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Abstract

Against the backdrop of a booming digital economy, manufacturing faces a conflict be-
tween its high energy consumption and sustainable development goals, positioning digi-
tal transformation as a key solution. Enterprise digital transformation is often categorized
into management, production, and service digitalization. During transformation, it is
challenging to advance all domains simultaneously, and interactions exist between them,
so these effects should be considered. We use a sample of Chinese A-share listed manu-
facturing enterprises using data from 2012 to 2023 to investigate how digital transfor-
mations and their internal interactions affect enterprise sustainability performance (ESG
performance), analyzing the differences between these effects in different types of enter-
prises. The findings demonstrate that digitalization across the management, production,
and service domains enhances ESG performance. Significant interaction effects exist be-
tween management and production digitalization, between production and service digi-
talization, and across all three domains, while the interaction between management and
service digitalization is insignificant. Heterogeneity analysis reveals that in private enter-
prises, the interaction between management and service digitalization positively affects
ESG performance, whereas its effect is insignificant in state-owned enterprises. In large
enterprises, interactions involving service digitalization are insignificant; in contrast, in
SMEs, although service digitalization alone negatively impacts ESG, its interaction with
management digitalization strengthens the latter’s positive effect. Mediation tests indicate
that production efficiency partially mediates the effect of production digitalization on
ESG, and innovation output mediates the effects of both management and service digital-
ization.

Keywords: digital transformation; manufacturing enterprises; enterprise ESG
performance; internal interactions

1. Introduction

The rapid emergence of digital technologies, such as big data, the Internet of Things,
and blockchain, has led to a global digitalisation wave, presenting both challenges and
opportunities. The digital economy is gradually becoming China’s primary economic
model. Driven by the continuous development of the digital economy, comprehensive
digital transformation has become an inevitable trend for enterprises.
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The manufacturing sector is the bedrock of China’s national strength, underpinning
its real economy. Therefore, achieving sustainable development in manufacturing enter-
prises is of great importance. China’s manufacturing sector is a pillar industry of the na-
tional economy, providing substantial employment opportunities. However, its high en-
ergy consumption and high-emission industrial structure make manufacturing a primary
source of environmental pollution. Problems like not having enough new green technol-
ogy and higher environmental rules are becoming more obvious. Manufacturing enter-
prises are exploring sustainable development pathways. They are also striving for higher
ESG performance. This has made the problem a focal point.

Digital transformation is the key to resolving this tension. It enables the precise mon-
itoring and optimisation of production processes, propelling enterprises towards smart
manufacturing and flexible production. It also creates more high-value employment op-
portunities [1]. It also enhances the efficiency of internal communication, supports the es-
tablishment of scientific decision-making mechanisms, reduces decision-making risks and
elevates enterprise governance standards [2]. Against this backdrop, researching the im-
pact of digital transformation on the ESG performance of manufacturing enterprises is of
great importance.

The digital transformation of manufacturing enterprises is a strategic process with
holistic and systematic characteristics. It is rich in connotation and involves multiple
fields. It is therefore necessary to reshape organisational management, manufacturing,
marketing services and other domains comprehensively during transformation. In recent
years, research on enterprise digital transformation has progressed. It has become increas-
ingly clear that practical factors make it difficult to promote all domains of digital trans-
formation at the same time. This is especially true in the early stages of enterprise trans-
formation. Enterprises usually need to consider their own situation and focus on certain
domains of digitalization first. Based on this reality, many scholars have conducted in-
creasingly detailed research on enterprise digital transformation, analyzing it across dif-
ferent domains. Generally, these studies focus on a single domain of enterprise digitaliza-
tion, such as management, production or services, to analyze its impact on enterprises.
Management digitalization is often defined as the process by which enterprises rebuild
their organizational structure and optimize their processes by hiring digital talent and
implementing networking and information technology [3]. Production digitalization is
defined as enterprises applying digital technology to their production processes to digi-
tally transform their equipment, processes and factories [3]. Service digitalization is often
defined as the use of digital technology in product sales and services [3]. Each of these
three aspects impacts enterprises” ESG performance through different mechanisms.

Digital transformation is an inherently holistic and systemic process. Although en-
terprises may adopt development strategies with different areas of focus, digitalization
inevitably interacts and collectively impacts enterprise performance across different do-
mains. This interactive process generates internal interactions within the enterprise. Spe-
cifically, the internal interaction of digital transformation refers to the dynamic process of
inter-connection. It also refers to the mutual reinforcement among digital tools and de-
partments. These departments may be across domains such as management, production
and service. This is during the implementation of digital transformation. It is not simply
the superposition of technologies, but rather an organic integration that produces a ‘1 + 1
>2’ effect [4]. In recent years, understanding of digital transformation has expanded across
multiple domains. Scholars also recognize that these internal interactions cannot be over-
looked. Nevertheless, research in this area remains underdeveloped. It still lacks rigorous
empirical evidence. This is needed to clarify how interactions across different domains of
digital transformation contribute to sustainable development.
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Existing studies have analyzed the digital transformation of manufacturing enter-
prises as a whole [2] and the impact of various components on enterprises’ ESG perfor-
mance [5]. These studies have emphasized the importance of internal interaction in digital
transformation [6]. Based on a review of existing research, we found that enterprise digital
transformation can be divided into three domains: management digitalization, service
digitalization and production digitalization. These domains impact enterprise ESG per-
formance through different mechanisms. Furthermore, these domains interact with each
other, resulting in additional effects on enterprises” ESG performance. Our research aims
to answer the following questions: How do management digitalization, service digitaliza-
tion and production digitalization individually impact enterprises’ ESG performance?
What impact does simultaneous advancement of digitalization in different domains, in-
teracting with each other, have on enterprises’ ESG performance? How do these impacts
differ between different types of enterprises? These questions are crucial for enterprises
formulating digital transformation strategies.

Against this backdrop, we focus on the perspective of internal interactions in digital
transformation. Based on theoretical analysis, we conducted empirical testing with Chi-
nese manufacturing enterprises as our research subjects. We examined the impact of dif-
ferent domains of digitalization on the ESG performance of manufacturing enterprises,
considering variations in these effects across enterprises of different sizes and equity struc-
tures.

Our research provides a preliminary empirical examination of the internal interac-
tions of digital transformation, supplementing existing research on the role of enterprise
digitalization. It provides insights for further research on the internal interaction effects
of the digital transformation of enterprises and provides a reference for relevant institu-
tions involved in the digital transformation of manufacturing enterprises.

2. Literature Review
2.1. Impact of Digital Transformation on Enterprises’ ESG Performance

The digital transformation of manufacturing enterprises has far-reaching implica-
tions and involves multiple domains. In research concerning digital transformation, many
scholars have recognized its holistic nature and chosen to analyze its impact on enterprise
performance as an integrated whole [1]. In recent years, as research into enterprise digital
transformation has progressed, it has become clear that the various domains of digital
transformation cannot usually advance completely simultaneously during the transfor-
mation process. Enterprises typically need to prioritize digitalization in certain areas
based on their specific circumstances. Considering this, a significant proportion of schol-
ars have started conducting more segmented research on enterprise digital transformation.

Scholars approach the concept of digital transformation from different angles [7]. For
example, Qi breaks down the concept into three domains: management digitalization,
production digitalization and service digitalization, in order to measure digital transfor-
mation [6]. Other scholars focus on a specific domain to analyze the impact of digitaliza-
tion in that area on enterprises [1,8,9]. Overall, these studies often examine the impact of
digitalization on enterprises in one of the three domains: management digitalization, pro-
duction digitalization, or service digitalization.

Management digitalization is defined as follows: it is the systematic introduction and
cultivation of digitally skilled professionals, the comprehensive development of net-
worked and information infrastructure, and the subsequent restructuring of organiza-
tional architecture and management models to optimize business processes and opera-
tional efficiency [3]. Basu and Fernald examined the impact of management digitalization
on organizational efficiency [10]. Other scholars have also focused on management digi-
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talization and its functions [11-13]. Research indicates that management digitalization re-
duces information asymmetry and communication costs [2], thereby enhancing the scien-
tific rigor and timeliness of decision-making and improving the quality of internal con-
trols [14]. It also promotes learning and knowledge sharing, boosts innovation capabilities
[15], enhances financial performance [16] and facilitates enterprise social responsibility
fulfilment [17]. In summary, management digitalization primarily enhances the internal
control efficiency of enterprises, improves their ESG performance from a governance per-
spective, and encourages them to fulfil their social responsibilities and improve their ESG
performance in the social dimension.

Service digitalization is defined as the introduction and application of advanced dig-
ital technologies by enterprises. This process aims to optimize and intelligently transform
the entire product sales process and all aspects of customer service, thereby improving
overall service efficiency and user experience [18]. Some scholars have identified the crit-
ical importance of service digitalization for customer management [8] and its impact on
enterprise sustainability [5]. It enhances customer loyalty and satisfaction while expand-
ing markets, boosting enterprise competitiveness [19], improving service efficiency, and
reducing carbon emissions and resource waste [20]. In other words, service digitalization
primarily enables enterprises to enhance product competitiveness and gain consumer
trust, thereby improving their ESG performance in the social dimension. It can also reduce
the environmental impact of service links, thereby helping enterprises to improve their
ESG performance in the environmental dimension.

