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Abstract: In the current economic landscape, businesses are challenged by the dual imper-
atives of digital transformation and sustainability goals. While digital transformation is
often heralded as a catalyst for innovation, its potential negative effects on green innovation
remain underexplored. This study fills in this gap by analyzing 1443 listed companies
on the Shanghai Stock Exchange main board between 2013 and 2022, focusing on the
mechanisms by which digital transformation impacts green innovation and on the mod-
erated role of environmental, social, and governance (ESG) performance. Our findings
reveal that digital transformation hinders green innovation by increasing financing con-
straints. However, good ESG performance mitigates these negative impacts by alleviating
financing constraints, thereby fostering green innovation. Our findings hold up against
endogeneity tests by applying instrumental variable methods. Notably, the effect of digital
transformation and ESG differs significantly between state-owned enterprises (SOEs) and
non-state-owned enterprises (non-SOEs). While non-SOEs experience more pronounced
challenges, ESG also demonstrates a stronger moderating role, unlike in SOEs, where
institutional advantages offset some of these constraints. These findings enhance the un-
derstanding of dual transformation challenges, offering practical implications for aligning
digital and green strategies in diverse organizational contexts.

Keywords: digital transformation; green innovation; ESG; financing constraints; moderating
effects; moderated mediation effects

1. Introduction
In an era where digitalization and sustainability have become intertwined impera-

tives, enterprises face the critical challenge of harmonizing technological innovation with
environmental responsibility. Digital and green transformations, often referred to as “twin
transitions”, are increasingly recognized as pivotal to ensuring both economic growth and
environmental protection. However, a crucial question persists within both academic and
policy domains: can twin transitions create synergies, or do they inherently conflict, with
one undermining the other [1,2]? This debate remains unresolved, highlighting the need
for deeper empirical exploration.
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As one of the top energy consumers globally, China faces serious environmental
pollution and overconsumption of natural resources due to high energy consumption in
traditional industries. A growing number of stakeholders are pressuring heavily polluting
enterprises to balance economic and environmental benefits. Therefore, while promoting
digital transformation, companies cannot ignore the need for a green transition. Failure to
effectively align these transitions may undermine both their corporate competitiveness and
sustainability [2]. Green innovation is rooted in ecological protection, helping companies
fulfill their environmental responsibilities while ensuring profitability [3]. By enhancing
institutional legitimacy, securing government subsidies, improving resource utilization, and
reducing pollution emissions [4,5], it has become a vital strategy for achieving a competitive
advantage [6].

Digital transformation is recognized as a significant trend that is revolutionizing both
society and industry. Digital technologies contribute by offering innovative products and
services to customers, streamlining organizational and business processes, optimizing
supply chains, and significantly enhancing operational efficiency [7,8] and dynamic capa-
bilities [9]. However, there are still major disagreements in current research on the effect
of digital transformation on green innovation. While several studies suggest that digital
transformation enhances green innovation [10–13], its benefits should not be oversimplified,
as it can also pose challenges [14–17]. With scarce attention and capital, firms may priori-
tize the allocation of significant resources to technological innovation in order to rapidly
establish a competitive advantage, which may divert attention and resources from other
key operational functions [18], leading to a “crowding-out” effect. The implementation
of digital transformation forces firms to divert investments away from environmental
protection initiatives [19], thus somewhat undermining the ability to innovate in a green
manner [20]. The complementary pursuit of digital transformation and environmental
sustainability strategies may undermine innovation performance due to different strategic
objectives and competition for resources [15]. Therefore, enterprises need to carefully man-
age the resources required for digital transformation and maintain a balance of resources to
ensure that short-term performance goals are achieved while avoiding adversely affecting
green innovation [21]. Particularly in large, mature firms with large organizational inertia,
cross-functional collaboration challenges are likely to lead to a simultaneous erosion of
competitiveness and sustainability [18].

In addition, digital transformation requires significant upfront investments in time,
money, and people to realize significant benefits [22]. No consistent conclusions have been
reached on whether digital transformation exacerbates or alleviates financing constraints,
due to variations in samples and performance metrics in research. Some studies reveal a
negative correlation between the two [23], while others suggest that digital transformation
contributes to financing constraints and also elevates operational risks and demand for
financing [24,25]. In addition, green innovation demands even more extensive and sus-
tained financial support. According to resource scarcity, increased financial allocations to
digital transformation may crowd out funding available for green innovation. However,
current research does not consider the financing conflict between the dual transformations
or the increase in financing constraints due to the specific risks, such as uncertainty and
compliance, that digital transformation poses to large, well-established firms that rely on
traditional business models to thrive. Our study addresses these gaps by exploring the
mediating mechanisms through which financing constraints affect the interplay between
twin transitions.

Furthermore, from an externality perspective, green innovation exhibits dual exter-
nalities, generating both knowledge spillovers and environmental benefits [26,27]. These
positive externalities often lead to market failure, as firms may underinvest in green innova-
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tion without adequate incentives. Effective external regulation and internal self-governance
are thus essential to drive firms toward green innovation. While environmental, social,
and governance (ESG), with its dual attributes of “internal governance” and “external
evaluation”, plays a pivotal role in this process, its moderating effect has been largely
overlooked in prior research. This study explores ESG’s moderating role in the relationship
between twin transitions and its moderating role for the mediating mechanism of financing
constraints, addressing the above-mentioned key research gap.

We contribute to the literature in several ways.
Our research makes a unique contribution to the growing discourse on the twin trans-

formation of digitalization and sustainability by addressing critical gaps in the existing
research. First, existing studies predominantly explore the benefits of digital transfor-
mation on green innovation [12], but they often neglect the potential conflicts between
these twin transitions, leaving theoretical frameworks ambiguous and practical applica-
tions uncertain. To address this gap, we focus on large, mature Chinese enterprises to
investigate the relationship between digital transformation and green innovation. These
enterprises significantly contribute to the national output but face distinct challenges, such
as greater organizational inertia, complex resource competition, and structural resistance to
change [28,29]. However, this specific aspect has often been overlooked in previous studies.
By centering on the group of large-scale companies based on traditional business models,
we provide a detailed perspective on the complexity of the resource trade-offs in the face of
simultaneous digital transformation and green innovation.

Second, by emphasizing internal resource competition, we analyze the mediating
role of financing constraints under twin transformation. Unlike most studies that assume
successful digital transformation, our research emphasizes the substantial initial invest-
ment required, high failure rates, and slow returns of digital transformation, as well as the
uncertainty risks posed by its disruption of traditional business models and competitive
landscapes. We theorize how twofold transformation increases specific risks and infor-
mation asymmetries, affecting firms’ financing capabilities, thus affecting resource inputs
for green innovation. Our findings align with Gebauer et al. [30] on the digital paradox,
offering new insights from the perspective of financing constraints.

Third, while most studies analyze the moderating effects between digital transforma-
tion and green innovation from a single viewpoint of either “external supervision” [31,32]
or “internal governance” [33] variables, this paper incorporates overall ESG performance,
which has dual attributes of “internal governance” and “external evaluation”. By exam-
ining the moderating role of ESG within the twin transitions, this study reveals complex
dynamics that are often overlooked when these factors are considered in isolation, empha-
sizing the importance of external oversight and self-monitoring in fostering the alignment
of economic and environmental objectives within the framework of eco-modernization
strategies [34].

2. Literature Review
2.1. The Impact of Digital Transformation on Green Innovation

Several studies have shown that digital transformation is generally regarded as a driv-
ing force of green innovation [12] by enhancing resource utilization, expanding knowledge
bases [13], improving internal control [35], and getting government subsidies [10], thereby
boosting both quality and quantity of green innovation [11].

Conversely, some authors propose that digital transformation does not facili-
tate, or even hinders, innovation under certain conditions [14–17]. For instance,
Ghasemaghaei et al. [14] analyzed big data characteristics, noting that while data type and
velocity positively influence innovation, data volume often fails to yield significant im-
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provements. Similarly, in a study of 369 North American SMEs, Ardito et al.’s research [15]
observed that aligning digital transformation with environmental sustainability strategies
often negatively impacts process innovation performance. Using a large dataset of EU-
based firms, Usai et al. [16] found that excessive reliance on digital technologies can strain
long-term innovation capacity. Cicerone et al. [17] discovered that the accumulation of arti-
ficial intelligence knowledge has helped EU regions already focused on green technology
in the past to continue developing green technology, but it has limited or negative effects
on regions not yet involved in green technology.

