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ABSTRACT As an integral part of the digital economy era, the digital transformation of businesses can
have a certain impact on their green total factor productivity, but causal identification of this impact remains
limited. To address these shortcomings, this study selects 20 categories of heavily polluting enterprises based
on the industry classification standards of the China Securities Regulatory Commission in 2012. Using listed
company data from 2015 to 2019 and combining the global Malmquist-Luenberger productivity index, the
study employs the Slacks Based Measure-Directional Distance Function model to assess the relationship
between digitalization and green total factor productivity of enterprises. The research findings are as follows:
1) The promotion of digital transformation by businesses can significantly facilitate the improvement of
green total factor productivity. 2) The results of the mediation effect test indicate that advanced digital
technologies can enhance green total factor productivity by optimizing the internal financial conditions
of enterprises. 3) Model construction demonstrates that market competition and investor sentiment play
a moderating role in green total factor productivity. 4) Threshold regression analysis confirms that higher
managerial capabilities enable the better digital transformation of enterprises, leading to higher green total
factor productivity. Finally, from the perspective of enterprises themselves, this study proposes strategies to
promote green total factor productivity and sustainable development. It expands the existing literature and
evidence on the impact of digitalization on green total factor productivity while providing recommendations
for businesses striving to achieve sustainable development.

INDEX TERMS Enterprise digital, financial situation market competition, investor sentiment, management
ability, green total factor productivity.

I. INTRODUCTION
Global warming, resource scarcity, environmental pollution,
carbon emissions, and climate change are all getting more
and more problematic as the world economy grows [1], [2].
By erecting green trade obstacles and tightening environ-
mental regulations, developed nations encourage the trans-
fer of high-pollution businesses to developing nations [3].
Reflecting on China’s 40-year development, it is evident that
following the reform and opening up, a plethora of foreign
industries was introduced into the country. In addition to
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causing serious environmental damage, this sector of the
economy has accelerated China’s economic growth. Accord-
ing to the research conducted by Kong et al., China’s carbon
emissions have shown exponential growth, increasing from
9.93 billion tons in 2020 to 11 billion tons in 2022. They also
predict that this growth trend will continue in the next decade
or so, possibly peaking in 2035 [4]. In addition, China has
a serious issue with environmental pollution, which would
inevitably cause economic growth to stall. Promoting China’s
green growth is a crucial issue since it highlights the conflict
between energy, environmental, and economic concerns. The
Chinese government is committed to shifting away from the
development model that prioritized economic growth over
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environmental preservation. Environmental improvement is
now a top priority for the government.

The digitization of enterprises is anticipated to drive
China’s economy to gradually shift from extensive develop-
ment, focused on quantity and speed, towards an intensive
development model that emphasizes green and quality [5].
Currently, the digital economy is flourishing, represented by
new-generation information technologies such as big data
analysis, cloud computing, mobile internet, artificial intel-
ligence, and 5G. In response to this, China has introduced
the ‘‘digital strong country’’ strategy to facilitate the digital
technology revolution, with the digital economy serving as
the most dynamic and potential new momentum. Thanks to
the opportunity provided by the digital technology revolution,
China’s digitalization process is accelerating. Digitalization
can leverage its digital information advantages to better inte-
grate and merge physical manufacturing enterprises through
information transformation, thus forming a data network
among enterprises. This, in turn, reduces the cost of infor-
mation search between enterprises and improves the survival
cycle of physical enterprises [6], [7]. The question of how
enterprise digitization affects green total factor productivity
is a frontier issue worthy of study. China provides an excel-
lent sample for research in this regard, primarily because of
its digital economy, which ranks among the largest in the
world. According to the ‘‘China Digital Economy Develop-
ment White Paper (2021),’’ as of the end of 2020, the global
digital economy had reached a scale of 32.6 trillion US dol-
lars, accounting for 43.7% of GDP. China’s digital economy
scale is 5.4 trillion US dollars, second only to the United
States. In light of this, the Chinese government attaches great
importance to the digitalization process, stating that it will
implement a new development concept, improve green total
factor productivity, and guide the digital transformation of the
real economy.