Production digitalization is defined as the systematic introduction and application of
digital technology in the production process with the aim of digitally upgrading and
transforming equipment, processes and factories. By adopting advanced technologies
such as the Internet of Things, data analysis and artificial intelligence, enterprises can op-
timize production efficiency, improve management accuracy and develop a more intelli-
gent, flexible and sustainable production and operations system [9]. Existing research in-
dicates that production digitization can optimize production scheduling and resource al-
location, enhance equipment and labor productivity [21], improve financial performance
[22], and reduce carbon emissions [6]. Sabbioni et al. discussed the importance of produc-
tion digitalization for enterprises within the Industry 4.0 paradigm [23], while Shen and
Zhang explored the impact of manufacturing enterprises” production digitalization on
their green performance [24]. In other words, digitalizing production mainly improves
enterprises’ management efficiency in the production process. This improves their gov-
ernance level, reduces resource waste and pollution emissions during production, and
enhances their ESG performance in the environmental dimension.

2.2. Internal Interactions of Digital Transformation

As research progresses, an increasing number of scholars recognize that digital trans-
formation is essentially a holistic and systematic process. The digitalization of various en-
terprise domains inevitably triggers interactions between different departments and sys-
tems, which in turn impact enterprise performance. During this process, the capabilities
developed in different domains of digital transformation can complement each other.
Data exchange between these domains enhances the overall capability of the enterprise
[4]. This creates a greater impact than digitizing isolated domains alone.

In recent years, as digitalization has advanced, the understanding of digital transfor-
mation has expanded to multiple domains. Some scholars have emphasized that the in-
ternal interactions arising during digital transformation cannot be overlooked. Vial high-
lighted the need for enterprises to focus on internal coordination throughout this process
[25]. Similarly, Wang et al. emphasized the significant interactions within digital transfor-
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mation [26]. However, research on the internal interactions of digital transformation re-
mains largely theoretical, and there is still a lack of empirical evidence to clarify how the
interaction effects among all domains of digital transformation influence enterprises in
the context of sustainable development. Our study aims to address this gap by employing
empirical methods to examine such effects.

3. Theoretical Analysis and Research Hypotheses

Our research adopts the above framework. First, we examine the impact of three dig-
ital transformation domains on enterprise ESG performance. Second, we analyze how in-
teractions between these domains affect ESG performance. Finally, we explore the mech-
anisms through which all digital transformation domains influence ESG performance. In
other words, we focus on a segmented analysis of enterprise digital transformation, with
particular emphasis on internal interactions during this process. Drawing on existing re-
search [7,18], enterprise digital transformation is mostly categorized into three domains:
management digitalization, service digitalization, and production digitalization. These
domains represent distinct focuses of enterprise digital transformation and involve spe-
cific mechanisms that affect ESG performance. Management digitalization primarily en-
hances organizational efficiency and information processing capabilities —both critical for
innovation. Higher innovation output effectively improves ESG performance. Service dig-
italization generates innovative ideas through service channels to drive enterprise inno-
vation, thereby boosting ESG performance via increased innovation output. Production
digitalization reduces equipment failure rates and optimizes operational processes,
thereby enhancing production efficiency and improving ESG performance (Figure 1).
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Figure 1. Theoretical framework diagram.

In the early stages of digital transformation, enterprises may prioritize a single do-
main. As digital development progresses, however, they advance multiple domains con-
currently, enabling internal interactions. According to resource complementarity theory,
interactive advancement of different digital domains facilitates more effective resource
complementarity. These interactions create a mutually reinforcing effect that generates
greater value and exerts a stronger positive impact on ESG performance.

Management digitalization in manufacturing enterprises refers to the digitalization
of all aspects of management processes and organizational development [18],, aiming to
further improve management efficiency. This often involves hiring executives with edu-
cational backgrounds and work experience in information technology, intelligent systems,
or networking [10], implementing digital enterprise management systems [12], and lever-
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aging the internet for networked infrastructure construction [13]. Management digitaliza-
tion facilitates internal communication, enhances organizational efficiency and market re-
sponsiveness [27], expands knowledge and resource acquisition channels, and strength-
ens resource acquisition capabilities [28]. It also helps manufacturing enterprises gain sus-
tainable competitive advantages through innovation. Digital management tools enable
enterprises to systematically and accurately demonstrate their social responsibility fulfill-
ment to stakeholders. By addressing diverse stakeholder needs, enterprises can mitigate
compliance risks, enhance social reputation [17], and improve both economic and social
performance.

Therefore, we propose Hypothesis H1: Management digitalization in manufacturing
enterprises can enhance their ESG performance.

Service digitalization in manufacturing enterprises refers to transforming customer
service through digital technologies (e.g., big data and Al) in service processes [18]. This
enables digital customer service solutions such as intelligent support, remote operations,
and maintenance. As a key component of digital strategy, service digitalization integrates
digital technologies into order processing, customer service, and after-sales support—
boosting operational efficiency, enhancing customer satisfaction and loyalty, accelerating
product innovation, and reducing resource consumption and environmental impact. Dig-
ital services allow enterprises to efficiently integrate customer information, implement
full-lifecycle customer management, and collect customer feedback [8]. These improve-
ments significantly enhance customer satisfaction and loyalty while providing valuable
insights for product innovation [19]. Higher customer satisfaction and stronger product
innovation also promote better corporate social performance. Furthermore, existing liter-
ature notes that digital services replace physical interactions with online methods (e.g.,
intelligent customer service and remote operations), effectively reducing resource con-
sumption (e.g., transportation and paper) and energy use in service delivery [20]. This
lowers energy consumption and carbon emissions generated during service processes.
Digital service platforms help enterprises overcome spatial and temporal constraints, ex-
panding service coverage and enhancing their environmental and social image —demon-
strating superior ESG performance.

Therefore, we propose Hypothesis H2: Service digitalization in manufacturing en-
terprises can enhance their ESG performance.

Production digitalization in manufacturing enterprises involves using digital tech-
nologies (e.g., artificial intelligence, cloud computing, and big data analytics) to digitize
production processes [9]. Production digitalization provides enterprises with unique ad-
vantages in terms of production efficiency and quality, effectively enhancing the compet-
itiveness of their products. It can also reduce energy consumption and carbon emissions
during the production process, achieving green production [29]. These improvements can
effectively enhance a enterprise’s environmental performance. Furthermore, smart man-
ufacturing, which is achieved through production digitalization, enables enterprises to
deeply integrate information technology and industrialization, thereby realizing efficient,
precise, and flexible production processes. Leveraging intelligent technologies allows en-
terprises to control resource usage and pollutant emissions more accurately, reduce en-
ergy consumption in production, and promote green upgrades [30]. This can also improve
enterprises” environmental performance.

Therefore, we propose Hypothesis H3: Production digitization in manufacturing en-
terprises can enhance their ESG performance.

By simultaneously advancing management and service digitalization, manufactur-
ing enterprises can achieve real-time interaction between customer demands/feedback
and operational data. This allows for real-time data sharing and agile response mecha-

https://doi.org/10.3390/su18052349



Sustainability 2026, 18, 2349

7 of 27

nisms, thereby enabling enterprises to comprehensively capture customer lifecycle infor-
mation [31]. After the digital service platform collects customer behavior data, it transmits
the data to the enterprise’s management system in real time. This enables enterprises to
quickly gain insight into market trends, adjust strategies, and provide feedback to the
server. These adjustments achieve dynamic optimization of service processes [32]. It im-
proves the ESG performance of enterprises from a governance perspective. Additionally,
according to dynamic capability theory, positive feedback from interaction better inte-
grates internal and external enterprise resources and capabilities, improving adaptability
to environmental changes [33]. This prevents resource waste caused by information lags,
improves resource utilization, and effectively improves enterprises” environmental per-
formance.

The interaction between management and service digitalization goes beyond mere
data sharing; it requires enterprises to integrate external social and environmental de-
mands into internal management processes. This interaction may weaken in two scenarios:
(1) Enterprise digitalization and ESG strategies are superficial and not integrated with
core operations, so customer feedback fails to trigger substantive changes; (2) Service de-
partments and strategic management units have divergent objectives and incompatible
incentives, distorting or diminishing market signals during internal transmission. Insig-
nificant empirical findings may indicate that sample enterprises face organizational and
strategic barriers, preventing effective closed-loop management.

Therefore, we propose Hypothesis H4: Interaction between management digitaliza-
tion and service digitalization enhances manufacturing enterprises’ ESG performance.

By simultaneously advancing management digitalization and production digitaliza-
tion, manufacturing enterprises can achieve efficient data integration, eliminating infor-
mation silos [28]. They realize mutual reinforcement by leveraging complementary digital
capabilities across dimensions. Production data can be quickly fed back into management
systems to inform managerial decision-making [34]. Management can identify production
issues through data insights, adjust strategies in real time, and communicate changes to
production operations for agile responses. According to dynamic capability theory, posi-
tive interaction feedback significantly improves enterprises’ adaptability to market
changes and production capacity utilization. This reduces resource and energy waste
caused by production information delays, lowers environmental costs, and ultimately en-
hances ESG performance.

