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Amid growing environmental challenges, enhancing Environmental, Social, and Governance

(ESG) performance is vital for sustainable development. In China’s economic transformation,

strengthened environmental regulations require greater corporate responsibility for carbon

reduction and energy conservation. Using data from Chinese A-share listed firms

(2014–2023), this study explores how green innovation influences corporate ESG perfor-

mance and its underlying mechanisms. The results reveal that green innovation has a sig-

nificant impact on ESG performance, with digital transformation acting as a partial mediator.

In addition, executive green perceptions strengthen this relationship, while public emergen-

cies weaken it. The positive effect of green innovation is more pronounced in Eastern regions,

state-owned firms, non-growth enterprises, heavy-polluting industries, and the manufactur-

ing sector. These findings suggest that firms should prioritize green innovation and digital

transformation as strategic levers, while policymakers should implement targeted, region-

and industry-specific incentives to support sustainable development.
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Introduction

G lobal environmental issues have become increasingly
prominent in recent years, with climate change and bio-
diversity loss posing significant threats to sustainable

economic and social development (Qaim et al. 2020). Against this
backdrop, a company’s Environmental, Social, and Governance
(ESG) performance has gradually become a crucial indicator of its
sustainable development capabilities (Lokuwaduge and
Heenetigala 2017; Zhou et al. 2022). This is particularly true for
China, the largest emitter of greenhouse gases and the world’s
largest manufacturing base, where rapid economic growth has put
immense pressure on resources and the environment (Chen and
Wang 2022; Maubane et al. 2014). In response to these challenges,
the Chinese government has actively advanced sustainable
development strategies in recent years, issuing a series of policies
and regulations, such as the Environmental Protection Law of the
People’s Republic of China, the “Dual Carbon” goals, and the
release of the “Guidelines for the Sustainability Reports of Listed
Companies”, signaling the mandatory disclosure of ESG infor-
mation in China’s A-share market (Huo et al. 2022; Wang 2024;
Wu and Habek 2021). These policies impose higher environ-
mental requirements on companies and drive the capital market
toward sustainable development.

Against this background, green innovation and digital trans-
formation have emerged as two key drivers for improving cor-
porate ESG performance, attracting widespread attention from
academia and practice (Cai et al. 2023; Long et al. 2023). By
developing environmentally friendly technologies and products,
green innovation enables companies to reduce their environ-
mental impact while enhancing market competitiveness (Long
et al. 2023). Digital transformation, on the other hand, provides
the data support and technological foundation for green devel-
opment (Xu et al. 2024). However, existing research on the
relationship between green innovation, digital transformation,
and ESG performance needs to be more comprehensive, espe-
cially regarding the mechanisms involved and the differences
across various business contexts. Therefore, examining how green
innovation influences corporate ESG performance through digital
transformation and exploring variations in performance across
different contexts helps fill the gaps in theoretical research and
provides effective pathways for companies to achieve sustainable
development under policy pressures. This is important for pro-
moting the green transformation of both the Chinese and global
economies.

Given the increasing importance of sustainable development,
improving ESG performance has become a hot research topic.
Existing studies mainly focus on internal and external factors that
influence ESG performance. Internal factors include research
investment (Lian and Weng 2024), ownership structure (Doshi
et al. 2024), management short-sightedness (Zhong et al. 2023),
financing constraints (Guo et al. 2024), and corporate governance
(Wu et al. 2023), while external factors cover supply chain (Yang
et al. 2024), industry competition (Chen and Zou 2025), indus-
trial concentration (Tai et al. 2024), climate risks (Chen et al.
2024), government subsidies (Na et al. 2024), and information
asymmetry (Bilyay-Erdogan et al. 2024).

As a key factor in driving corporate environmental perfor-
mance, green innovation is mainly reflected in green technology
research and product innovation (Saether et al. 2021). It has been
widely discussed in the literature. A company’s green innovation
capability can directly improve its environmental performance
and enhance its overall ESG performance by strengthening social
responsibility and governance structures (Chen et al. 2023).
Furthermore, green innovation is closely related to a company’s
market competitiveness (Sun and Wei 2025). By implementing
green innovation, companies can reduce the intensity of carbon

emissions and thus gain a better competitive position in the
market. Government environmental policies and market-driven
regulations are also crucial in promoting corporate green inno-
vation (Wang et al. 2022). Through effective environmental
policies, governments can encourage companies to invest in green
technologies, thereby facilitating the implementation of green
innovation. This policy guidance helps companies enhance their
ESG performance and drive sustainable industry development.
However, some scholars have pointed out that green innovation
may hurt corporate ESG performance (Yang et al. 2024). Green
innovation typically requires substantial initial investment, and
especially for small and medium-sized enterprises, it may lead to
significant financial pressures, preventing the achievement of
expected environmental benefits in the short term and thus
affecting ESG performance (Ji et al. 2024). Additionally, imma-
ture technologies and low market acceptance of green innovation
may result in companies not realizing the anticipated effects,
which could add to the burden and negatively impact social and
governance performance (Fahad et al. 2022).

On the other hand, digital transformation typically focuses on
applying information technology to improve operational effi-
ciency, reduce energy consumption, and optimize governance
structures. Digital technologies optimize resource allocation and
enhance ESG performance by improving the quality of infor-
mation disclosure and supply chain transparency (Wang et al.
2023). However, some scholars have argued that the relationship
between digital transformation and ESG performance is not
always a positive one. The high investment, risks, and uncer-
tainty associated with digital transformation may place con-
siderable economic pressure on some companies, adversely
impacting their financial performance and ESG outcomes in the
short term (Skare et al. 2023). Furthermore, the rapid develop-
ment of digital technologies may raise new data privacy and
security issues, thereby increasing the complexity of corporate
governance (Li and Xue 2021).
Although green innovation and digital transformation are

widely regarded as key drivers of corporate ESG performance,
prior research often examines their effects in isolation. Existing
studies typically focus either on how green innovation enhances
environmental (Abu Seman et al. 2019) and financial outcomes
(Vasileiou et al. 2022) or on how digital transformation improves
corporate governance (Manita et al. 2020) and information
transparency (Chai et al. 2025). However, the potential synergistic
effects between green innovation and digital transformation,
namely, how digital tools may amplify the ESG benefits of green
practices, remain underexplored in the literature. This frag-
mented approach limits our understanding of how these two
dimensions may jointly promote sustainable development.

Moreover, while the majority of existing studies confirm the
positive impact of green innovation and digital transformation on
ESG performance, their findings are often derived from qualita-
tive case studies or questionnaire-based surveys (Sun et al. 2024;
Zhao et al. 2023), which may suffer from sample bias and limit
the generalizability of results. More importantly, few studies have
systematically examined how the relationship between green
innovation and ESG performance varies across heterogeneous
contexts, such as firm ownership structure, industry type, and
regional institutional environments, particularly in emerging
economies like China, where policy frameworks and institutional
logics differ significantly from those in developed markets.

To address these gaps, this study constructs an integrated
empirical framework that not only investigates the direct impact
of green innovation on ESG performance but also introduces
digital transformation as a mediating mechanism. In addition, the
study explores the moderating effects of executives’ green
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perception—capturing internal cognitive tendencies—and public
emergencies—representing external environmental shocks. Fur-
thermore, it incorporates a heterogeneity analysis by examining
how the relationship between green innovation and ESG per-
formance varies across key contextual dimensions in China,
including regional differences, enterprise types, and industry
classifications. This comprehensive design enables a deeper
understanding of the conditions under which green innovation is
most effective and how digital transformation can act as a stra-
tegic bridge in diverse institutional and industrial contexts.

The main contributions of this study are threefold: (1) utilizing
data from Chinese A-share listed companies to verify the rela-
tionship between green innovation and corporate ESG perfor-
mance, providing theoretical insights for enhancing ESG
performance; (2) examining the mediating role of digital trans-
formation in the relationship between green innovation and ESG
performance, exploring the moderating effects of executive green
perceptions (EGP) and public emergencies, and uncovering the
mechanisms by which green innovation impacts ESG perfor-
mance; and (3) addressing the gap in existing literature regarding
the relationship between green innovation, digital transformation,
and ESG performance, particularly in terms of regional, corpo-
rate, and industry differences.

While China provides the focal context for this study due to its
unique institutional environment and policy-driven ESG agenda,
the findings carry broader implications for other emerging
economies facing similar challenges, such as industrial upgrading,
resource constraints, and the imperative of digital transformation.
By employing green innovation and digital transformation as core
indicators, this study emphasizes “early signals” of firms’ strategic
investment and forward-looking behavior, capturing the dynamic
nature of ESG performance and shedding light on the underlying
behavioral drivers. Against the backdrop of institutional con-
vergence and strengthened regulation, green innovation, medi-
ated by digital transformation, significantly enhances ESG
outcomes, facilitating improvements in corporate governance and
the implementation of sustainable strategies. These insights offer
both theoretical contributions and policy guidance for under-
standing and promoting sustainable development in emerging
market contexts, while also providing a foundation for future
comparative research on transitional economies.

Theoretical analyses and research hypotheses
Green innovation and corporate ESG performance. Green
innovation typically refers to the innovation companies under-
take in product design, production processes, services, and busi-
ness models to reduce negative environmental impacts while
generating economic and social benefits (Zhou et al. 2023). This
concept encompasses technological innovations, such as envir-
onmentally friendly products and clean technologies, as well as
managerial innovations, including green supply chain manage-
ment and sustainable strategies (Hu et al. 2022). Green innova-
tion is key in optimizing corporate ESG performance, as it
supports sustainable development through technological break-
throughs and managerial innovations (Li et al. 2019).

Green innovation and environmental performance. Green inno-
vation is essential to improving a company’s environmental
performance (E), significantly reducing environmental burdens
through technological advancements and resource optimization.
Studies have shown that green innovation significantly reduces
greenhouse gas emissions (Su and Moaniba 2017), optimizes
energy efficiency (Sun et al. 2019), and lowers pollutant emissions
(Peng et al. 2021). Based on the resource-based view (RBV)
theory, green innovation is regarded as a strategic resource

(VRIN) characterized by value, rarity, inimitability, and non-
substitutability (Andersén 2021). First, its value lies in reducing
production costs through clean technology and optimized
resource utilization while expanding markets for environmentally
friendly products. Second, its scarcity stems from the high bar-
riers to entry in green technology R&D, including capital
investment, specialized knowledge, and organizational commit-
ment. Third, the interdisciplinary knowledge, patent protection,
and complex processes required for green innovation make it
difficult for competitors to replicate. Finally, its non-
substitutability is evident in the inability of non-green alter-
natives to achieve equivalent environmental performance.