Environmental degradation and resource scarcity are two
critical issues that are becoming increasingly urgent. To sup-
port sustainable economic development consistently, it is
crucial to focus on resource and environmental factors and
continuously improve green total factor productivity [8].
Traditional productivity measures often overlook negative
environmental impacts on economic growth, resulting in
ineffective productivity growth indicators [9]. In contrast,
GTFP incorporates resource waste and environmental degra-
dation caused by pollution into the measurement index [10].
Focusing on green total factor productivity can help achieve
economic output goals while reducing climate change’s
effects in China [11]. Thus, it is essential for Chinese busi-
nesses to prioritize their GTFP to protect the environment
and ensure ongoing production and operation. China’s eco-
nomic development is entering a new phase characterized
by environmental pollution, fossil fuel shortages, declin-
ing worker productivity, and declining capital efficiency.
Accelerating the shift in economic development mode and
increasing resource allocation effectiveness are significant

challenges. The digital economy has the potential to improve
the efficiency of technological innovation, increase the
competitiveness of products, encourage intelligent industry
upgrading and transformation, provide inclusive digital finan-
cial services, encourage the wise use of resources, facilitate
clean enterprise transformation, and increase productivity
[12], [13].

Based on the aforementioned analysis, this study utilizes
data from listed companies in China. By adopting the industry
classification standards of the China Securities Regulatory
Commission in 2012, it selects 20 categories of heavily
polluting enterprises. By combining the GML index and
employing the SBM-DDF model, the study calculates the
impact of digitalization on green total factor productivity.
The research findings indicate that the promotion of digital
transformation by businesses can significantly enhance green
total factor productivity. This conclusion holds true even after
employing descriptive statistics, correlation analysis, bench-
mark regression, and robustness tests. Through mediation
effect tests, we discover that, under unchanged conditions,
advanced digital technologies can improve green total factor
productivity by optimizing the internal financial conditions
of enterprises. Furthermore, model construction confirms that
market competition and investor sentiment play a moderating
role in green total factor productivity. Lastly, threshold regres-
sion analysis reveals that the impact of digitalization on green
total factor productivity is more significant in samples with
stronger managerial capabilities. As managerial capabilities
improve, businesses can better undergo digital transforma-
tion, leading to higher green total factor productivity.

The contributions of this study are primarily reflected in
the following aspects:

Firstly, there is limited literature that calculates the rela-
tionship between digitalization and green total factor pro-
ductivity of enterprises. This study explores the relationship
between digitalization and green total factor productivity
by selecting 20 categories of heavily polluting enterprises
based on the industry classification standards of the China
Securities Regulatory Commission in 2012. In contrast to
existing research that mostly considers the green total fac-
tor productivity of enterprises from a macro perspective of
digital economic development, this study analyzes it from
the perspective of enterprise financial conditions, system-
atically examining the impact of digitalization on green
total factor productivity and its underlying mechanisms.
Therefore, the research findings of this study enrich the
literature on green total factor productivity, provide empir-
ical evidence from China, and explore the green value of
enterprise digitalization. Secondly, this study employs the
SBM-DDF model combined with the GML index to calcu-
late the impact of digitalization on green total factor pro-
ductivity. Different from other models, the combination of
the GML index and the SBM-DDF model comprehensively
addresses the research question, providing methodological
innovation. Thirdly, it considers managerial capabilities as
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a threshold variable. The study finds that once managerial
capabilities surpass the threshold, the impact of digitalization
on green total factor productivity of enterprises increases.
This expands the perspective for scholars in related fields to
explore.

The structure of the remainder of this paper is as follows:
Part II provides a literature review; Part III presents the
theoretical analysis; Part IV elaborates on the research design;
Part V conducts empirical research analysis and discusses our
results; Part VI concludes the entire paper.