The interaction between management and production digitalization primarily im-
pacts production resource utilization efficiency and environmental performance. It may
be constrained by two factors: (1) Incomplete production equipment upgrades and insuf-
ficient digitalization hinder support for refined management; (2) Real-time data-driven
dynamic adjustments may increase operational complexity and management costs, mak-
ing implementation difficult under cost pressures. Thus, the empirical significance of this
interaction is hypothesized to be linked to the digital foundation of sample enterprises’
production processes and their cost-bearing capacity.

Therefore, we propose Hypothesis H5: Interaction between management digitaliza-
tion and production digitalization can enhance manufacturing enterprises’ ESG perfor-
mance.

By simultaneously advancing production digitalization and service digitalization,
manufacturing enterprises can optimize resource allocation, achieve value enhancement,
and foster integrated product-service innovation. This boosts innovation vitality. Produc-
tion digitalization optimizes manufacturing processes through intelligent technologies,
enabling more efficient and personalized production. Service digitalization leverages
these production efficiency advantages to provide value-added services and create new
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profit points [35]. According to dynamic capability theory, the interaction between pro-
duction and service digitalization can create a closed loop of “precision production + pre-
cise service.” This interaction enhances enterprises’ environmental adaptability, improves
their resource utilization, reduces waste, and thus improves their ESG performance. Inte-
grating and innovating products and services can generate innovation vitality that helps
enterprises promote continuous improvement of product quality over the long term, thus
improving their social performance.

The interaction between production and service digitalization creates new business
models and enhances environmental performance throughout the entire lifecycle by opti-
mizing product performance during usage. Key challenges in this interaction include the
following: (1) Enterprises are accustomed to one-time product sales models and lack or-
ganizational capabilities and profitable business model designs for ongoing services; (2)
Production departments prioritize manufacturing efficiency and costs, while service de-
partments focus on customer satisfaction and renewal rates—conflicting objectives that
may hinder collaboration. Insignificant empirical results suggest sample enterprises face
internal organizational barriers.

Therefore, we propose Hypothesis H6: Interaction between production digitization
and service digitization can enhance manufacturing enterprises” ESG performance.

By simultaneously advancing management digitalization, service digitalization, and
production digitalization, manufacturing enterprises can significantly enhance their ESG
performance. It reshapes the value chain and achieves more efficient resource integration.
According to Business Process Reengineering (BPR) theory, internal interactions during
digital transformation can reshape the enterprise value chain by breaking down depart-
mental silos [36]. Service digitalization provides real-time customer usage and preference
data; management digitalization enables accurate demand analysis and strategic adjust-
ments based on this data, which in turn drives production digitalization to adapt produc-
tion. More efficient information interconnection promotes flexible manufacturing and
rapid responses to personalized customization needs [37]. This process boosts customer
satisfaction and loyalty while creating greater product value. Additionally, on-demand
production significantly reduces inventory backlogs and oversupply, minimizing re-
source waste and environmental impact. Furthermore, personalized services and custom-
ized production better align with consumer demands for social responsibility and sustain-
ability, strengthening social recognition and enhancing social performance.

According to resource complementarity theory, a enterprise’s competitive advantage
stems from the proactive integration and dynamic allocation of diverse resources. The
interaction among the three digital domains enables deep integration of different resource
types: management digitalization provides data governance and decision support, service
digitalization delivers market intelligence and expands sales channels, and production
digitalization supplies manufacturing insights and executes production tasks. This inter-
action empowers enterprises to quickly respond to policy shifts, technological advance-
ments, and market demands, securing sustainable competitive advantages.

When management, production, and service digitalization advance simultaneously
and interact deeply, they empower enterprises to systematically and routinely address the
complex, multi-objective, cross-domain challenges of ESG. This requires a clear ESG dig-
italization strategy, robust cross-departmental process reengineering capabilities, and
sustained IT investment. Insignificant empirical results indicate sample enterprises need
to further strengthen these capabilities.

Therefore, we propose Hypothesis H7: Interaction among management digitaliza-
tion, production digitalization, and service digitalization can enhance manufacturing en-
terprises” ESG performance.
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Management digitalization effectively breaks down internal data silos, comprehen-
sively integrates internal data, and efficiently acquires external data [27]. It also enables
enterprises to accurately capture industry trends, conduct relevant research based on
R&D capabilities, and monitor R&D project progress and key performance indicators in
real time. This allows timely adjustments and optimizations, significantly shortening the
new product development cycle [28]. This data-driven decision-making model reduces
innovation trial-and-error costs, enables more efficient R&D resource allocation, and lays
a solid foundation for innovation activities.

Higher innovation output enables enterprises to launch competitive products and
services, increase market share, accelerate green technology innovation and application,
and improve environmental performance. It also helps enterprises better meet social
needs, enhance social reputation, and improve social performance [38].

Therefore, we propose Hypothesis H8: Management digitalization in manufacturing
enterprises enhances their ESG performance by improving innovation output.

Service digitalization leverages technologies like big data analytics to precisely cap-
ture customer preferences and serves as a real-time channel for gathering feedback and
suggestions. R&D teams can swiftly identify product improvement directions by refer-
encing this feedback, bypassing traditional market research cycles. This rapidly translates
customer needs into innovation priorities, shortens the time from concept to product
launch, and drives enterprises’ innovation.

Better innovation output can help enterprises launch competitive products, obtain
economic benefits, reduce resource waste, and promote green development. It also helps
establish a good brand image, enhances consumer trust, and improves corporate ESG per-
formance from the social dimension[38].

Therefore, we propose Hypothesis H9: Service digitalization in manufacturing en-
terprises enhances ESG performance by improving innovation output.

Production digitalization uses advanced information technology to enable extensive
equipment interconnectivity and real-time production monitoring. This technology ena-
bles efficient and precise fault detection and maintenance, significantly reducing equip-
ment downtime. Additionally, in-depth analysis of operational data optimizes equipment
workflows, lowers energy consumption during production, and increases production ef-
ficiency.

Increased production efficiency effectively reduces unit energy consumption. Digi-
tally driven production process optimization enables more efficient equipment operation
and rational energy utilization. It also allows enterprises to detect and correct product
quality issues early in the production cycle, minimizing defective and scrap output. These
improvements reduce the negative environmental impact of production activities and en-
hance ESG performance.

Therefore, we propose Hypothesis H10: Production digitalization in manufacturing
enterprises enhances their ESG performance by improving production efficiency.

4. Empirical Design
4.1. Samples and Data

Our study focuses on manufacturing enterprises listed on China’s A-share market,
utilizing data from 2012 to 2023 as the research sample. The sample underwent the fol-
lowing processing: deleting cases with missing key variables; excluding enterprises clas-
sified as ST, *ST, or PT; and two-tailed trimming of all continuous variables at the 1% level.
Following these procedures, the final dataset comprised 20,174 unbalanced panel obser-
vations from 2531 manufacturing enterprises. Relevant financial and digital transfor-
mation data originated from CSMAR (China Stock Market & Accounting Research Data-
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base), the Statistical Yearbook of Cities, and the Statistical Yearbook of Science and Tech-
nology. ESG performance metrics derived from enterprise ESG ratings disclosed by
Huazheng and FTSE Russell.

4.2. Variables
4.2.1. Dependent Variable

ESG Performance (ESG): Drawing on existing research [39], we employed Huazheng
ESG ratings to measure enterprise ESG performance in a baseline model. Ratings range
from C (lowest) to AAA (highest) across nine tiers. To quantify ESG performance, we as-
signed scores from 1 to 9 based on the overall ESG rating, using the average quarterly
scores for each year as the annual ESG performance metric. In the robustness test, we
chose the FTSE Russell Score to measure enterprises’” ESG performance, which is shown
as ESG1 in the variable table.

4.2.2. Independent Variables

Management Digitalization (Magt_DT): Management digitalization enables inte-
grated storage and operation of internal enterprise data, further enhancing management
efficiency. Referencing the research by Qi et al. [18], we measured enterprise management
digitalization using the normalized average of the following three indicators: (1) the num-
ber of executives with digital backgrounds out of the total number of enterprises’ execu-
tives; (2) the level of information system development (measure as the proportion of en-
terprise intelligent software investment); (3) the level of network infrastructure develop-
ment (measured as the number of enterprise internet ports). Specific measurement meth-
ods are detailed in Table 1.

Table 1. Variable definitions.

