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Abstract. This study explores the mechanism through which digital innovation 

influences the sustainable development performance of heavy polluting firms 

based on the dynamic capability theory, using panel data from Chinese A-share 

heavy polluting listed firms from 2012-2023. The results demonstrate that digital 

innovation digital innovation significantly promotes the sustainable development 

performance of heavy polluting firms, and internal control quality plays a medi-

ating role in this process. In other words, digital innovation can enhance the sus-

tainable development performance of heavily polluting enterprises through im-

proving their internal control quality. In addition, reasonable environmental reg-

ulations positively moderate the link between digital innovation and sustainable 

development performance in heavily polluting firms. These findings enrich stud-

ies on digital innovation and sustainable development, offer practical guidance 

and policy recommendations for heavy-polluting enterprises to achieve sustaina-

ble development through digital innovation, and help balance economic, envi-

ronmental, and social benefits during digital transformation. 

Keywords: Digital Innovation, Sustainable Development Performance, Internal 

control, environmental regulation. 

1 Introduction 

In the context of China's drive to advance "dual-carbon" goals and sustainable devel-

opment philosophy, enterprises are necessitated to re-evaluate and adjust their devel-

opment strategies and operational models. As the core subjects of social and economic 

development, enterprises have become major sources of environmental pollution while 

driving rapid economic growth. Compared with traditional enterprises, heavily pollut-

ing enterprises have more significant impacts on the environment and society. Their 

unregulated emission of pollutants and consumption of energy have caused severe dam-

age to the ecological environment, exacerbating the contradiction between economic 

development and environmental protection, and thus facing greater environmental pres-

sures. In this context, digital innovation(DI) has emerged as a critical breakthrough, 

enabling enterprises to utilize resources more efficiently, reduce waste and mitigate  
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pollution (Zheng and Zhuang, 2021)[1]. Existing research indicates that DI not only 
helps enterprises achieve cost reduction, efficiency improvement, and energy conser-
vation (Ding et al., 2024)[2], but also brings opportunities for their sustainable devel-
opment transformation (Narula et al., 2021)[3]. For example, heavily polluting enter-
prises such as China Baowu Group, Hubei Xingfa Group, and China Huaneng have 
achieved more accurate and efficient environmental governance through digital tech-
nology innovation, digital management innovation, and the establishment of digital 
platforms. They have improved economic benefits and competitiveness while realizing 
emission reduction, fully demonstrating the great potential of DI in promoting sustain-
able enterprise development. However, despite initial research on DI's role, there is still 
limited exploration of its overall impact on heavily polluting enterprises and the spe-
cific mechanisms through which it affects sustainable development performance(SDP). 
Internal control(IC), as an important mechanism influencing enterprise behavior (Ciarli 
et al., 2021)[4], is crucial for maintaining long-term enterprise development and sus-
tainable operations (Zhang et al., 2024)[5]. Yet, the relationship between DI and IC, 
and their impact paths on SDP, require further in-depth research. 

Notably, the operations and development of heavily polluting enterprises are signif-
icantly influenced by environmental regulation(ER) policies. As a "visible hand" of 
government regulation, ER exerts pressure on heavily polluting enterprises through en-
vironmental policies (Du, et al., 2024)[6], prompting them to fulfill social responsibil-
ities and conduct pollution control. Under policy intervention, ER can reduce corporate 
pollution emissions by fostering digital technological innovation. Therefore, this study 
explores how DI influences the SDP of heavily polluting enterprises through the quality 
of IC. Additionally, it constructs a contextual focus on the moderating effect of ER on 
the mechanism between DI and the SDP of such enterprises, aiming to bridge the 
above-mentioned research gaps. 

This study endeavors to construct a Digital Innovation Index leveraging data from 
China’s A-share publicly traded heavy polluters spanning 2012-2023, combining text 
analysis and machine-learning methods. By integrating perspectives on financial, envi-
ronmental, and social performance, this study develops a comprehensive indicator of 
SDP for heavily polluting enterprises. The study employs a multidimensional fixed-
effects regression and a mediation effect model to explore the impact mechanism 
through which DI affects the SDP of heavy-polluting firms. Additionally, this study 
further examines the moderating role of environmental regulation on the relationship 
between digital innovation and the sustainable development performance of heavily 
polluting enterprises. 