Moreover, some research has found a nonlinear relationship between the two [20,21].
For example, Wang et al.’s [21] study of Chinese industrial firms suggests that the tech-
nological paradigm shift triggered by digitization in the early stages can increase green
innovation in firms, but when firms exceed a certain threshold of digitization, digitized
information overload leads to a higher threshold of decision-making for managers and
crowds out firms from investing the resources needed for technological innovations.

These conflicting conclusions indicate that the relationship between digital trans-
formation and green innovation is highly context-dependent, influenced by corporate
characteristics, organizational structures, geographical characteristics, and resource alloca-
tion strategies. Our study fills this gap, focusing on the resource allocation within mature,
large-scale enterprises.

2.2. The Impact of ESG on Green Innovation

Green innovation has substantial environmental and economic benefits. This high-
lights its importance to both internal and external stakeholders. ESG, in turn, is critical to
balancing a company’s economic benefits and sustainability by directing its limited capital
to innovations that have long-term developmental value.

Research shows that ESG performance is a key factor in improving green innovation
by reducing financing constraints, increasing corporate environmental awareness [36],
strengthening human capital [37], increasing investment in research and development,
enhancing risk-taking levels, and improving employee innovation efficiency [38]. Wang
et al. [39] find that companies evaluated by ESG rating agencies experienced a 3.9% growth
in the output of green innovation. This impact was particularly significant in companies
with longer-term-focused investors, greater financing constraints, and non-state-owned
enterprises. A study by Wang and Sun [40] indicates that ESG performance both promotes
green innovation and substitutes for stringent environmental regulations in fostering it.
However, Yang and Albitar [41] argue that the relationship is not linear: low ESG ratings
focus on improving governance and operations, potentially neglecting green innovation.
But as corporations raise ESG scores, they increasingly prioritize green innovation.

As digital technologies continue to mature, the sustainability of digital transforma-
tion has also become a focal point for stakeholders. Consequently, stakeholders such
as investors [42], employees [43], and consumers [44] are increasingly attentive to ESG
performance. Scholars have been prompted to examine the interaction between ESG and
digital transformation in shaping firm outcomes. Fu and Li [45] found that integrating
ESG performance into digital transformation strategies enhances financial performance,
while Alkaraan et al. [46] show that ESG strengthens the correlation between Industry 4.0
and operational efficiency. Nevertheless, the literature does not thoroughly explore the
influence of synergies between the two on green innovation.
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3. Theoretical Analyses and Research Hypotheses
3.1. Digital Transformation and Green Innovation Performance

Green innovation is not merely a technical concept but embodies the principles and
pathways of green development. It involves innovations in products, processes, or business
models that elevate a company’s environmental performance [47]. While digital transfor-
mation, as a disruptive organizational process, holds the potential to optimize operational
efficiency [7,8] and enhance dynamic capabilities [9], its implementation often prioritizes
short-term technological advancements over long-term environmental sustainability. This
dual nature of digital transformation offers both advantages and obstacles for green innova-
tion: on one side, it can act as an enabler by optimizing resource utilization and providing
critical tools to address external environmental challenges; and on the other side, its poten-
tial is constrained by significant resource barriers and strategic mapping [20,48], especially
in large, established firms. Due to the nature of the stage of the transformation and the
path dependency, as well as the excessive focus on short-term performance to cope with
intense competition, not only do potential positive effects of digital transformation take a
much longer time span to materialize, thus also limiting direct and timely support for green
innovation, but the competition for resources between it and long-term development goals
also hinders green innovation. The dual pressures of core business performance and the
effectiveness of digital transformation implementations make it difficult for organizations
to consider green innovations with long-term sustainability in mind.

Specifically, within large conglomerates with complex organizational structures, de-
partments with similar functions often compete for scarce resources, intensifying the
“crowding-out” effect between the twin transitions. Both initiatives are innovation activities
that require substantial investment and are characterized by high uncertainty [49]. How-
ever, their goals and implementation strategies differ significantly: digital transformation
typically aims to optimize short-term efficiency and market competitiveness, whereas
green innovation prioritizes long-term strategic value and environmental externalities.
These differences create conflicts in resource allocation, leading to internal power games,
inefficient resource allocation, and impeded organizational synergy [15,50]. Moreover, ma-
ture large-cap corporations often face organizational inertia [28] and employee resistance
to disruptive changes [51]. This path dependency further compounds the challenges of
resource allocation and reduces the resources that would otherwise be available to support
green innovation.

The inherent uncertainty and risks associated with digital transformation further exac-
erbate the conflict between the dual transformations. Internally, digital transformation’s
high failure rates [52] and slow returns disrupt internal organizational stability. Externally,
digital transformation increases external competition from knowledge spillovers and the
erosion of industry barriers [53,54]. To maintain operational balance and to fend off in-
creased external competition, companies tend to focus on technological R&D investments
and marketing strategies that can rapidly increase market competitiveness [55]. This ap-
proach aims to establish a market isolation mechanism and create “temporary advantages”
while maintaining good financial performance of the enterprise to maintain market leader-
ship and social image. In contrast, green innovation, characterized by dual externalities that
lead to knowledge and environmental spillover effects [26,27], offers long-term strategic
value but lacks immediate financial returns. This misalignment between short-term stress
and long-term sustainability is causing companies to scale back resources allocated to
green innovation, especially under the dual pressures of financial performance of the core
business and digital transformation implementation effectiveness.

According to the theoretical analysis provided above, we propose Hypothesis 1:
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H1. Digital transformation may inhibit the enhancement of green innovation of mature large-
cap companies.

3.2. The Mediating Role of Financing Constraints

From the perspective of financing constraints, innovation is inherently a risky, long-
term event requiring substantial and stable financial support [49]. Eco-innovation, in
particular, is characterized by higher technological risks, longer investment recovery peri-
ods [26], and significant externalities that limit private financial returns [56]. These factors
make green innovation more challenging to finance compared to traditional innovation.

As a resource-intensive activity, digital transformation requires continuous and sub-
stantial funding to support digital technologies, equipment, and workforce training [57,58].
According to the data from the State Information Center in 2020, over half of Chinese firms
remain in the initial stages of digital equipment transformation and technology adoption,
largely due to low profitability and financing constraints, and the issue of funding has
become a major challenge in the early stages of digital transformation [24,25]. For mature
enterprises with entrenched organizational structures, the financial demands of digital
transformation are particularly pronounced, as they must overcome significant structural
inertia and resistance to change [28]. However, different strategic intentions tend to make
the funding needs for digital transformation frequently conflict with those needed for
eco-innovation. These demands tend to crowd out internal funding for green innovation
initiatives, intensifying resource allocation challenges.

The financing constraints associated with digital transformation are further explained
by the Information Asymmetry Theory [59], which posits that the distribution of informa-
tion among different participants in a transaction or decision is usually uneven. While most
studies presuppose the success of digital transformation and uncritically affirm its positive
signaling effects, the reality often diverges. Digital technologies can theoretically enhance
information transparency through systematic data analysis [60,61], but their complexity
and high failure rates introduce significant uncertainty for external investors [52]. This
uncertainty is exacerbated by the disruption of traditional business models [62] and firms’
path dependence [63], which constrains their ability to adapt to new technologies and
paradigms. For large, mature firms that thrived in the pre-digital economy, these challenges
can pose existential threats [29]. Consequently, investors lacking technical expertise face
greater decision-making challenges in the face of these uncertainties, leading to more
stringent financing conditions and higher capital costs.

Furthermore, the application of big data technologies introduces substantial privacy
protection and regulatory compliance risks [64]. Investors often struggle to ascertain
whether firms possess the requisite capabilities to ensure compliance with data regulations
and legal frameworks that mitigate potential legal consequences or unfavorable social per-
ceptions. This uncertainty heightens investor concerns regarding the legal and reputational
risks associated with digital transformation, prompting them to impose stricter financing
conditions. Such constraints further limit firms’ ability to secure external capital, increasing
the financial burden [65].

Considering the above theoretical analysis, we propose the second hypothesis:

H2. Digital transformation increases financing constraints, thereby negatively impacting
green innovation.

3.3. The Moderating Effect of ESG Performance

The perspective of ecological modernization [66] advocates for minimizing environ-
mental harm while maintaining economic growth, thereby achieving harmony between
economic and environmental goals. However, relying solely on enterprises’ voluntary
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commitment to aligning economic performance with environmental quality often proves
insufficient. In practice, the key to integrating environmental quality into economic decision-
making lies in the combined effects of external oversight and internal governance [34]. This
paper proposes that ESG functions as a holistic measure of sustainability, influenced by
both external stakeholder oversight and internal governance mechanisms. This dual super-
vision mechanism not only provides internal drivers [38,67] and external incentives [67,68]
for green transformation but also unlocks the potential for optimized resource allocation
during digital transformation, guiding digital technologies to support environmentally
friendly technological innovation.