Variable Name Variable Measurement Method
Symbol
Dependent ESG Huazheng Enterprise ESG Index
ESG Perf
Variable eriormance ESG1 FTSE Russell Enterprise ESG Index
Average score after normalization of digital background executives,
Management Digitalization Magt_DT  proportion of investment in intelligent software, and number of in-
Independent
Variables ternet access ports
Service Digitalization Serv_DT In(Online sales disclosed in enterprise annual reports)
Production Digitalization Prod_DT In(Book value of enterprise smart manufacturing equipment)
Mediating Vari- Innovation Output Patent DT Number of invention Patent.applications filed by the listed enterprise
bl itself in the current year
ables
Production Efficiency TFP Total Factor Productivity (TFP)

Enterprise size InSize In(Total Assets at Year-End)
Enterprise Age Age Statistical Year— Year of Enterprise Establishment

Prefecture-Level City GDP ImGDP In(GDP of the prefecture-leYel city where the enterprise is headquar-

tered in the current year)
Loss-Making Status Loss If current year net profit is less than 0, take 1; otherwise take 0
Number of Board Members Board Take the natural logarithm of the number of board members
Control Varia- Debt-to-Asset Ratio Debt Total liabilities/total assets, reflecting liabilities
bl Envi tal R&D I t-
° nvironmental R&D Inves Env_RD Ratio of enterprise environmental R&D expenditure to total assets

ment Intensity

In(frequency of green transition keywords in the enterprise annual

Green Transition Index Green
reports + 1)
Enterprise Reputation Reputation In(Number of positive online and print media reports + 1)
High-Tech Status HighTech Assign 1 if the enterprise is high-tech, otherwise 0
Equity Nature Equity If the enterprise is a state-owned enterprise, take 1; otherwise, take 0
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Service Digitalization (Serv_DT): An online sales scale provides a direct reflection of
an enterprise’s digital service operations. Following the methodology of Qi et al. [18], we
measured service digitalization using the online sales for the year disclosed by the enter-
prise in financial reports.

Production Digitalization (Prod_DT): Production digitalization enhances efficiency
and quality, enabling intelligent manufacturing. Drawing from Zhou et al. [14], we meas-
ured production digitalization using the book value of intelligent manufacturing equip-
ment disclosed by the enterprise in the annual report.

4.2.3. Mediating Variables

Innovation Output (Patent_RD): Innovation output refers to the intensity of an enter-
prise’s R&D activities, typically measured using patent data [40]. Our study employed the
annual number of invention patent applications as the primary metric for enterprise in-
novation output.

Production Efficiency (TFP): Production efficiency refers to the output efficiency of
an enterprise’s production activities [41]. In our study, we used an enterprise’s total factor
productivity as the primary measure of production efficiency.

4.2.4. Control Variables

Drawing on existing literature [41-43], we utilized the following control variables:
enterprise size (LnSize); enterprise age (Age); GDP of the prefecture-level city where the
enterprise is located (LnGDP); whether the enterprise is loss-making (Loss); number of
board members (Board); debt-to-asset ratio (Debt); environmental R&D investment inten-
sity (Env_RD); enterprise green transition index (Green); enterprise reputation (Reputa-
tion); high-tech enterprise status (HighTech); and equity nature (Equity). Additionally, this
study controls for fixed effects at the year level (Year) and industry level (Industry).

The definitions and measurement methods for each variable are shown in Table 1.

4.3. Model Specification
4.3.1. Baseline Regression Model

To examine the relationship between digital transformation, internal interaction
within digital transformation, and enterprise ESG performance, we established the fol-
lowing model:

ESG; = aél) + ail)Magt_DTit + aél)Prod_DTit + aél)Serv_DTit + ail)Controlsit + z Industry; + Z Year, + &, (1)

ESG; = a(()z) + aiz) Magt_DT;, + aéz) Prod_DT;, + a§2) Serv_DT;, + agz)Magt_DTit * Serv_DTy,

@ )
+ ag'Controls;, + ) Industry; + Year, + &;;

ESGy = a8 + a®Magt DTy, + a$Prod_pT,, + ol Serv_DT;, + a’Magt_DT,, » Prod DT},
3
+ af) Controls;; + Z Industry; + Z Year; + ¢;¢ ©)

ESGy = ag4) + a£4)Magt_DTit + a§4)Pr0d_DTit + a§4)Serv_DTit + af)Serv_DTit * Prod _DT;;
4
+ a§4) Controls;; + Z Industry; + Z Year; + ¢;; @

ESG; = a(()S) + aiS)MagtDTit + aés)Prod_DTit + aés)Serv_DTi,t + aiS)Magt_DTit * Prod_DT;, * Serv_DT;;

©)

+al® Controls; + Z Industry; + Z Year, + &
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where ESG; represents the dependent variable (ESG performance) of the model,
Magt_DT;;, Prod_DTy, and Serv_DT;, denote the independent variables of the model (man-
agement digitalization, production digitalization, service digitalization), Controls; con-
stitutes a series of control variables (LnSize, Age, LnGDP, Loss, Board, Deb, Env_RD, Green,
Reputation, HighTech, Equity). a;_3 represents the individual impact of digital transfor-

mation parties on ESG, and al’™>

represents the impact of internal interaction on ESG,
Y Industry; and Y Year, respectively indicate the industry effect and year effect of the

firm, and ¢; represents the residual.

4.3.2. Mediating Effect Regression Model

To verify the mediating effect of innovation output and production efficiency in the
path of digital transformation on enterprise ESG, this study adopts existing methodolo-
gies [44] and establishes the following model:

Patent_RD;; =y, + y;Magt_DT;; + y,Serv_DT;; + y;Controls;; + Z Industry; + Z Year; + ¢;; (6)
o @ _ @ _ @ _ @ _ ,
ESGy = wy” + w; " Magt_DT; + w, " Serv_DT; + wy " Patent_RD;, + w, " Controls, + ) Industry;
@)
+ Z Year, + ¢;;
TFP; = 6y + 6;Prod_DT;; + §,Controls;, + Z Industry; + Z Year, + €;; (8)

ESGy =

+ wl(z)Prod_DTit + wZ(Z)TFPL-t + wgz)Controlsit + Z Industry; + Z Year, + & 9)

Specifically, the mediating variables are Patnet_RD;, (innovation output) and TFP;
(production efficiency). y; and y, represent the regression coefficients of digital transfor-
mation on innovation output, while §; represents the regression coefficient of digital

transformation on enterprise production efficiency. »'”, w{”, and »* denote the direct

effect of digital transformation on enterprise ESG performance; o " represents the re-
gression coefficient of innovation output on enterprise ESG performance, and w$® repre-

sents the regression coefficient of production efficiency on enterprise ESG performance.

5. Empirical Results
5.1. Descriptive Statistics

Descriptive statistics are presented in Table 2. The indicators for management digi-
talization (Magt_DT), production digitalization (Prod_DT), and service digitalization
(Serv_DT) reveal significant disparities in the current state of digital transformation across
various dimensions within manufacturing enterprises. Similarly, substantial variations
exist in enterprises’” production efficiency and innovation output.

Table 2. Descriptive statistics.

Variable Obs Mean Std. Dev. Min Max
ESG 20,207 1.53 1.28 0 9
ESG1 20,207 0.81 1.93 0 4.67
Magt_DT 20,181 0.02 0.16 0 0.848
Prod_DT 20,207 11.56 1.3 -1.93 29.8
Serv_DT 20,207 21.45 1.79 9.01 33
TFP 20,201 5.95 2.12 0 10.13
Patent_RD 20,200 102.59 428.50 0 16405
Size 20,207 22.04 1.66 8 32.97
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Age 20,207 18.63 6.02 1 64
LnGDP 20,087 8.82 1.7 0 22.95
Loss 20,200 0.12 0.32 0 1
Board 20,130 6.25 4.31 0 30
Debt 20,200 0.39 0.19 0.01 1
Env_RD 20,122 0.05 3.04 0 294.41
Green 20,123 1.96 1.34 0 10
Reputation 20,123 5.38 2.86 0 10
HighTech 20,123 0.8 04 0 1
Equity 20,121 0.24 0.42 0 1

Note: This table reports the summary statistics for all variables used in the main analyses. The sam-
ple comprises Chinese A-share listed manufacturing enterprises from 2012 to 2023. ESG is the de-
pendent variable. Magt_DT, Serv_DT, and Prod_DT are the key independent variables measuring

management, service, and production digitalization, respectively.

5.2. Multicollinearity Test

To ensure the accuracy of estimation results, we employed the VIF method to test for
multicollinearity among variables. Table 3 shows that the VIF value of each variable is
within the safe range of less than 10, and the mean variance inflation factor (VIF) for all
variables related to enterprise performance is 2.04, indicating no severe multicollinearity
issues among variables in the model. This confirms the stability and accuracy of regression
results.

Table 3. Multicollinearity test.

VIF 1/VIF

Magt_DT 1.55 0.646925
Prod_DT 2.36 0.424572
Serv_DT 4.32 0.231395
LnSize 411 0.243462
Age 1.27 0.790097
LnGDP 1.35 0.740042
Loss 1.23 0.816001
Board 1.14 0.876274
Debt 1.6 0.623771
Env_RD 2.57 0.388948
Green 1.07 0.931766
Reputation 2.72 0.367877

HighTech 2.1 0.47619
Equity 1.15 0.868468

Mean VIF 2.04

Note: This table reports the Variance Inflation Factors (VIF) from a regression including all inde-
pendent and control variables. A VIF value exceeding 10 is often considered indicative of severe

multicollinearity.