From the perspectives of resource integration, path depen-
dence, and resource restructuring, when enterprises first invest in
green innovation, they establish collaborative networks with
suppliers, R&D institutions, and regulatory authorities (Melander
2017). As experience accumulates, these networks form institu-
tionalized processes and continuously restructure internal
resource allocation, enabling enterprises to maintain a sustained
competitive advantage in a dynamic environment. Thus, green
innovation not only directly improves environmental perfor-
mance and supports sustainable development but also serves as a
core strategic resource that continuously enhances long-term
competitiveness, acting as an important internal driver for
improving enterprise ESG performance (Khanra et al. 2022).

In specific practice, companies can effectively achieve energy-
saving and emission-reduction goals by developing low-carbon
technologies (such as carbon capture and storage) and improving
the environmental sustainability of production processes (such as
clean production techniques). These paths suggest that green
innovation directly enhances a company’s environmental perfor-
mance, garnering policy support and societal recognition. More-
over, according to stakeholder theory, companies can meet
stakeholders’ expectations regarding environmental responsibility
by engaging in green innovation, thus enhancing their environ-
mental reputation (Zhou et al. 2024). Green innovation enables
companies to proactively respond to increasingly stringent
environmental regulations and consumers’ demands for sustain-
ability, thereby maintaining a competitive edge in the market-
place (Zhu et al. 2023).

Green innovation and social performance. This alignment with
stakeholder expectations not only significantly improves the
company’s environmental reputation but also enhances its social
performance (S) by demonstrating responsibility and transpar-
ency. Stakeholder theory argues that businesses must consider the
interests of all stakeholders in their decision-making processes,
rather than focusing solely on shareholders (Mahajan et al. 2023).
By implementing green innovation, companies actively address
the environmental concerns of various stakeholders, including
customers, employees, regulatory agencies, and local commu-
nities. Green innovation has demonstrated multiple positive
effects in promoting corporate social performance, particularly in
employee welfare (Zhao et al. 2023), consumer demand (Lv and
Li 2021), and social responsibility (Le et al. 2024).

From the perspective of stakeholders, employees, as key
internal stakeholders, have their interests directly affected by
green innovation. Regarding employee welfare, introducing green
production methods and environmental technologies significantly
reduces exposure to harmful substances and the incidence of
occupational diseases, thereby enhancing employees’ sense of
belonging and job satisfaction (Iranmanesh et al. 2017).
Furthermore, green innovation is often accompanied by efficient
resource utilization and energy-saving measures, which help
foster employees’ sense of social responsibility and enhance their
cohesion and loyalty to the company (Han 2024). Among
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external stakeholders, consumer demand for environmentally
friendly products is growing. Green innovation can effectively
meet consumer demand for green products by optimizing
production processes and enhancing product design, thereby
improving consumer satisfaction, strengthening public recogni-
tion of a company’s social responsibility, and increasing the
company’s brand competitiveness. From a social responsibility
perspective, green innovation further enhances a company’s
social image and long-term social performance by improving
supply chain management and strengthening community parti-
cipation (Cherrafi et al. 2018). Specifically, the design and
production of green products effectively reduce resource waste
and environmental pollution, thereby lowering external environ-
mental costs and generating direct economic benefits for
companies, while also achieving broader social and public value.

Green innovation and governance performance. Green innova-
tion’s role in promoting corporate sustainability is not limited to
the social dimension; it also plays a crucial role in the governance
(G) dimension. Green innovation helps enhance corporate
compliance capabilities, thereby driving the optimization of
governance structures. Existing research has shown that green
innovation enables companies to adapt more effectively to, and
even exceed, environmental laws and regulations, thereby redu-
cing potential legal risks and regulatory pressures (Cui and Wang
2022). Regarding governance, green innovation relies on robust
management systems and transparent information disclosure
mechanisms to track and communicate sustainability efforts. This
process aligns with the principles of good governance, empha-
sizing accountability and transparency, and constitutes a key
component of the governance element within the ESG frame-
work. At the same time, according to dynamic capability theory
(DCT), enterprises must continuously identify changes in the
external environment and adjust internal processes to maintain a
competitive advantage (O’Connor 2008). As part of an enter-
prise’s dynamic capabilities, green innovation drives the con-
tinuous optimization of governance mechanisms during adaptive
adjustments and resource restructuring, enhancing corporate
resilience and adaptability in complex and evolving
environments.

Against the backdrop of increasingly stringent carbon emission
controls and the rapid advancement of green finance policies,
green technology and management innovations enable companies
to enhance governance performance and strengthen trust
relationships with external investors (Dobrick et al. 2025). This
high degree of alignment with institutional expectations holds
significant strategic importance. According to institutional
theory, organizations often adopt widely recognized practices
within their institutional environments to gain legitimacy and
reduce environmental uncertainty (Tang et al. 2024). In the
context of green innovation, companies face coercive pressures
from environmental regulatory bodies, normative pressures from
industry associations and standard-setting organizations, and
mimetic pressures from leading industry peers. By actively
implementing green innovation initiatives, companies demon-
strate compliance with and leadership in sustainable development
practices, further enhancing their reputations and strengthening
stakeholder trust, ultimately contributing to improving overall
ESG performance.

In summary, green innovation strongly supports companies in
achieving sustainable development goals (SDGs) by optimizing
their environmental, social, and governance performance. Based
on the aforementioned theories and research, the following
hypothesis is proposed:

H1: Green innovation has a positive impact on corporate ESG
performance.

The mediating role of digital transformation
Digital transformation and green innovation synergy. Digital
transformation refers to the process by which companies adopt
advanced digital technologies, such as big data, cloud computing,
artificial intelligence (AI), and the Internet of Things (IoT), to
optimize business processes, enhance operational efficiency, and
create new business models. Digital transformation enhances
production efficiency and provides technological support for
green innovation, enabling companies to achieve their environ-
mental goals more quickly (Xu et al. 2024).

Firstly, digital transformation enables enterprises to optimize
resource management and enhance operational efficiency
through the integration of advanced digital technologies.
According to information systems theory, digital transformation
promotes transparency in information disclosure, governance
structures, and social responsibility and helps businesses improve
their effectiveness in green innovation (Gao 2023). Specifically,
businesses can utilize digital technologies, such as blockchain, to
ensure the authenticity and reliability of their green innovations
and ESG practices, thereby enhancing stakeholders’ trust in their
social responsibility (DesJardine et al. 2025). This is of great
significance for enterprises in attracting global investors,
consumers, and social support, as well as improving their
performance in the social and governance dimensions. Addition-
ally, implementing digital technologies helps enterprises better
track their social and environmental impacts throughout the
supply chain and product lifecycle management, thereby enhan-
cing transparency with consumers and regulatory authorities.

Furthermore, based on resource dependency theory, digital
technology, as a key resource, effectively reduces companies’
reliance on traditional energy and raw materials, enhances
resource controllability, and thereby improves the stability of
green innovation (Xing et al. 2024). Digital technology enables
companies to track energy usage more accurately, reduce waste
emissions, and promote the greening of production processes.
Through real-time monitoring and efficient management of
environmental impacts, companies can take timely measures to
promote energy conservation, reduce emissions, and achieve
sustainable production goals (Zhang et al. 2023). Therefore,
digital transformation enhances a company’s environmental
performance and improves its green innovation capabilities,
ultimately helping it achieve greater social responsibility and
governance success. By enhancing transparency, reducing
resource dependence, optimizing operational efficiency, and
strengthening social responsibility, digital transformation fosters
green innovation, thereby improving a company’s ESG perfor-
mance and driving sustainable development.

More importantly, the dynamic capabilities theory (DCT)
emphasizes that enterprises can significantly improve the
efficiency and effectiveness of green innovation through the
continuous development of sensing, seizing, and reconfiguring
capabilities during the digital transformation process (Liu et al.
2022). Against this backdrop, digital transformation gives
enterprises the necessary tools to adapt to market changes and
promote green innovation. Specifically, sensing capabilities enable
enterprises to gain real-time insights into market trends and
changes in customer demand for green products and environ-
mental protection (Darby 2020). With the help of big data
analysis and IoT technologies, enterprises can accurately capture
information on environmental changes and consumer prefer-
ences. Seizing capabilities manifest in enterprises that utilize
advanced technologies, such as AI and blockchain, to quickly
capitalize on green transformation business opportunities
(Witschel et al. 2019). This enables them to improve efficiency
and achieve SDGs through supply chain transparency and green
production automation. Reconfiguring enables companies to
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flexibly adjust their resource allocation and production processes,
continuously optimizing the implementation of green innovation
through technologies such as cloud computing and smart
manufacturing, thereby ensuring the efficient use of resources
and green processes (Witschel et al. 2019). Therefore, digital
transformation provides companies with the technological
support to achieve green innovation and enhances their dynamic
capabilities. It enables them to continuously drive green
innovation and improve ESG performance in complex, ever-
changing environments. Through this process, companies can
respond efficiently to external challenges and take the lead in
green innovation and sustainable development.

Under this framework, companies can utilize real-time data
analysis to quickly adapt to shifts in market demand, thereby
accelerating green innovation. Highly digitized companies can
optimize product design and production processes through
precise predictive analysis, meeting consumer demand for
environmentally friendly products while minimizing environ-
mental impacts. This digitally driven innovation significantly
enhances corporate ESG performance within a shorter timeframe.
Furthermore, the successful implementation of digital transfor-
mation relies on the acceptance of these technologies by key
decision-makers within the organization. According to the
technology acceptance model (TAM), the perceived usefulness
and ease of use of digital technologies are key to their adoption
(Marangunić and Granić 2015). In green innovation, when
managers recognize that digital tools can effectively support
sustainability initiatives (such as using the IoT for real-time
environmental monitoring or blockchain for transparent supply
chain management), they are more likely to invest in and use
these technologies. This acceptance accelerates the pace of digital
transformation, thereby enhancing a company’s green innovation
capabilities and improving its ESG metrics.

