capital and information resources due 
to their unique political resource of “state ownership” in China. This enables them to 
obtain government subsidies, secure loans from banks, and access reliable information 
(Zhuo & Chen, 2023; Guan & Yam, 2015). Acquiring political resources helps alleviate 
funding difficulties and information asymmetry faced by these enterprises (Xu et  al., 
2023). Thirdly, the importance of “state ownership” is rooted in China’s distinctive eco-
nomic system where state-owned economy drives national growth. To ensure the con-
solidation and development of this sector, various measures are taken that differ signifi-
cantly from other western countries’ economic systems. Consequently, companies based 
on “state ownership” may not experience a similar impact trend on corporate carbon 
performance through digital transformation as seen in other countries.

According to a study by Tihanyi et al. (2019), state ownership can have a slight neg-
ative impact on firm performance. The researchers analyzed 210 research summaries 
from 139 countries to reach this conclusion. The role of state-owned enterprises varies 
across different countries in terms of their contribution to economic output and indus-
try distribution. According to data analysis from Wind (https://www.wind.com.cn/), in 
2020, the proportion of China’s state-owned enterprises’ GDP was around 40%, whereas 
the proportion was only around 5% in the UK and even lower at 1.6% in the USA. China 
has a significant number of state-owned enterprises operating across various sectors 
including energy, finance, telecommunications, manufacturing, defense, and transporta-
tion. Conversely, the UK and USA have fewer state-owned enterprises primarily focused 
on industries such as energy, transportation, defense, and healthcare. Furthermore, each 
country’s economic system plays a crucial role in determining the prestige or influ-
ence associated with being a “state-owned” enterprise. China has developed a unique 
economic system known as the socialist market economy, which combines elements of 
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socialism with a market-based approach. This sets it apart from countries such as the 
USA, where the economy is purely driven by market forces.

4.4 � Robustness test

With the purpose to validate the authenticity of the findings, a regression analysis was per-
formed after the independent variable was given a one-period lag. The findings are sum-
marized in Table 7, and they indicate that there is a relationship that is curved like a U 
between digital transformation and corporate carbon performance.

Table 7   Robustness test Variables Model 1

 L.DI − 0.305*
(− 1.741)

L.DI2 0.873***
(2.605)

LEV 0.054
(0.332)

LHR 0.003
(0.859)

NP 0.000***
(3.093)

AGE 0.149***
(20.307)

FA − 0.343
(− 1.497)

PR − 0.107
(− 0.696)

TQ 0.020
(1.382)

WR − 1.470***
(− 4.763)

RD − 1.038
(− 1.145)

Constant 9.415***
(29.526)

Observations 5,500
R-squared 0.478
Time-fixed effect Yes
Firm-fixed effects Yes
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5 � Discussion

This article investigated the influence that digital transformation has on the carbon per-
formance of corporations as well as the moderating effect that local low-carbon policy 
strength has.

The following are the conclusions obtained in this paper. Firstly, there is a positive 
U-shaped nonlinear relationship between digital transformation and enterprises’ carbon 
performance. This finding aligns with Xiong et  al.’s (2022) research, which also identi-
fied a U-shaped curve relationship between Chinese enterprises’ digital transformation 
and their reduction in carbon emissions pollution when considering agglomeration effects. 
Furthermore, studies at the city level conducted by Li and Wang (2022) and Cheng et al. 
(2023) have found an inverted U-shaped pattern between China’s digital economy develop-
ment and carbon emissions, supporting this study’s conclusion that digitization empowers 
corporate-level carbon performance.