The Resource-Based Theory points out that an enterprise’s competitive advantage
comes from the acquisition and utilization of scarce, unique, and hard-to-imitate re-
sources [69]. Companies with strong ESG performance provide intrinsic motivation and
a stable setting for green innovation activities, which are seen as resources for firms to
build competitive advantage. ESG-aligned firms attract high-quality talent through green
human resource management practices [43], strengthening the human capital quality, en-
hancing employees’ sense of belonging, and stimulating their work enthusiasm needed
to manage the complexities of integrating digital technologies [70]. This talent pool not
only enhances firms’ ability to implement digital tools effectively but also mitigates risks
such as skilled labor shortages and loss of managerial expertise, common during digital
transformation [71]. Importantly, ESG-aligned risk management capabilities [72,73] fur-
ther mitigate operational uncertainties and idiosyncratic risk [74,75], including technology
adoption failures, market resistance, regulatory uncertainty, and various other challenges
and threats associated with digital transformation [29,76], providing a stable operational
environment for digital transformation.

Additionally, companies with strict ESG principles put more emphasis on green devel-
opment. They inspire corporate managers and R&D teams to incorporate sustainability
considerations into the design of their digital processes, integrating environmental objec-
tives at every stage of the value chain, from the selection of raw materials to sales, and
achieving green process innovation. Moreover, sound corporate governance mechanisms
play a critical role in ensuring efficient resource allocation. Transparent and objective
decision-making processes not only prevent resource misallocation and mitigate the nega-
tive effects of employee negative emotions on innovation [77] but also strategically invest
limited funds in high-potential green technology research and development in accordance
with the principles of fairness and meritocracy, enabling firms to balance both economic
and environmental objectives.

In terms of external regulation, superior ESG performance signals a firm’s strong
environmental awareness and commitment, increasing access to external stakeholder
support like government subsidies [78]. These subsidies reduce the financial risks of green
technology development and incentivize participation in policy-driven green innovation
initiatives [79]. Furthermore, according to the stakeholder theory, firms must meet the
multiple expectations of different stakeholder groups to fulfill their responsibilities to
stakeholders [80]. Such support and subsidies come with accountability mechanisms
that require firms to meet green innovation benchmarks established by governments and
other stakeholders. This external monitoring pressure serves as a critical incentive for
firms to optimize resource allocation. It encourages the integration of digital technologies
into green innovation processes, mitigates short-term decision-making tendencies during
digital transformation, and fosters increased investment in green innovation [68]. Thus, we
propose the third hypothesis:

H3. ESG performance can mitigate the adverse impact of digital transformation on corporate
green innovation.
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3.4. The Moderating Effect of ESG on the Mediating Mechanism

Based on the Signaling Theory [81], in the presence of information asymmetry, the
party with superior information can reduce uncertainty by proactively acting to convey
reliable information. Companies that excel in ESG typically demonstrate robust risk man-
agement systems and heightened organizational legitimacy, demonstrating a commitment
to sustainability and enduring value creation, and thus boosting investors’ confidence in
the firm [82]. It mitigates the negative perceptions of potential failures and slow returns
associated with digital transformation and increases stakeholders’ tolerance for potential
short-term operational or financial performance dips during digital transformation, thereby
increasing access to external finance and lowering debt costs [83,84].

It reduces the cost of issuing green bonds due to investors’ environmental prefer-
ences [85]. Additionally, ESG practices attract government subsidies and tax incentives
related to greening and social responsibility, further lowering the financial barriers asso-
ciated with digital transformation [41]. Furthermore, investors focused on sustainability
are likely to invest more in equity crowdfunding [86]. In addition, crowdfunding serves as
social capital, fostering emotional connections between companies and green consumers.
These consumers, who strongly identify with ESG-driven brands, show greater investment
willingness and risk tolerance, enhancing the availability of crowdfunding capital. At the
supply chain level, ESG performance reinforces trust among supply chain partners and
customers, ensuring stable commercial relationships that reduce the incidence of com-
mercial fraud. Consequently, they are more inclined to establish long-term, stable supply
chain relationships, facilitating greater access to commercial credit financing [87]. Green
financing can alleviate the financial pressure of twin transitions, optimize innovation input
structures, and coordinate resource allocation, promoting green innovation [88].

Based on our theoretical analysis provided above, we propose the fourth hypothesis
as follows:

H4. Good ESG performance can mitigate the financing constraints caused by digital transformation,
alleviating its negative impact on green innovation.

Based on the above hypotheses, the research model is depicted in Figure 1.
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4. Research Design
4.1. Data Sources

This study uses a sample of companies listed on the main board of the Shanghai
Stock Exchange from 2013 to 2022, primarily comprising large blue-chip enterprises. The
starting point of the year 2013 was selected for studying China’s digital and green trans-
formation due to significant policy and technological developments. In 2013, the Chinese
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government issued the “Opinions on Promoting Information Consumption to Expand
Domestic Demand”, which, among other things, launched the national informatization
strategy, provided policy support for digital transformation, and established the measures
to enhance green technology development and promote sustainable economic growth.
Additionally, 2013 marked the beginning of China’s 4G network construction, rapidly
advancing mobile internet technology and supporting digital transformation [89]. Data
were collected from April to June 2024. As green innovation data for 2023 have not been
fully disclosed by the government, the year 2023 is excluded from the analysis. The digital
transformation data were collected manually, using text analytics with the Python word
frequency statistics function; the data for green innovation are from the China National
Intellectual Property Administration (CNIPA), using the International Patent Classification
(IPC) system to identify relevant innovation, while other sample data were sourced from
the Wind financial terminal database and the CSMAR database. The sample selection was
based on the following principles: (1) samples with absent data on the main explanatory
variables and financial explanatory variables are excluded; (2) financial and insurance
companies are excluded on account of their particularity [10,90,91]; (3) excluding ST, PT,
and *ST companies [92,93]; and (4) to avoid the effect of outliers, all continuous variables
were minorized at the 1% and 99% levels [94,95]. The final sample consists of 620–1252
companies in different years (9521 observations with 1443 companies).

4.2. Description of Variables
4.2.1. Dependent Variable: Green Innovation (GI)

In prior studies, the main metrics used to measure corporate green innovation capa-
bility include green patent applications [96,97], citations of green patents [98], and green
patents granted [99,100]. As an accurate measure of environmental innovation achieve-
ments, the total green patent portfolio serves as an accurate metric that captures all green
invention disclosures, invention patent grants, and utility models obtained by the company.
The data sources include patent-related data from the CNIPA and green patent category
numbers from the World Intellectual Property Organization IPC Green Inventory.

4.2.2. Explanatory Variable: Digital Transformation (DT)

Based on existing studies [60,89,101], this research calculated word frequencies of
74 keywords, covering five dimensions to measure DT. These keywords (shown in Figure 2)
encompass various technologies and a wide range of application areas. The words used in
the annual report reflect the operating philosophy and development trajectory of firms [102],
making it a viable approach to assessing digital transformation through annual report
analysis. The word-frequency data were obtained by analyzing the text of annual reports
using the “jieba” segmentation tool of Python 3.9. To avoid ambiguity caused by the broad
meanings of some commonly used words, this study manually filtered out words that were
less relevant to AI applications. For example, the term “artificial intelligence” was matched
with the phrase “Artificial Intelligence Co., Ltd.”, and its frequency was calculated. Then,
such expressions were excluded from the overall frequency of the “artificial intelligence”
keyword. This process was repeated to obtain the final adjusted frequency for each term.
Following Liu et al. [89], these word frequencies were then summed and logarithmically
transformed to derive the quantitative indicators of a company’s digital transformation
as follows:

ln

[(
74

∑
n

keyword frequency

)
+ 1

]
[1]
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4.2.3. Mediating Variable: Financing Constraints (FCs)

Scholars have proposed various metrics to measure financing constraints, including
single factors such as asset size and dividend payout ratio; and composite indices, like
the SA index [103], KZ index [104,105], and WW index [106]. Hadlock and Pierce [103]
developed the SA index by categorizing constraints based on qualitative information from
financial filings of firms from 1995 to 2004 and estimating ordered logit models with firm
size and age as significant predictive factors. The SA index is generally considered to be
more valid than the KZ index [92]. The calculation of the SA index is performed using the
mathematical formula provided below [103]:

SA = −0.737×Size+ 0.043×Size2 − 0.04×Age [2]

In Equation [2], Size refers to the logarithm of total assets (in million RMB); and
Age represents the firm’s age, determined by subtracting the listing year plus 1 from
the current year. The higher absolute value of the SA reflects a higher level of financing
constraints [107,108]. Since size and age are firm characteristics that are not easily influenced
by internal firm decisions, the scholars consider these variables more reliable to capture
the resource availability and financing constraints of a firm [92,108,109]. Considering the
possible internal resource competition between twin transitions, we applied the SA index
to capture financing constraints.