Risks of low digitalization. When a company’s degree of digital
transformation is lower, its performance in green innovation and
ESG may be significantly constrained. Low-digitized companies
often lack the necessary technological tools to optimize resource
use and production processes. This may lead to energy waste,
emissions exceeding limits, and other environmental issues,
negatively impacting their environmental performance (Yang and
Han 2023). Without precise data support for the green innovation
process, companies may struggle to effectively identify and
mitigate environmental burdens in their products and services,
thereby delaying the progress of green innovation. Furthermore,
companies with low levels of digital transformation typically face
issues such as information asymmetry and weak governance
structures (Wang et al. 2024). The absence of advanced infor-
mation management systems makes it difficult for these compa-
nies to achieve high levels of transparency, particularly in ESG
information disclosure, which may be delayed or incomplete
(Zhang et al. 2024). This affects the fulfillment of corporate social
responsibility and may also reduce investor, consumer, and sta-
keholder trust, thereby impairing social and governance perfor-
mance (Dorobantu et al. 2024). Otherwise, since management
cannot access real-time data related to green innovation, these
companies may need more flexibility and efficiency to respond to
external environmental changes. As a result, inadequate digital
transformation can lead to the accumulation of technical debt,
hindering the effective implementation of green innovation
(Rinta-Kahila et al. 2023). This debt may create additional costs
and management challenges when pursuing green innovation and
improving ESG performance. Companies with low digitalization
need help to fully utilize modern digital tools to optimize energy
efficiency and waste management, thus impacting their environ-
mental performance. Therefore, digital transformation provides

the necessary technological infrastructure and capabilities to
provide an intermediary between green innovation and improved
ESG performance. Without digital transformation, the potential
of green innovation may not be fully realized due to inefficiencies
in resource management, data analysis, and process optimization.

In summary, the level of digital transformation has a direct
impact on a company’s green innovation and ESG performance.
A high level of digital transformation can significantly promote
green innovation and corporate performance in the social,
environmental, and governance dimensions by improving
resource efficiency, enhancing information transparency, and
optimizing decision-making support. However, companies with
low digital transformation may face inadequate technology
adaptation, slow innovation, and insufficient information dis-
closure, which limit their progress in green innovation and ESG
performance. Based on the analysis above, this paper proposes the
following hypothesis:

H2: Digital transformation mediates the relationship between
green innovation and corporate ESG performance.

Research design
Sample selection and data sources. Considering the practical
significance of the study and the availability of data, this study
selects micro-panel data of Chinese A-share listed companies
from 2014 to 2023 for empirical research, in which corporate
patent information is obtained from the Chinese Research Data
Services Platform (CNRDS), data on digital transformation, EGP
are obtained from the annual reports released by the companies
using Python crawler technology, and the ESG scores and control
variables are obtained from China Stock Market & Accounting
Research Database (CSMAR) database.

To ensure the reliability of the data, this research preprocesses
the samples as follows: (1) excluding the financial sector and
companies with abnormal status, including special treatment (ST,
*ST) and special transfer (PT) companies; (2) removing the
samples with missing key variables and the presence of obvious
outliers; and (3) doing the Winsor treatment at the upper and
lower 1% level for continuous variables to avoid the potential
interference of extreme values—the pre-processing results in 2144
firms and 6512 observations. The tools used in this paper are
Excel 2024, PyCharm 2021, and Stata 18.0 software.

Variable definition and measurement
Response variable. Measuring firms’ ESG management level using
the ESG score of the Sino-Securities Index (SNSI). Based on
China’s ESG disclosure system, SNSI ESG indicators refer to the
structure of mainstream foreign ESG systems during the design
process, fully demonstrating the applicability of each indicator,
eliminating those indicators that are not applicable or whose data
are unavailable, and adding indicators with Chinese character-
istics, such as poverty alleviation, social responsibility reports, and
penalties imposed by the Securities and Exchange Commission
(SEC). At the same time, based on the characteristics of China’s
listed companies, the definitions and calculation rules of certain
indicators are modified, and corporate governance problems
caused by objective reasons related to state-owned enterprises
(SOEs), such as connected transactions, are addressed separately.
Choosing this score as a measure of ESG management level helps
to reflect the management status and potential risks of enterprises
more objectively and comprehensively in promoting sustainable
development. It provides a robust database for empirical research.

Explanatory variable. Green innovation (GI) is expressed as the
sum of green patent applications following Bettarelli et al. (2025)
and Yu et al. (2026), aiming to reduce the interference of external
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factors (e.g., approval time, market demand, policy fluctuations,
etc.) on the measurement of green innovation to reflect more
realistically the innovation investment and R&D intention of the
firm’s internal investment in the field of green technology. Com-
pared with the number of patents granted, the number of patent
applications can promptly capture enterprises’ innovation trends
and R&D vigor, and its data is highly comparable and current.
Moreover, from a practical standpoint, patent application data are
readily available, consistently structured, and widely used in
innovation research, which enhances the feasibility and replic-
ability of the measurement. To ensure environmental relevance,
this study further filters patents using the WIPO green patent list
(Sun et al. 2025; Wang et al. 2025) and the China National
Intellectual Property Administration’s Green and Low-Carbon
Technology Patent Classification Standard (Administration 2022),
so that only patents with clear environmental benefits are counted.

The measurement of the degree of digital transformation (DT)
of enterprises refers to the method of Jiang et al. (2025), Ma et al.
(2025), and Meng (2025), which, through text analysis techni-
ques, analyzes in depth the ‘Management Discussion and Analysis
(MD&A)’ part of the annual reports of listed companies is
analyzed in depth, and the frequency of digitalization-related
terms is extracted. Specifically, keywords are associated with three
core dimensions, including digital technology applications
(DTA), intelligent manufacturing (IM), and modern information
systems (MIS). The keyword dictionary comprises 82 terms,
compiled based on prior academic studies and relevant policy
documents. These terms encompass a broad spectrum of digital
transformation concepts, including, but not limited to, big data,
cloud computing, AI, the Industrial Internet, smart manufactur-
ing, and information integration.

Considering the right-skewed distribution of the data, and to
ensure the stability and comparability of the analysis results, this
study adopts a plus-one smoothing procedure, which logarith-
mically transforms the sum of the number of green inventions
and green utility models independently filed in the current year,
as well as the frequency counts of DTA, IM, and MIS, to
construct the indicators of green innovation and digital
transformation, GI and DT. Although this measure emphasizes
the quantity rather than the quality or impact of individual

patents, it functions as an “early signal” of firms’ green innovation
efforts. Combined with the text-based digital transformation
index, these indicators capture firms’ real-time investments and
strategic intentions in large-scale green innovation and digital
transformation. Such early and forward-looking measures align
with the dynamic nature of ESG performance and recent
emphasis on strategic orientation and proactive corporate
behavior, thereby enhancing the identification of the drivers
behind corporate actions and improving the explanatory power of
the study from a dynamic perspective.

Control variables. Based on the previous studies (Chen and Zou
2025; Feng et al. 2022; Lian and Weng 2024; Na et al. 2024; Tai
et al. 2024), this paper controls for the following variables: listing
age (Listdt), enterprise scale (Scale), debt-to-asset ratio (LEV),
ratio of tangible assets (TA), return on assets (ROA), net oper-
ating profit margin (NOPM), Net profit growth rate (Grown),
Herfindahl–Hirschman Index (HHI), Tobin’s Q-value (TobinQ),
turnover rate (TR), Consolidated Market Annual Beta (Betavals),
Shareholding concentration (Shrcr), Government grants (Grant),
while controlling for year, individual firms. Table 1 provides a
detailed explanation of these variables.

Model settings. To test Hypothesis 1, this study constructs the
following model to analyze its theoretical foundation and
empirical support:

ESGit ¼ α1 þ β1GIit þ∑γjControlsijt þ∑Companyit þ∑Yearit þ εit

ð1Þ

To examine the partial mediating role of digital transformation
in Hypothesis 2, the three-step method proposed by Wen et al.
(2004) is employed for mediation effect testing. Based on Eq. (1),
the following two models are established and analyzed step by
step:

DTit ¼ α2 þ β2GIit þ∑γjControlsijt þ∑Companyit þ∑Yearit þ εit

ð2Þ

Table 1 Variable definition.

Variable symbol Variable Variable definition

ESG ESG score SNSI ESG scores
GI Green innovation ln (number of green inventions independently filed in the year+ number of green utility models

independently filed in the year+ 1)
DT Digital transformation ln (DTA+ IM+MIS+ 1)
Listdt Listing age ln (listing year− accounting year+ 1)
Scale Enterprise scale ln (total assets)
LEV Debt-to-asset ratio Total liabilities/total assets
TA Ratio of tangible assets Total tangible assets/total assets
ROA ROA Net profit/total assets balance
NOPM NOPM Net profit/revenue
Grown Net profit growth rate (net profit for the current year− net profit for the same period of the previous year)/absolute

value of net profit for the same period of the previous year
HHI HHI HHI= sum [(individual company’s main business income/total main business income of the

industry it belongs to)2]
TobinQ TobinQ Market value/total assets
TR TR Yearly turnover of individual stocks/yearly outstanding market capitalization of individual stocks
Betavals Consolidated market annual

beta
Covariance (asset’s returns, market returns)/variation of the market return

Shrcr Shareholding concentration Sum of shareholdings of the company’s top five largest shareholders
Grant Government grants Number of government grants breakdown items for the period (in billions)
Company Individual fixed effect Individual fixed effect
Year Year fixed effect Year fixed effect
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ESGit ¼ α3 þ β3GIit þ δ3DTit þ∑
γj
Controlsijt

þ∑Companyit þ∑Yearit þ εit

ð3Þ

If the results of the model tests meet the following criteria: (1)
the coefficient β1 in Model (1) is significant; (2) the coefficient β2
in Model (2) is significant; and (3) both coefficients β3 and δ3 in
Model (3) are significant, with the absolute value of β3 in Model
(3) smaller than that β1 in Model (1), it can be concluded that
digital transformation exerts a partial mediating effect in the
relationship between ESG performance and green innovation,
thereby supporting Hypothesis 2.

Result analysis
Descriptive statistics. Table 2 presents the descriptive statistics of
the main variables. In the sample, the average ESG score is 74.651,
with a standard deviation of 4.685 and a range from 48.900 to
89.240. Overall, the ESG performance of the sample firms is
relatively high, indicating that most companies have made con-
siderable efforts in ESG practices. However, there is still notice-
able variation across firms, as some exhibit outstanding
sustainability performance, while others score relatively lower,
suggesting that ESG practices are not evenly distributed. GI shows
greater variability, with a mean of 1.556 and a standard deviation
of 0.932, reflecting significant differences in firms’ innovation
efforts, ranging from 0.693 to 6.848. Similarly, DT has a mean of
3.625 and a standard deviation of 1.051, with values ranging from
1.099 to 5.984, highlighting varying levels of digital capabilities
across firms.