Compared with the enterprises in western countries, it is evident that these countries 
possess advanced digital technology and well-established digital infrastructure, resulting in 
a high level of digital transformation. The national-level strategic guidance plays a crucial 
role in influencing the technological path chosen by enterprises (Leyva de la Hiz, 2019). 
The digital development goals set by a country guide enterprise in their pursuit and explo-
ration of digital transformation. For European companies, Chatzistamoulou (2023) discov-
ered that digital transformation has a positive impact on promoting low-carbon sustainable 
development for small- and medium-sized enterprises (SMEs), serving as an important 
pathway toward achieving a green sustainable economy. Similarly, Ionaşcu et al.  (2022), 
analyzing EU-listed companies as samples, found that digital intelligent technologies effec-
tively utilize natural resources to reduce pollution emissions and improve carbon perfor-
mance and environmental outcomes. As for American companies, Bendig et  al. (2023) 
found that the digitization orientation of Fortune 500 companies significantly enhances 
environmental performance, contributing to the establishment of a green low-carbon busi-
ness environment. Overall, the digital transformation of enterprises in western countries 
has a significant positive impact on their environmental performance.

In summary, the impact of digital transformation on carbon emissions differs between 
China and western countries. The reasons for this difference are as follows. First, China 
has actively pursued digital technology reform and green low-carbon transformation in 
recent years. This has made it a driving force for synergistic development of digitization 
and greening. However, due to the long-standing extensive economic growth characterized 
by “high input, high consumption, low output,“ which still has far-reaching effects, most 
Chinese enterprises are still in the early stages of digital transformation. Consequently, the 
effect of digital empowerment on carbon reduction exhibits a U-shaped relationship with 
an initial decrease followed by an increase. Only after reaching a certain threshold can 
digital transformation have a positive impact on carbon performance. Second, enterprises 
in western countries have consistently invested in technological advancements for digital 
transformation. They possess advanced digital intelligent technologies and well-established 
infrastructure with high rates of industrial digitization penetration. The process of digital 
construction in western countries has transitioned to mid-to-late-stage digitization where 
enterprise-level digitization has generally taken shape at higher levels. As a result, the digi-
tal transformation of enterprises in western countries linearly improves environmental per-
formance and significantly enhances their carbon performance levels while promoting low-
carbon sustainable development.
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It is important to note that the differences in conclusions among the mentioned studies 
can be attributed to the fact that carbon emissions, which are considered as dependent vari-
ables in this study, are just one of several environmental issues. The digital industry has 
made significant advancements and has had an impact on the automotive sector by trans-
forming traditional production models (Llopis-Albert et  al. 2021). However, while elec-
tric vehicles have emerged as a solution for reducing pollution emissions, they have also 
introduced new environmental challenges. In the manufacturing process of electric vehi-
cles, lithium batteries play a crucial role in digital transformation. Although these batteries 
effectively reduce air pollution, they create new adverse impacts on urban environments 
when they become waste (Dunn et  al., 2022). Issues related to handling and disposal of 
used batteries still pose challenges to sustainable development (Tang et al., 2023).

Secondly, when the intensity of local government’s low-carbon policies is high, it posi-
tively influences the relationship between digital transformation and carbon performance 
of enterprises. Under this circumstance, the negative impact of digital transformation on 
carbon performance weakens while the positive impact strengthens. Empirical results indi-
cate that with higher policy intensity, the inflection point of digital transformation’s posi-
tive U-shaped impact on corporate carbon performance shifts to an earlier stage.

The greater the intensity of local low-carbon policies, the more resources and funds 
local governments allocate to incentivize enterprises to adopt low-carbon technologies and 
measures to reduce carbon emissions. Local governments can also encourage continuous 
low-carbon transformation of enterprises through tax incentives and reward policies (Xu 
et al., 2022). Strengthening the intensity of these policies can mitigate the negative impact 
on enterprise carbon performance during early stages of digital transformation, while 
promoting its positive effects. This highlights the positive regulatory role played by local 
low-carbon policies in shaping the relationship between digital transformation and enter-
prise carbon performance. The findings support previous studies by Kou and Xu (2022) 
and Chen et al. (2022), which emphasize that government policy intervention and regula-
tion in China optimize external conditions, supervise corporate carbon reduction behav-
ior, and drive improvements in carbon performance. Obviously, the diversity and richness 
of China’s low-carbon policy measures, as well as the large-scale government investment, 
effectively address the needs of carbon reduction activities by Chinese enterprises. Overall, 
this study further confirms that environmental policies have significant emission reduction 
effects in government-led and strong intervention eastern countries like China (Xu et al., 
2022).