2 Methodogy 

2.1 Digital Innovation and Sustainable Development Performance 

The essence of enhancing SDP for heavy-polluting enterprises lies in achieving maxi-
mum economic and environmental performance while minimizing financial invest-
ment, energy consumption, and pollutant emissions. DI can assist enterprises to create 
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more resources while optimizing the production and innovation processes of high-pol-
lution enterprises via digital technologies. This improvement in IC lays a foundation 
for enhancing SDP. However, resources alone are inadequate. Firms must also possess 
dynamic capabilities that align with these resources.  

The key for heavily polluting enterprises to achieve sustainable development lies in 
enhancing IC to boost enterprise performance. DI can improve IC quality through the 
following ways: First, corporate DI can not only enhance the transparency of environ-
mental information, respond to the concerns of stakeholders, but also reduce investment 
risks caused by managerial myopia and self-interest (Wang et al, 2023)[7]. This helps 
alleviate the principal-agent problem and improve IC quality. Second, with the homo-
geneity and repro-programmability of digital technology, DI can speed up product and 
service updates, cut operational costs, and boost labor efficiency, thereby strengthening 
IC (Liu et al, 2023)[8]. Third, DI can use digital technology to help heavily polluting 
enterprises reform key processes and business models. This facilitates scientific short- 
and long-term decision-making and controls business risks (Ding et al, 2024 )[2], thus 
improving IC quality. 

A higher quality of IC more effectively enables heavy-polluting enterprises to en-
hance their SDP. First, from the corporate governance perspective, high-quality IC can 
reduce managerial fraud and agency costs during corporate operation supervision(Wen 
et al., 2021)[9], which ensures the effective use of resources and maximizes the effi-
ciency of production and operation, thereby improving financial performance. Second, 
the improvement of environmental performance means that the enterprise needs to re-
duce its adverse impact on the environment, which implies that the enterprise continu-
ously carries out digital technology innovation to accelerate business model innovation 
and environmental protection investment. The higher the IC quality of a firm, the easier 
it will be for organizations to integrate intelligent technology and data-driven deci-
sions(Ciarli et al., 2021)[4]. At the same time, high-quality internal control helps firms 
strictly abide by environmental laws and regulations, thereby enhancing their environ-
mental performance. Finally, strengthening IC can enhance the information transpar-
ency of a company and promote communication between the company and its investors 
and other stakeholders(Zhou et al., 2023)[10]. In this process, the firm builds trust with 
investors and other stakeholders, effectively mitigates the problem of external financing 
constraints, and gains resource support from external parties during the process of DI. 
This, in turn, enhances the firm’s sense of social responsibility and improves its social 
performance. 

Hence, this study proposes the first research hypothesis: 
H1: Digital innovation has a significant positive effect on the sustainable develop-

ment performance of heavily polluting enterprises. 

2.2 The Moderating Role of Environmental Regulation 

Heavy-polluting enterprises can leverage digital innovation to apply digital technolo-
gies to their production and innovation processes, thereby enhancing their capabilities 
in resource integration, production optimization, and pollution control. As a formal reg-
ulatory mechanism, environmental regulation acts as both an external constraint and 
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incentive promoting enterprises to achieve environmental management and economic 
development (Du et al., 2024)[6]. Therefore, relying solely on DI to provide “motiva-
tion” for the sustainable development of heavily polluting enterprises is far from suffi-
cient. Formal environmental regulation is also needed to guide the direction for these 
enterprises. Rational environmental regulation can identify polluting enterprises, effec-
tively obtain the amount of pollutant emissions, and set reasonable pollution discharge 
fee standards, which helps improve the accuracy of flexible environmental policies 
(Yuan et al., 2020)[11]. When enterprises face higher ER intensity, it means that their 
environmental governance behavior is subject to more attention from government de-
partments. In the information age where digitalization is considered an important or-
ganizational capability conducive to the sustainable operation of enterprises (Xu et al., 
2024)[12], in order to reduce pollutant emissions, and obtain more resources, enter-
prises tend to invest DI resources into environmental management. Meanwhile, to 
achieve legitimacy and avoid risks and legal sanctions, they will actively use digital 
technology to search for DI resources from outside the organization to meet and comply 
with relevant environmental regulations (Yu et al., 2021)[13]. 

Thus, this study formulates the following research hypothesis: 
H2: Environmental regulation positively moderates the relationship between digital 

innovation and sustainable development performance of heavy-polluting enterprises. 