Analysis of regression results
ESG and green innovation. Table 3 reports the regression results
of the relationship between ESG performance, Green Innovation,
and Digital Transformation. Column (1) reveals a significant
positive relationship between GI and ESG, with a coefficient of
0.279 (t= 3.038, p < 0.01). In terms of economic significance, this
coefficient implies that a one-unit increase in GI is associated
with a 0.279-point increase in the ESG score. This indicates that
firms investing more in green innovation tend to achieve higher
ESG scores, likely because green initiatives align with environ-
mental and sustainability goals. These efforts may enhance a
firm’s public image and compliance with environmental regula-
tions, thereby contributing directly to improved ESG perfor-
mance. This finding supports Hypothesis 1, which posits that
relative Green Innovation positively impacts ESG performance.

Partial mediating role of digital transformation. Table 3 regression
results suggest that DT partially mediates the relationship
between GI and ESG. Column (1) indicates that GI directly
improves ESG (coefficient= 0.279, p < 0.01), which indicates that
each additional unit of GI will increase the ESG score by 0.279
points. Moreover, GI has a statistically significant positive impact
on DT with a coefficient of 0.025 (t= 2.395, p < 0.05) in column
(2), which indicates that a one-unit increase in GI is associated
with a 0.025-unit increase in DT. This suggests that firms engaged
in green innovations are more likely to adopt digital transfor-
mation practices. Furthermore, in column (3), the inclusion of
DT in the model reveals a positive and significant effect on ESG
(coefficient= 0.413, p < 0.01), indicating that each additional unit
of DT will increase the ESG score by 0.413 points. More
importantly, the effect of GI on ESG becomes slightly smaller
when DT is included (coefficient= 0.269, p < 0.01), suggesting
that DT partially mediates the relationship by facilitating more
efficient implementation of green innovations and improving
sustainability practices. This finding underscores the importance
of integrating green innovation with digital transformation to
optimize ESG performance. This finding supports Hypothesis 2,

Table 2 Variable descriptive statistics.

Variable Obs Mean Std. dev. Min Max

ESG 6512 74.651 4.685 48.900 89.240
GI 6512 1.556 0.932 0.693 6.848
DT 6512 3.625 1.051 1.099 5.984
Listdt 6512 1.952 0.891 0.000 3.332
Scale 6512 22.517 1.367 19.54 28.610
LEV 6512 0.430 0.190 0.018 2.290
TA 6512 0.933 0.081 0.178 1.000
ROA 6512 0.037 0.071 −2.071 0.542
NOPM 6512 0.063 0.182 −3.164 0.891
Grown 6512 −0.202 2.900 −19.313 8.901
HHI 6512 0.184 0.175 0.023 1.000
TobinQ 6512 2.003 1.310 0.641 22.557
TR 6512 6.987 6.284 0.114 55.778
Betavals 6512 1.173 0.637 −17.734 16.627
Shrcr 6512 52.844 15.499 6.908 99.230
Grant 6512 0.101 0.259 0.001 1.941

Table 3 Regression results of ESG, digital transformation,
and green innovation.

(1) (2) (3)

ESG DT ESG

GI 0.279*** 0.025** 0.269***

(3.038) (2.395) (2.927)
DT 0.413***

(3.075)
Listdt −1.399*** 0.073** −1.430***

(−5.018) (2.328) (−5.128)
Scale 1.642*** 0.177*** 1.569***

(7.627) (7.297) (7.250)
LEV −5.929*** −0.050 −5.909***

(−7.870) (−0.592) (−7.849)
TA 2.581* −0.419*** 2.754**

(1.923) (−2.763) (2.052)
ROA −5.701*** −0.457** −5.513***

(−3.492) (−2.477) (−3.377)
NOPM 3.011*** 0.174** 2.939***

(4.634) (2.373) (4.525)
Grown −0.090*** 0.005** −0.092***

(−4.231) (2.264) (−4.339)
HHI 1.444** 0.053 1.422**

(2.398) (0.784) (2.364)
TobinQ 0.143** 0.004 0.141**

(2.263) (0.601) (2.237)
TR −0.041*** 0.002 −0.042***

(−3.218) (1.228) (−3.278)
Betavals −0.282*** −0.010 −0.278***

(−2.614) (−0.807) (−2.579)
Shrcr −0.020* 0.004*** −0.021*

(−1.650) (2.943) (−1.787)
Grant 0.678 0.040 0.662

(1.615) (0.844) (1.577)
_cons 40.541*** −1.057* 40.978***

(8.127) (−1.878) (8.220)
Company FE Yes Yes Yes
Year FE Yes Yes Yes
N 6512 6512 6512
R2 0.069 0.417 0.071
F 14.018 135.135 13.854

t-statistic provided in parentheses.
***, **, *Indicate that regression coefficient is significant at the 1%, 5%, and 10% levels,
respectively.
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indicating that Digital Transformation is an intermediary in the
relationship between Green Innovation and ESG performance.

Endogeneity and robustness tests
Instrumental variables approach. Enhancing a firm’s green
innovation may improve its ESG performance. However, it is
worth noting that firms with higher ESG scores may also
demonstrate higher levels of green innovation. This suggests a
potential interactive relationship between green innovation and
ESG performance. Furthermore, due to the incompleteness of the
control variables, it is challenging to eliminate the effect of
omitted variables. To address the potential endogeneity issue, this
paper employs an instrumental variables (IV) approach to con-
duct further tests to verify the impact of green innovation on
firms’ ESG performance.

Following the approach of Benlemlih and Bitar (2018), the
average R&D investment ratio of enterprises operating within the
same industry, city, and year was selected as an instrumental
variable to address the potential endogeneity of green innovation.
This aggregated measure captures the broader technological
environment and peer effects within which firms operate. Firms
located in similar industrial and regional contexts are often
influenced by the innovation behavior of their peers due to
knowledge spillovers, competitive pressures, and regional policy
incentives, thereby making the average R&D intensity a strong
predictor of a focal firm’s innovation decisions, including green
innovation. This satisfies the relevance condition of an instru-
mental variable. At the same time, because this variable reflects
general industry- and region-level R&D trends rather than firm-
specific shocks or managerial discretion, it is unlikely to be directly
correlated with the firm’s unobservable characteristics that affect
ESG performance. Therefore, it satisfies the exogeneity condition.

The results of the first stage of the regression (Column 1 of
Table 4) show that the coefficient of the IV is significantly positive
at the 1% level, indicating that IV is highly correlated with GI. In
addition, the F-statistic is 40.339, which exceeds the critical value
of 10. These results indicate that the instrumental variable
satisfies the correlation condition and is not weak. Column (2) of
Table 4 reports the results of the second-stage regression, where
the coefficient of GI (3.703) is significantly positive at the 1% level
(t= 0.952). This suggests that higher green innovation capabil-
ities continue to significantly improve firms’ ESG performance

even after correcting for potential endogeneity issues and
providing unbiased results. Therefore, the conclusions drawn in
this paper remain unchanged.

Heckman two-stage model. When studying the impact of green
innovation on ESG performance, it is possible that only compa-
nies with higher ESG performance choose to engage in green
innovation. These companies may differ from others in terms of
technological level, resources, and other factors, meaning that the
sample of companies pursuing green innovation may not accu-
rately represent the entire corporate population, which can lead
to biased estimation results.

This study employs the Heckman two-stage model to address
this potential endogeneity issue. Specifically, in the first stage, a
probit model sets an indicator variable based on whether the
company passes ISO 14001 certification (assigned a value of 1 if
the company passes, and 0 otherwise) (Abid et al. 2022; He and
Shen 2019). The inverse Mills ratio (IMR) is then calculated from
the first-stage regression results and incorporated into the second
stage for regression analysis. Column (1) in Table 5 shows that
the IV (the average R&D investment ratio of firms operating in
the same industry, city, and year) coefficient is significantly
negative, suggesting that external innovation intensity may
discourage firms from individually pursuing ISO 14001 certifica-
tion, possibly due to free-rider behavior or resource constraints.
This suggests the existence of strategic interdependence among
firms in the adoption of environmentally driven innovation.
Column (2) presents the results from the second stage of the
Heckman model, where the IMR is statistically significant,
confirming that selection bias is non-negligible. After adding
IMR, the coefficient of GI on ESG is 0.6516, which is significant at
the 1% level, reinforcing the hypothesis that green innovation
contributes positively and substantially to a firm’s ESG perfor-
mance. Overall, the research findings remain robust after
effectively addressing the sample selection bias using the Heck-
man two-stage model.

E-score of replacement response variable. In the robustness test,
the ESG score (ESG) is replaced by the environmental component
score (Es) as a measurement variable of ESG performance.
Replacing ESG with Es has a strong rationale and advantages.
Firstly, the E-Score focuses on environmental performance, which
can measure the impact of green innovation more directly and
precisely, avoiding the interference introduced by social and

Table 4 Instrumental variable estimation results.

(1) (2)

VARIABLES GI ESG

IV 0.0177***

(0.00278)
GI 3.703***

(0.952)
Constant −3.373*** 58.14***

(0.310) (3.594)
Controls Yes Yes
Company FE Yes Yes
Year FE Yes Yes
Observations 6512 6512
R-squared 0.213 −0.142
First-stage F-statistics 40.339

t-statistic provided in parentheses. The negative R2 in the second-stage 2SLS regression is a
known statistical artifact, as 2SLS does not minimize the residual sum of squares. This does not
indicate a model flaw, but rather reflects that the instrumented variable explains only limited
variation in the dependent variable. It does not affect the validity or significance of the estimated
coefficients.
***,**,*Indicate that regression coefficient is significant at the 1%, 5%, and 10% levels,
respectively.

Table 5 Heckman two-stage test results.

