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Abstract

The application of artificial intelligence (AI) and the improvement of environmental, so-
cial, and governance (ESG) performance have become important concerns for contempo-
rary firms. Understanding whether Al can be effectively integrated into corporate ESG
practices has significant implications for sustainable development. Using panel data from
Chinese A-share listed firms from 2009 to 2025, this study empirically examines the effect
of Al application on corporate ESG performance through a fixed-effects model. The results
show that Al application significantly improves corporate ESG performance, indicating
that firms with higher levels of Al adoption tend to achieve better ESG outcomes. The
heterogeneity analysis further reveals that this effect varies according to firms’ technolog-
ical intensity, industry pollution characteristics, and the strength of regional environmen-
tal regulation. Specifically, the positive effect of Al application is more pronounced among
firms with lower technological intensity, firms operating in non-heavily polluting indus-
tries, and firms located in regions with stricter environmental regulation. The mediation
analysis shows that Al application enhances ESG performance by promoting human cap-
ital upgrading and green technological innovation, thereby strengthening firms’ internal
capabilities and technological foundations for sustainable development. This study con-
tributes to the literature by integrating Al application and ESG-oriented sustainable de-
velopment within a unified analytical framework.
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innovation and expanding the application of Al technologies? ESG represents a sustaina-
ble development framework that emphasizes environmental responsibility, social respon-
sibility, and corporate governance. Its objective is to promote corporate value creation
while safeguarding broader public interests [2]. Because ESG principles are closely
aligned with China’s green development strategy, ESG investment and corporate ESG
practices have attracted growing attention from firms, investors, regulators, and other
stakeholders. As of September 2023, the number of signatories to the Principles for Re-
sponsible Investment had reached 5330 worldwide, including 142 organizations in main-
land China, reflecting the continued expansion of ESG investment. By December 2023,
34.5% of Chinese A-share listed firms had published ESG-related reports, indicating a
steady increase in corporate ESG disclosure. Investors, consumers, and regulators are also
placing greater emphasis on corporate ESG performance and increasingly view it as an
important indicator of firms’ long-term value and risk exposure [3]. Therefore, integrating
Al application with ESG performance improvement is not only a natural consequence of
technological development but also an important pathway through which firms can
achieve sustainable development.

Existing studies have extensively examined the determinants of corporate ESG per-
formance from the perspectives of legitimacy theory, principal-agent theory, and related
theoretical frameworks. These studies have focused on factors such as firms’ financial
characteristics, market environments, ownership structures, and stakeholder pressures.
Some scholars argue that corporate ESG disclosure may be largely symbolic and intended
to satisfy stakeholder expectations [4]. Accordingly, regional environmental regulation,
investor preferences, and sociocultural conditions have been identified as important driv-
ers of corporate ESG performance [5-8]. Within the literature on digitalization and intel-
ligent technologies, recent studies have primarily investigated how the development of
the digital economy and digital transformation affects corporate social responsibility and
environmental performance. Most of these studies confirm that digitalization and digital
transformation contribute positively to corporate ESG performance [9,10]. However, rel-
atively few studies have examined the specific relationship between Al application and
corporate ESG performance. From a theoretical perspective, Al possesses strong capabili-
ties in data analysis, pattern recognition, and optimization and has become increasingly
embedded in firms” design, production, and operational activities. This integration pro-
vides firms with enhanced opportunities for information collection and processing. On
the one hand, AI enables firms to identify and manage environmental risks more accu-
rately, improve the allocation of production factors, and increase capital efficiency [11].
On the other hand, the integration of Al into operational and management systems allows
firms to understand employee needs more promptly and comprehensively and to disclose
corporate governance information more transparently. These improvements can
strengthen investor confidence, reduce operational risks, and ultimately contribute to bet-
ter corporate ESG performance.

However, the relationship between Al application and corporate ESG performance
may not be uniformly positive. Some studies argue that implementing ESG practices in-
creases corporate costs, reduces profit margins, and may constrain firm growth [12]. Be-
cause environmental and social investments have not traditionally been regarded as es-
sential expenditures, firms may face difficult trade-offs when they are required to make
substantial long-term investments in both Al technologies and ESG-related activities. Alt-
hough Al can improve resource efficiency in various ways, its development and operation
are also associated with high energy consumption and carbon emissions. The rapid ex-
pansion of Al has therefore raised concerns about growing energy demand, particularly
because the digital and information industries that support Al technologies are them-
selves highly energy-intensive. These concerns may be more pronounced in developing
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countries, where insufficient human capital and industrial infrastructure can limit the ben-
efits of intelligent industrial transformation. Although such transformation may increase
production scale and efficiency, it may also generate adverse consequences, including un-
employment, environmental pollution, and occupational injuries [13,14]. These outcomes
are inconsistent with firms’ efforts to improve ESG performance. In addition, the rules,
policies, and regulatory frameworks governing the use of Al remain underdeveloped, cre-
ating risks related to data security, privacy, and ethical conduct [15]. Al application may
strengthen firms’ information advantages and improve their ability to identify changing
stakeholder expectations. However, firms may also use these capabilities primarily to en-
hance ESG disclosure without making corresponding improvements in their substantive
ESG practices. This could increase the risk of decoupling between ESG disclosure and ac-
tual corporate behavior [16], thereby weakening ESG performance. Existing research has
paid insufficient attention to the overall effect of Al application on corporate ESG perfor-
mance. It is therefore necessary to clarify whether a causal relationship exists between the
two and to identify the theoretical mechanisms through which Al may influence ESG out-
comes.

Accordingly, this study uses panel data from Chinese A-share listed firms covering
the period from 2009 to 2025 to theoretically and empirically examine the effect of Al ap-
plication on corporate ESG performance. It further investigates the mediating roles of hu-
man capital upgrading and green technological innovation in this relationship. In addi-
tion, the study examines whether the effect of Al application on ESG performance varies
across firms with different levels of technological intensity, across industries with differ-
ent pollution characteristics, and across regions with different levels of environmental
regulation.

2. Literature Review and Research Hypotheses
2.1. Literature Review

Existing studies have established a positive relationship between digital transfor-
mation and corporate ESG performance. Digital technologies can improve information
transparency, reduce coordination costs, and strengthen communication between firms
and stakeholders [9,10]. However, digitalization, digital transformation, and artificial in-
telligence represent different analytical concepts. Digitalization generally refers to the use
of digital technologies to improve existing processes, whereas digital transformation in-
volves broader changes in organizational structures, business models, and stakeholder
relationships. Al is a specific technological capability within this broader transformation
process. Its distinctive feature lies in its ability to learn from data, generate predictions,
identify complex patterns, and adjust decisions in response to new information [17,18]. Al
therefore differs from conventional digital systems that primarily support information
storage, transmission, and process standardization. It can participate more directly in or-
ganizational analysis and decision-making, making its effects on corporate sustainability
theoretically different from the general information and efficiency effects attributed to dig-
ital transformation.

Recent international research has increasingly examined how these capabilities re-
shape corporate management. Al applications have expanded from the automation of
routine tasks to operational forecasting, risk assessment, organizational coordination, and
strategic decision support [17,18]. The automation—augmentation perspective suggests
that Al may substitute for human involvement in standardized tasks while complement-
ing managerial judgment in decisions characterized by uncertainty and complexity [19].
Accordingly, the value of Al depends on how firms redesign work processes and allocate
decision authority between algorithms and human managers [20]. The Al capability per-
spective further argues that firms must combine technological resources with employee
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expertise and organizational coordination to translate Al investment into sustained per-
formance benefits [21]. These arguments reveal several mechanisms through which Al
may influence ESG outcomes. Al can improve the early identification of environmental
and social risks, support the adaptive allocation of resources, and strengthen managerial
responses to stakeholder concerns. It may also alter firms” demand for skills and facilitate
knowledge recombination, thereby promoting human capital upgrading and green tech-
nological innovation. These mechanisms extend beyond the conventional argument that
digital transformation improves ESG performance mainly by increasing efficiency and re-
ducing information asymmetry.

The diffusion of AI has also stimulated research on Al ethics and governance. Exist-
ing studies show that Al may create risks related to biased decisions, privacy protection,
limited explainability, and unclear responsibility [15]. Organizational Al governance
therefore requires firms to establish clear decision rights and monitoring procedures so
that Al systems remain consistent with organizational objectives and stakeholder interests
[22]. Human oversight and algorithmic auditing are also necessary when automated de-
cisions may affect employees, customers, or other stakeholders [23]. These issues are
closely related to ESG performance because poorly governed Al may weaken employee
protection, information transparency, and corporate accountability. Al should therefore
be viewed not only as a managerial resource but also as an object of corporate governance.