3 Data Source and Study Design 

3.1 Data Source 

This study examines data from Chinese publicly traded enterprises in heavy-polluting 
industries spanning 2012-2023, and the following data processing steps were under-
taken: (1) Excluding ST and *ST samples as well as delisted firms; (2) Excluding sam-
ples with missing values for the relevant variables; (3) To mitigate the impact of ex-
treme values on the regression results, a 1% Winsorization treatment is applied to all 
continuous variables. Consequently, a total of 10,834 sample observations are obtained. 
Data used to build digital innovation indicators are sourced from the WinGo Financial 
Text Data Platform. Environmental and social performance data is from the Wind Da-
tabase, and other data is from the CSMAR Database. The statistical analysis software 
used are Stata 18.0 and Excel. 

3.2 Variable Definitions 

(1) Dependent Variable: Sustainable development performance (SDP) of heavy pollu-
tion enterprises. Building on the approach of Xie and Zhu (2021)[14], this study divides 
the SDP of heavy pollution enterprises into three dimensions: environmental perfor-
mance, social performance, and financial performance. For financial performance, re-
turn on Total Assets (Roa) is adopted. For environmental performance, the environ-
mental score of the Huazheng ESG rating system is adopted, and social performance is 
measured by the social dimension score in the Huazheng ESG rating. Based on these 
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indicators, this paper uses the entropy weight method for comprehensive calculation to 
measure the sustainable development performance of heavy pollution enterprises. 

(2) Independent Variable: Digital innovation (DI). Following Zheng and Zhuang's 
(2024)[1] approach, this study measures digital innovation by extracting keywords 
from the annual reports of publicly listed enterprises, integrating text analysis and ma-
chine learning methodologies. 

(3) Mediating Variable: Internal control (IC). Drawing on the research of Li et 
al.(2022)[15], the natural logarithm of the internal control index from the Dibo’s data-
base plus 1 is used to measure the IC quality of listed companies.  

(4) Moderating Variable: Environmental Regulation (ER). Chinese provinces and 
cities have varying environmental regulation intensities. Drawing on the research of 
Shao et al.(2024)[16], ER intensity is measured by the ratio of the number of characters 
in sentences with environmental-related keywords in city-level government work re-
ports to the total number of characters in the reports.  

(5) Control Variables. Drawing on the approach of Wang and Kang (2023)[17], this 
study incorporates six control variables. Firm size (Size) is gauged using the natural 
logarithm of total assets; the deb-to-asset ratio (Lev) is the ratio of total debt to total 
assets; revenue growth rate (Growth) is the annual growth rate of operating revenue; 
duality (Dual) is 1 if the chairman and CEO are the same person, 0 otherwise; board 
size (Board) is the natural logarithm of the number of board members; shareholding 
concentration (Top10) is the combined shareholding ratio of the top ten shareholders. 
Additionally, this study controls for time and individual fixed effects. 

3.3 Model Specification 

To verify Hypothesis H1 and test the mediating mechanism, the mediating effect model 
is formulated as follows: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖,𝑡𝑡 = 𝛼𝛼0 + 𝛼𝛼1𝑆𝑆𝐷𝐷𝑖𝑖 ,𝑡𝑡+𝛼𝛼2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 ,𝑡𝑡 + 𝛽𝛽𝑡𝑡 + 𝛿𝛿𝑖𝑖 + 𝜀𝜀𝑖𝑖,𝑡𝑡 (1) 

𝐷𝐷𝐶𝐶𝑖𝑖,𝑡𝑡 = 𝛼𝛼0 + 𝛼𝛼1𝑆𝑆𝐷𝐷𝑖𝑖 ,𝑡𝑡 + 𝛼𝛼2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖,𝑡𝑡 + 𝛽𝛽𝑡𝑡 + 𝛿𝛿𝑖𝑖 + 𝜀𝜀𝑖𝑖,𝑡𝑡 (2) 

𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖,𝑡𝑡 = 𝛼𝛼0 + 𝛼𝛼1𝑆𝑆𝐷𝐷𝑖𝑖 ,𝑡𝑡 + 𝛼𝛼2𝐷𝐷𝐶𝐶𝑖𝑖.𝑡𝑡 + 𝛼𝛼3𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 ,𝑡𝑡 + 𝛽𝛽𝑡𝑡 + 𝛿𝛿𝑖𝑖 + 𝜀𝜀𝑖𝑖,𝑡𝑡 (3) 