II. LITERATURE REVIEW
A. THE VARIABLES THAT AFFECT GREEN TOTAL
FACTOR PRODUCTION
1) GREEN TOTAL FACTOR PRODUCTIVITY MEASUREMENT
Prior research have demonstrated that the conventional
approach to measuring total factor productivity (TFP) only
considers labor and capital inputs in relation to output,
without accounting for negative externalities like pollution
emissions and environmental degradation. This approach
tends to overstate production efficiency and thus provides
an inaccurate assessment of economic progress. In con-
trast, green total factor productivity (GTFP) incorporates
both desired and undesired outputs, including environmen-
tal factors such as pollution emissions, making it more
consistent with the current trend toward sustainable devel-
opment [14]. Researchers have utilized both parametric
and non-parametric methods to estimate GTFP. The for-
mer approach relies on stochastic frontier analysis (SFA),
which measures the impact of random events on production
behavior using a specific production function. However, the
parametric method requires accurate assumptions and regu-
lation of pricing information, function form, and other model
requirements. Non-parametric methods, such as data envel-
opment analysis (DEA), do not have the same assumptions,
but they fail to account for undesired output. To address this
issue, researchers have integrated pollution emissions into the
measurement framework of TFP using techniques such as
the directional distance function (DDF) and the (ML) index
[9]. Nonetheless, this approach can result in a ‘‘slack bias’’
when assuming proportional expansion and reduction of input
and output variables. Tone developed a distance function
(SBM-DDF) based on slack variables to mitigate measure-
ment errors [15]. Oh developed the GML index established
on the ML index, which is able to solve nonlinear problems
without the need for linear programming [10]. This study
employs the GML and SBM-DDF models to estimate firms’
green total factor productivity. By doing so, the study aims to
contribute to the current literature by utilizing robust methods
that account for both desired and undesired outputs in the
estimation of GTFP.

2) THE VARIABLES THAT AFFECT GREEN TOTAL FACTOR
PRODUCTION
According to recent research by Zhang et al. [16], global
green total factor productivity (GTFP) is influenced by three

primary factors: technology, the economy, and government
policies [17], [18], [19]. Various studies have focused on
these areas, including technological advancement and tech-
nical efficiency, which are two subcategories of technology
[20]. The Technical Progress Index and Technical Efficiency
Index are components of GTFP that can be used to measure
these subcategories [21], [22]. Technological progress is a
primary driver of GTFP enhancement, and digital technol-
ogy has been identified as a key factor that can promote
long-term economic and societal growth [23]. Improving
technical efficiency can lead to better production component
combinations, industrial upgrading, and enhanced economic
input-output efficiency. Conversely, poor technical efficiency
and environmental management efficiency can negatively
affect GTFP [24]. By optimizing these economic categories,
policymakers and stakeholders can create a more sustainable
economic environment while promoting economic develop-
ment [25]. The relationship between GTFP and economic
development follows a ‘‘U’’ shape, where initial rapid eco-
nomic growth can lead to increased resource use and pollution
[26], [27]. However, this is followed by improved resource
efficiency and a cleaner, more efficient economic structure
[28], [29]. According to Li and Gao and Lu et al., high marke-
tization levels can promote the efficient utilization of national
economic resources and facilitate the growth of the green
economy [30], [31]. Government departments also play a role
in promoting GTFP enhancement by encouraging businesses
to adopt technological innovation and create green tech-
nologies through low to moderate environmental regulations.
However, excessive governance costs can negatively affect
GDP. The development of infrastructure has the potential
to both positively and negatively impact GTFP [25]. While
it can facilitate interregional contacts and raise marginal
productivity, excessive infrastructure building can result in
significant energy use, pollution, and a detrimental impact
on GTFP [32]. Overall, these three areas are crucial for pro-
moting GTFP enhancement, and further research is needed
to explore their interactions and their respective contributions
to GTFP. Furthermore, if the government were to implement
comprehensive fiscal decentralization, it would significantly
hinder the improvement of green total factor productivity,
with this inhibitory effect being more pronounced in China’s
central and western regions [33].