A related stream of literature examines the contribution of Al to sustainable devel-
opment. Al may improve environmental performance by supporting energy management,
resource allocation, pollution monitoring, and green innovation [24,25]. It may also
strengthen corporate sustainability by improving workplace safety, supply-chain super-
vision, and ESG-related decision-making. However, the sustainability effects of Al are not
necessarily positive. The operation of Al systems may increase energy consumption, while
the diffusion of automation may create employment pressure and deepen technological
inequality [13,26]. Al application may also generate privacy and accountability risks [15].
In addition, firms may use Al to improve ESG disclosure without making corresponding
changes in their substantive practices, thereby increasing the risk of ESG decoupling [16].
Recent research therefore emphasizes that the sustainability value of Al depends on com-
plementary organizational capabilities and responsible governance rather than on tech-
nological adoption alone [21-23].

Despite these advances, several research gaps remain. First, studies on digital trans-
formation often treat digital technologies as a broad category and therefore provide lim-
ited evidence on the distinct ESG implications of Al [9,10]. Second, studies on Al-related
employment mainly examine labor substitution and skill demand [27], whereas research
on Al and green innovation focuses primarily on innovation performance [24,25]. These
two streams have rarely been integrated to explain how Al affects corporate ESG perfor-
mance. Third, existing studies provide insufficient evidence on whether the ESG effect of
Al varies across firms, industries, and regulatory environments. Finally, much of the Al
governance literature remains conceptual and offers limited firm-level evidence on the
sustainability consequences of Al application. To address these gaps, this study examines
the effect of firm-level Al application on corporate ESG performance and further investi-
gates the roles of human capital upgrading and green technological innovation. It also
identifies the organizational, industrial, and institutional conditions under which the ESG
effect of Al becomes stronger or weaker, thereby providing a more integrated understand-
ing of whether, how, and under what conditions Al contributes to corporate sustainability.

These gaps motivate a mechanism-based examination of the relationship between Al
application and corporate ESG performance. The first gap raises the need to identify
whether Al has an ESG effect that is distinct from the general efficiency and information-
transparency effects associated with digital transformation. This provides the basis for
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examining the direct effect of AI application on ESG performance in H1. The second gap
suggests that Al may affect ESG performance not only through immediate operational
improvements, but also through changes in firms’ internal capabilities. In particular, Al
may reshape the composition and quality of human capital and facilitate green technolog-
ical innovation, thereby providing the theoretical foundation for H2 and H3. The third
and fourth gaps further imply that these effects may depend on firms’ organizational char-
acteristics, industrial conditions, and institutional environments, as well as on the quality
of Al governance. Accordingly, the following sections develop the direct effect of Al on
ESG performance and then examine the mediating roles of human capital upgrading and
green technological innovation.

2.2. Al Technology and Firm ESG Performance

A review of the literature indicates that Al together with modern communication
technologies, big data, and other advanced technological systems, is increasingly inte-
grated into core corporate activities, including procurement, production, and business
management, thereby exerting multidimensional effects on corporate ESG performance.

First, Al technology can create new employment opportunities [27] and increase
firms” demand for highly skilled workers and employee training [28]. These changes may
promote internal knowledge spillovers, improve labor productivity, and strengthen cor-
porate governance. At the same time, firms can fulfill their social responsibilities and im-
prove the quality of public services by developing new Al-enabled application scenarios,
such as smart cities and intelligent healthcare. Second, integrating Al and intelligent man-
ufacturing technologies into production processes can improve process standardization
and precision while reducing unnecessary resource losses and pollutant emissions. By en-
hancing productivity and resource-use efficiency, Al can support cleaner and more effi-
cient production [29]. Al also has considerable potential for pollutant-emission monitor-
ing and environmental risk detection, enabling firms to identify environmental problems
more accurately and respond to them more effectively. These capabilities can strengthen
firms’ fulfillment of environmental and social responsibilities. Finally, at the corporate
governance level, the integration of Al with internal information systems can promote the
continuous improvement of organizational structures and resource allocation. AI's pow-
erful data collection and analytical capabilities enable managers to monitor and report
corporate activities more comprehensively and efficiently, thereby supporting internal or-
ganizational optimization and improving governance efficiency [30]. In addition, Al gen-
erates technological spillover effects that help firms analyze and predict operational risks
and changes in market demand, improve risk management, accelerate the creation and
dissemination of new ideas, and enhance their ability to respond to stakeholder needs
[17]. Through these mechanisms, firms can assess their ESG performance more accurately,
identify problems promptly, and implement appropriate corrective measures.

In conclusion, Al application is expected to improve corporate ESG performance. By
adopting Al technologies, firms can more effectively fulfill their social responsibilities, en-
hance ESG outcomes, and establish a stronger foundation for sustainable development.
Accordingly, the following hypothesis is proposed:

H1: Al technology can effectively improve the level of firm ESG performance.

2.3. The Mediation Effect of Al on ESG Performance
2.3.1. Human Capital Upgrading Effect

With the widespread adoption of intelligent robots and highly automated control
systems, Al is transforming production processes and replacing many repetitive, low-
skilled jobs [29]. At the same time, because Al draws on knowledge from multiple disci-
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plines, its diffusion has created a growing number of knowledge-intensive positions
within firms [31]. Therefore, this study argues that Al can promote the upgrading of firms’
human capital structure through both job substitution and job creation, thereby improv-
ing corporate ESG performance.

Specifically, the rapid development of Al has accelerated the upgrading and iterative
improvement of automated equipment. As machines increasingly replace low-skilled
workers in repetitive tasks, firms” demand for such labor has declined significantly [27].
At the same time, Al’s strong data-processing and predictive capabilities enable firms to
analyze consumer purchasing behavior and preferences more accurately, thereby par-
tially substituting for traditional market analysts and sales personnel [32]. Consequently,
the adoption of Al technologies may substantially reduce firms” demand for low-skilled
labor. Compared with conventional technologies, Al is more versatile and adaptable, and
its application scenarios continue to expand across different types and forms of work [33].
The ongoing development of Al has also created a growing number of highly skilled po-
sitions, including Al engineers and data analysts. These occupations typically require em-
ployees to possess specialized knowledge, advanced technical skills, and proficiency in
Al-related technologies [34]. Al adoption therefore encourages firms to recruit more
highly educated and skilled employees, provide existing workers with Al-related train-
ing, and attract additional technical and R&D personnel. Highly skilled employees are
generally better able to understand and implement energy-saving and emission-reduction
measures. They can also use Al technologies to improve productivity and reduce pollu-
tant emissions, thereby contributing to better corporate ESG performance [35]. In addition,
highly skilled employees tend to have stronger risk awareness and analytical capabilities,
which can help firms identify and respond to potential risks and challenges and support
stable operations and sustainable development [36].

In summary, this study argues that Al application can facilitate the optimization and
upgrading of firms” human capital structure, thereby significantly improving corporate
ESG performance. Accordingly, the following hypothesis is proposed:

H2: Al application effectively improves the level of firm ESG performance by promoting human
capital upgrading.

2.3.2. Green Technology Innovation Effect

Technological progress is widely recognized as an important means of addressing
environmental challenges. In particular, breakthroughs in green technologies and their
broad application in energy, transportation, and manufacturing can support a more cost-
effective transition to a low-carbon economy [37]. However, green innovation often re-
quires substantial information, financial resources, and a strong technological foundation
[38]. Consequently, information barriers, resource constraints, uncertain returns, and in-
sufficient technological capabilities have become major obstacles to the advancement of
green technologies. The integration of Al into green technology research and development
offers a promising approach to overcoming these constraints.