5.3. Baseline Regression Results

Based on models (1-5), we examined the impact of digital transformation and inter-
nal interactions within digital transformation on enterprise ESG performance. The base-
line regression results are presented in Table 4. Column (2) of the table shows the respec-
tive impacts of various domains of digital transformation on ESG, while columns (3-6)
demonstrate how different internal interactions within digital transformation affect ESG
performance. It can be observed that, except for the interaction term between management
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and service digitalization, all coefficients are significantly positive. Findings indicate that
regardless of control variable inclusion, management digitalization, production digitali-
zation, and service digitalization are all significantly positive at the 1% level. The regres-
sion coefficients for the interaction terms between management and production digitali-
zation, production and service digitalization, and the overall interaction term for all three
digitalization domains are all significantly positive, validating hypotheses H1-3 and H5-
7. However, the regression coefficient for the interaction term between management and
service digitalization is not significant, indicating that hypothesis H4 is not supported.

Table 4. Baseline regression results.

Variables 1) (2 3) 4 (5) (6)
ESG ESG ESG ESG ESG ESG
0.468 *** 0.193 *** 0.0407 ** 0.186 *** 0.130 *** 0.178 ***
Magt_DT
(0.0109) (0.00966) (0.0168) (0.0230) (0.0961) (0.0223)
Prod DT 0.465 *** 0.163 *** 0.118 *** 0.163 *** 0.142 *** 0.147 ***
- (0.0103) (0.00948) (0.0103) (0.00948) (0.00958) (0.00973)
Serv DT 0.293 *** 0.0356 ** 0.0470 *** 0.0386 ** 0.0322 *** 0.0507 ***
- (0.0102) (0.0145) (0.0145) (0.0174) (0.0127) (0.0152)
(0.455 ***
Mul_MP (0.0412)
0.0149
Mul_MS (0.0495)
0.0491 ***
Mul_PS (0.0113)
0.0126 **
Mul_ALL (0.00631)
Controls No Yes Yes Yes Yes Yes
Industry Yes Yes Yes Yes Yes Yes
Year Yes Yes Yes Yes Yes Yes
-0.0919 ** -0.170 *** -0.165 *** -0.171 *** -0.217 ** -0.326
Constant
(0.0369) (0.0258) (0.0257) (0.0263) (0.0304) (0.0269)
Observations 20,174 20,051 20,051 20,051 20,051 20,051
R-squared 0.341 0.544 0.547 0.544 0.416 0.412

Note: The dependent variable is the ESG score. All specifications include industry and year fixed
effects. Robust standard errors clustered at the enterprise level are reported in parentheses. *, **, and
*** indicate significance at the 10%, 5%, and 1% levels, respectively. The values in parentheses rep-

resent robust standard errors. Definitions of all variables are provided in Table 1.

5.4. Robustness Tests

To ensure the robustness of the conclusions, the following robustness tests were con-
ducted. Considering that ESG ratings may vary across countries, the dependent variable
was replaced with ratings from the international rating agency FTSE Russell. Addition-
ally, we revised the metrics for explanatory variables: We reallocated the weights of three
indicators in management digitalization using the PCA method, with the resulting
weights shown in Table 5. We replaced the production digitalization metric with the ratio
of smart device book value to the number of employees and substituted the service digi-
talization metric with online sales revenue divided by total enterprise revenue. The results
are shown in columns (1-6) of Table 6. Considering that enterprises may be affected by
non-time-varying factors, the model was modified to a two-way fixed effects model for
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re-regression. Results are shown in columns (7-12). After these adjustments, both experi-
ments yielded results consistent with the baseline regression findings, indicating the ro-
bustness of the regression model and results.

Table 5. Weights of each indicator derived from the PCA method.

Indicator Weight
digital background executives 0.367
proportion of investment in intelligent software 0.368
number of internet access ports 0.265

Note: This table presents the factor loadings and weights of the three underlying indicators (IT Ex-
ecutive, Management System, Network Infrastructure) used to construct the alternative manage-

ment digitalization variable for robustness checks.

Table 6. Results of robustness tests.

Replacing the Dependent Variable Test Model Replacement
Variables 1) 2 3) @ (5) (6) (7) (8) 9) (10 1m 12)
ESG1 ESG1 ESG1 ESG1 ESG1 ESG1 ESG ESG ESG ESG ESG ESG
Maot DT 0.195 *** 0.125 *** 0.0314 ***0.0112 *** 0.0125 *** 0.111 *** 0.468 *** (0.567 *** 0.0407 ** 0.186 *** 0.200 *** (0.126 ***
8t (0.0288) (0.0288) (0.0041) (0.0029) (0.0029) (0.0029) (0.0213) (0.0167) (0.0262) (0.0451) (0.0151) (0.0349)
Prod DT 0.285 *** (0.205 *** (0.214 *** (0.206 *** 0.199 *** 0.207 *** 0.465 *** (0.532 *** (0.118 *** (0.163 *** 0.183 *** (0.160 ***
- (0.0227) (0.0316) (0.0321) (0.0316) (0.0318) (0.0316) (0.0153) (0.0156) (0.0134) (0.0138) (0.0405) (0.0153)
Sero DT 0.549 *** (0.272 *** (0.267 *** (0.285 *** (.294 *** (0.493 *** (0.293 *** (.745 *** 0.0470 ** 0.0386 ** 0.289 *** (.140 ***
- (0.0223) (0.0769) (0.0769) (0.0798) (0.0611) (0.099) (0.0183) (0.0155) (0.0240) (0.0267) (0.0423) (0.0238)
0.0584 ** 0.455 ***
Mul_MP
M- (0.0318) (0.0698)
0.257 0.0149
Mul_MS (0.765) (0.0959)
0.179 *** 0.0717 ***
P
Mul_PS (0.890) (0.0237)
0.0392 ** 0.0533 **
Mul_ALL (0.113) (0.0256)
Controls No Yes Yes Yes Yes Yes No Yes Yes Yes Yes Yes
Industry Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Year Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Constant —0.637 *** —(0.483 *** —0.477 *** —0.498 *** —-0.411 -0.241 ***—0.253 *** —(0.289 *** —(.278 *** —(0.291 *** -0.271 *** -0.269 ***
(0.0498) (0.0444) (0.0320) (0.0439) (0.0328) (0.0420) (0.0125) (0.0184) (0.0188) (0.0185) (0.0478) (0.0223)
Ob -
tisoei:a 19,200 18,305 18,305 18,305 18,305 18,305 20,174 20,051 20,051 20,051 20,051 20,051
R-squared  0.264 0.441 0.433 0.443 0.445 0.431 0.341 0.544 0.547 0.544 0.457 0.455

Note: The dependent variable is the ESG score. All models include industry and year fixed effects.

* * and *** indicate

Robust standard errors clustered at the enterprise level are in parentheses.
significance at the 10%, 5%, and 1% levels, respectively. The values in parentheses represent robust

standard errors.

5.5. Endogeneity Test

Enterprises with higher ESG performance typically possess greater resources and op-
erational efficiency, leading to correspondingly higher levels of digitalization. Therefore,
a bidirectional causal relationship may exist between digital transformation and ESG per-
formance. To address potential endogeneity, we employed the industry average of other
enterprises as instrumental variables and conducted endogeneity tests. The results of the
first stage are presented in Appendix A. Table 7 reports the results from the second stage,
showing that the regression coefficients for each explanatory variable are like those in the
baseline regression. Furthermore, we tested the instrumental variables: the p-value for the
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LM statistic was 0, significantly rejecting the null hypothesis of unidentifiability; the F-
statistic of 48.437 significantly exceeded the critical value for 10% error (16.38), rejecting
the null hypothesis of weak instrumentality. These results confirm that the baseline re-
gression holds even after controlling for endogeneity.

Table 7. Results of endogeneity tests (stage 2).

Variables () (2) &) @) )
ESG ESG ESG ESG ESG
0.267 ** 0.372 *** 0.261 *** 0.254 *** 0.324 **
DT
Magt_ -0.107 (0.082) (0.023) (0.023) (0.013)
0.293 *** 0.303 *** 0.231 *** 0.239 *** 0.316 **
Prod_DT
-0.062 (0.084) (0.024) (0.029) (0.013)
Sero DT 0.048 *** 0.040 *** 0.205 *** 0.214 *** 0.299 **
B -0.01 (0.013) (0.029) (0.033) (0.014)
0.73 ***
Mul_MP
- (0.0015)
0.101
Mul_MS (0.25)
0.064 **
Mul_PS 0,028
Controls Yes Yes Yes Yes Yes
Industry Yes Yes Yes Yes Yes
Year Yes Yes Yes Yes Yes
Constant 0.241* -0.358 * -0.313 ** -0.219 ** -0.227 **
(0.543) -0.209 -0.14 -0.106 -0.101
Observations 17,722 17,722 17,722 17,722 17,722
o434
Kleibergen-Paap rk LM statistic (p_iiﬁlg: 0.000)
Kleibergen-Paap Wald rk F statistic ?186%3387]

Note: This table reports the second-stage results of the 2SLS estimation. The instrumental variable
for digitalization is the industry average of other enterprises. The dependent variable is the ESG
score. ¥, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively. The Kleibergen-
Paap rk LM statistic (p-value) and the Kleibergen-Paap Wald rk F statistic are reported to test for
underidentification and weak instruments, respectively. Full first-stage regression results are avail-
able in Appendix A.