To verify Hypothesis H2, this paper constructs the following model: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖,𝑡𝑡 = 𝛼𝛼0 + 𝛼𝛼1𝑆𝑆𝐷𝐷𝑖𝑖 ,𝑡𝑡 + 𝛼𝛼2𝑆𝑆𝐷𝐷𝑖𝑖 ,𝑡𝑡 ∗ 𝐸𝐸𝐸𝐸𝑖𝑖,𝑡𝑡 + 𝛼𝛼3𝐸𝐸𝐸𝐸𝑖𝑖,𝑡𝑡 + 𝛼𝛼4𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖,𝑡𝑡 + 𝛽𝛽𝑡𝑡 + 𝛿𝛿𝑖𝑖 + 𝜀𝜀𝑖𝑖,𝑡𝑡 (4) 

where DIi,t is the level of DI of the enterprise; SDPi,t is the SDP of the enterprise; 
ICi,t represents the quality level of corporate IC; ERi,t represents the intensity of ER; 
βt and δi represent year and industry fixed effects, respectively, aiming to control the 
influence of unobservable factors; εi,t is the random disturbance term. 
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4 Empirical Results and Analysis 

4.1 Descriptive Statistics 

Table 1 presents the results of descriptive statistics for all variables in this paper. SDP 
exhibits significant variation (0.075-0.958), with a mean (0.547) slightly exceeding the 
median (0.546). More than half of the heavily polluting enterprises have sustainability 
performance below the mean, suggesting that currently, such enterprises in China need 
to further enhance their sustainable development performance. The DI value has the 
minimum at 0 and the maximum at 0.492, highlighting notable discrepancies in digital 
innovation levels among China's heavily polluting enterprises. Additionally, the mean 
value of DI is much higher than its median, suggesting that the majority of these enter-
prises have relatively low digital innovation levels. 

Table 1. Descriptive Statistical Results. 

Variables 
SDP 

N 
10843 

Mean 
0.547 

p50 
0.546 

SD 
0.114 

Min 
0.075 

Max 
0.958 

DI 10843 0.050 0.030 0.066 0 0.492 
IC 10843 6.317 6.493 1.001 0 6.803 
ER 10843 0.958 0.922 0.276 0 11 
Size 10843 22.33 22.14 1.243 19.64 26.44 
Lev 10843 0.411 0.403 0.191 0.035 0.925 
Growth 10843 0.151 0.093 0.370 -0.653 3.808 
Board 10843 2.123 2.197 0.193 1.609 2.708 
Dual 10843 0.283 0 0.450 0 1 
Top10 10843 0.575 0.578 0.147 0.208 0.910 

4.2 Benchmark Regression Analysis 

This study employs an OLS model, a mediating effect model, and a moderation effect 
test to examine how DI affects SDP in heavily polluting firms. Table 2 presents the 
regression results of DI on the sustainable development performance of heavily pollut-
ing enterprises. First, regression analysis is carried out by using the OLS model. Col-
umn (1) of Table 2 shows the univariate regression results of DI on SDP, where DI is 
positively significant at the 1% level with a regression coefficient of 0.051. Following 
this, the mediating effect model is further employed to conduct regression analysis in 
this paper. Column (2) indicates a positive correlation between digital innovation and 
corporate internal control quality, significant at the 1% level. After incorporating cor-
porate IC quality, the regression coefficient of DI decreases from 0.051 to 0.044 and 
remains significant at the 5% level. This indicates that IC quality partially mediates the 
relationship between DI and the SDP of heavily polluting enterprises, thus H1 is sup-
ported. 
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Table 2. Regression Results Analysis. 

Variables (1) (2) (3) (4) 
SDP IC SDP SDP 

DI 0.051*** 0.705*** 0.044** 0.060*** 
(2.951) (4.996) (2.565) (3.427) 

IC 0.035*** 0.132*** 0.010***  
(35.600) (11.214) (9.513) 

ER -0.129*** 
(-21.916) 

-0.956*** 
(-10.734) 

-0.120*** 
(-20.304) 

0.015*** 
(3.816) 

DI*ER 0.027*** 0.183*** 0.025*** 0.200*** 
(8.225) (4.948) (7.792) (2.892) 

Controls YES YES YES YES 
YES YES YES YES 

Constants -0.285*** 3.599*** -0.3202*** -0.299*** 
(-13.206) (14.845) (-14.701) (-13.730) 

Year FE YES YES YES YES 
Ind FE YES YES YES YES 
Adj R2 0.262 0.050 0.270 0.264 
Note: Significance at 1%, 5%, and 10% levels is marked by ***, **, and *, respectively; t-

statistics appear in parentheses, with consistent notation below. 