First, Al can help reduce information asymmetry in the market. Firms can use Al to
rapidly collect, integrate, and analyze information concerning consumers’ demand for
green products, technological developments, and their internal resources for green inno-
vation, thereby improving the efficiency and quality of green innovation decisions [24].
Second, the integrative, collaborative, and generative capabilities of Al enable it to be ap-
plied across resource management, product development, and other corporate activities,
continuously providing firms with new ideas and tools for innovation. Al also generates
significant technological spillover effects. By accelerating the flow of information and
knowledge within firms and across industrial chains, it can improve the efficiency of green
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and low-carbon technological innovation [25]. Improved green technological innovation
can reduce energy consumption, waste emissions, and pollutant generation, thereby mit-
igating firms’” adverse environmental impacts. It can also enhance corporate reputation
and establish firms as environmental leaders in the eyes of consumers and investors.
These benefits may attract additional talent and resources, strengthen corporate competi-
tiveness and sustainability, and ultimately improve ESG performance. Accordingly, the
following hypothesis is proposed:

H3: Al application effectively enhances the level of firm ESG performance by promoting green
technology innovation.

3. Results

3.1. Sample Selection

To test the research hypotheses, this study constructs the following fixed-effects mod-
els. Model (1) examines the direct effect of Al application on corporate ESG performance,
whereas Models (2) and (3) assess the mediating roles of human capital upgrading and
green technological innovation, respectively.

ESG;¢ = by + b Al; + b, Z Control; + 6, + pi¢ 1)
Human_Capital;, = by + b, Al;; + b, Z Control; + 6, + pi¢ )
Green_Innovation;y = by + b Al; + b, Z Control; + 6, + pi¢ 3)

where Al;; and ESG;, indicate the level of Al technology application and ESG perfor-
mance of firm iin year t, respectively;, Human_Capital;, and Green_Innovation;, rep-
resent the upgrading of human capital and the R&D status of green innovation, respec-
tively.

3.2. Variable Selection

Artificial Intelligence (explanatory variable). This study uses firm-level artificial in-
telligence investment amount to measure the level of Al application. Compared with the
density of industrial robots, Al investment amount provides a more direct and precise
measure of firms’ actual Al application. Industrial robots mainly capture the degree of
automation in production processes, especially the substitution of machines for manual
labor in manufacturing activities. Although industrial robot density can partly reflect in-
telligent manufacturing, it cannot fully capture the broader application of Al technologies
in firms” production, operation, management, environmental monitoring, risk prediction,
decision support, and governance optimization. Therefore, using industrial robot density
may underestimate Al application in non-manufacturing firms and may also fail to reflect
Al applications beyond automated production.

By contrast, firm-level Alinvestment amount reflects the resources that firms actually
allocate to Al-related technologies, systems, equipment, algorithms, software, data infra-
structure, and intelligent application scenarios. It can better capture firms’ strategic com-
mitment to Al adoption and the extent to which Al is embedded in their business activi-
ties. Since this study focuses on the impact of Al application on ESG performance, the
explanatory variable should reflect not only production automation but also Al-enabled
environmental management, social responsibility management, information disclosure,
risk control, and corporate governance improvement. Therefore, Al investment amount
is more consistent with the research objective of this study and provides a more accurate
proxy for firms” Al application level.
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Firm ESG performance (explained variable). ESG performance refers to a firm’s ac-
tual performance in environmental responsibility, social responsibility, and corporate
governance. It is a multidimensional concept that reflects a firm’s sustainability practices,
stakeholder responsibility, environmental management, and governance quality. Since
ESG performance itself is not directly observable in empirical research, existing studies
commonly use ESG ratings or ESG scores issued by third-party rating agencies as observ-
able proxies for firms’ ESG performance [39]. Therefore, the ESG score used in this study
should be understood as a quantitative proxy for firm ESG performance rather than ESG
performance itself.

This study uses the Huazheng ESG Index to measure firms” ESG performance. The
choice of this index is mainly based on the following considerations. First, the Huazheng
ESG Index is specifically designed for China’s capital market and is more closely aligned
with the institutional environment, regulatory requirements, disclosure practices, and
corporate governance characteristics of Chinese listed firms. Compared with international
ESG rating systems, such as Bloomberg and MSCI, the Huazheng ESG Index better reflects
China-specific policy priorities, domestic environmental regulation standards, and the
disclosure practices of Chinese listed companies. Therefore, it is more suitable for exam-
ining ESG issues in the context of China’s A-share listed companies [40].

Second, after incorporating the reviewer’s suggestion, this study extends the sample
period to cover China’s A-share listed companies from 2009 to 2025. This longer observa-
tion window places higher requirements on the measurement of ESG performance. In a
long-period panel setting, the ESG indicator should have sufficient firm-year coverage and
maintain a relatively consistent evaluation standard over time; otherwise, missing obser-
vations or changes in rating criteria may affect the comparability of ESG scores across
years. The Huazheng ESG Index is therefore selected because it provides relatively com-
plete and continuous ESG rating information for Chinese A-share listed companies during
the expanded sample period [41]. This allows the study to construct a more consistent
panel dataset and to examine the relationship between Al application and ESG perfor-
mance over a longer time horizon.

Third, the Huazheng ESG Index has been widely adopted in empirical studies on
ESG issues in the Chinese market, which supports its applicability in research on Chinese
listed firms [40]. The Huazheng ESG evaluation system assesses listed companies” ESG
performance through a hierarchical rating framework and classifies firms into nine rating
categories, namely AAA, AA, A, BBB, BB, B, CCC, CC, and C, in descending order. To
facilitate quantitative analysis, this study assigns numerical values from 9 to 1 to these
nine categories, with 9 corresponding to the highest rating, AAA, and 1 corresponding to
the lowest rating, C. A higher value indicates better corporate ESG performance.

Human capital upgrading (mediating variable). Human capital upgrading is meas-
ured using two indicators: the number of employees with bachelor’s degrees and the pro-
portion of such employees in the firm’s total workforce [42].

Green technological innovation (mediating variable). This study measures green
technological innovation using the number of green patent applications [43]. Green pa-
tents are further classified into green invention patents and green utility model patents to
examine their respective roles in the relationship between Al application and corporate
ESG performance.

Control variables. To more accurately identify the effect of Al application on firm
ESG performance, this study controls for variables that may affect both firms” Al adoption
and ESG outcomes. The control variables are selected from three aspects: firm financial
characteristics, firm governance characteristics, and regional economic development level.

First, this study controls for firm financial characteristics, including return on equity
(ROE), Tobin’s Q (Q), and leverage ratio (LEV). ROE is included to capture firms’ profita-
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bility. Firms with higher profitability usually have stronger internal financial capacity and
more available resources to invest in environmental governance, social responsibility ac-
tivities, employee welfare, and corporate governance improvement. Therefore, control-
ling for ROE helps reduce the estimation bias caused by differences in firms’ profitability
and resource endowment. Tobin’s Q is used to measure firms’ market valuation and
growth opportunities. Firms with higher Tobin’s Q are generally regarded as having
stronger growth potential and may have greater incentives to improve ESG performance
in order to attract investors, maintain market reputation, and reduce financing constraints.
In addition, Tobin’s Q may also be associated with firms’ digital transformation capability
and willingness to adopt Al technologies. Therefore, including Tobin’s Q helps isolate the
impact of Al application on ESG performance from the influence of market expectations
and growth opportunities. LEV is controlled because firms with different debt levels may
face different financing pressures and risk constraints, which may affect their ESG invest-
ment decisions.

Second, this study controls for firm governance characteristics, including board size
and institutional shareholding. Board size may affect the efficiency of corporate decision-
making and the firm’s ability to supervise ESG-related strategies. Institutional sharehold-
ing reflects the external governance role of institutional investors, who may exert pressure
on firms to improve information disclosure, environmental responsibility, and corporate
governance quality.

Third, this study controls for the level of regional economic development. Specifi-
cally, the economic development level is measured by the per capita GDP of the prefec-
ture-level city where the firm is located. Regional economic development may influence
firms” access to digital infrastructure, human capital, financing resources, and environ-
mental governance capacity, thereby affecting both Al application and ESG performance.

3.3. Data Description

Corporate ESG performance data are obtained from the Huazheng ESG rating data-
base. Firm-level Al application is measured by corporate Al investment data obtained
from the China Stock Market and Accounting Research (CSMAR) database. Specifically,
this variable captures firms’ investment in artificial intelligence-related activities as re-
ported in the CSMAR database and is used to proxy the extent of firm-level Al application.
To mitigate potential skewness and facilitate interpretation, the dependent variable of cor-
porate ESG performance and the independent variable of corporate Al investment are
transformed using the natural logarithm. Data on the mediating variables and control var-
iables are also obtained from the CSMAR database.