(1) (2)

VARIABLES ISO14001 ESG

GI 0.1101*** 0.6516***

(5.7243) (3.8150)
IMR 5.0993***

(2.6579)
IV −0.0197***

(−4.4866)
Constant −1.3210*** 31.7836***

(−2.6826) (5.2405)
Controls Yes Yes
Company FE Yes Yes
Year FE Yes Yes
Observations 6512 6512
R-squared 0.073

Robust z-statistics in parentheses.
***,**,*Indicate that regression coefficient is significant at the 1%, 5%, and 10% levels,
respectively.
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governance factors in the ESG field (Wang and Zhang 2024).
Secondly, the core objective of green innovation is to improve
environmental performance, which is highly compatible with the
measurement criteria of E-Score, making E-Score more reflective
of the real role of green innovation (Rehman et al. 2021). In
addition, Es, as a single environmental dimension indicator, is
usually more transparent in its calculation and criteria, which
helps to improve the explanatory power of research results and
comparability among peers.

After replacing the response variable, the regression results of
ESG performance and green innovation are shown in Table 6. As
shown in column (1), the coefficient of GI is significantly positive
at the 5% level, which supports hypothesis 1. Combining the data
in columns (2) and (3) confirms the correctness of hypothesis 2.
Meanwhile, most of the variables’ significance and direction of
influence on the response variable are retained, despite changes in
the regression coefficients. In addition, the model’s goodness of fit
(R²) remains relatively unchanged, indicating no significant
decrease in the model’s explanatory power after replacing Es.
Overall, the rationality of the model design and the reliability of
the results were verified.

Green development of replacement explanatory variable. To
further improve the robustness of the regression results, this
paper replaces the original green innovation indicator (GI) with
green development (GD), according to Song et al. (2024), using
textual analyses to analyze the firm’s annual report and then take
the logarithm of the word frequency of green development key-
words in the report plus one. The keyword dictionary comprises
113 terms that cover five dimensions of corporate green trans-
formation: advocacy and initiatives, strategic vision, green tech-
nological innovation, pollution control, and environmental
management, based on prior literature and national sustainability
guidelines. This approach captures the firm’s strategic emphasis
on sustainability as expressed in its official disclosures. This
measure captures the firm’s strategic emphasis on sustainability as
reflected in its official disclosures.

Although conceptually related, GI and GD represent distinct
dimensions of corporate environmental orientation. GI reflects
tangible innovation outputs, such as the development and
application of environmentally friendly technologies, products,
and processes. In contrast, GD captures the firm’s broader
strategic intent and policy-level commitment to green growth,

Table 6 Regression results for the replacement variable.

(1) (2) (3) (4) (5) (6)

Es DT Es ESG DT ESG

GI 0.314** 0.025** 0.291*

(2.083) (2.395) (1.932)
GD 0.250** 0.069*** 0.226**

(2.349) (5.695) (2.117)
DT 0.929*** 0.349***

(4.218) (2.606)
Listdt −0.983** 0.073** −1.051** −1.234*** 0.081** −1.263***

(−2.147) (2.328) (−2.299) (−4.443) (2.574) (−4.545)
Scale 2.361*** 0.177*** 2.196*** 1.555*** 0.168*** 1.497***

(6.680) (7.297) (6.188) (7.144) (6.789) (6.842)
LEV −4.324*** −0.050 −4.278*** −5.534*** −0.018 −5.528***

(−3.496) (−0.592) (−3.465) (−7.222) (−0.204) (−7.219)
TA 4.405** −0.419*** 4.794** 2.926** −0.404*** 3.067**

(1.999) (−2.763) (2.178) (2.202) (−2.674) (2.308)
ROA −6.970*** −0.457** −6.546** −0.666 −0.335 −0.549

(−2.600) (−2.477) (−2.445) (−0.339) (−1.499) (−0.280)
NOPM 1.673 0.174** 1.511 1.934*** 0.148* 1.882***

(1.569) (2.373) (1.419) (2.842) (1.913) (2.767)
Grown −0.023 0.005** −0.028 −0.102*** 0.005** −0.104***

(−0.652) (2.264) (−0.798) (−4.700) (2.129) (−4.785)
HHI −0.137 0.053 −0.186 1.417** 0.037 1.405**

(−0.138) (0.784) (−0.189) (2.368) (0.539) (2.349)
TobinQ 0.014 0.004 0.010 0.095 0.003 0.095

(0.139) (0.601) (0.100) (1.516) (0.377) (1.502)
TR −0.078*** 0.002 −0.079*** −0.042*** 0.002 −0.043***

(−3.719) (1.228) (−3.804) (−3.347) (1.177) (−3.395)
Betavals −0.288 −0.010 −0.279 −0.264** −0.007 −0.261**

(−1.623) (−0.807) (−1.575) (−2.463) (−0.546) (−2.442)
Shrcr −0.013 0.004*** −0.016 −0.012 0.004*** −0.014

(−0.640) (2.943) (−0.829) (−1.016) (3.310) (−1.147)
Grant 1.098 0.040 1.061 0.898** 0.049 0.881**

(1.593) (0.844) (1.542) (2.127) (1.031) (2.087)
_cons 9.908 −1.057* 10.890 41.444*** −0.942 41.773***

(1.210) (−1.878) (1.332) (8.220) (−1.644) (8.288)
Company FE Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes Yes
N 6512 6512 6512 6465 6465 6465
R2 0.073 0.417 0.077 0.067 0.422 0.068
F 14.985 135.135 15.158 13.347 136.780 13.091

t-statistic provided in parentheses.
***,**,*Indicate that regression coefficient is significant at the 1%, 5%, and 10% levels, respectively.
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which may not necessarily translate into measurable technological
achievements within a given period. As such, GD serves as an
alternative lens to assess a firm’s environmental positioning,
focusing on long-term sustainability narratives rather than
specific innovation outcomes.

The results after replacing the explanatory variable are
presented in Table 6. The coefficient of Green Development in
column (4) of Table 6 is significantly positive at the 5% level,
supporting Hypothesis 1. Considering the results in columns (5)
and (6), we conclude that digital transformation mediates the
relationship between green innovation and firms’ ESG perfor-
mance. This finding is consistent with Hypothesis 2 and remains
robust. These findings confirm the robustness of our main
conclusions and demonstrate that the positive association
between environmental strategy and ESG outcomes remains
valid under an alternative conceptual framework, thereby
enhancing the generalizability of the empirical results.

Replacement sampling interval. Considering that SynTao Green
Finance launched China’s first ESG database for listed companies
in 2015, which has significantly contributed to the advancement of
green investment and sustainable development practices (Guo et al.
2024), this study adjusts the sample period to 2015–2023. Starting
from 2015, the gradual implementation of this system has
enhanced the transparency and accountability of corporate green
transformation, providing a clearer and more actionable pathway
for green development. Analyzing the data from this post-
implementation period enables a more comprehensive under-
standing of how corporate green behaviors evolve under the
influence of the policy framework, thereby strengthening
the robustness of the main regression results across different
sample periods and enhancing the relevance and academic value of
the study’s conclusions.

Based on the regression results in Table 7, after adjusting the
sample period, the regression coefficients of the core variables
have increased, while their significance levels have remained
largely unchanged. Moreover, it is noteworthy that in column (2),
the significance level of GI has improved to 1%. These results
suggest that establishing the ESG data system has effectively
enhanced corporate investments and efforts in green innovation,
further strengthening the positive impact of green innovation on
corporate ESG performance. This shift reflects the growing
importance of green innovation and digital transformation in
corporate sustainability, as well as the ongoing guidance provided
by policies and information systems in shaping corporate
behaviors. Otherwise, the direction of the coefficients for all
control variables remains consistent with the original model,
indicating that the research conclusions hold steady across
different time frames, thereby validating the robustness of the
model and the reliability of the findings.

Further research
Moderating effect of unexpected public incidents. The study of
the interaction between the COVID-19 pandemic lockdown and
green innovation on ESG performance is crucial (Dai and Tang
2022). The crisis has forced businesses to adjust strategies and
resources, with green innovation potentially impacted by the
pandemic. This research aims to understand whether green
innovation can enhance ESG performance during a crisis or if
limited resources and market demand hinder its effectiveness. For
businesses, it offers insights into responding to future crises and
optimizing green innovation strategies. At the same time, it
guides policymakers on the effectiveness of green recovery poli-
cies and future green economic recovery. The pandemic lock-
down period spans from 2020 to 2022, covering the most

significant phases of China’s COVID-19 lockdowns. This period
includes the initial severe restrictions from early 2020, when
Wuhan and other cities were placed under strict lockdowns,
through the nationwide lockdown measures and gradual
reopening process that continued into 2022. This three-year
window allows for an analysis of both the immediate and longer-
term impacts of the pandemic on green innovation and ESG
performance. To investigate the moderation of the COVID-19
pandemic, the following model was constructed in this study:

ESGit ¼ α4 þ β4GIit þ δ4DTit

þλ4COVIDit þ μ4GI ´COVIDit þ∑γjControlsijt
þ∑Companyit þ∑Yearit þ εit

ð4Þ

COVID represents the outbreak of the COVID-19 pandemic,
which is set as a dummy variable. This variable takes the value 1
during the pandemic lockdown period and 0 otherwise. Table 8
(1) presents the results of the moderating effect of COVID-19
obtained from a fixed-effects model regression, which show that
the interaction term GI × COVID is significantly negative at the
5% significance level (t-value=−2.166). This indicates that the

Table 7 Regression results for the replacement sampling
interval.

(1) (2) (3)

ESG DT ESG

GI 0.413*** 0.029*** 0.399***

(4.249) (2.664) (4.112)
DT 0.468***

(3.254)
Listdt −1.372*** 0.092*** −1.415***

(−4.794) (2.914) (−4.945)
Scale 1.841*** 0.194*** 1.750***

(8.083) (7.700) (7.636)
LEV −6.512*** −0.048 −6.490***

(−8.371) (−0.558) (−8.352)
TA 3.016** −0.293* 3.153**

(2.149) (−1.887) (2.249)
ROA −6.215*** −0.455** −6.001***

(−3.824) (−2.529) (−3.694)
NOPM 2.706*** 0.187*** 2.619***

(4.154) (2.589) (4.022)
Grown −0.078*** 0.005* −0.080***

(−3.637) (1.912) (−3.739)
HHI 1.281** 0.088 1.239**

(2.060) (1.283) (1.995)
TobinQ 0.127** 0.004 0.125*

(1.969) (0.541) (1.943)
TR −0.040*** 0.002 −0.041***

(−3.149) (1.324) (−3.221)
Betavals −0.313*** −0.009 −0.309***

(−2.960) (−0.784) (−2.922)
Shrcr −0.016 0.004*** −0.018

(−1.257) (3.146) (−1.420)
Grant 0.359 0.044 0.339

(0.804) (0.897) (0.759)
_cons 35.696*** −1.519*** 36.407***

(6.757) (−2.597) (6.894)
Company FE Yes Yes Yes
Year FE Yes Yes Yes
N 6064 6064 6064
R2 0.073 0.384 0.076
F 14.132 111.568 14.011

t-statistic provided in parentheses.
***,**,*Indicate that regression coefficient is significant at the 1%, 5%, and 10% levels,
respectively.
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COVID-19 pandemic lockdown has somewhat weakened the
positive impact of green innovation on corporate ESG perfor-
mance. This could be due to the challenges faced by many
companies during the pandemic, such as increasing resource
constraints, supply chain disruptions, changes in employee work
environment, and capital market volatility, which suppressed
green innovation activities. Nevertheless, GI still has a significant
positive effect on ESG (with a regression coefficient of 0.376),
indicating that green innovation remains a crucial driver of
corporate sustainable development and improved ESG
performance.