4.2.4. Moderator Variable: ESG

We selected the Huazheng ESG rating index due to its extensive coverage, frequent
updates, and advanced calculation methods [110]. It is frequently employed in numerous
studies as a standard for evaluating ESG ratings [111–113]. The index includes over 300
indicators across environmental, social, and governance dimensions, ensuring a thorough
evaluation. It is updated quarterly, providing more current data compared to other indices
that are updated semi-annually or annually. Additionally, it employs integrated semantic
analysis and natural language processing algorithms, enhancing its accuracy and scientific
validity. These advantages make the Huazheng ESG rating index an efficient means for
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measuring ESG performance. The ratings are classified into nine levels, from AAA to C;
updates occur quarterly. Based on these ratings, we assign values from one to nine and use
an average score of the quarterly scores in a year to gauge ESG performance for that year.
A higher score means better ESG performance.

4.2.5. Control Variables

Drawing on prior research [90,92], this study incorporates the following control vari-
ables into the model: To capture profitability, we use return on assets (ROA) and growth rate
of operating revenue (Growthrate). Tobin’s Q (TbQ) is used for future growth opportunities.
Other corporate indicators are firm size (Size), leverage ratio (Lev), firm age (Age), and firm
research and development expenditures (R&D). Since green bonds provide dedicated fund-
ing for green environmental projects, directly influencing the financial resources for green
innovation activities [114], we introduce the green bond issue size (Greenbonds). We also
introduce corporate governance variables, such as board of directors’ independence (Ind),
property rights contexts (SOE), and shareholding concentration (Top1). The definitions and
quantification of all variables can be found in Table 1.

Table 1. Variable definitions.

Variable Type Variable Name Variable Symbol Variable Description

Dependent variable Green innovation GI Sum of green invention disclosure, invention
patent grant, and utility model

Explanatory
variable

Digital
transformation DT

Using text mining, word frequencies of
74 keywords were summed

and logarithmized

Mediator variable Financial constraints FCs Absolute value of SA index

Moderator variable
Environmental,

social, and
governance

ESG

Using the ratings from the Huazheng
database, each rating was converted into a
score, and the quarterly average score was

used to represent the annual score

Control variable

Return on total assets ROA Net profit divided by total assets
Enterprise size Size Total assets taken in logarithms

Gearing Lev Total liabilities divided by total assets and
taken in logarithms

Enterprise age Age Years of observation minus years listed and
taking natural logarithms

R&D expenditure R&D Total firm R&D expenditures taken in
logarithms

Tobin’s Q TbQ Market value of assets divided by
replacement cost of assets

Board independence Ind Number of independent directors divided by
number of directors

Growth rate of
revenue Growthrate

(Current operating income − prior operating
income) divided by prior operating income

and taking natural logarithms

Property rights
contexts SOE

In the case of state-owned enterprises, the
value is “1”; in the case of non-state-owned

enterprises, the value is “0”
Percentage of green

bonds Greenbonds Green bond issue size

Shareholding
concentration Top1 Equity shareholding ratio of the largest

shareholder of the enterprise
The table comprehensively explains and quantifies all the variables used in the empirical analysis.
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4.3. Descriptive Statistics of the Variables

Table 2 provides descriptive statistics for 9521 observations. The green innovation’s
mean value is 0.422, with a standard deviation of 1.878, a maximum of 41, and a minimum
of 0, reflecting substantial variation in green innovation among the sample firms. The mean
ESG score is 4.230, suggesting an average ESG rating between B and BB. The mean digital
transformation is 1.442, with keyword frequency in annual reports averaging 8.763, ranging
from 0 to 426. Distribution of other control variables within reasonable limits.

Table 2. Descriptive statistics of the variables.

Variables Obs Mean Std. Dev Min Max

GI 9521 0.422 1.878 0 41
DT 9521 1.442 1.258 0 6.057

ESG 9521 4.230 0.994 1 8
FC 9521 3.575 0.362 2.014 4.438

ROA 9521 4.407 6.671 −97.52 65.54
Size 9521 8.835 1.408 4.478 14.79
Age 9521 12.541 0.951 1 32
R&D 9521 3.502 2.182 0 10.81
Lev 9521 3.698 0.559 −0.179 5.042

Growthrate 9521 4.680 0.306 −0.142 8.885
GreenBonds 9521 0.0268 0.628 0 34.40

TbQ 9521 1.805 9.679 0.0353 666.3
Top1 9521 37.677 15.44 3.390 89.09
SOE 9521 0.492 0.500 0 1
Ind 9521 0.377 0.0643 0.143 0.800

Additionally, we calculated the variance inflation factors (VIFs) and found that the
highest VIF value among the variables is 2.76, with an average VIF value of 1.74, both
lower than the threshold of 10. Thus, multicollinearity does not appear to be an issue in
this study.

4.4. Methodological Approach

A company’s green innovation is greatly affected by specific and unobservable firm
individual characteristics, such as industry characteristics [115,116], corporate culture [117],
and management style [118,119]. The two-way fixed-effects models effectively mitigate
the influence of unobservable variables related to year and individual, reduce estimation
biases, and enhance the statistical reliability of findings [120,121], but they require panel
data and a substantial sample of observations [121].

Model (1) is designed to verify the correlation between DT and GI:

GIi,t = α0 + α1DTi,t + α2Controlsi,t + ∑ Year + ∑ Ind + εi,t (1)

where subscript i denotes the firm; t represents time; GIi,t indicates the green innovation
of firm i at year t; DTi,t indicates the level of digital transformation of firm i at year t;
Controlsi,t indicates a set of control variables; ∑ Year and ∑ Ind represent the time fixed
effects and individual fixed effects of the firm; and εi,t is the exogenous disturbance term,
which follows a normal distribution with mean 0 and variance σ2. Based on the theoretical
analysis, α1 is expected to be significantly negative.

To verify the mediating role of financing constraints between DT and GI, this paper
draws on the causal-steps approach to mediation [122] of models (1)–(3):

GIi,t = α0 + α1DTi,t + α2Controlsi,t + ∑ Year + ∑ Ind + εi,t (1)
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FCi,t = β0 + β1DTi,t + β2Controlsi,t + ∑ Year + ∑ Ind + εi,t (2)

GIi,t = γ0 + γ1DTi,t + γ2FCi,t + γ3Controlsi,t + ∑ Year + ∑ Ind + εi,t (3)

where FCi,t represents the corporate financing constraints, and the other variables are the
same as in the above model. If β1 is significantly positive and γ2 is significantly negative, it
confirms the validity of the mediating effect of FCi,t.

The approach outlined by Baron and Kenny (1986) is widely used in empirical studies
dealing with the mediation effect [12,89,123]. The mediation effect can elucidate intricate
causal mechanisms, as well as facilitate the comprehension of the causal pathways between
dependent and independent variables and improve the model’s explanatory power. Wen
and Ye [124] recommend prioritizing the causal steps approach since, when the causal
steps approach yields significant results, other methods (such as bootstrap and Markov
chain Monte Carlo, MCMC) will inevitably yield significant results as well. The results
of the causal-steps approach may even be better than those of the bootstrap or other
methods [124].

To verify the moderating effect of ESG, this paper constructs Model (4). This is based on
previous studies [12,13,125] targeted at estimating the moderating effect model [122,126,127].

GIi,t = α0 + α1DTi,t + α2ESGi,t + α3ESGi,t × DTi,t + α4Controlsi,t + ∑ Year + ∑ Ind + εi,t (4)

where ESGi,t × DTi,t represents the moderating role played by ESG performance in the
impact of DT for GI. If it is significant, it means that the moderating effect of ESG exists.
Based on the theoretical analysis, the coefficient α3 is expected to be significantly positive.

Based on Edwards and Lambert’s [127] interpretation of the moderated mediation
effect model and related studies [123,125], models (5) and (6) are constructed to confirm
the moderating effect of ESG on the first half of the mediation effect path, and Model (7) is
constructed to confirm the direct moderating effect of ESG on the mediation effect path.