4. Empirical Results and Analysis
4.1. Descriptive Statistics and Correlation Analysis

Before conducting the main regression analysis, this study performs descriptive sta-
tisticsal and correlation analyses. Table 1 reports the descriptive statistics and correlation
coefficients for all variables. The correlation coefficients are all below 0.70, suggesting that
multicollinearity is unlikely to pose a serious concern.

Table 1. Descriptive Statistics and Correlation Analysis.

Variables Obs Mean S.D. @ (2) (3) @) (5) (6) (7) (8)
(1) ESG 44,924  4.305 0.076  1.000

(2) Al 44924 16.803 2.122 0.177 1.000

(3) ROE 44924 0.034 0345 0.084 0.009 1.000

4)Q 44924  1.981 1.191 -0.086 -0.152 0.000 1.000
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(5) LEV 44924 0417 0214 -0.076 0.282 -0.094 -0.260 1.000
(6) Boardsize 44924 8497 1803 0.083 0.197 0.013 -0.132 0.227 1.000
(7) Institutional_share 4y 654 4307 24981 0117 0231 0041 -0067 0231 0268 1.000
holding
(8) PGDP 44924 11313 051 0.076 0.203 -0.002 -0.029 -0.071 -0.135 -0.099 1.000
4.2. Benchmark Regressions
Table 2 presents the benchmark regression results for the effect of Al application on
corporate ESG performance. Column (1) reports the results of the fixed-effects model in-
cluding only the control variables. Column (2) further includes Al application to examine
its effect on ESG performance. The coefficient of Al application is positive and statistically
significant (3 = 0.0031, p < 0.01), indicating that a higher level of AI application is associ-
ated with better corporate ESG performance. Therefore, H1 is supported. This result sug-
gests that Al can improve ESG-related decision-making through enhanced data analysis
and predictive capabilities, thereby contributing to stronger corporate ESG performance.
Table 2. Benchmark regression test and robustness test results.
(1) (2) (3) ) (5) (6)
ESG ESG Re_ESG ESG ESG ESG
Al 0.0031 ***  0.0079 *** 0.0035 ***
(8.4699) (4.3683) (8.1071)
L.AI 0.002 ***
(0.000)
DID 0.015 ***
(0.003)
ROE 0.0035 ** 0.0032**  0.0121 *** 0.003 ** 0.004 *
(2.1591) (2.0971) (2.8930) (0.001) (0.002)
Q -0.0044 ***  -0.0039 *** 0.0005 —0.003 *** —0.004 ***
(-11.7554)  (-9.7037) (0.2898) (0.000) (0.001)
LEV -0.0711***  -0.0778 ***  -0.0220 —0.073 *** -0.065 ***
(-23.0007)  (-22.6393)  (-1.3615) (0.004) (0.005)
Boardsize 0.0001 -0.0000 0.0023 * 0.000 0.000
(0.3370) (—0.0810) (1.7357) (0.000) (0.001)
Insmmlonj‘i;harehom' 0.0003**  0.0002**  0.0008 *** 0.000 ** 0.000 ***
(8.4824) (6.4821) (4.3735) (0.000) (0.000)
PGDP 0.0154 ***  0.0143 **  -0.0569 *** 0.018 *** 0.015 **
(4.6201) (3.9837) (-3.5182) (0.004) (0.006)
L.AI
L.ROE 0.0124
(1.1146)
L.Q —0.0014 ***
(-3.1427)
L.LEV —0.0711 ***
(-17.6472)
L.Boardsize -0.0001
(-0.3777)
L.Instltutlor}al_sharehold- 0.0004 #*
ing
(8.9062)
L.PGDP 0.0105 ***
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Constant

Observations
R-squared
Firm FE
Year FE

(2.5826)
41564 *** 41218 ***  3.8804 *** 4.1436 *** 4.086 *** 4.145 ***
(110.077) (100.3368) (21.0188) (89.0552) (0.047) (0.068)
49,980 44,924 13,835 45,182 40,687 32,657
0.4011 0.3999 0.8218 0.4007 0.478 0.397
Yes Yes Yes Yes Yes Yes
Yes Yes Yes Yes Yes Yes

=% <0.01,* p<0.05,*p<0.1.

4.3. Robustness Tests and the Endogeneity Problem
4.3.1. Robustness Test

First, corporate ESG performance is remeasured using Bloomberg ESG scores, and
Model (1) is re-estimated with this alternative dependent variable. Column (3) of Table 2
reports the results. The coefficient of Al application remains positive and statistically sig-
nificant at the 1% level, providing further support for the positive effect of Al application
on corporate ESG performance.

Second, because information disclosed in listed firms” annual reports may be subject
to a reporting lag, all control variables are lagged by one period to reduce potential esti-
mation bias arising from timing differences. Column (4) of Table 2 presents the results of
this lagged specification. The coefficient of Al application remains positive and statisti-
cally significant at the 1% level, further confirming the robustness of the benchmark find-
ings.

Third, this study uses one-period lagged Al application to further address the poten-
tial reverse causality problem. In the benchmark regression, Al application and ESG per-
formance are measured in the same period. Under this setting, the estimated relationship
may be affected by reverse causality: firms with better ESG performance may have
stronger financing capacity, better governance foundations, and greater external recogni-
tion, which may enable them to increase Al investment. In other words, the positive coef-
ficient of Al application may partly reflect the effect of ESG performance on Al adoption,
rather than only the effect of Al application on ESG performance.

To reduce this concern, this study replaces current Al application with one-period
lagged Al investment in the regression model. This means that Al investment in period
(t-1) is used to explain ESG performance in period (t). Compared with the contemporane-
ous regression, this specification makes the timing of the variables clearer. Since Al in-
vestment in the previous period has already occurred before current ESG performance is
measured, current ESG performance cannot directly affect previous Al investment. There-
fore, if lagged Al application still has a significantly positive effect on current ESG perfor-
mance, it suggests that earlier Al application contributes to the subsequent improvement
of ESG performance, rather than the result being mainly driven by firms with better ESG
performance increasing Al investment in the same period. This specification can therefore
help address the reverse causality concern.

As shown in column (5) of Table 2, the coefficient of one-period lagged Al application
remains significantly positive. This indicates that prior Al investment continues to pro-
mote firms’ subsequent ESG performance after considering the timing difference between
Al application and ESG performance. Therefore, the positive relationship between Al ap-
plication and ESG performance is less likely to be fully explained by reverse causality.
This result further supports the robustness of the benchmark conclusion.

Fourth, this study further employs a propensity score matching-difference-in-differ-
ences (PSM-DID) approach to alleviate the concern of reverse causality. Firms with better
ESG performance may have stronger financial resources, governance capabilities, and in-
novation foundations, making them more likely to increase Al investment. Therefore, the
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positive relationship identified in the benchmark regression may partly reflect the effect
of ESG performance on Al application.

The PSM-DID approach addresses this concern in two steps. First, propensity score
matching identifies control firms with similar pre-treatment ESG performance, financial
characteristics, governance conditions, regional economic development, and industry
characteristics. This reduces the possibility that firms entering a high-intensity Al appli-
cation state already had systematically better ESG foundations. Second, the DID estima-
tion compares the change in ESG performance before and after high-intensity Al applica-
tion with the corresponding change among matched control firms. This approach focuses
on the relative change following Al application rather than the initial difference in ESG
levels, thereby helping distinguish the effect of Al application from firms’ pre-existing
ESG advantages.

Because most firms in the sample make some Al-related investment, this study de-
fines the treatment according to Al investment intensity. A firm enters the treatment
group when its Al investment reaches the top quartile of the industry-year distribution
and remains at this level in the following year, while firms that never enter this sustained
high-intensity state constitute the control group. After matching, the absolute standard-
ized biases of all covariates are below 10%, and the two groups exhibit substantial com-
mon support. As shown in column (6) of Table 2, the DID coefficient is 0.015 and is signif-
icant at the 1% level, indicating that ESG performance improves significantly after firms
enter the high-intensity Al application state. This result further alleviates the concern that
the benchmark findings are primarily driven by firms with better ESG performance being
more likely to increase Al investment.

Fifth, the relatively large number of missing observations before 2014 may affect the
reliability of the results. To address this concern, this study excludes observations prior to
2014 and re-estimates the model using the restricted sample. Column (1) of Table 3 reports
the results. The coefficient of Al application remains positive and statistically significant
at the 1% level, consistent with the benchmark findings and further confirming their ro-
bustness.