Moderating effect of EGP. According to managerial cognition
theory, EGP directly influence a company’s investment in green
innovation and strategic positioning. In contrast, green innova-
tion is a key factor in enhancing the company’s ESG performance
(Venugopal et al. 2024). By analyzing the interaction between
EGP and green innovation, this study helps to understand how
strengthening executives’ environmental consciousness can pro-
mote green innovation, thereby enhancing the company’s overall
ESG performance. This research not only aids companies in
formulating more effective green innovation strategies but also
provides empirical evidence for policymakers to optimize green
development policies, promoting the transition of businesses
toward sustainable development. To examine the moderating role
of EGP, this study constructs the following model:

ESGit ¼ α5 þ β5GIit þ δ5DTit

þλ5EGPit þ μ5GI ´ EGPit þ∑γjControlsijt
þ∑Companyit þ∑Yearit þ εit

ð5Þ

Following the method of measuring EGP proposed by Wang
(2024), this study uses text analysis to examine the annual reports
of listed companies. Keywords are selected based on three
dimensions: green competitive advantage awareness, corporate
social responsibility awareness, and awareness of external environ-
mental pressures. EGP is constructed by dividing the frequency of
keyword occurrences in the annual reports by the overall word

frequency, which measures the level of green attention in corporate
decision-making. Table 8 (2) presents the moderating effect of EGP
based on the fixed-effects model regression results, which shows
that the interaction term GI × EGP is significantly positive at the
5% significance level (t-value= 2.001). This indicates that EGP
positively moderates the relationship between GI and ESG. In
other words, the stronger the EGP, the more significant the impact
of green innovation on ESG performance, further emphasizing the
crucial role of EGP in promoting green innovation and improving
ESG performance.

Analysis of the sample according to the type of region. Based
on the unbalanced and diversified background of China’s regional
economic development, regions exhibit significant differences in
economic development, industrial structure, resource endow-
ment, technological capacity, and policy orientation (Ruan et al.
2024). Such differences reflect the diverse characteristics of
regions in terms of their development stages and resource con-
ditions, and determine the different paths and priorities regions
take in promoting digital transformation, green innovation, and
high-quality development. Based on the division by the National
Bureau of Statistics of China (NBSC), this paper categorizes the
sample into eastern, central, and western firms to investigate the
impact of green innovation on ESG performance across different
regions.

The regression results in Table 9 reveal significant regional
differences in the impact of green innovation and digital
transformation on firms’ ESG performance. In the eastern region,
GI (0.267) and DT (0.385) have a significantly positive effect on
ESG, indicating that firms in this region effectively integrate green
innovation and digital transformation to enhance their ESG
performance. In the central region, although GI shows a positive
effect (0.302), it is not statistically significant; in contrast, DT
(0.795) has a significant and strong positive impact on ESG
performance. This suggests that the central region relies more
heavily on digital transformation to drive ESG development. In
the western region, neither GI (0.165) nor DT (0.004) has a
significant effect on ESG performance, indicating that these
factors have weaker driving effects in this region.

These regional differences are primarily attributed to variations
in economic development levels, resource endowments, industrial
foundations, and regional policy support (Lan et al. 2024). Green
innovation and digital transformation in the eastern region have a
dual promotional effect on ESG performance, mainly due to the

Table 8 Moderating effect of COVID-19 and EGP.

(1) (2)

ESG ESG

GI 0.376*** 0.175*

(3.607) (1.697)
DT 0.409*** 0.393***

(3.045) (2.920)
COVID 0.525

(1.145)
GI×COVID −0.234**

(−2.166)
EGP −0.020

(−0.754)
GI×EGP 0.023**

(2.001)
Controls Yes Yes
Company FE Yes Yes
Year FE Yes Yes
_cons 40.651*** 40.971***

(8.154) (8.222)
N 6512 6512
R2 0.072 0.072
F 13.499 13.033

t-statistic provided in parentheses.
***, **,*Indicate that regression coefficient is significant at the 1%, 5%, and 10% levels,
respectively.

Table 9 Regression results for firms with different regions.

(1) (2) (3)

Eastern region Central region Western region

ESG ESG ESG

GI 0.267** 0.302 0.165
(2.576) (1.118) (0.556)

DT 0.385** 0.795** 0.004
(2.524) (2.139) (0.008)

Controls Yes Yes Yes
Company FE Yes Yes Yes
Year FE Yes Yes Yes
_cons 47.520*** 31.743** 11.902

(8.361) (2.105) (0.691)
N 4936 978 592
R2 0.073 0.092 0.152
F 10.895 2.671 2.645

t-statistic provided in parentheses.
***, **,*Indicate that regression coefficient is significant at the 1%, 5%, and 10% levels,
respectively.
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combined effects of favorable policies and market maturity. On
the one hand, under the guidance of the “dual carbon” strategic
goals, local governments in the eastern region have introduced
many specific and operational local support policies, providing
solid guarantees for green innovation in enterprises regarding
financial support, tax incentives, and green finance. On the other
hand, high levels of marketization, well-developed supply chain
systems, and strong technological innovation capabilities have
created a favorable environment for the deep integration of green
innovation and digital transformation. These two factors interact
to drive significant improvements in corporate ESG performance
effectively.

As a hub connecting the eastern and western regions with a
solid industrial foundation, the central region lags in leveraging
green innovation to enhance ESG performance, primarily due to
insufficient technological support and resource investment.
Although the central region has a certain industrial foundation,
it is constrained by limited investment in green innovation and
insufficient technological R&D capabilities, leading enterprises to
rely more on digital transformation measures to achieve efficiency
optimization and resource integration. Otherwise, there are still
significant shortcomings in terms of financial support, technolo-
gical innovation investment, and the development of a green
industrial system, which prevents green innovation from exerting
a significant driving effect on ESG performance.

Western regions face even more severe challenges, including
relatively weak infrastructure, insufficient resource allocation, and
limited local policy support. Low corporate responsiveness and
conversion capacity for relevant policies have resulted in limited
effectiveness of green innovation and digital transformation in
promoting sustainable corporate development, thereby failing to
translate into effective improvements in ESG performance.
Furthermore, differences among regions in policy implementa-
tion intensity, efficiency of policy resource allocation, and the
extent of corporate policy response have also exacerbated the
imbalance in ESG development levels across regions to a certain
extent.

Analysis of the sample according to the type of enterprise
Nature of assets. According to previous research, firms with dif-
ferent ownership structures exhibit varying ESG performance
(Chen et al. 2024). Consequently, the impact of green innovation
on ESG performance may differ depending on the actual con-
troller of the enterprise. Based on differences in ownership
structure, this study divides the sample into SOEs and non-SOEs
to explore the mechanisms and effects of green innovation and
digital transformation on carbon performance under different
ownership contexts.

The regression results in Table 10, Columns (1) and (2), show
that the impacts of GI and DT on ESG performance vary
significantly across firms with different ownership structures and
market categories. For SOEs, both GI (0.473) and DT (0.500)
have significant positive effects on ESG performance, with
relatively high explanatory power (R²= 0.156), indicating that
SOEs demonstrate a strong improvement in ESG outcomes
through green innovation and digital transformation. Although
GI (0.145) has a positive effect on non-SOEs, it is not statistically
significant. At the same time, DT (0.438) significantly enhances
ESG performance, reflecting the stronger reliance of non-SOEs on
digital transformation to drive improvements in their ESG
performance.

The enterprises’ ownership structure and market positioning
are key factors contributing to this heterogeneity (Song et al.
2015). SOEs enjoy clear policy support, stronger resource
acquisition advantages, and higher social responsibility

requirements, giving them distinct advantages in promoting green
innovation and digital transformation, significantly improving
their ESG performance. Specifically, SOEs typically face strong
government policy guidance and social responsibility pressures,
which give them greater motivation and enthusiasm to implement
green innovations. Policy supports and resource advantages enable
SOEs to form effective synergies in areas such as technology
research and development, green project investment, and digital
infrastructure construction, thereby promoting the achievement of
ESG goals. In contrast, although non-SOEs are equally concerned
about ESG performance, their resource allocation and market
positioning differ significantly from those of SOEs. As non-SOEs
usually operate on a self-financing basis, they face greater market
competition and have relatively limited resources. Therefore, non-
SOEs rely more heavily on digital transformation to achieve cost
reductions and efficiency improvements, thereby enhancing
competitiveness and driving business development. This market-
driven characteristic results in relatively lower investment in green
innovation, leading to a lower implementation level and limiting
improvements in ESG performance.

Startup. Given that enterprises at different development stages
prioritize resource allocation, market positioning, and corporate
social responsibility differently, analyzing the pathways and
impact of green innovation on ESG performance from the per-
spective of enterprise development stages is crucial (Zheng et al.
2022). Therefore, this study further analyses the heterogeneity
based on whether the company is listed on the growth enterprise
market (GEM).

The regression results in Columns (3 and 4) of Table 10 show
that, for GEM-listed companies, the impact of GI on ESG is
positive but not statistically significant (0.222). At the same time,
DT has a significant positive impact (0.478), indicating that while
the effect of green innovation is weaker, digital transformation
plays a more significant role in GEM companies. For non-GEM
companies, GI (0.294) has a significant positive effect on ESG,
indicating that green innovation plays a stronger role in driving
ESG performance for these firms. Additionally, DT (0.413) also
significantly enhances ESG performance, demonstrating that
digital transformation contributes to improving ESG perfor-
mance. The regression model for non-GEM companies is
relatively low. Still, the high F-value suggests that green
innovation and digital transformation significantly impact ESG
performance in non-GEM companies.