5.6. Heterogeneity Analysis
5.6.1. Heterogeneity in Enterprise Ownership Structure

State-owned enterprises (SOEs) and private enterprises exhibit significant differences
in resource acquisition, decision-making mechanisms, and operational objectives. These
disparities may lead to divergent impacts of various domains of digital transformation on
enterprise ESG performance. To examine the heterogeneous effects of digital transfor-
mation on ESG performance across different ownership natures, this study categorizes
sample enterprises into SOEs and private enterprises. The results of the grouped regres-
sion analysis are presented in Table 8. Columns (1-3), (5), (7-9), and (11) indicate that for
both SOEs and private enterprises, the coefficients for management, production, and ser-
vice digitalization, as well as the interaction terms between management and production
digitalization and between production and service digitalization, are like those in the
baseline regression. Columns (4), (6), (10), and (12) reveal that in SOEs, the interaction
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coefficients for management digitalization and service digitalization are significantly neg-
ative, while the overall interaction coefficients for the three types of digitalization are in-
significant. Conversely, in private enterprises, both interaction coefficients are signifi-
cantly positive.

Table 8. Results of heterogeneity in enterprise ownership structure.

1) 2 (3) @) (5) (6) (7) (8) 9) 10) 1m (12)
Variables ESG ESG ESG ESG ESG ESG ESG ESG ESG ESG ESG ESG
State-Owned Enterprises Private Enterprises
Maet DT 0.651 ** 0.376 *** 0.438 *** (0.531 *** 0.360 *** 0.404 *** 0.0654 *** 0.0380 *** 0.226 *** (.404 *** (0.287 *** (.456 ***
81 0.0202) (0.0176) (0.0330) (0.0422) (0.0177) (0.0295) (0.0116) (0.0114) (0.0355) (0.0384) (0.0114) (0.0478)
Prod DT 0.540 ** (0.242 *** 0.263 *** (0.233 *** (0.333 *** (.237 ** 0.0315 *** 0.0183 0.0409 *** 0.0174 0.028 *** 0.0364 ***
- (0.0178) (0.0163) (0.0189) (0.0164) (0.0353) (0.0168) (0.0121) (0.0123) (0.0129) (0.0122) (0.0867) (0.0123)
Serv DT 0.232 *** (0.0896 *** 0.0919 *** 0.0149 *** 0.0279 *** 0.0978 *** 0.600 *** 0.177 *** 0.171 *** 0.138 *** (0.111 *** 0.141 ***
- (0.0213) (0.0201) (0.0201) (0.00273) (0.00348) (0.0213) (0.0108) (0.0270) (0.0270) (0.0272) (0.0112) (0.0272)
0.135 ** 0.768 ***
P
Mul_M (0.0612) (0.137)
-0.302 *** 1.007 ***
Mul_MS
- (0.0751) (0.101)
0.0418 *** 0.582 ***
I P
Mul_PS (0.00628) (0.134)
00969 0023 s
ALL
Mul_ (0.0826) (0.0096)
Controls No Yes Yes Yes Yes Yes No Yes Yes Yes Yes Yes
Industry  Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Year Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Constant 0.00640 —0.198 *** —0.203 *** -0.156 *** -0.0727 * 0.0349 -0.404 *** —0.242 *** —0.243 *** —0.216 *** (0.585 *** —(0.185 ***
OMSEAN - 0.0421)  (0.0363) (0.0364) (0.0377) (0.0414) (0.0385) (0.0426) (0.0428) (0.0428) (0.0428) (0.0816) (0.0442)
Olif;;:a' 5142 5080 5080 5080 5080 5080 15030 14971 14971 14971 14971 14,971
R-squared 0.610 0.739 0.739 0.740 0.741 0.739 0.340 0.382 0.383 0.386 0.288 0.287

Note: This table presents the regression results for subsamples split by ownership. The dependent
variable is the ESG score. All specifications include industry and year fixed effects. Robust standard
errors clustered at the enterprise level are reported in parentheses. ¥, **, and *** indicate significance

at the 10%, 5%, and 1% levels, respectively.

5.6.2. Heterogeneity in Enterprise Size

Enterprises of different sizes exhibit significant variations in resource endowments,
organizational structures, market positions, and risk-response capabilities. These factors
profoundly influence how enterprises advance their digital transformation and their ESG
practice capabilities. To validate the heterogeneous impact of digital transformation on
ESG performance across different enterprise sizes, we categorized the sample enterprises
into large enterprises and small and medium-sized enterprises (SMEs) based on annual
operating revenue, following the Ministry of Finance’s Regulations on the Classification
Standards for Small and Medium-sized Enterprises. The results of the grouped regression
are presented in Table 9. Columns (1-4) reveal that within the large enterprise group, the
coefficients for management digitalization, service digitalization, and the interaction term
between production and service digitalization are not significant, contrasting with the sig-
nificant positive results observed for SMEs. Conversely, the coefficient for service digital-
ization is significantly negative in the SME group, differing from the significant positive
result in the large enterprise group.
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Table 9. Results of heterogeneity in enterprise size.
(W) (2) 3) 4 (5) (6) ) 8 9 (10) 1 (12)
Variables ESG ESG ESG ESG ESG ESG ESG ESG ESG ESG ESG ESG
Large Enterprises SME
Magt_DT 0.631 ** 0.328 *** 0.272** 0.263 *** 0.328 ** 0.518 *** 0.283 *** 0.137 *** 0.0635 *** 0.0419 ** 0.132 *** 0.515 ***
(0.0353) (0.0354) (0.0574) (0.0560) (0.0354) (0.0649) (0.00768) (0.00609) (0.0110) (0.0185) (0.00608) (0.0165)
Prod_DT 0.461** 0.269 *** (0.249 *** (.269 *** (0.368 *** (.244 ** (0.381 *** 0.133 ** 0.0802 *** 0.133 *** 0.0739 *** 0.0926 ***
(0.0322) (0.0323) (0.0360) (0.0323) (0.0707) (0.0331) (0.00724) (0.00611) (0.00650) (0.00611) (0.0195) (0.00622)
Sero_DT 0.195** 0.149* 0.155* 0.0926* 0.0330 0.0962 ** —0.178 *** ~0,103 *** _0'*(259 _Oﬁf% 0.100 *** _0;2324
(0.0327) (0.0429) (0.0431) (0.0514) (0.0679) (0.0449) (0.00903) (0.00996) (0.00982) (0.0120) (0.0207) (0.0102)
Mul_MP 0.249 ** 0.620 ***
(0.120) (0.0286)
Mul_MS 0.181 0.217 ***
(0.119) (0.0400)
Mul_PS 0.177 0.370 ***
(0.113) (0.0331)
Mul_ALL 0.424 *** 0.968 ***
(0.121) (0.0392)
Controls No Yes Yes Yes Yes Yes No Yes Yes Yes Yes Yes
Industry  Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Year Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Constant  0.0145 -0.371 *** -0.376 *** —0.393 *** -0.421 *** -0.163 0.219 ** -0.0135 -0.00202 -0.0363 ** -0.0103 -0.0380 **
(0.0899) (0.0869) (0.0870) (0.0881) (0.0230) (0.0089) (0.0210) (0.0167) (0.0165) (0.0172) (0.0207) (0.0172)
Ok:j;‘s’a' 3962 3907 3907 3907 3907 3907 16212 16144 16,144 16144 16144 16,144
R-squared 0.442 0.534 0.534 0.534 0.534 0.535 0.484 0.697 0.706 0.698 0.700 0.708

Note: This table presents the regression results for subsamples split by enterprise size. The depend-
ent variable is the ESG score. All specifications include industry and year fixed effects. Robust stand-
ard errors clustered at the enterprise level are reported in parentheses. *, **, and *** indicate signifi-

cance at the 10%, 5%, and 1% levels, respectively.

5.7. Mediating Effect Test

Table 10 presents the results of mediating effect tests for innovation output (Pa-
tent_RD) in the pathways linking enterprise management digitalization and service digi-
talization to ESG performance, as well as for production efficiency (TFP) in the pathway
linking enterprise production digitalization to ESG performance. Column (1) presents the
baseline regression results. Columns (2) and (4) show that the regression coefficients of
the independent variables on Patent_RD and TFP are significantly positive, indicating that
management and service digitalization effectively enhance innovation output, while pro-
ducing digitalization effectively boosts production efficiency. Columns (3) and (5) reveal
that the estimated coefficients for innovation output (Patent_RD) and total factor produc-
tivity (TFP) are both significantly positive. This indicates that innovation output and pro-
duction efficiency can enhance enterprises’ ESG performance, suggesting that there is a
certain partial mediating effect of innovation output and production efficiency in this pro-
cess. This validates Hypotheses H8-10.

Table 10. Results of mechanism tests.