Finally, Beijing, Shanghai, Chongqing, and Tianjin are municipalities directly admin-
istered by the central government and have economic scales and firm characteristics that
are more comparable to those of provinces. Firms located in these municipalities may
therefore exhibit extreme values in certain indicators, which could influence the estima-
tion results. To reduce this potential bias and assess the stability of the findings, this study
excludes firms located in the four municipalities and re-estimates the model. Column (2)
of Table 3 reports the results. The coefficient of Al application remains positive and statis-
tically significant at the 1% level, further confirming the robustness of the benchmark find-
ings.

Table 3. Robustness test results.

(1) (2) (3) 4)
ESG ESG Al ESG

Al 0.0040 *** 0.0030 *** 0.0683 *

(7.5573) (7.6090) (1.8155)
ALIV 0.0083 **
(0.0036)

ROE 0.0034 * 0.0027 ** 0.075 0.0034

(1.7388) (1.9669) (0.0484) (0.7673)

Q ~0.0028 *** ~0.0041 *** ~0.0743 *** 0.0014

(-5.8847) (-8.9119) (0.0086) (0.4866)

LEV ~0.0892 *** ~0.0791 *** 1.0489 ** -0.1436 ***
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Boardsize
Institutional_shareholding
PGDP
Constant
Observations
R-squared

Firm FE
Year FE

(-19.6727) (-20.6007) (0.0754) (-3.6083)
-0.0001 -0.0001 0.0356 *** -0.0023
(-0.1181) (-0.1504) (0.0066) (-1.5249)
0.0003 *** 0.0002 *** 0.0033 *** -0.0000
(5.4674) (6.2788) (0.0009) (-0.0962)
0.0215 *** 0.0145 *** -0.0038 0.0131
(4.2777) (3.2580) (0.0992) (1.5065)

4.0217 *** 4.1201 ***
(69.5220) (81.7971)

36,783 35,957 26,622 26,622
0.4224 0.3997 -0.9572
Yes Yes Yes Yes
Yes Yes Yes Yes

#p <0.01,** p<0.05,* p<0.1.

4.3.2. Endogeneity Issues

The benchmark regression results show that Al application has a significant impact
on firms” ESG performance. However, there may still be reverse causality between the
two. Specifically, firms with better ESG performance may have stronger reputational ad-
vantages, better financing conditions, and greater strategic incentives to invest in Al tech-
nologies, which may in turn promote the improvement of their Al application level. In
addition, some unobservable factors, such as managerial capability, firms’ strategic orien-
tation, local digital policy support, or industry-level technological trends, may simultane-
ously affect both Al investment and ESG performance, leading to potential omitted-vari-
able bias. To mitigate these endogeneity concerns, this study further employs an instru-
mental-variable approach.

This study draws on the research design of Du et al. (2024) [44] and selects the inter-
action term between provincial optical cable density and the average Al application level
of other firms in the same city and industry as the instrumental variable for firm-level Al
application. This instrumental variable satisfies the relevance requirement. On the one
hand, optical cable density reflects the level of regional digital infrastructure. Al applica-
tion relies on data transmission, computing access, and the mobilization of digital re-
sources. Therefore, a higher level of optical cable density provides firms with better basic
conditions for deploying Al technologies. On the other hand, the average Al application
level of other firms in the same city and industry reflects the external technology diffusion
environment, peer demonstration effect, and competitive pressure, which may influence
a firm’s own likelihood of adopting Al technologies.

Meanwhile, this instrumental variable also has a certain exogeneity basis. After con-
trolling for firm fixed effects, year fixed effects, and firm-level financial and governance
characteristics, regional optical cable infrastructure and the technology diffusion environ-
ment among peer firms do not directly determine an individual firm’s ESG performance.
Instead, their effects are expected to operate mainly through the firm’s own Al applica-
tion. Therefore, this instrumental variable can help mitigate potential endogeneity con-
cerns in examining the relationship between Al application and corporate ESG perfor-
mance.

This study employs a two-stage least squares (2SLS) estimation to address potential
endogeneity concerns, and the results are reported in columns (3) and (4) of Table 3. The
first-stage regression results, shown in column (3) of Table 3, indicate that the coefficient
of the instrumental variable is 0.0083 and is significant at the 5% level, suggesting that the
instrumental variable is positively correlated with firm-level Al application. The F statistic
for the excluded instrument is 5.35, with a p-value of 0.0207, indicating that the instru-
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mental variable has explanatory power for the endogenous variable. In addition, the
Kleibergen—Paap rk LM statistic is 6.141, with a p-value of 0.0132, rejecting the null hy-
pothesis of underidentification. These results support the relevance of the selected instru-
mental variable. However, the Kleibergen—Paap rk Wald F statisticis 5.349, which is below
the conventional threshold of 10, indicating a potential weak-instrument concern. There-
fore, the conventional 2SLS estimates and associated statistical inference should be inter-
preted with caution.

The second-stage estimation results, shown in column (4) of Table 3, indicate that
after using the instrumental variable to mitigate potential reverse causality and omitted-
variable bias, the coefficient of Al application is 0.0683 and is significant at the 10% level.
This suggests that Al application continues to have a positive effect on firms” ESG perfor-
mance after accounting for potential endogeneity. Considering that the Kleibergen—Paap
rk Wald F statistic is 5.349, this study further reports weak-instrument-robust inference
results. The Anderson-Rubin Wald test rejects the null hypothesis that the coefficient of
the endogenous variable is equal to zero, with a F statistic of 7.05 and a p-value of 0.0079.
The Anderson-Rubin Wald chi-square test and the Stock-Wright LM test are also signifi-
cant, with p-values of 0.0043 and 0.0046, respectively. These results provide additional
support for the positive effect of Al application on corporate ESG performance. Accord-
ingly, although the relatively low Kleibergen—Paap rk Wald F statistic remains a limitation
of the instrumental-variable analysis, the weak-instrument-robust test results provide
supportive evidence that the positive association between Al application and corporate
ESG performance is not solely driven by reverse causality or omitted-variable bias. Over-
all, the instrumental-variable results are consistent with the benchmark regression results,
but the causal interpretation should be treated with appropriate caution.

4.4. Heterogeneity Test
4.4.1. Firms’ Technological Intensity

Firms’ technological intensity may influence the effect of Al application on corporate
ESG performance. Firms with lower technological intensity often face greater technologi-
cal and resource constraints and may lack the innovation capabilities required to address
ESG-related challenges effectively. These limitations may reduce their ability to identify
and resolve environmental, social, and governance issues. However, Al technologies, in-
cluding deep learning, big data analytics, and simulation, can provide such firms with
new tools for technological upgrading and ESG management. By contrast, firms with
higher technological intensity generally possess stronger knowledge bases and more ad-
vanced innovation capabilities. Because these firms already have relatively well-devel-
oped technological resources, the marginal contribution of Al application to ESG im-
provement may be less pronounced. Therefore, Al application is expected to generate a
stronger ESG-enhancing effect among firms with lower technological intensity than
among firms with higher technological intensity.

Accordingly, this study measures firms’ technological intensity using the ratio of in-
tangible assets to total assets. Based on the annual median of this indicator, the sample is
divided into firms with higher and lower technological intensity to examine whether the
effect of Al application on ESG performance differs across the two groups. As shown in
columns (1) and (2) of Table 4, the coefficient of Al application is larger for firms with
lower technological intensity than for those with higher technological intensity. This find-
ing indicates that Al application generates a stronger improvement in ESG performance
among firms with weaker technological foundations, consistent with the theoretical ex-
pectation.