Table 10 Regression results for firms with different types.

(1) (2) (3) (4)

SOEs Non-SOEs GEM Non-GEM

ESG ESG ESG ESG

GI 0.473*** 0.145 0.222 0.294***

(2.850) (1.328) (1.185) (2.794)
DT 0.500** 0.438*** 0.478* 0.413***

(2.040) (2.729) (1.821) (2.640)
Controls Yes Yes Yes Yes
Company FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
_cons 41.977*** 39.211*** 42.254*** 40.780***

(4.058) (6.555) (5.107) (6.280)
N 1818 4694 1739 4773
R2 0.156 0.066 0.094 0.076
F 9.294 9.022 5.087 10.768

t-statistic provided in parentheses.
***,**,*Indicate that regression coefficient is significant at the 1%, 5%, and 10% levels,
respectively.
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This heterogeneity primarily stems from differences between
firms in terms of their stage of development, resource
allocation, and market positioning (Huang and Li 2018).
GEM-listed companies are typically in the growth stage, facing
dual pressures of rapid expansion and technological innova-
tion; therefore, they tend to prioritize allocating resources
toward rapid market share growth and technological break-
throughs. In contrast, green innovation, as a strategy that
prioritizes medium- to long-term returns, has a relatively lower
priority and struggles to secure sufficient resource allocation in
the short term. As a result, digital transformation has become
the primary means for GEM firms to enhance operational
efficiency and market competitiveness, directly supporting
their growth needs through optimized business processes and
improved management efficiency. In contrast, non-GEM firms
typically operate in more mature development stages, with
robust resource accumulation and clear, sustainable strategic
orientations for development. These companies have greater
flexibility in allocating their resources. They can incorporate
green innovation into their core development strategies,
viewing it as an important means of enhancing long-term
competitive advantages and fulfilling social responsibilities.
Therefore, in non-GEM companies, green innovation plays a
more significant role in enhancing ESG performance; simulta-
neously, digital transformation serves as an important
supporting factor, synergizing with green innovation to drive
corporate sustainable development and achieve ESG goals
jointly.

Analysis of the sample according to the type of industry
Heavy pollution. Due to the significant differences in resource
allocation, policy pressures, and market demands between heavy-
pollution and non-heavy-pollution industries, analyzing the
pathways and impact of green innovation on ESG performance
from the perspective of industry type is of considerable impor-
tance (Huang 2024). Therefore, this study adopts the industry’s
pollution level (heavy-pollution vs non-heavy-pollution) as a
distinguishing dimension to explore the differential pathways and
impacts of green innovation and ESG performance.

Table 11, Columns (1 and 2), presents the regression results
examining the effects of green innovation and digital transforma-
tion on ESG performance in firms from different industries. In
heavy-pollution enterprises (HPE), GI has a significant and
positive influence on ESG performance (coefficient= 0.610,
p < 0.05). At the same time, the impact of DT is even more
pronounced, with a coefficient of 1.248, which is significant at the
1% level. These findings suggest that heavy-pollution enterprises
experience a stronger ESG improvement effect from both green
innovation and digital transformation, with the influence of
digital transformation particularly noteworthy. For non-heavy-
pollution enterprises (non-HPE), GI has a smaller yet still
significant effect (coefficient= 0.202, p < 0.05), and DT also
demonstrates a significant impact (coefficient= 0.291, p < 0.05).

The observed heterogeneity primarily stems from significant
differences between HPE and non-HPE companies in terms of
industry characteristics, environmental regulatory intensity, and
social responsibility pressures (Donnelly 2022). HPE, due to the
high environmental externalities generated during its production
processes, typically faces stricter environmental regulations,
policy constraints, and public oversight. This high external
pressure has prompted HPE to increase its investment in green
innovation and digital transformation, aiming to reduce environ-
mental pollution, improve resource efficiency, and enhance its
corporate social image, thereby significantly improving its ESG
performance. Digital transformation, through smart

manufacturing, green supply chain management, and data-
driven environmental governance measures, can effectively
optimize the operational efficiency and environmental perfor-
mance of high-polluting enterprises, exerting a more significant
positive impact on ESG performance. In contrast, non-HPE
companies face less environmental pressure and focus more on
efficiency improvements and cost control as part of their strategic
priorities. Although green innovation also positively impacts ESG
performance in non-HPE companies, its effect on ESG improve-
ment is relatively limited due to its lower priority in resource
allocation. At the same time, digital transformation is primarily
used for internal management optimization and operational
efficiency improvements, and its driving role in achieving SDGs is
also relatively modest.

Manufacturing industry. Manufacturing and non-manufacturing
industries differ in their core activities, resource usage, and focus
on output, resulting in varying impacts on the relationship
between green innovation and ESG performance (Shan et al.
2024). The sample is divided into manufacturing and non-
manufacturing industries to explore these differences further for a
more detailed industry comparison.

Table 11, Columns (3 and 4), presents the regression results for
manufacturing (MFG) and non-manufacturing (non-MFG)
sectors. Both GI and DT have a significant impact on ESG in
MFG, with coefficients of 0.231 and 0.357, respectively, which is
significant at the 5% level. This suggests that green innovation
and digital transformation have a significant positive impact on
ESG performance in the manufacturing sector. In non-MFG, the
coefficient for GI is 0.320, which, while strong, is only significant
at the 10% level. Conversely, DT has a more significant impact on
ESG, with a coefficient of 0.542, which is significant at the 5%
level. This suggests that although green innovation also plays a
positive role in non-MFG, digital transformation has a more
pronounced effect on enhancing ESG performance. The regres-
sion models for both sectors show similar explanatory power
(R2), with the manufacturing sector having a higher F-statistic,
indicating that the ESG performance of manufacturing firms is
more strongly driven by green innovation and digital
transformation.

MFG and non-MFG exhibit significant differences in the
mechanisms through which green innovation and digital
transformation impact ESG performance. These differences

Table 11 Regression results for firms with different
industries.

(1) (2) (3) (4)

HPE Non-HPE MFG Non-MFG

ESG ESG ESG ESG

GI 0.610** 0.202** 0.231** 0.320*

(2.302) (2.071) (2.154) (1.814)
DT 1.248*** 0.291** 0.357** 0.542**

(3.499) (2.017) (2.291) (1.987)
Controls Yes Yes Yes Yes
Company FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
_cons 36.318** 42.373*** 35.920*** 46.837***

(2.341) (7.949) (6.175) (4.550)
N 939 5573 4718 1794
R2 0.230 0.063 0.079 0.108
F 6.813 10.629 11.320 5.823

t-statistic provided in parentheses.
***,**,*Indicate that regression coefficient is significant at the 1%, 5%, and 10% levels,
respectively.
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primarily stem from fundamental disparities in their produc-
tion characteristics, resource consumption, supply chain
complexity, and compliance cost structures (Wong et al.
2020; Yang and Lin 2020). MFG is characterized by high
resource and energy consumption, intensive emissions, and
long, cross-regional supply chains, resulting in more pro-
nounced overall environmental impacts. Consequently, MFG
faces stricter environmental regulations and higher compliance
costs, including clean production audits, carbon emissions
verification, and requirements for a green supply chain. This
external pressure drives manufacturing companies to optimize
their production processes through green innovation, aiming to
reduce energy consumption and emissions. By leveraging
digital transformation, they enhance supply chain transparency
and resource allocation efficiency, achieve compliance objec-
tives, and strengthen sustainable competitiveness. In contrast,
non-MFG companies have lower overall resource consumption
and smaller environmental externalities, resulting in relatively
limited environmental regulatory and compliance cost pres-
sures. While green innovation can also enhance ESG perfor-
mance in non-manufacturing sectors, due to constraints on
investment priorities, companies in these sectors primarily rely
on digital transformation to optimize internal management,
improve service quality, and boost operational efficiency,
thereby indirectly promoting sustainable development.

Conclusions and implications
Conclusions. Based on data from A-share listed companies from
2014 to 2023, this study examines the intricate relationship
between ESG performance, digital transformation, and green
innovation. It draws the following key conclusions: (1) green
innovation has a consistently significant positive effect on ESG
performance, suggesting that it is a core driver of corporate sus-
tainable development. (2) Digital transformation is not merely a
direct way for companies to achieve sustainable development. Still,
it also plays a partly mediating role between green innovation and
ESG performance, further strengthening the positive effect of
green innovation. (3) Various contextual factors, including public
emergencies, executive perceptions, regional differences, firm
characteristics, and industry diversity, moderate the impact of
green innovation and digital transformation on ESG performance.

Discussions. Prior research has widely recognized the relation-
ship between green innovation and ESG performance; however,
the role of digital transformation as a mediator has received
limited attention. This study is the first to investigate the med-
iating role of digital transformation in the relationship between
green innovation and ESG performance, thereby addressing a
significant gap in the existing literature. The findings reveal that
digital transformation not only directly enhances ESG perfor-
mance but also amplifies the impact of green innovation, thereby
further improving ESG outcomes. These results align with pre-
vious studies (Sun et al. 2024; Zhao et al. 2023), emphasizing the
critical role of digital technologies in promoting corporate sus-
tainability. However, this study extends the theoretical framework
by uncovering the enabling function of digital transformation in
strengthening the effects of green innovation.

In addition, this study examines contextual factors, including
the COVID-19 crisis and managerial cognition, and their
moderating effects on the relationship. The results demonstrate
the resilience of green innovation, which contributes signifi-
cantly to ESG performance even during crises such as COVID-
19, underscoring the necessity of institutionalizing green
practices as a core corporate strategy. Furthermore, the study
validates the critical role of managerial leadership in advancing

green and digital transformations. Specifically, the moderating
role of managerial green cognition underscores the pivotal
leadership role in driving sustainable development strategies.
These findings align with prior research (Dai and Tang 2022;
Meng et al. 2023), offering novel insights into how these factors
interact with digital transformation, green innovation, and ESG
performance.

The study provides important implications for practice,
emphasizing that companies should prioritize green innovation
as a core strategy and leverage digital transformation to maximize
its effects. Factors such as regional economic development levels,
firm characteristics, and industry-specific traits are crucial
variables that must be considered when implementing sustainable
development strategies. Notably, the study finds that green
innovation in non-SOEs has an insignificant impact on ESG
performance, differing from Liu et al. (2024), potentially due to
differences in the research sample. The exclusion of the financial
sector in this study is justified by its unique operational
characteristics and the ESG evaluation standards applicable to
it. More importantly, regulatory policies and capital structures
heavily influence ESG performance in the financial industry,
which may obscure the effects of digital transformation and green
innovation. Moreover, green innovation in the financial sector
focuses on developing financial products and services, diverging
from the innovation paths and frameworks of non-financial
industries. Therefore, excluding the financial sector enhances the
applicability and interpretability of the findings.