Meanwhile, studies comparing the environmental policy effects of other countries 
around the world show that governments worldwide highly recognize and advocate for 
low-carbon policies. These policies have a positive promoting effect on enhancing carbon 
performance through digital technology empowerment in enterprises. For example, Albitar 
et al. (2023) used London-listed companies as samples and found that government environ-
mental policies can effectively enhance the governance effect of pollution through corpo-
rate environmental technological innovation.

Lastly, as demonstrated by the findings of a heterogeneity analysis, the U-shaped con-
nection in digital transformation and corporate carbon performance is more significant in 
large enterprises, enterprises of heavily polluting industries, enterprises with high R&D 
intensity, and state-owned businesses.

In conclusion, this study employs institutional theory to find out the extent to which 
local low-carbon policies can moderate the influence that digital transformation has on car-
bon performance. This approach not only broadens the evaluation of the implementation 
of local low-carbon policies that are related to corporate carbon performance, but it also 
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makes a contribution to the enrichment of the research that has already been carried out on 
the external drivers of corporate carbon performance.

The management implications for policy formulation based on this paper’s key find-
ings are as follows: Firstly, in order to achieve better carbon performance, the strength 
of local low-carbon policy is an essential factor to consider. Therefore, local govern-
ments should increase their support for low-carbon development initiatives undertaken 
by businesses, aggressively explore low-carbon policy options, and provide assistance 
to businesses endeavoring to achieve low-carbon development. Additionally, govern-
ments can leverage relevant preferential policies to alleviate the economic burden of 
enterprises and employ government subsidies or incentive policies to help enterprises 
enhance their carbon performance. Secondly, this research offers the findings that enter-
prises must delve deeply into their digital transformation journey to reap the benefits 
of a more sustainable future. Therefore, local governments should actively promote the 
in-depth implementation of digital transformation in enterprises. For example, local 
governments should establish a digital service platform to provide enterprises with ser-
vices related to digital transformation, such as digital consulting, technical support, and 
training. For another example, local governments should establish digital industry alli-
ances to furtherly promote digital cooperation between enterprises. In addition, local 
governments should strengthen the supervision and protection of digital transformation, 
such as formulating relevant policies and regulations to protect the legitimate rights and 
interests of enterprises in digital transformation.

The present investigation has a few of shortcomings, all of which ought to be addressed 
in subsequent research. First, the paper has not yet conducted a mechanism analysis to 
explore how digital transformation impacts corporate carbon performance. Second, the 
carbon performance of enterprises is estimated based on industry carbon emissions, which 
may differ from the actual carbon performance of the enterprises. Third, given that digital 
transformation is a complex and multi-dimensional process, this study only measured it 
through word frequency analysis without a more detailed exploration of its different stages. 
Lastly, due to objective limitations such as the scope of sampling and level of information 
acquisition, this study only selected samples from Chinese enterprises, which are important 
participants in global carbon reduction. However, the process of twin transition (i.e., digital 
and green transitions) varies among different countries. The different impacts of digital 
transformation on carbon emission performance in other countries’ enterprises still need 
further research.

Moving forward, we can build upon this research by incorporating intermediary vari-
ables to investigate the specific pathways through which digital transformation influences 
corporate carbon performance. Additionally, we can explore more diverse methods for 
measuring carbon performance. Lastly, based on practical implementation, we can identify 
and examine the various stages of enterprise digital transformation as well as the effect that 
each stage has on carbon performance.

Data availability   The data that support the findings of this study are available on request from the corre-
sponding author，upon reasonable request.
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