Table 4. Heterogeneity test results.
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High Technol- Low Technol- Heavily Pol- Non-Heavily High Environ- Low Environ-
ogy . . Polluted In- mental mental Regula-
. ogy Intensity luted Firms . . .
Intensity dustries Regulation tion
(1) (2 3 @ (5) (6)
ESG ESG ESG ESG ESG ESG
Al 0.0027 *** 0.0038 *** 0.0019 *** 0.0034 *** 0.0033 *** 0.0027 ***
(4.8996) (6.8038) (2.9262) (7.5077) (6.2642) (4.4199)
ROE 0.0024 0.0024 * 0.0048 * 0.0026 0.0027 * 0.0124 **
(0.8522) (1.8577) (1.8893) (1.6340) (1.8327) (2.1628)
Q -0.0039 ***  -0.0028 ***  -0.0053 ***  -0.0031 *** —0.0040 *** —0.0038 ***
(—6.4441) (—4.6393) (-6.7662) (—6.5521) (—6.8481) (-5.6938)
LEV -0.0929 ***  -0.0722***  -0.0856 ***  -0.0741 *** —0.0772 *** —0.0789 ***
(-17.7128) (-13.3083) (-12.5467) (-18.0823) (-15.7164) (-13.0096)
Boardsize 0.0003 —0.0005 0.0008 —0.0006 —0.0002 0.0002
(0.5965) (-0.9677) (1.2204) (—1.4955) (-0.3041) (0.3183)
Institutional_share- h50p e 00003+ 00002 00002 0.0002 *** 0.0002 ***
holding
(3.6584) (4.7976) (2.6494) (5.2204) (4.2684) (3.4975)
PGDP 0.0243 *** 0.0016 0.0202 *** 0.0133 *** 0.0089 0.0168 ***
(4.3010) (0.2860) (3.0735) (2.9834) (1.5328) (2.8432)
Constant 4.0157 *** 4.2556 *** 4.0687 *** 4.1329 *** 4.1817 *** 4.1003 ***
(62.7273) (66.2536) (54.7340) (81.0717) (63.4082) (60.9881)
Observations 21,936 22,115 11,873 32,992 25,410 18,393
R-squared 0.4180 0.4215 0.4130 0.4023 0.4237 0.4170
Firm FE Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes Yes

%) < 0,01, ** p < 0.05, * p < 0.1.

4.4.2. Degree of Industry Pollution

The effect of Al application on corporate ESG performance may vary according to
the pollution intensity of the industry in which a firm operates. Heavily polluting indus-
tries are generally characterized by high energy consumption, substantial emissions, and
greater exposure to environmental regulation. Firms in these industries often face stricter
scrutiny from regulators and the public, creating strong pressure to improve energy effi-
ciency and reduce pollutant emissions [45]. However, rigid production processes, legacy
equipment, and the high cost of environmental transformation may constrain their ability
to translate Al application into substantial ESG improvements. By contrast, firms in non-
heavily polluting industries typically face lower environmental compliance costs and op-
erate with more flexible production and management systems. Their ESG performance
depends less on costly end-of-pipe pollution control and more on digital management,
efficient resource allocation, information disclosure, supply-chain coordination, and gov-
ernance optimization. Al can support these activities by improving operational efficiency,
strengthening environmental monitoring, optimizing internal management, and enhanc-
ing ESG-related decision-making. Therefore, firms in non-heavily polluting industries
may be better positioned to convert Al application into improved ESG performance, sug-
gesting that the positive effect of Al is likely to be more pronounced in these industries.

Based on the Classification and Management List of Listed Companies in Environ-
mental Verification Industries, this study divides the sample into firms operating in heav-
ily polluting and non-heavily polluting industries to examine whether the effect of Al ap-
plication on ESG performance varies with industry pollution intensity. As shown in col-
umns (3) and (4) of Table 4, the coefficient of Al application is larger for firms in non-
heavily polluting industries than for those in heavily polluting industries. This finding
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indicates that AI application generates a stronger improvement in ESG performance
among firms operating in industries with lower pollution intensity, consistent with the
theoretical expectation.

4.4.3. Level of Regional Environmental Regulation

The effect of Al application on corporate ESG performance may vary with the
strength of regional environmental regulation. Environmental regulation encompasses
laws, regulatory requirements, policy incentives, subsidies, and other measures designed
to limit corporate pollution, protect the environment, and encourage firms to assume
greater social responsibility. In regions with stricter environmental regulation, firms face
stronger compliance pressure and higher expectations regarding environmental and so-
cial responsibility [8]. Failure to meet these expectations may result in more frequent reg-
ulatory scrutiny, financial penalties, and reputational damage. To mitigate these risks,
firms have stronger incentives to improve production processes, adopt intelligent manu-
facturing technologies, reduce pollutant emissions, and strengthen ESG management [10].
Al can support these efforts by improving environmental monitoring, compliance man-
agement, resource allocation, and production optimization. Therefore, the positive effect
of Al application on corporate ESG performance is expected to be more pronounced in
regions with stricter environmental regulation.

This study uses web-crawling techniques to identify and count keywords related to
environmental regulation in the government work reports of Chinese prefecture-level cit-
ies. The resulting keyword frequency is used to measure the intensity of environmental
regulation in each city. Based on the annual median of this measure, firms are classified
into regions with higher and lower levels of environmental regulation, and separate re-
gressions are conducted to examine whether the effect of Al application on ESG perfor-
mance differs across the two groups. As shown in columns (5) and (6) of Table 4, the co-
efficient of Al application is larger for firms located in regions with stricter environmental
regulation. This finding indicates that Al application has a stronger positive effect on cor-
porate ESG performance in regions with higher environmental regulation, consistent with
the theoretical expectation.

4.5. Mediation Effect Analysis
4.5.1. Testing the Mediation Effect of Human Capital Upgrading

Table 5 reports the regression results of the mediation test for human capital upgrad-
ing. Columns (1) and (3) examine the effect of Al application on the two measures of hu-
man capital upgrading, while columns (2) and (4) further include Al application and the
corresponding human capital upgrading variable simultaneously in the ESG performance
regression to test the mediation effect.

Specifically, column (1) of Table 5 shows that the coefficient of Al application on the
number of highly educated employees is 0.2004 and is significant at the 1% level. This
indicates that AI application significantly increases firms’ demand for highly educated
employees. Column (2) further examines the effect of Al application and the number of
highly educated employees on ESG performance. The results show that the coefficient of
the number of highly educated employees is 0.0209 and is significant at the 1% level, in-
dicating that an increase in highly educated employees significantly improves firms” ESG
performance. Meanwhile, the coefficient of Al application becomes statistically insignifi-
cant after the mediator is included, suggesting that the number of highly educated em-
ployees plays an important mediation role in the relationship between Al application and
ESG performance.

Column (3) examines the effect of Al application on the percentage of highly edu-
cated employees. The coefficient of Al application is 0.0042 and is significant at the 1%
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level, indicating that Al application also promotes the upgrading of firms” human capital
structure by increasing the proportion of highly educated employees. Column (4) further
includes both Al application and the percentage of highly educated employees in the ESG
performance regression. The results show that the coefficient of the percentage of highly
educated employees is 0.0159 and is significant at the 5% level, suggesting that the im-
provement in the proportion of highly educated employees contributes to better ESG per-
formance. In addition, the coefficient of Al application remains significantly positive, in-
dicating that the percentage of highly educated employees plays a partial mediation role.

Overall, the results support the mediation effect of human capital upgrading. Al ap-
plication improves firms” ESG performance not only directly, but also indirectly by in-
creasing both the number and the proportion of highly educated employees. This indi-
cates that human capital upgrading serves as an important mediation path through which
Al application enhances corporate ESG performance. Thus, H2 is supported.

Table 5. Mediation test results for the human capital upgrading channel.

)] 2 3) @
Number of Highly Percentage of
Educated Employ- ESG Highly Educated ESG
ees Employees
Al 0.2004 *** 0.0008 0.0042 *** 0.0046 ***
(32.2601) (1.2066) (4.1581) (7.7280)
Number of highly edu- 0.0209 **
cated employees
(15.8196)
Percentage of highly edu- 0.0159 **
cated employees
(2.0320)
ROE 0.0894 *** 0.0022 0.0026 0.0153 ***
(2.6555) (0.6430) (0.5232) (2.7312)
Q —0.0379 *** -0.0028 *** -0.0005 -0.0039 ***
(-8.5278) (-5.1220) (-0.6415) (=7.0205)
LEV 0.6259 *** -0.0908 *** —0.0251 *** —0.0729 ***
(15.7876) (—17.3446) (-3.6227) (-14.2320)
Boardsize 0.0385 *** -0.0006 0.0025 *** 0.0001
(11.0887) (-1.1104) (3.6141) (0.1254)
Insmunonfi;harehom' 0.0070 *** 0.0000 0.0004 *** 0.0001 **
(16.2708) (0.5097) (5.4884) (2.5741)
PGDP 0.0713 * 0.0196 *** 0.0245 *** 0.0189 ***
(1.7485) (3.4675) (3.6026) (3.3327)
Constant 1.0574 ** 3.9890 *** -0.0829 4.0400 ***
(2.2057) (61.5538) (-1.0471) (62.4848)
Observations 26,693 25,060 26,665 25,032
R-squared 0.9309 0.4225 0.8848 0.4147
Firm FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes

#p <0.01,** p<0.05,* p<0.1.
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4.5.2. Testing the Mediation Effect of Green Technological Innovation

Table 6 reports the regression results of the mediation test for green technological
innovation. Columns (1), (3), and (5) examine the effect of Al application on different types
of green innovation, while columns (2), (4), and (6) further include Al application and the
corresponding green innovation variable simultaneously in the ESG performance regres-
sion to test the mediation effect.