4.3 Moderation Effect Test 

From the previous analysis, the effect of DI on the SDP of heavy-polluting enterprises 
may be influenced by the intensity of ER. Based on the OLS model, this study intro-
duces an interaction term of Digital Innovation (DI) and Environmental Regulation 
(ER), denoted as DI*ER, to further investigate the moderating role of environmental 
regulation in influencing the impact of digital innovation on the sustainable develop-
ment performance of heavily polluting enterprises. The coefficient of the interaction 
term between DI and city-level ER is 0.200 and is positively significant at the 1% sig-
nificance level after this term is incorporated in column (4) of table 2, which verifies 
H2.  

4.4 Robustness Test 

This paper conducts the following robustness tests: 
(1) Replacing the Dependent Variable. Replace ROA with Tobin’s Q (Tobinq), 

measure environmental and social performance using the Huazheng ESG rating sys-
tem’s environmental and social scores, and recalculate the sustainable development 
performance of heavy-polluting enterprises (SDP2) with the entropy weight method. 
The mediation effect still holds; (2) Changing the Sample Scope. Given how the pan-
demic has affected sustainable development performance in heavy-polluting firms, to 
reduce errors, samples after 2019 are removed for robustness testing. The results for 
models (1)-(3) still hold; (3) Adding Fixed Effects. Considering the uneven SDP of 
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heavy-polluting enterprises across regions, control for regional (provincial) fixed ef-
fects in models (1)-(3).The results remain unchanged. Due to spatial limitations, results 
are available upon request. 

4.5 Endogeneity Test 

To address the potential reverse causality that sustainable development performance 
may, in turn, affect digital innovation, we employ the instrumental variable (IV) method 
for regression analysis to control for endogeneity. Following the approach of Hou et al. 
(2023)[18], we use the mean digital innovation of heavy-polluting enterprises in the 
same year, industry, and region as an instrument for our 2SLS test. The first-stage re-
sults show that the weak instrument variable test is passed, while the second-stage re-
sults indicate that the conclusion remains robust after testing the sustainable develop-
ment performance using the instrumental variable approach. 

5 Conclusions 

5.1 Research Conclusions 

Based on Chinese A-share heavily polluting enterprise panel data from 2012 to 2023, 
this research explores how digital innovation influences sustainable development per-
formance. Key findings are as follows: (1) Digital innovation positively affects internal 
control quality, enhancing it in heavily polluting enterprises; (2) High-quality internal 
control boosts sustainable development performance, stressing the importance of inter-
nal governance in environmental management; (3) Digital innovation can improve sus-
tainable development via internal control quality; (4) Environmental regulations mod-
erates the digital innovation-sustainable development link. Specifically, proper envi-
ronmental regulations strengthen the positive effect of digital innovation. 

5.2 Practical Implications 

Drawing on these conclusions, this study identifies several potential challenges faced 
by heavily polluting enterprises in digital innovation, as follows: difficulties in data 
security and privacy protection, resulting in a marked rise in data leakage risk; difficul-
ties in technological compatibility and integration, increasing the operating costs and 
management complexity of enterprises; high-cost input and uncertainty of returns, put-
ting pressures on enterprise’s cash flow and increase the risks associated with invest-
ment decisions; and the complexity of environmental regulations, among other chal-
lenges. 

Thus, this study offers the following implications for Chinese enterprises and the 
government: Firstly, enterprises need to build a strong cybersecurity system to safe-
guard data transmission and storage. Secondly, enterprises should implement precise 
planning with a step-by-step approach and recruit versatile talents who are proficient in 
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both heavily polluting industry expertise and digital technologies. In addition, enter-
prises need to set up a return-on-investment monitoring and evaluation mechanism for 
digital innovation projects. Finally, Government relevant departments and enterprises 
should establish a formal government-enterprise communication mechanism. Enter-
prises must proactively engage with regulatory authorities to ensure that their digital 
innovation initiatives comply with the latest regulatory requirements. 

5.3 Future Prospects 

Considering some of the limitations of this study, future research should consider the 
following directions: first, enlarge the sample size to boost the generalizability of the 
findings; second, broaden the research scope to capture the dynamic impacts of digital 
innovation on firms' sustainability performance; and third, scholars can also use multi-
ple dimensions of data and measurements to construct digital innovation indicators. 
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