Variables ) @) @) @) 5)
ESG Patent_RD ESG TFP ESG
0.193 *** 0.0155 *** 0.189 ***
DT
Magt_ (0.00966) (0.00233) (0.00966)
0.163 *** 0.0375 *** 0.160 ***
Prod_DT
1ol (0.00948) (0.00662) (0.00948)
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Sers DT 0.0356 ** 0.0487 *** 0.0248 *
- (0.0145) (0.00350) (0.0145)
0.222 ***
Patent_RD
e (0.0293)
0.0669 ***
TFP
(0.0101)
Controls Yes Yes Yes Yes Yes
Industry Yes Yes Yes Yes Yes
Year Yes Yes Yes Yes Yes
Constant -0.170 *** —0.0492 *** -0.159 *** -0.0177 —0.168 ***
(0.0258) (0.00623) (0.0258) (0.0180) (0.0257)
Observations 20,051 20,051 20,051 20,051 20,051
R-squared 0.544 0.379 0.545 0.404 0.545

Note: This table reports the results of the mediation effect tests based on the causal steps approach.
Column (2) and (3) presents the results for the mediation path via Innovation Output. Column (4)
and (5) presents the results for the mediation path via Production Efficiency. All regressions include
industry and year fixed effects. Robust standard errors clustered at the firm level are in parentheses.

*,** and *** indicate significance at the 10%, 5%, and 1% levels, respectively.

5.8. Results Discussion

We used data from Chinese A-share listed manufacturing enterprises (2012-2023) to
explore how different digital transformation domains and their internal interactions affect
ESG performance. Results show that management, service, and production digitaliza-
tion—along with the interactions between management and production digitalization,
production and service digitalization, and the combined interaction of all three domains—
exert significant positive impacts on ESG performance, validating Hypotheses H1-3 and
H5-7. However, the interaction between management and service digitalization had no
significant effect, failing to support Hypothesis H4. This may reflect that some enterprises’
organizational structures have not adapted to digital transformation, limiting the interac-
tive effect between these two domains. These findings remained robust after robustness
and endogeneity tests.

Mediation analysis revealed that innovation output partially mediates the positive
relationship between management digitalization and service digitalization on enterprises’
ESG performance, while production efficiency partially mediates the positive relationship
between production digitalization and enterprises’” ESG performance, validating Hypoth-
eses H8-10.

Equity ownership heterogeneity analysis showed contrasting results: in state-owned
enterprises (SOEs), the interaction between management and service digitalization had a
negative coefficient, and the combined three-domain interaction was insignificant. In pri-
vate enterprises, by contrast, both the management-service interaction and the three-do-
main combined interaction had significantly positive coefficients. This divergence reflects
a critical institutional boundary condition: the management-service digitalization interac-
tion is insignificant or negative in SOEs but significantly positive in private enterprises.

The difference cannot be attributed to digitalization level itself, but to divergent in-
stitutional logics and strategic objectives. SOEs, rooted in institutional theory, face strong
“institutional isomorphism” pressures. Their digital transformation often constitutes
symbolic compliance with top-down policy signals, such as the national “Digital China”
and “high-quality development” initiatives. Management and service digitalization may
thus become isolated “policy responses” to meet higher-level evaluations. Forced integra-
tion may even expose inherent management redundancy and process rigidity, triggering
interdepartmental conflicts that stifle synergistic value [45]. Private enterprises, by con-
trast, operate on market efficiency logic, with digital investments driven by competitive
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survival and profit goals. The management-service digitalization interaction closes the
loop from customer insights to strategic adjustments, enabling rapid market responsive-
ness and customer value creation. This is the key to improving ESG performance, espe-
cially in social and governance dimensions. Our findings challenge the universality of the
“digital transformation interaction effect”. We reveal that its efficacy depends heavily on
the enterprise’s institutional environment and dominant logic. They also provide new mi-
cro-level evidence that institutional contexts shape technological innovation outcomes.

Enterprise size heterogeneity analysis showed that in large enterprises, the interac-
tion between management and service digitalization and production and service digitali-
zation were insignificant—unlike the significant positive interactions observed in SMEs.
This discrepancy stems from large enterprises’ complex organizational structures and hi-
erarchies, where information silos and conflicting interests hinder seamless coordination.
Information flows and decision-making are constrained by established protocols, often
requiring multi-departmental approval for service-side insights to inform management
decisions. Such processes can dilute immediate interaction effects. Additionally, large en-
terprises handle higher sales volumes and more diverse after-sales issues, generating mas-
sive, rapidly updating service data. Mass production also demands frequent responses to
fragmented, personalized service requests, which may reduce equipment utilization,
weaken procurement economies of scale, and raise unit costs. Large enterprises may thus
strategically ignore certain service data to preserve production efficiency, explaining the
insignificant interaction effects.

Notably, in SMEs, service digitalization alone had a significantly negative coefficient,
contrasting with large enterprises. This seems to contradict the generally optimistic nar-
rative about digital transformation. However, it reflects digital transformation risks under
resource constraints. From a resource-based view, isolated service digitalization invest-
ments in resource-scarce SMEs constitute misallocation: limited financial resources, man-
agerial attention, and technical talent are diverted to online channels and customer inter-
faces, crowding out resources for core ESG initiatives (e.g., green production, pollution
control, employee welfare) with more direct impacts. Furthermore, without complemen-
tary data analytics capabilities and cross-departmental integration processes, data col-
lected on the service side cannot be effectively converted into actions for decision-making
or optimization. This fails to generate the expected returns and undermines overall oper-
ational robustness and sustainable performance due to increased costs and fragmented
attention [45]. This finding reflects the real-world predicament of China’s numerous small
and medium-sized enterprises (SMEs). Under intense pressure to undergo digital trans-
formation, these enterprises may be compelled to make imitative, fragmented digital in-
vestments without considering how these investments align with their resources and ca-
pabilities. This negative effect shows that, for vulnerable enterprises, one-dimensional
digitalization lacking internal coordination is ineffective and dangerous. Therefore, SMEs
undergoing digital transformation must consider the limitations imposed by their size
and resources.

In contrast to large enterprises, the management-service digitalization interaction
had a significantly positive coefficient in SMEs. This indicates that SMEs benefit substan-
tially from prioritizing this interaction: it enables them to accurately identify customer
needs, optimize products and services, and improve production/service efficiency,
thereby significantly enhancing ESG performance. These heterogeneity results partly ex-
plain why Hypothesis H4 was unsupported: complex organizational structures and man-
agement systems in SOEs and large enterprises hinder the management-service digitali-
zation interaction, reducing its impact on ESG performance.
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6. Conclusions
6.1. Discussion

Our research categorizes digital transformation into three core domains—manage-
ment, production, and services—and examines their internal interactions. This provides a
more systematic analytical framework for understanding the relationship between digital
transformation and ESG performance in manufacturing enterprises. Our findings go be-
yond the confirmatory debate over “whether digitalization is effective”, revealing the
structural logic and contextual boundaries for realizing digital value.

All digital transformation domains exert a significant positive impact on ESG perfor-
mance, consistent with prevailing conclusions in existing studies. More theoretically
meaningful is the pronounced interaction effect among most of these three domains. This
indicates that digital transformation’ s promotion of ESG is not merely the simple sum of
individual domain effects, but is amplified through complementary and coupled mecha-
nisms within the domains themselves. This finding aligns with the “digital convergence”
theory and advances it: convergence extends beyond technology to encompass organiza-
tional operating logic and value creation processes. Only enterprises that effectively inte-
grate digital resources can convert technological potential into sustainable competitive
advantage. Isolated digital investments—even in a single excel domain—struggle to ad-
dress cross-functional, multidimensional strategic imperatives like ESG.

Our research further shows that the direction and strength of digital interaction ef-
fects vary by enterprise equity and size. In SOEs, the interaction term between manage-
ment and service digitalization has a negative coefficient, and the three-dimensional in-
teraction effect is insignificant. This must be interpreted through differing institutional
logics: constrained by institutional pressures, SOEs” digital transformation often symbol-
ically responds to policy signals. Management and service digitalization may thus become
isolated “policy compliance” rather than integrated efficiency-driven innovation. This not
only fails to generate effective value but may also trigger internal friction by exposing
existing managerial inefficiencies. This finding provides new micro-level evidence for in-
stitutional theory: the institutional environment not only influences technology adoption
decisions but also profoundly shapes how technological value is realized.

Research findings among SMEs reveal the critical implications of the resource-based
view in digital contexts: when resources are constrained, enterprises that blindly follow
the digital transformation wave and over-invest resources in single-dimensional digital
infrastructure may face resource misallocation. More crucially, without complementary
data analytics and cross-departmental integration capabilities, service-side data collection
fails to translate into decision-optimization actions. This not only prevents expected re-
turns but also erodes sustainable performance through rising costs and fragmented atten-
tion. Encouragingly, we also found that when SMEs focus on the interactive between man-
agement and services, they can derive significant benefits. This implies that for vulnerable
enterprises, “how to digitalize” is more critical than “whether to digitalize”.

In summary, our research reveals the underlying mechanisms through which digital
transformation impacts ESG performance. Our findings suggest that future studies should
shift focus from the “technology adoption” perspective to the “organizational restructur-
ing” perspective, moving beyond inquiries about “the extent of digital investment” to ex-
plore “how digital resources are allocated”. This holds significant theoretical implications
and practical significance for understanding the heterogeneous outcomes of corporate
digital transformation in transition economies.

6.2. Theoretical Contributions
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Our research advances understanding of digital transformation and its performance
implications by shifting focus from “whether enterprises digitalize” to “how they allocate
digital resources”. Moving beyond single-dimensional examinations and aggregate con-
structs, we propose and test cross-domain digital resource integration and its interaction-
driven incremental value. This integration determines if digital investments deliver stra-
tegic outcomes. Based on this, our study makes three interrelated theoretical contribu-
tions.