Specifically, column (1) of Table 6 shows that the coefficient of Al application on
green innovation is 0.0045 and is significant at the 10% level. This indicates that AI appli-
cation can promote firms’ overall green innovation activities. Column (2) further examines
the effect of Al application and green innovation on ESG performance. The results show
that the coefficient of green innovation is 0.0041 and is significant at the 1% level, indicat-
ing that green innovation significantly improves firms” ESG performance. Meanwhile, the
coefficient of Al application remains significantly positive, suggesting that green innova-
tion plays a partial mediation role in the relationship between AI application and ESG
performance.

To further examine the heterogeneous mediation effects of different types of green
innovation, this study divides green innovation into inventive green innovation and util-
ity green innovation. Column (3) shows that the coefficient of Al application on inventive
green innovation is 0.0037 and is significant at the 10% level, indicating that Al application
promotes firms’ inventive green innovation. Column (4) further includes both Al applica-
tion and inventive green innovation in the ESG performance regression. The coefficient of
inventive green innovation is 0.0055 and is significant at the 1% level, suggesting that in-
ventive green innovation significantly improves ESG performance. At the same time, the
coefficient of Al application remains significantly positive, indicating that inventive green
innovation also plays a partial mediation role.

Column (5) examines the effect of Al application on utility green innovation. The
coefficient of Al application is 0.0319 and is significant at the 1% level, indicating that Al
application significantly promotes utility green innovation. Column (6) further includes
both Al application and utility green innovation in the ESG performance regression. The
coefficient of utility green innovation is 0.0001 and is significant at the 10% level, suggest-
ing that utility green innovation also contributes to the improvement of firms” ESG per-
formance, although its effect is relatively weaker than that of inventive green innovation.
The coefficient of Al application remains significantly positive, which indicates that utility
green innovation also plays a partial mediation role.

Overall, the results support the mediation effect of green technological innovation.
Al application improves firms” ESG performance not only directly, but also indirectly by
promoting green innovation activities. Inventive green innovation and utility green inno-
vation serve as partial mediation channels through which Al application enhances corpo-
rate ESG performance. Thus, H3 is verified.

Table 6. Mediation test results for the green technological innovation channel.

1 (2) (3) 4) (5) (6)
In- oye
Green_[nnova- ESG ventive_Green_ ESG Utility_Green = oo 0
tion . _Innovation
Innovation
Al 0.0045 * 0.0031 *** 0.0037 * 0.0031 *** 0.0319 *** 0.0031 ***
(1.8903) (8.4351) (1.8426) (8.4252) (2.8220) (8.4606)
Green 0.0041 ***
_Innovation
(6.5517)
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Inventive_Green_

Innovation

Utility_Green
_Innovation

ROE

Q

LEV

Boardsize

Institutional_share-

holding
PGDP
Constant
Observations
R-squared

Firm FE
Year FE

0.0055 ***
(7.4194)
0.0001 *
(1.8102)
0.0089 * 0.0032 ** 0.0043 0.0032 ** 0.0388 * 0.0032 **
(1.9400) (2.0976) (1.4387) (2.1007) (1.9084) (2.0968)
0.0045 * -0.0039 *** 0.0029 —0.0039 *** 0.0513 *** -0.0039 ***
(1.6760) (-9.7590) (1.3036) (-9.7558) (3.1102) (-9.7202)
0.0173 -0.0779 *** 0.0194 -0.0779 *** 0.1428 -0.0778 ***
(0.8465) (-22.6851) (1.1499) (—22.6983) (0.9305) (—22.6455)
-0.0053 * -0.0000 -0.0060 ** 0.0000 0.0051 -0.0000
(-1.8723) (-0.0190) (-2.3906) (0.0081) (0.2939) (-0.0830)
0.0001 0.0002 *** 0.0002 0.0002 *** -0.0004 0.0002 ***
(0.3446) (6.4841) (1.0933) (6.4588) (-0.2585) (6.4844)
0.0098 0.0143 *** 0.0316 * 0.0142 *** -0.1217 0.0143 ***
(0.4273) (3.9805) (1.6590) (3.9425) (-1.0286) (3.9893)
0.1876 4.1207 *** -0.1452 41224 *** 1.3269 4.1216 ***
(0.7069) (100.3915) (-0.6584) (100.4483) (0.9413) (100.333)
47,565 44,924 47,565 44,924 47,565 44,924
0.6425 0.4006 0.6244 0.4008 0.4494 0.3999
Yes Yes Yes Yes Yes Yes
Yes Yes Yes Yes Yes Yes

=% <0.01,* p<0.05,*p<0.1.

5. Discussion
5.1. Research Conclusion

First, Al application has a positive impact on firm ESG performance. This conclusion
still holds after replacing the explanatory variable, conducting the lag test, changing the
sample period, excluding potential disturbing factors, and addressing the endogeneity
problem. Therefore, Al application can help firms improve operational efficiency and ESG
performance through deep learning, simulation, predictive analytics, and intelligent man-
agement. Although this study is based on Chinese A-share listed companies, the finding
may also provide implications for countries that are simultaneously promoting digital
transformation and sustainable development, such as India, Brazil, Indonesia, and Vi-
etnam. In these economies, firms are also facing increasing pressure to improve environ-
mental responsibility, social responsibility, and governance quality, while digital technol-
ogies are becoming important tools for corporate transformation. Therefore, Al may help
firms in these countries improve ESG-related decision-making, resource allocation, oper-
ational monitoring, and information disclosure.

Second, Al shows a differentiated impact on firm ESG performance under different
levels of firm technological intensities, industry pollution levels, and regional environ-
mental regulation levels. Specifically, Al has a greater impact on the ESG performance of
firms with lower technological intensity and a relatively smaller impact on firms with
higher technological intensity. This indicates that Al may generate stronger marginal ben-
efits for firms with weaker initial technological foundations. This finding may be particu-
larly relevant to emerging economies and late-developing industrial economies, such as
India, Vietnam, Indonesia, and South Africa, where firms’ technological capabilities and
digital infrastructure are still unevenly distributed. In such contexts, Al adoption may
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help technologically weaker firms narrow capability gaps, improve management effi-
ciency, and strengthen ESG-related practices.

In terms of industry pollution characteristics, Al shows a particularly significant ESG
performance promotion effect on firms in non-heavily polluting industries, while its effect
is relatively smaller among firms in heavily polluting industries. This suggests that the
ESG-enhancing effect of Al is more easily realized in industries with relatively flexible
production processes, lighter environmental compliance burdens, and stronger reliance
on management optimization. This finding may be more relevant to economies with large
service sectors, high-end manufacturing sectors, consumer industries, and light manufac-
turing industries, such as Singapore, South Korea, Japan, and Malaysia. For firms in these
economies, Al may improve ESG performance mainly through governance optimization,
supply-chain coordination, energy management, information disclosure, and stakeholder
communication. By contrast, in countries with a relatively high share of resource-based or
heavily polluting industries, such as South Africa, Indonesia, and Brazil, Al alone may not
be sufficient to substantially improve ESG performance unless it is combined with cleaner
production technologies, green investment, and stricter environmental regulation.

The empirical results also show that the enhancement effect of Al on firm ESG per-
formance is more obvious in regions with higher environmental regulation. This finding
may be particularly relevant to countries with relatively strict environmental regulation
systems, stronger ESG disclosure requirements, and higher public pressure for corporate
environmental responsibility, such as Germany, France, Japan, and South Korea. In these
countries, external regulatory pressure can strengthen firms’ incentives to use Al for en-
vironmental monitoring, pollution control, compliance management, and green innova-
tion. However, in countries where environmental regulation is relatively weak or ESG
disclosure enforcement is insufficient, the ESG-enhancing effect of AI may be less pro-
nounced because firms may lack sufficient external motivation to apply Al technologies
to sustainability-oriented activities.