FCi,t = β0 + β1DTi,t + β2ESGi,t + β3Controlsi,t + ∑ Year + ∑ Ind + εi,t (5)

FCi,t = β0 + β1DTi,t + β2ESGi,t + β3ESGi,t × DTi,t + β4Controlsi,t + ∑ Year + ∑ Ind + εi,t (6)

GIi,t = γ0 + γ1DTi,t + γ2ESGi,t + γ3FCi,t + γ4ESGi,t × DTi,t + γ5Controlsi,t + ∑ Year + ∑ Ind + εi,t (7)

If in Model (6), the coefficient β3 is significant, and it indicates that ESG moderates
the mediating effect of FC caused by DT. If the coefficient γ4 in Model (7) is significant, it
means that ESG moderates the relationship between DT and GI not entirely through the
mediating variable, FC. Based on the theoretical analysis, the predicted coefficient β3 is
significantly negative and γ4 is significantly positive.

5. Results and Discussion
5.1. Regression Analysis of the Main Effect

Model (1) reveals that the coefficient for DT is negative and statistically significant at
the 1% level (−0.0442), as shown in Table 3. This result confirms Hypothesis 1, indicating
that digital transformation inhibits green innovation in Chinese mature, large-scale firms.
These results align with the resource competition theory discussed earlier, highlighting the
challenges of the twin transitions, further confirming the findings of Ardito et al. [15].
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Table 3. Benchmark regression and endogeneity test.

Model 1 First Stage Second Stage

Variables GI DT DT GI

DT −0.0442 *** −0.5577 ***
(−2.60) (−2.75)

DEI 0.3986 ***
(5.05)

DPA 0.0020 ***
(9.33)

ROA 0.0010 −0.0019 −0.0017 0.0006
(0.46) (−1.00) (−0.87) (0.23)

Size 0.1179 *** 0.0943 *** 0.0932 *** 0.1946 ***
(3.67) (7.42) (7.39) (6.49)

Age 0.0546 0.0350 ** 0.0386 *** −0.0503 *
(1.30) (2.32) (2.58) (−1.76)

R&D 0.0062 0.0780 *** 0.0756 *** 0.1700 ***
(0.44) (8.85) (8.55) (8.60)

Lev 0.0130 0.1057 *** 0.1078 *** 0.894 **
(0.30) (4.35) (4.45) (2.18)

Growthrate −0.0381 0.0041 0.0103 −0.0306
(−1.05) (0.10) (0.26) (−0.68)

Greenbonds −0.0167 −0.0158 −0.0170 −0.0357
(−0.97) (−0.95) (−0.97) (−1.58)

TbQ 0.0002 0.0007 0.0005 0.0010
(0.19) (0.70) (0.51) (1.21)

Top1 −0.0032 −0.0004 −0.0008 −0.0011
(−1.60) (−0.54) (−0.97) (−0.79)

SOE −0.1027 −0.2892 *** −0.3098 *** −0.0961
(−1.14) (−10.42) (−11.14) (−1.19)

Ind −0.1140 0.0842 0.0950 −0.2602
(−0.53) (0.50) (0.57) (−0.89)

Constant −0.4800 −0.5957 ** −0.5866 **
(−1.53) (−2.53) (−2.51)

Year FE Yes Yes Yes Yes
Individual FE Yes Yes Yes Yes
Observations 9521 9521 9521 9521

R-squared 0.0110 0.3666 0.3708 −0.0591
Kleibergen–Paap rk LM statistic 99.176

[0.000]
Kleibergen–Paap rk Wald F statistic 49.544

Cragg–Donald Wald F statistic 49.272
Sargan test 1.635

[0.2010]
Hansen J-test 1.714

[0.1905]
Note: The T statistic is in parentheses; *, **, and *** represent significance levels of 10%, 5%, and 1%, respectively;
p-value in brackets.

5.2. Endogeneity Test

Although individual and time effects were included in the benchmark regression to
account for heterogeneity in firms’ green innovation capabilities, endogeneity concerns
may persist owing to potential reverse causality and omitted variables. Both transitions
require significant resource investments and face high risks of failure. This interdependence
implies that increased investment in green innovation may divert resources away from
digital transformation, introducing potential reverse causality. To mitigate this issue, the
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instrumental variable (IV) regression is used. Two instruments were selected: the Digital
Economy Index (DEI) of cities and the Degree of Public Attention (DPA) to local digital
transformation. Based on Tao et al. [128], a city-level DEI index was calculated with data
drawn from the China Urban Statistical Yearbook and the Local Statistical Yearbook using the
entropy weight method. The DPA measures the frequency of online searches for terms
like “digitalization” and “digital transformation” in the Baidu Index to indicate the level
of public attention to city-level digital transformation, following the method outlined by
Li et al. [129].

These instrumental variables were chosen for the following reasons. Enterprise digital
transformation heavily relies on the local digital infrastructure and environment [10].
Therefore, in regions where other enterprises have higher levels of digital transformation,
individual companies are likely inclined to undergo digital transformation. For instance,
cities like Shanghai, Shenzhen, Nanjing, Guangzhou, Beijing, and Hangzhou have advanced
IT infrastructure, digital economy ecosystems, and innovation hubs, making companies in
these cities more likely to adopt digital transformation [130]. The DEI signifies the general
level of the digital economy within a city, while the online search frequency of digital-
related terms reflects public awareness of and attention paid to digitalization, indicating
the extent of regional digital transformation. These instrumental variables are strongly
correlated with an enterprise’s likelihood of pursuing digital transformation, meeting the
relevance conditions for valid instruments. Moreover, these factors are unlikely to be
directly related to an individual firm’s green innovation performance. For example, the
DEI measures a city’s overall digital infrastructure and economy, but it does not directly
impact how individual firms allocate resources for green innovation. Similarly, DPA
to digital transformation captures general societal trends and awareness, which do not
directly affect firm-specific green innovation outcomes. Thus, the exogeneity condition is
reasonably satisfied.

Table 3 reports the estimation findings of the two-stage least squares (2SLS) approach.
In Columns 2 and 3, the coefficients of DEI and DPA are both significant at the 1% level,
indicating a high correlation between the IVs and DT. In Column (4), the Kleibergen–
Paap rk LM statistic shows a p-value below 0.01, rejecting the null hypothesis of “under-
identification of instrumental variables”. Both the Cragg–Donald Wald F statistic and
the Kleibergen–Paap Wald rk F statistic exceed the critical threshold at the 10% level
(19.93), indicating no issue of weak instrumental variables. Furthermore, the p-values for
both the Hansen J-test and Sargan test were greater than 0.1, confirming that there is no
over-identification problem. In the second-stage regression, the effect of DT is negative
and significant (−0.5577) at the 1% level. Moreover, the magnitude of the DT coefficient
increases compared to the fixed-effects regression, indicating that the negative impact of
DT on GI becomes more pronounced when endogeneity is addressed.

The limitations of the two instrumental variables (DEI and DPA) are that, as regional-
level variables, they assume uniform influence across firms within a region, potentially
overlooking heterogeneity in firms’ responses due to size, industry, or strategy, and they
may indirectly influence green innovation through unobserved pathways, such as regional
policies or resource agglomeration effects. However, robustness checks, including the
Hansen J-test and Sargan test, confirm the validity of the instruments, and given the
sample’s focus on mature, large firms, the risk of significant regional-level heterogeneity is
likely minimal.

5.3. Mediating Effect Analysis

In Model (2) of Table 4, the coefficient of DT on the mediating variable (FC) is positive
and significant at the 1% level (0.0039). This suggests that as DT intensifies, enterprises
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face heightened FCs. In Model (3), the coefficient of FC on GI is negative and significant at
the 1% level (−0.9637), confirming that FC exerts a substantial negative effect on GI and
further validating Hypothesis 2.

Table 4. Analysis of mediation effect.

Model 1 Model 2 Model 3

Variables GI FC GI

DT −0.0442 *** 0.0039 *** −0.0404 **
(−2.60) (4.50) (−2.38)

FC −0.9637 ***
(−4.47)

ROA 0.0010 0.0003 *** 0.0013
(0.46) (2.94) (0.61)

Size 0.1179 *** −0.0340 *** 0.0851 ***
(3.67) (−20.55) (2.59)

Age 0.0546 0.0407 *** 0.0938 **
(1.30) (18.77) (2.19)

R&D 0.0062 −0.0048 *** 0.0016
(0.44) (−6.58) (0.11)

Lev 0.0130 0.0116 *** 0.0242
(0.30) (5.21) (0.56)

Growthrate −0.0381 0.0046 ** −0.0337
(−1.05) (2.43) (−0.93)

Greenbonds −0.0167 −0.0050 *** −0.0216
(−0.97) (−5.62) (−1.25)

TbQ 0.0002 −0.0005 *** −0.0003
(0.19) (−8.45) (−0.22)

Top1 −0.0032 0.0006 *** −0.0026
(−1.60) (5.71) (−1.31)

SOE −0.1027 0.0144 *** −0.0889
(−1.14) (3.09) (−0.99)

Ind −0.1140 −0.0006 −0.1146
(−0.53) (−0.05) (−0.53)

Constant −0.4800 3.5206 *** 2.9126 ***
(−1.53) (218.23) (3.55)

Year FE Yes Yes Yes
Individual FE Yes Yes Yes
Observations 9521 9521 9521

R-squared 0.0110 0.7979 0.0134
Note: The T statistic is in parentheses; ** and *** represent significance levels of 5% and 1%, respectively.