First, the existing literature mostly treats digitalization as a whole or examines its
sub-dimensions separately, assuming digital value is additive. Studies on interaction ef-
fects usually focus on external moderators’ regulation of digital performance. Unlike prior
work, we theorize inter-domain digital interactions as an independent value source. We
show these interactions are significant, determining if enterprises’ digital resources are
generative or fall into inertia. This provides a simple yet powerful framework to under-
stand why enterprises with similar digital levels have different performance.

Second, our research expands complementarity theory and dynamic capability the-
ory. Classical resource complementarity theory assumes value emerges when resources
coexist. Our findings show that besides spontaneous resource complementarity, deliber-
ate organizational restructuring and process reengineering can enhance it to create greater
value, providing additional theoretical support for the endogenous construction of digital
value. We also identify cross-domain digital interaction as a crucial but previously under-
explored foundation of dynamic capability: an enterprise’s ability to perceive, connect,
and reconfigure digital value chain segments to meet integrated strategic demands like
ESG. Our findings demonstrate that digital-era dynamic capability involves not only “re-
sponding to change” but also “building internal conditions for adaptive responses”.

Finally, our research deepens understanding of the relationship between digital
transformation and ESG performance. Existing studies mainly verify whether digital
transformation enhances ESG performance. Our findings not only confirm the positive
impact but also reveal critical boundary conditions: when enterprises focus on internal
digital interactions, the improvement of ESG performance is significantly amplified. In
contrast, isolated digital investments may yield limited results. Our research provides a
more precise theoretical explanation for the different ESG performance outcomes of digi-
tal transformation, highlighting the key role of internal interactions in turning technolog-
ical potential into sustainable competitive advantage.

6.3. Recommendations Based on Results

Based on these findings, we propose the following recommendations to enhance the
effectiveness of digital transformation and improve ESG performance among Chinese
manufacturing enterprises.

For policymakers, support policies need to shift from encouraging “technology adop-
tion” to fostering a “collaborative ecosystem.” First, governments should implement tar-
geted and differentiated incentive measures. Based on our findings, private enterprises,
especially small and medium-sized ones, are the primary beneficiaries of internal interac-
tions from digital transformation. Therefore, for small and medium-sized enterprises,
government subsidies should prioritize supporting their systematic digital transfor-
mation to prevent fragmented investments. For state-owned enterprises, evaluation sys-
tems should be reformed to incorporate cross-departmental collaboration efficiency in
digital transformation as a key performance metric. Additionally, the government could
compile and publish “benchmark cases” and “implementation guidelines” for manufac-
turing digital collaboration that enhances ESG performance, categorized by scale and type
(state-owned/private enterprises). This would provide comparable and actionable refer-
ence pathways for similar enterprises.
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For managers of manufacturing enterprises, it is essential to move beyond the tradi-
tional approach of merely adopting digital technologies in isolation. Instead, they should
integrate the concept of interaction into the strategic planning and implementation of dig-
ital transformation. Enterprises should systematically assess their level and connectivity
across three digital domains, then design digital transformation strategies tailored to their
specific circumstances. Private and small-to-medium enterprises should leverage their
agility to actively explore interactions between management and service digitalization.
However, they must guard against pursuing service digitization in isolation, ensuring it
is developed in tandem with backend data analytics and management decision-making
capabilities. Large enterprises must confront organizational barriers and establish internal
communication channels. Before advancing digital collaboration, state-owned enterprises
should first establish ESG and sustainable value creation as the shared strategic direction
for digitalization across all dimensions, minimizing tokenistic integration.

Based on the mechanisms identified in our study, enterprises should regard improv-
ing production efficiency as a key objective when planning and evaluating production
digitalization projects, ensuring clear alignment with green development goals. Similarly,
in planning and assessing management and service digitalization projects, emphasis
should be placed on boosting innovation output, thereby reinforcing the sustainable de-
velopment outcomes of digital transformation.

6.4. Limitations and Future Research Prospects

Our study also has limitations. Some enterprises were excluded from the sample due
to severe data gaps, potentially limiting the comprehensiveness of the findings. Future
research could expand the sample size for more detailed verification. Although efforts
were made to eliminate confounding factors, unobserved variables may still influence the
conclusions. Subsequent studies could adopt more comprehensive methods for robust-
ness analysis. When constructing indicators, although we referred to existing studies to
measure indicators, the measurement methods may still have problems of inaccurate de-
scription and robustness. Especially regarding the measurement of service digitization,
our research employs metrics related to online sales scale due to data limitations and the
highly diverse means by which enterprises digitize their services. This approach may not
provide a highly specific description of service digitization. Other, more comprehensive
and documented measurement methods can be considered in subsequent studies. Future
research could explore more precise measurement methods tailored to manufacturing en-
terprises. Though we investigated the impact mechanism of digital transformation on ESG
performance in manufacturing enterprises, the mechanism analysis is incomplete and su-
perficial. Subsequent research can investigate this further and explore the roles of other
mediating variables. Furthermore, in the heterogeneity analysis section, the selected var-
iables represent inherent characteristics of the enterprises themselves. While these char-
acteristics can assist enterprises in making decisions based on their unique traits, they are
beyond the control of the enterprises. Consequently, their implications for management
have certain limitations. Future research should consider using variables that enterprises
can alter to conduct analyses, thereby conducting further research with greater practical
relevance. Due to data limitations, we chose the lag value of the explanatory variable for
the endogeneity test. In future experiments, we will explore more exogenous instrumental
variables for endogeneity testing to improve the robustness of the experimental results.
For some experimental results, we only provided explanations from the perspective of
coefficient similarity, and due to space limitations, we did not conduct more data-driven
research. Future studies can reference these results to conduct more in-depth theoretical
research. The ESG level of enterprises includes three dimensions: environmental, social,
and governance. More in-depth research can be conducted in future research to analyze
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the impact of digital transformation on the different dimensions of ESG of manufacturing
enterprises.
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Appendix A

Table A1 presents the first part of the endogeneity test results. Based on these results,
we can see that all instrumental variables meet the requirements and are valid instrumen-
tal variables.

Table A1. Results of endogeneity tests (stage 1).

Variables Magt_DT Magt_DT Magt_DT Magt_DT Magt_DT Prod_DT Prod_DT Prod_DT Prod_DT Prod_DT Serv_DT Serv_DT Serv_DT Serv_DT Serv_DT
0.789 *** 0.926 *** 0.753 *** (0.830 *** 0.758 *** 0.028 *** 0.195 *** 0.039 *** 0.014 ** 0.035 *** 0.401*** 0.517*** 0.161*** 0.392*** 0.566 ***
(0.068) (0.321) (0.070) (0.068) (0.069) (0.009) (0.041) (0.009) (0.007) (0.009) (0.949) (0.184) (0.031) (0.0951) (0.179)

ek - . ok - ot s o e 0.0145 0.0137 0.0145 0.0297 0.0137
L.Serv DT 0.985 1.004 *** 0.903 *** 1.253 *** 0.835 *** 0.340 *** 0.370 *** 0.314 *** 0.769 *** 0.308 - or o er e

(0.247) (0.251) (0.249) (0.226) (0.254) (0.032) (0.032) (0.032) (0.042) (0.033) (0.002) (0.00121) (0.002) (0.009) (0.0021)
0.140 *** 0139 *** 1587 ** 1.254 * 1.581 *** 0.410 *** 0.407 *** 0.468 *** 0.488 *** 0.447 *** 0,972 *** 0,972 *** 0,971 ** 0.948 *** 0.971 ***

L.Magt_DT

LProd DT =001) 0021) (0221) (0492) (0221) (0.027) (0.027) (0.028) (0.063) (0.028) (0.0017) (0.0019) (0.002) (0.0161) (0.002)
185 *** . k% . **
Mul_L.MP 0(0%512) 0(3?)054) (2(5)3461:;9)
ML b v )
i i = o
1.067 ** D03 .0043 **
Mul_L.ALL (00214) 0(0,0353) 2(?80;5)

Controls Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Industry  Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Year Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

0447 -0.334* 0.151** -0.311 0.447 0.792*** 0.737 *** 1,129 *** 0.715 *** 0.743 *** (0.548 *** 0.560 *** 0.572 *** 0.107 *** 0.577 ***

tant
Constant 291) (0290) (0.034) (0292) (0.290) (0.037) (0.038) (0.043) (0392) (0.038) (0.0410) (0.0421) (0.045) (0.0345) (0.044)
Ott’isjga' 18,143 18,143 18,143 18,143 18,143 18,157 18,157 18157 18,157 18,157 18157 18,157 18,157 18,157 18,157

Note: This table presents the first-stage regression results corresponding to the Two-Stage Least
Squares (2SLS) estimates reported in Table 7. The dependent variable in each column is the respec-
tive digital transformation variable (Magt_DT, Serv_DT, Prod_DT). The instrumental variable is in-
dustry average of other enterprises. All specifications include the full set of control variables as in

the baseline model, as well as industry and year fixed effects. Robust standard errors are clustered
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at the firm level and shown in parentheses. *, **, and *** indicate significance at the 10%, 5%, and 1%

levels, respectively.
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