Finally, the mediation effect analysis shows that Al affects firm ESG performance
through two channels: promoting human capital upgrading and accelerating green inno-
vation. On the one hand, Al significantly improves the firm labor force structure and in-
creases the number of highly educated employees, which in turn accelerates the upgrad-
ing of the firm’s human capital structure and ultimately improves firm ESG performance.
On the other hand, Al promotes green technological innovation activities, which also im-
proves firm ESG performance. This mediation effect may be especially relevant to coun-
tries that are trying to upgrade their labor force structure and strengthen green innovation
capacity, such as India, Brazil, Vietnam, Malaysia, and South Africa. For these countries,
the ESG value of Al depends not only on technology adoption itself, but also on whether
firms and policymakers can strengthen digital skills training, attract high-quality human
capital, support green R&D, and improve the institutional environment for sustainable
innovation.

5.2. Theoretical Contributions

First, this study finds that AI application significantly improves corporate ESG per-
formance. This result is consistent with previous studies showing that the digital economy
and digital transformation can enhance ESG performance by improving operational effi-
ciency, reducing information asymmetry, and strengthening stakeholder communication
[9,10]. However, prior research generally treats digital technologies as a broad and rela-
tively homogeneous category, leaving the specific sustainability implications of Al insuf-
ficiently examined. Unlike general digital technologies, AI can directly support prediction,
pattern recognition, environmental monitoring, risk identification, resource allocation,
and managerial decision-making [17,30]. By focusing on firm-level Al investment, this
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study therefore extends the digital transformation literature by showing that ESG im-
provement arises not only from better information transmission, but also from the learn-
ing, prediction, and optimization capabilities embedded in Al From a practical perspec-
tive, the finding implies that firms should integrate Al into environmental monitoring,
risk management, information disclosure, and governance processes rather than treating
it merely as a tool for cost reduction.

Second, this study identifies human capital upgrading and green technological inno-
vation as two mediating paths through which AI improves ESG performance. Previous
research on Al and employment has mainly examined whether Al substitutes for routine
labor or increases the demand for highly skilled workers [27-29], whereas studies on Al
and green innovation have focused primarily on whether Al promotes green technologi-
cal development [24,25]. These two streams of research have rarely been connected to cor-
porate ESG outcomes within a unified framework. This study fills this gap by showing
that changes in workforce structure and green innovation are not isolated consequences
of Al adoption, but are important channels through which Al generates broader sustain-
ability benefits. The findings also extend the automation-augmentation perspective [19]
by indicating that Al creates greater ESG value when it complements highly educated
employees. At the same time, the stronger contribution of inventive green innovation sug-
gests that more substantive and knowledge-intensive innovation may generate greater
ESG benefits than incremental technological improvements. These results imply that firms
cannot rely on Al investment alone; they must also invest in employee skills, organiza-
tional learning, and green R&D capabilities.

Third, the heterogeneity results reveal important organizational and institutional
boundary conditions. Existing research often assumes that firms with stronger technolog-
ical capabilities are better able to absorb and benefit from new technologies [11]. However,
this study finds that the ESG-enhancing effect of Al is stronger among firms with lower
technological intensity. This suggests that Al may generate greater marginal benefits for
technologically weaker firms by helping them overcome information-processing and
managerial constraints. The stronger effect among non-heavily polluting firms also qual-
ifies the expectation that Al should be most valuable in industries with the greatest envi-
ronmental pressure. Although heavily polluting firms have stronger incentives to im-
prove environmental performance, rigid production processes, legacy equipment, and
high transformation costs may limit their ability to convert Al investment into ESG im-
provement [13,14,45]. In addition, the stronger effect in regions with stricter environmen-
tal regulation indicates that institutional pressure affects whether firms direct Al toward
environmental monitoring, compliance management, and green innovation [8,10]. These
findings extend prior studies that focus mainly on average technological effects by show-
ing that the ESG value of Al depends on firms’ technological foundations, industry char-
acteristics, and regulatory environments. In practice, policy support should therefore be
differentiated rather than uniform: technologically weaker firms may require capability-
building assistance, while heavily polluting firms may need Al investment to be combined
with cleaner equipment and process transformation.

Finally, this study contributes to the literature on responsible Al and corporate gov-
ernance. Previous studies have emphasized that Al may generate risks related to energy
consumption, labor displacement, algorithmic bias, privacy, transparency, and accounta-
bility [13,22,26]. These concerns provide an important alternative interpretation of the re-
lationship between Al and ESG performance: Al may improve efficiency and reporting
while simultaneously creating new environmental, social, and governance risks. The pos-
itive average effect identified in this study should therefore not be interpreted as evidence
that all Al applications automatically enhance sustainability. Rather, the results suggest
that Al generates ESG value when it is supported by complementary human capital, green
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innovation, organizational governance, and environmental regulation. This shifts the the-
oretical question from whether Al is inherently beneficial or harmful to the conditions
under which Al can produce substantive sustainability outcomes. For managers, this
means that Al investment should be accompanied by data governance, ethical safeguards,
human oversight, board-level supervision, algorithmic accountability, and environmental
impact assessment. Otherwise, the potential ESG benefits of Al may be offset by new gov-
ernance and ethical risks.

5.3. Policy Recommendations

First, governments can introduce targeted financial subsidies, tax incentives, and spe-
cial funding programs to support the research, development, and application of Al within
firms. Such policy support can reduce the initial costs and uncertainty associated with Al
adoption and encourage firms to integrate Al into environmental monitoring, resource
management, risk control, and ESG-related decision-making. Policy instruments should
also be differentiated according to firms’ technological capabilities and industry charac-
teristics. In particular, firms with weaker technological foundations may require addi-
tional support for digital infrastructure, employee training, and organizational transfor-
mation, while firms in heavily polluting industries may need to combine Al investment
with cleaner production equipment and process upgrading.

Second, government agencies, industry associations, and relevant experts should for-
mulate standards and practical guidelines for the responsible application of Al in ESG-
related activities. These guidelines should clarify requirements concerning data quality,
privacy protection, algorithmic transparency, human oversight, accountability, and envi-
ronmental impact assessment. A clearer governance framework can help firms under-
stand the appropriate scope and potential value of Al while reducing ethical, operational,
and compliance risks. In addition, regulators can encourage firms to disclose how Al is
used in ESG management, thereby limiting the possibility that firms rely on Al only to
improve ESG reporting without making corresponding improvements in their substan-
tive practices.

Third, firms should integrate Al into their ESG management systems rather than
treating it solely as a tool for automation or cost reduction. Al-enabled monitoring systems
can be used to track energy consumption, pollutant emissions, workplace safety, supply-
chain risks, and ESG-related information disclosure. These systems can help firms identify
emerging risks, evaluate changes in ESG performance, and implement timely corrective
measures. At the same time, firms should strengthen employee training, attract highly
skilled personnel, and increase investment in green research and development so that Al
can be effectively translated into human capital upgrading and green technological inno-
vation. Through the joint development of technology, human resources, and governance
capabilities, firms can more fully realize the potential of Al to improve ESG performance
and support sustainable development.

5.4. Limitations and Future Research

This study has several limitations. First, the empirical analysis is based on Chinese
A-share listed firms, and the findings may be influenced by China’s specific institutional
environment, ESG disclosure practices, regulatory framework, and digital infrastructure
conditions. Therefore, caution is needed when generalizing the results to firms in other
countries, unlisted firms, or small- and medium-sized enterprises. Second, corporate ESG
performance is primarily measured using the Huazheng ESG rating database. Although
this measure is appropriate for the Chinese market and the robustness test using Bloom-
berg ESG scores yields consistent results, ESG ratings may vary across providers because
of differences in methodologies and indicator weights.
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In addition, although this study uses lagged regressions, PSM-DID analysis, and an
instrumental-variable approach to mitigate endogeneity concerns, full causal identifica-
tion remains difficult in an observational panel data setting. In particular, the Kleibergen-—
Paap rk Wald F statistic is below the conventional threshold of 10, indicating a potential
weak-instrument concern; therefore, the IV results should be interpreted with caution de-
spite the supportive weak-instrument-robust tests. Future research could use cross-coun-
try samples, multiple ESG data sources, more detailed measures of Al application, and
quasi-natural experiments or policy shocks to provide stronger evidence on the causal
effects and boundary conditions of Al application on corporate ESG performance.
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