As per Model (3) regression results, it was evident that the coefficient of DT on GI
remains significant at the 5% level even after including the mediating variable, demonstrat-
ing that FC serves as a partial mediator in this model. When the mediating variable, FC,
is included, the direct effect of DT on GI is reduced compared to the total effect observed
in the baseline regression (with the coefficient of DT changing from −0.0442 in the total
effect to −0.0404 in the direct effect). This indicates that the mediation model isolates the
negative impact of FC from the baseline regression, thereby suggesting that part of the
negative effect is due to increased FCs.

5.4. Moderating Effect and Moderated Mediation Effects Analysis

Table 5 presents the moderating effect of ESG. In Model (4), the coefficient of ESG ×
DT is significantly positive at the 1% level (0.0277), while the coefficient of DT remains
negative. The opposite signs of the two indicate that ESG significantly mitigates the adverse
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effect of DT on GI. This finding emphasizes the economic and strategic implications of
good ESG practices in buffering the challenges posed by digital transformation.

Table 5. Analysis of moderated effects and moderated mediation effects.

Model 4 Model 5 Model 6 Model 7

Variables GI FC FC GI

DT −0.1585 *** 0.0040 *** 0.0196 *** −0.1404 ***
(−3.36) (4.54) (8.06) (−2.97)

ESG −0.0392 * −0.0019 ** 0.0035 *** −0.0359
(−1.75) (−2.33) (3.07) (−1.61)

ESG × DT 0.0277 *** −0.0038 *** 0.0242 **
(2.60) (−6.89) (2.27)

FC −0.9264 ***
(−4.28)

ROA 0.0008 0.0003 *** 0.0003 *** 0.0012
(0.40) (2.94) (3.11) (0.55)

Size 0.1170 *** −0.0336 *** −0.0335 *** 0.0859 ***
(3.63) (−20.22) (−20.22) (2.60)

Age 0.0479 0.0402 *** 0.0412 *** 0.0861 **
(1.13) (18.46) (18.91) (1.99)

R&D 0.0081 −0.0048 *** −0.0050 *** 0.0034
(0.57) (−6.56) (−6.91) (0.24)

Lev 0.0114 0.0112 *** 0.0114 *** 0.0220
(0.27) (5.04) (5.16) (0.51)

Growthrate −0.0356 0.0046 ** 0.0042 ** −0.0317
(−0.98) (2.45) (2.27) (−0.87)

Greenbonds −0.0172 −0.0050 *** −0.0050 *** −0.0218
(−1.00) (−5.66) (−5.59) (−1.26)

TbQ 0.0002 −0.0005 *** −0.0005 *** −0.0002
(0.21) (−8.47) (−8.54) (−0.19)

Top1 −0.0031 0.0006 *** 0.0006 *** −0.0026
(−1.56) (5.71) (5.64) (−1.29)

SOE −0.1047 0.0147 *** 0.0149 *** −0.0909
(−1.16) (3.16) (3.22) (−1.01)

Ind −0.1112 0.0000 −0.0004 −0.1116
(−0.51) (0.00) (−0.04) (−0.52)

Constant −0.3109 3.5275 *** 3.5039 *** 2.9353 ***
(−0.96) (215.12) (209.77) (3.56)

Year FE Yes Yes Yes Yes
Individual FE Yes Yes Yes Yes
Observations 9521 9521 9521 9521

Note: The T statistic is in parentheses; *, **, and *** represent significance levels of 10%, 5%, and 1%, respectively.

Figure 3 illustrates the two-directional interaction effects. When ESG performance
is low, the slope of DT’s impact on GI is negative (−0.131). However, with high ESG
performance, the slope turns positive (0.064), indicating that under higher ESG ratings, the
adverse effect of DT on GI becomes positive. This indicates that under the management
of ESG, a dual monitoring mechanism, firms allocate more resources to support GI, and,
furthermore, the internal motivation and external incentives brought by ESG enable digital
technologies to fulfill their potential to promote environmentally friendly innovation as
well. This finding validates Hypothesis 3.

In Model (6) of Table 5, the coefficient of ESG × DT is significantly negative at the
1% level (−0.0038), showing that corporate ESG significantly mitigates the increase in FC
due to DT, thereby validating Hypothesis 4. In Model (7), the coefficient of ESG × DT
is significantly positive at the 5% level (0.0242), and this coefficient in the direct effect
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is smaller than in the total effect (0.0242 in Model (7) compared to 0.0277 in Model (4)),
suggesting that ESG’s moderating role is partly achieved through the mediator, FC. These
findings confirm that ESG plays a dual role: directly mitigating the negative correlation
between DT and GI while indirectly promoting GI by reducing the FC exacerbated by DT.
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6. Further Analysis
6.1. Heterogeneity Analysis

The primary function of state-owned enterprises (SOEs) is usually focused on achiev-
ing public policy objectives [131]. Due to their unique role in China’s economic and
political landscape, SOEs frequently bear additional political missions [132] and are subject
to heightened social responsibility pressures from both internal and external stakeholders,
including employees, customers, the community, and government [133]. Consequently,
SOEs are more incentivized to participate in socially responsible initiatives [134] and to
pursue investments with dual externalities, like green innovation [135].

Moreover, variations in resource endowments shape the responses of SOEs and non-
state-owned enterprises (non-SOEs) to institutional pressures related to environmental
responsibility [136]. While SOEs are under stricter government regulation and shoulder
more social responsibility [136], they also enjoy substantial resources, like government
subsidies and protection. However, prior studies often overlook state ownership as a
critical institutional driver of green innovation [135]. Given these distinctions, digital
transformation is likely to exert differing effects on green innovation depending on a firm’s
ownership structure. We hypothesize that in SOEs, either digital transformation does
not adversely affect green innovation or its negative effects are offset by the influence of
government resources and stakeholder-driven pressures. Conversely, non-SOEs, driven
primarily by profit-maximization goals, may experience more pronounced challenges due to
weaker institutional support. In addition, their social responsibility requires more internal
and external supervision, so ESG performance may assume different roles in the digital
transformation process among firms of different natures. To verify the differences between
firms with different equity natures, we performed the following heterogeneity analysis.

The heterogeneity analysis in this study supports these theoretical expectations.
Table 6 shows that DT does not have a significant effect on the GI in SOEs. By contrast,
the coefficient for non-SOEs is significantly negative (−0.0755, significant at the 1% level),
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consistent with the conclusions drawn earlier. Mediating analysis further indicates that
DT increases FC for both SOEs and non-SOEs, negatively affecting GI, suggesting that DT
creates some degree of FC in both SOEs and non-SOEs. Table 7 shows that ESG does not
moderate the relationship between DT and GI in SOEs, whereas it does exert a significant
negative moderating effect in non-SOEs (coefficient of 0.0340, significant at the 5% level),
aligning with previous findings. This may be because SOEs tend to rely on government
support and enjoy a good social reputation, helping them navigate the challenges and
threats of DT without negatively impacting their GI. Moreover, SOEs face greater insti-
tutional pressure [137] and inherently have a higher sense of responsibility toward the
environment and society. They can utilize their abundant government resources and good
social reputation to mitigate the negative impacts of the DT and have sufficient incentives
to apply digital technologies to GI, thus the role of ESG is not significant. Moreover, ESG in
both SOEs and non-SOEs alleviates the FC caused by DT, thereby mitigating its negative
impact on GI. This suggests that the good signals that ESG sends to the market work across
firms of different properties.

Table 6. Analysis of heterogeneity test—baseline regression and mediation effects.