Moreover, the study finds that the government-led policy
framework and incentive mechanisms profoundly shape the
interplay between green innovation, digital transformation, and
ESG performance within China’s unique institutional environ-
ment (Abdul et al. 2023). National strategies, such as “Made in
China 2025” and “Digital China”, exemplify the role of central
and local governments in driving the adoption of green
technology through tax incentives, financial subsidies, green
credit, and R&D investments. These efforts have been
particularly effective in renewable energy, smart manufactur-
ing, and digital infrastructure. SOEs, as the primary vehicles for
policy implementation, leverage their institutional advantages
in resource allocation and financing to spearhead green
innovation projects and reinforce the institutionalization of
sustainability practices through mandatory ESG disclosures and
green credit evaluations. As a result, China has rapidly emerged
as a global leader in sectors such as solar and wind energy, as
well as industrial Internet technologies. In stark contrast,
Western market-driven models prioritize firms’ responsiveness
to consumer demand and capital market preferences, with
innovation being primarily driven by market competition and
relatively limited government intervention (de Bettignies et al.
2023). While the Chinese model offers the advantage of rapid
deployment of green and digital technologies, it may suffer
from rigid resource allocation due to potential misalignments
between policy priorities and market signals. On the other
hand, although the Western model progresses more slowly, it is
more agile in adjusting strategic directions based on real-time
market feedback (Wang 2018). This institutional divergence
suggests that in the global context of sustainable development,
it is essential to draw on the Chinese model’s strengths in large-
scale deployment and institutional support, while also embra-
cing the flexibility and innovation inherent in market-driven
systems, to identify the most effective pathways for achieving
green and digital transformation.

Implications. Based on the above findings and discussions, we
put forward the following recommendations:
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Firstly, companies should establish green innovation and
digital transformation as core strategic directions for sustainable
development and continue to increase resource investment.
Empirical analysis shows that green innovation has a sustained
and significant positive impact on corporate ESG performance,
and digital transformation plays an important mediating role in
the relationship between green innovation and ESG performance.
Therefore, promoting green innovation and digital transforma-
tion to build a dual-driven sustainable growth path is significant
for enhancing corporate competitiveness and achieving environ-
mental sustainability goals. Regarding green innovation, research
results indicate that companies with higher levels of innovation
investment exhibit significantly better ESG performance com-
pared to other companies, underscoring the crucial role of green
R&D investment in promoting corporate sustainable develop-
ment. Based on this, companies should continue to increase R&D
investment in areas such as low-carbon technology, clean energy,
and the circular economy. They should also establish special
green innovation funds and enhance the supply capacity,
innovative quality, and application depth of green technologies.
In terms of digital transformation, companies should actively
introduce advanced digital technologies such as smart manufac-
turing, the Internet of Things, and big data analysis to optimize
resource allocation and production processes, improve energy
efficiency, extend product lifecycles, and effectively reduce carbon
emissions. At the same time, they should promote the deep
integration of green innovation and digital strategies, system-
atically embed environmental goals into all business processes
such as product design, manufacturing, and supply chain
management, and establish a quantifiable and traceable green
performance evaluation system to achieve synergistic benefits
between technological innovation and environmental sustain-
ability goals. To further enhance the systematic nature and
implementation of green transformation, companies may also
draw on the experience of the EU Green Deal and establish the
position of Chief Sustainability Officer (CSO) to oversee the
formulation and implementation of green innovation and digital
transformation strategies, ensuring the effective implementation
of all sustainability initiatives.

Secondly, companies should strengthen the sustainability
awareness of senior managers and enhance their strategic
leadership role in the green transition process. Research indicates
that senior management’s understanding significantly moderates
the effectiveness of green innovation and digital transformation,
further highlighting their critical role in driving corporate
sustainability. Therefore, companies should regularly organize
specialized training on sustainability and green innovation to
deepen senior management’s understanding of environmental
responsibility, ESG principles, and global trends in green
transition. It should also enhance their consideration of sustain-
ability issues in strategic decision-making. Training content can be
combined with international standards, such as the EU Green
Finance Classification Standard (EU Taxonomy) and the United
Nations SDGs, to enhance awareness of global green development
benchmarks. In addition, companies should systematically
integrate ESG goals into their overall corporate strategy and
governance framework, establish a sustainability committee or
ESG committee under the board of directors, and ensure that
environmental and social responsibility issues are fully reflected in
major corporate decisions. To further strengthen senior managers’
sense of responsibility and initiative toward green transformation,
companies should establish executive incentive mechanisms
linked to ESG performance, integrating green innovation out-
comes with management performance evaluation systems to
encourage executives to prioritize green transformation in their
daily decision-making processes.

More importantly, the government should formulate differ-
entiated and targeted green development policies from three
levels: regional, enterprise type, and industry, to address the
specific needs of different regions, enterprise types, and
industries, by optimizing the policy support system, enhancing
the effectiveness and targeting of policies, promoting the deep
integration of green innovation and digital transformation, and
fostering the sustainable development of the green economy.

At the regional level, green development policies should be
designed with precision based on each region’s economic
development levels and resource endowments. Economically
developed regions should focus on supporting the research and
application of high-end green technologies, promoting the
formation of green innovation clusters, and adopting measures
such as establishing green innovation demonstration zones,
research and development expense deductions, and green
industry funds to encourage innovative enterprises to invest in
new energy, IM, green construction, carbon capture and
utilization (CCUS), and other fields. For less developed regions,
priority should be given to strengthening green infrastructure
construction and promoting the application of green technolo-
gies. Green financial support, fiscal incentives, and infrastructure
investment should be utilized to drive green transformation and
sustainable development.

At the enterprise level, the government should implement
differentiated policies based on enterprises’ resource conditions
and development stages. For SOEs and mature enterprises,
support should be strengthened for green technology research
and development, as well as digital infrastructure construction,
and they should be encouraged to play an exemplary role in
driving the green transformation. For non-state-owned and
small and medium-sized enterprises (SMEs), the government
should alleviate financial pressure through green finance, tax
incentives, and green financing tools to encourage them to
increase green investment. At the same time, integrating green
technology and digital transformation should be promoted to
help SMEs enhance their competitiveness and operational
efficiency.

At the industry level, the government should formulate precise
green transition policies based on industry characteristics and
green development potential. For high-polluting and energy-
intensive industries, strict energy efficiency standards and green
renovation requirements should be established to promote the
adoption of green technologies and strengthen carbon emission
management. For low-carbon emerging industries, the govern-
ment should further incentivize enterprises to increase green
innovation investment through tax incentives, green credit, and
green bonds, driving industrial-scale expansion and technological
progress.

Moreover, drawing on the experience of the EU’s “Just
Transition Fund” under the Green Deal, the government could
establish a national-level special fund for green transformation to
provide coordinated support for key areas such as green
technology R&D, low-carbon infrastructure construction, and
green talent cultivation, particularly for regions and high-
polluting industries transforming. By integrating fiscal, financial,
and industrial policies, a cross-sectoral and cross-regional green
development support system can be established to ensure social
fairness and regional balanced development during the green
transformation process.

Lastly, while this study is grounded in China’s specific
institutional and economic context, its insights may be adapted
to other countries or regions with appropriate modifications.
When applying the findings, practitioners and policymakers
should consider local institutional frameworks, market dynamics,
and policy environments. Rather than direct transplantation, the
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identified mechanisms—such as the mediating role of digital
transformation and the influence of managerial cognition—can
serve as a conceptual foundation for developing context-sensitive
strategies to advance green innovation and ESG performance in
diverse settings.

Shortcomings and perspectives. Despite offering valuable
insights into the relationship between digital transformation
and green innovation, this study still faces several limitations
that warrant further exploration. Firstly, this study focuses
exclusively on Chinese A-share listed companies, which may
limit the generalizability of the findings to other institutional
settings. The unique features of China’s policy-driven ESG
agenda, governance structure, and technological environment
may influence the interaction between green innovation and
digital transformation. Although these characteristics offer
valuable insights for other emerging economies undergoing
similar sustainability transitions, cross-country variations in
regulatory frameworks, cultural values, and market maturity
may yield different outcomes. Future research could conduct
comparative studies across countries and industries to examine
how contextual factors shape the mechanisms and effectiveness
of green and digital transformation strategies. Furthermore, a
deeper examination of how to enhance managerial green cog-
nition in various institutional contexts would help refine tar-
geted approaches to corporate sustainability.

Moreover, the measurement of key variables presents certain
validity concerns. The current approach to assessing digital
transformation relies on the frequency of relevant keywords in
annual reports. While this method is feasible for large-scale data
processing and reflects firms’ communication tendencies, it may
not accurately capture the depth and breadth of digital technology
adoption within organizations. Future studies could incorporate
more granular data, such as investment levels and implementa-
tion progress in specific areas like AI, cloud computing, and the
industrial internet, or utilize third-party digital maturity assess-
ment reports to evaluate the real extent of digital transformation
more precisely. Similarly, green innovation is measured solely by
the number of green patent applications, without distinguishing
between the quality of technologies or considering their market
applicability and commercialization outcomes. While such
simplified indicators are practical for large datasets, they may
obscure critical heterogeneity in technological transformation and
innovation activities. Future research could enhance this
measurement by incorporating indicators such as patent citation
frequency, technological value, patent family size, grant rates, and
post-application commercialization performance, thereby provid-
ing a more comprehensive assessment of the quality and impact
of green innovation.

Finally, although this study accounts for key contextual
variables such as managerial perception, regional characteristics,
and the impact of the COVID-19 pandemic, it has not fully
considered other potential influencing factors, including cultural
context, consumer behavior, and internal digital readiness. These
factors may shape strategic decision-making and technology
adoption pathways, affecting green innovation outcomes. Future
research could address these dimensions by employing structured
surveys and expert interviews to collect more nuanced micro-level
behavioral data, thus developing a more explanatory and context-
sensitive analytical framework.

Data availability
The data that support the findings of this study are available from
the corresponding author upon reasonable request.
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