SOEs Non-SOEs

Variables GI FC GI GI FC GI

DT −0.0160 0.0041 *** −0.0124 −0.0755 *** 0.0028 ** −0.0716 ***
(−0.66) (3.21) (−0.51) (−3.09) (2.50) (−2.93)

FC −0.8909 *** −1.3786 ***
(−2.94) (−3.96)

ROA −0.0001 0.0001 −0.0001 0.0011 0.0006 *** 0.0019
(−0.02) (0.26) (−0.01) (0.41) (4.76) (0.71)

Size 0.1200 *** −0.0584 *** 0.0680 0.1353 *** −0.0086 *** 0.1235 **
(2.66) (−24.95) (1.40) (2.70) (−3.76) (2.47)

Age 0.1338 0.0005 0.1342 0.0277 0.0415 *** 0.0850
(1.46) (0.10) (1.46) (0.51) (16.86) (1.53)

R&D −0.0045 −0.0064 *** −0.0101 0.0299 0.0013 0.0317
(−0.25) (−6.76) (−0.56) (1.23) (1.19) (1.30)

Lev −0.0172 0.0301 *** 0.0096 0.0279 0.0011 0.0294
(−0.23) (7.81) (0.13) (0.51) (0.44) (0.54)

Growthrate −0.0117 0.0020 −0.0099 −0.0662 0.0048 ** −0.0596
(−0.21) (0.68) (−0.18) (−1.34) (2.10) (−1.21)

Greenbonds −0.0199 −0.0045 *** −0.0239 0.0472 −0.0014 0.0453
(−1.10) (−4.76) (−1.32) (0.62) (−0.40) (0.60)

TbQ 0.0004 −0.0004 *** 0.0001 0.0001 −0.0004 *** −0.0004
(0.19) (−3.21) (0.04) (0.08) (−6.03) (−0.30)

Top1 −0.0027 0.0003 ** −0.0024 −0.0021 0.0013 *** −0.0004
(−0.97) (2.16) (−0.87) (−0.69) (9.01) (−0.12)

Ind −0.1077 −0.0151 −0.1212 −0.1156 0.0106 −0.1009
(−0.36) (−0.98) (−0.41) (−0.36) (0.72) (−0.31)

Constant −0.7890 3.9526 *** 2.7322 ** −0.6433 3.1685 *** 3.7246 ***
(−1.54) (148.89) (2.10) (−1.48) (159.52) (3.15)

Year FE Yes Yes Yes Yes Yes Yes
Individual FE Yes Yes Yes Yes Yes Yes
Observations 4685 4685 4685 4836 4836 4836

R-squared 0.0096 0.7859 0.0117 0.0157 0.8364 0.0196
Note: The T statistic is in parentheses; ** and *** represent significance levels of 5% and 1%, respectively.
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Table 7. Analysis of heterogeneity test—moderating effects and moderated mediation effects.

SOEs Non-SOEs

Variables GI FC GI FC

DT −0.0991 0.0166 *** −0.2128 *** 0.0193 ***
(−1.37) (4.42) (−3.31) (6.58)

ESG −0.0272 0.0041 ** −0.0585 * 0.0038 **
(−0.86) (2.51) (−1.79) (2.57)

ESG × DT 0.0196 −0.0030 *** 0.0340 ** −0.0041 ***
(1.22) (−3.55) (2.31) (−6.08)

ROA 0.0001 0.0000 0.0007 0.0006 ***
(0.02) (0.14) (0.27) (5.14)

Size 0.1183 *** −0.0581 *** 0.1375 *** −0.0081 ***
(2.61) (−24.76) (2.73) (−3.52)

Age 0.1310 0.0009 0.0141 0.0421 ***
(1.43) (0.19) (0.26) (16.92)

R&D −0.0033 −0.0065 *** 0.0334 0.0009
(−0.18) (−6.94) (1.37) (0.84)

Lev −0.0177 0.0302 *** 0.0250 0.0010
(−0.24) (7.82) (0.45) (0.38)

Growthrate −0.0109 0.0018 −0.0624 0.0042 *
(−0.20) (0.64) (−1.26) (1.85)

Greenbonds −0.0203 −0.0044 *** 0.0511 −0.0017
(−1.12) (−4.70) (0.67) (−0.49)

TbQ 0.0004 −0.0004 *** 0.0002 −0.0004 ***
(0.16) (−3.11) (0.15) (−6.25)

Top1 −0.0027 0.0003 ** −0.0019 0.0012 ***
(−0.98) (2.17) (−0.62) (8.98)

Ind −0.1046 −0.0156 −0.1186 0.0111
(−0.35) (−1.01) (−0.37) (0.75)

Constant −0.6585 3.9329 *** −0.4229 3.1526 ***
(−1.25) (144.00) (−0.94) (154.06)

Year FE Yes Yes Yes Yes
Individual FE Yes Yes Yes Yes
Observations 4685 4685 4836 4836

R-squared 0.0100 0.7866 0.0170 0.8382
Note: The T statistic is in parentheses; *, **, and *** represent significance levels of 10%, 5%, and 1%, respectively.

6.2. Time-Dynamic Analysis of Digital Transformation and the Moderating Role of ESG

The impact of DT on GI, as well as the moderating role of ESG practices, is not static.
Instead, it evolves over time due to dynamic adjustments driven by factors such as policy
environments, resource availability, transformation stages, technological maturity, and
firms’ adaptive capacity. To capture this temporal heterogeneity, we conducted an in-depth
analysis by introducing year dummy variables, interaction terms between DT and year
dummies, and further interactions between ESG moderating effects (ESG × DT) and year
dummies, using 2022 as the baseline year.

The results in Table 8 reveal that, during 2013–2015, the coefficients of the interaction
terms between DT and year dummies are significantly positive, indicating that the negative
relationship between twin transitions was relatively weaker. This may be attributed to the
early experimental and exploratory stage of digital transformation during that period, char-
acterized by technical trials and relatively low resource demand, thus facing less resource
allocation conflict. Meanwhile, the moderating role of ESG practices was stronger during
this phase, effectively balancing resource allocation and promoting digital technologies to
support green innovation.
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Table 8. Time-dynamic analysis of digital transformation and the moderating role of ESG.

First Period Second Period

Variables GI GI

DT −0.093 *** −0.176 ***
(−3.22) (−3.67)

ESG −0.041 *
(−1.81)

ESG × DT 0.021 *
(1.80)

DT × Year2013 0.105 **
(2.32)

DT × Year2014 0.118 ***
(2.72)

DT × Year2015 0.113 ***
(2.81)

DT × Year2016 0.034
(0.90)

DT × Year2017 0.058 *
(1.68)

DT × Year2018 0.031
(0.92) (−0.99)

DT × Year2019 −0.007 −0.023
(−0.21) (−1.32)

DT × Year2020 0.042 0.000
(1.28) (0.21)

DT × Year2021 0.061 * −0.002
(1.91) (−0.74)

ESG × DT × Year2013 0.019 *
(1.87)

ESG × DT × Year2014 0.026 ***
(2.72)

ESG × DT × Year2015 0.022 **
(2.52)

ESG × DT × Year2016 0.006
(0.74)

ESG × DT × Year2017 0.012
(1.59)

ESG × DT × Year2018 0.008
(1.17)

ESG × DT × Year2019 −0.003
(−0.36)

ESG × DT × Year2020 0.011
(1.63)

ESG × DT × Year2021 0.015 **
(2.16)

Control variables Yes Yes
Year dummy Yes Yes

Constant −0.317 −0.158
(−0.95) (−0.46)

Observations 9521 9521
R-squared 0.013 0.014

Note: The T statistic is in parentheses; *, **, and *** represent significance levels of 10%, 5%, and 1%, respectively.

However, during the 2016–2020 period, the interaction terms became insignificant,
except for a weakly significant one at the 10% level in 2017, suggesting that the negative
influence of digital transformation stabilized, while the moderating effect of ESG weakened
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noticeably. This shift can be explained by the large-scale, high-intensity, and increasingly
competitive digital transformation implementation stage following China’s issuance of
the 13th Five-Year Plan for National Informatization and the Cybersecurity Law in 2016 [138].
This stage intensified internal resource-allocation conflicts within firms. Furthermore,
although macroeconomic shocks like the 2018 China–US trade war [139] were absorbed
by the year fixed effects, these factors likely intensified internal competition for limited
resources, indirectly shaping corporate strategies. Consequently, firms prioritized digital
transformation to drive product innovation and marketing innovation for competitive
advantages, often at the expense of green innovation efforts.

In 2021, the negative effect of DT on GI was once again alleviated, and the moderating
role of ESG practices also strengthened. This suggests a promising trend: as investments in
digital transformation increased and improved, and green development strategies were
reinforced, firms achieved a better balance between twin transitions.

7. Conclusions and Implications
7.1. Summary of the Findings

This study explores how digital transformation impacts green innovation within
mature, large-scale enterprises in China by investigating its effects and mechanisms, with
particular consideration for ESG performance as a moderating influence. By conducting
an empirical analysis on the data of main board-listed companies on the Shanghai Stock
Exchange from 2013 to 2022, the following key conclusions are drawn:

Firstly, digital transformation is found to negatively impact green innovation. Build-
ing on the traditional perspective that views digital transformation as a straightforward
accelerator of innovation (e.g., Ning et al. [12] and Rao et al. [11]), our study provides a
deeper analysis through the “crowding-out” effect. It highlights how both digital transfor-
mation and green innovation require substantial resource investment, leading to intensified
internal competition. This finding enriches the understanding of resource allocation dy-
namics within large enterprises, especially those with entrenched structures and complex
interdepartmental interactions. It is consistent with the discussions of the challenges of
cross-functional collaboration in larger firms [18]. Furthermore, it underscores the inherent
tension between the short-term performance goals of digital transition and the long-term
sustainability objectives of green transition. The research highlights how digital transforma-
tion’s inherent risks—high failure rates, slow returns, and competitive pressures—divert
managerial focus and financial resources away from green innovation. This provides a
novel explanation for the misalignment between short- and long-term goals, expanding the
discourse on the dual transformation challenge faced by contemporary enterprises.

Secondly, digital transformation is shown to exacerbate financing constraints, subse-
quently hindering green innovation. Our finding is consistent with the fact that over half
of Chinese firms are in the early stages of digital transformation, as well as with studies
that highlight the increased financing needs and constraints firms face at this stage [24,25].
Moreover, unlike previous studies that often emphasize the potential of digital transforma-
tion to enhance information transparency and reduce financing barriers [140], our findings
highlight a less explored dimension: the adoption of new technologies also amplifies infor-
mation asymmetry, thereby increasing external supervision costs and limiting firms’ access
to external financing, extending Fazzari et al.’s [141] theory that information asymmetries
trigger financing constraints. Moreover, the study challenges the prevailing assumption in
the literature that digital transformation efforts are uniformly successful or beneficial. By
considering the high failure rates, long payback periods, and regulatory compliance risks
associated with digital transformation, we offer a nuanced perspective on its impact on
green innovation, extending the “digital paradox” [30] in green transformation.
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Thirdly, this study reveals that ESG, encompassing both “internal governance” and
“external supervision”, moderates the relationship between the twin transitions, addressing
the limitations of prior research focused on a single perspective [31–33]. Good ESG allows
firms to address the challenges of digital transformation, providing both external pull and
internal push for green innovation, thus promoting synergies between digital technologies
and environmental goals and improving green innovation. Our study further reveals
the role of ESG in mitigating the financing constraints induced by digital transformation,
finding that good ESG performance can increase support of the capital market, secure
sufficient financing, and direct limited capital toward green innovation with long-term
developmental value. Unlike studies on the direct effect of ESG [36,38], the contribution of
this study is a systematical investigation of how ESG plays a positive role during digital
transformation from a moderating-effect perspective, supplementing the existing literature
on ESG’s impact on corporate long-term sustainability.

Moreover, research highlights the varying relationship between twin transitions and its
mechanisms across firms with different equity ownership. SOEs benefit from government
resources and institutional pressures, and the downside from digital transformation is not
significant. In contrast, non-SOEs face more pronounced challenges, with ESG mitigating
the negative impacts. Moreover, digital transformation creates some degree of financing
constraints on firms of different natures, and ESG significantly mitigates the financing
constraints caused by digital transformation across different firms. It suggests that the
good sustainability signals ESG sends to the market can lead to more external financing
in both SOEs and non-SOEs, expanding on the studies about the direct impact of ESG on
financing constraints [83,142]. This distinction provides a deeper understanding of how
ownership structure influences the dual-transformation process.

Finally, our findings highlight that the relationship between twin transitions evolves
dynamically over time, and the moderating role of ESG practices aligns with this dynamic
pattern. Specifically, the ESG effect becomes more pronounced during periods when the
negative influence of digital transformation weakens. This dynamic analysis provides valu-
able insights that can be applied to future research and offers a reference for policymakers
and firms to optimize the role of ESG practices in promoting digital technology-driven
green transformation.

These discoveries provide valuable theoretical contributions and empirical implica-
tions for mature, large enterprises seeking to balance digital and green transformations in
the pursuit of sustainable development.

7.2. Theoretical Implication

This study extends Resource-Based Theory [69] by introducing the concept of the
resource crowding-out effect, which explains how the resource-intensive nature of digital
transformation generates internal competition for scarce resources, such as funding and tal-
ent, particularly in large firms with overlapping functional departments. This contribution
highlights that both digital and green transformations require substantial and sustained
resource investments but often face trade-offs between conflicting strategic objectives.
These challenges are notable in mature, large-scale firms, where organizational inertia and
structural complexity exacerbate the difficulty of resource allocation.

Additionally, the study advances Information Asymmetry Theory [59] by identifying
how the complexity, high failure rates, and compliance risks of digital transformation
introduce significant uncertainties for investors. These uncertainties increase decision-
making challenges, leading to stricter financing conditions and higher capital costs. By
linking information asymmetry to technological and regulatory factors, this research
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contributes to theory’s application in the domains of digital technology adoption and
innovation management.

This study also enriches the Resource-Based Theory [69] framework by incorporat-
ing ESG performance as a moderating factor, demonstrating how firms with superior
ESG capabilities can alleviate resource competition and financing constraints during twin
transitions. ESG encourages long-term investment in green innovation while minimizing
short-term decision-making biases, thereby aligning technological transformation with
environmental objectives. This finding underscores ESG’s role as a strategic resource for
optimizing resource allocation and balancing competing priorities.

Furthermore, the study contributes to Stakeholder Theory [80] by examining its role
in twin transitions. Superior ESG performance attracts external stakeholder support, such
as government subsidies and green financing, while establishing stakeholder-driven ac-
countability mechanisms. These mechanisms compel firms to optimize resource allocation,
actively integrate digital technologies into green innovation processes, and meet sustain-
ability benchmarks aligned with stakeholder expectations.

Finally, this study applies the Signaling Theory [81] to the context of sustainability,
demonstrating how superior ESG performance signals corporate sustainability efforts,
robust risk management, and long-term value creation. By reducing the perceived risks
of digital transformation and alleviating external stakeholders’ uncertainties, this signal
enhances firms’ access to external financing. This contribution emphasizes the pivotal role
of ESG in shaping stakeholder perceptions and fostering confidence in firms undergoing
complex transitions.

7.3. Practical Implication

To ensure long-term sustainability, companies must strategically balance internal re-
sources during digital transformation, avoiding an overemphasis on investments in digital
technologies at the expense of other initiatives. Mature, large enterprises undergoing
structural change generate significant organizational inertia and resource demand, so we
recommend that enterprises set up dedicated funds for green innovation to safeguard these
projects from the financial strain caused by competing priorities. Large conglomerates
with several departments that have overlapping functions should foster interdepartmental
collaboration to promote the sharing of resources and information. Dynamically adjusting
resource allocation based on real-time needs and implementing robust monitoring mecha-
nisms can minimize resource competition among departments. Furthermore, encouraging
IT and environmental departments to jointly develop green technologies maximizing syn-
ergies. Develop a comprehensive project evaluation framework that considers potential
returns, risks, and resource requirements to ensure that management does not overlook
projects with long-term strategic significance due to a focus on short-term gains. This
approach helps synchronize digital transformation with green innovation.

Moreover, companies should actively engage in ESG management, regularly disclos-
ing ESG performance to enhance transparency and credibility. Strong ESG performance
can attract government subsidies, green funds, and strategic investors aligned with sustain-
ability goals. Managing ESG aspects within the supply chain by working with upstream
and downstream partners can build trust with suppliers and increase customer satisfac-
tion and loyalty. For example, aligning sustainability practices with major suppliers can
reduce carbon footprints and build a resilient supply chain, thereby improving corporate
reputation and risk management capabilities. In addition, good ESG performance can be
utilized to access green funds and loans linked to sustainability to finance the long-term
transformation of green projects.
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In summary, effectively balancing resource allocation, embracing robust ESG manage-
ment practices, and expanding financing avenues enable enterprises to reconcile their twin
transitions, fostering sustainable development.

7.4. Limitations and Future Research Prospects

While our research provides critical insights into the interplay between digital trans-
formation and green innovation, there are certain limitations. First, macroeconomic control
variables with significant influence on green innovation were not included, which future
research should incorporate to enhance robustness. Second, the study does not address the
heterogeneity of the relationship between dual transitions across industries. Considering
industry-specific differences is essential, as these could substantially affect outcomes, and
future research shall explore these dynamics in depth. Third, while the mediating role of
financing constraints is comprehensively analyzed, potential biases in measuring these
constraints warrant attention. Future studies should explore alternative methodologies to
validate the mediating mechanism more rigorously.
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