B. GREEN TOTAL FACTOR PRODUCTIVITY AND THE
DIGITAL ECONOMY
In 1996, Don Tapscott introduced the term ‘‘digital econ-
omy’’ in his book, and it was formally introduced in the US
Department of Commerce’s ‘‘Emerging Digital Economy’’
study in 1998 [34]. Since then, the digital economy has
experienced remarkable growth and has become a significant
force for promoting global economic recovery. However,
there is significant variation in how the digital economy is
measured and accounted for due to different definitions of
the concept. Scholars interpret the digital economy and its
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associated indicators from different research perspectives.
For example, Moroz et al. and Miloiev et al. have assessed
the digital economy’s development level from national and
specific characteristic perspectives [35], [36]. Various tech-
niques are used to measure the digital economy, including
sampling calculations, curve fitting, tax capacity calculations
[37], principal component analysis, and the entropy method.
The impact of the digital economy has been evaluated at three
primary levels: micro-firms, meso-industries, and the macro-
economy. At the microenterprise level, the digital economy
has been shown to increase business value [38]. At the
corporate level, it enhances economic output and facilitates
the transition of internal management paradigms [39], [40].
Industrial digitization is a practical means of boosting the
manufacturing sector’s competitiveness within the context
of the digital economy [40]. The digital economy also has
a significant impact on the social economy, permeating all
aspects of the economy and society [41]. Themacroeconomic
benefits of the digital economy include increased productivity
[42] and higher export quality [43].

China’s ‘‘digital power’’ strategy and ‘‘green develop-
ment’’ concept have made it imperative to comprehend the
digital economy’s impact on GTFP and its mode of oper-
ation. Recent research by Pan et al. has investigated the
innovation-driven effect of the digital economy on China’s
TFP [25], revealing a sustainable extension of China’s TFP.
Other studies have indicated that the digital economy can
influence China’s green development and GTFP through
enhancing technological efficiency and progress [44]. The
digital economy’s growth has ushered in new businessmodels
that incorporate green elements, including the platform and
sharing economies [45]. The integration of the digital econ-
omywith the real economy can enhance production processes
and accelerate digital transformation [46]. It is noteworthy
that the measurement and accounting of the digital economy
are highly variable, and its impact is evident at different
levels, including microenterprise, corporate, and macroeco-
nomic levels. Therefore, understanding the digital economy’s
precise impact on GTFP is crucial, especially given China’s
recent emphasis on ‘‘green development’’ and the ‘‘digital
power’’ strategy.

In summary, previous studies have extensively explored
the relationship between the digital economy and green total
factor productivity, yielding insightful conclusions. How-
ever, there is limited research that examines the impact of
corporate digitization on green total factor productivity and
its underlying mechanisms from a micro-level perspective.
Additionally, the consideration of managerial capabilities in
this context is also scarce. Therefore, building upon prior
research, this paper adopts a methodology that combines
the GML index with the SBM-DDF model to systematically
examine the impact and mechanisms of corporate digitization
on green total factor productivity. Furthermore, by conduct-
ing threshold regression analysis on managerial capabilities,
the relationship between corporate digitization and green
total factor productivity is investigated.

III. THEORETICAL ANALYSIS
A. ENTERPRISE DIGITIZATION AND GREEN TOTAL FACTOR
PRODUCTIVITY
With the increasingly serious global epidemic, the role of
enterprise digital transformation in fostering Chinese enter-
prise development and economic growth has shown strong
vitality and is developing into a significant force to miti-
gate the epidemic’s effects and foster the steady recovery
of China’s economy. According to the ‘‘cost effect’’ theory,
businesses that have gone digital can swiftly access infor-
mation resources, lessen data distortion during information
transmission, and lessen information asymmetry between
suppliers and demanders, all of which lower transaction
costs [46]. Through digital transformation, businesses can
simultaneously attain a high level of supply chain and pro-
duction chain integration, creating a ‘‘connection effect’’
[30]. According to the ‘‘competition effect’’ theory, busi-
nesses that go digital not only have better collaboration
and production skills in their supply chains, but they also
have quicker access to information. Additionally, orders from
companies with lower production costs will inevitably rise
significantly, which will ratchet up competition within the
same sector, alter the way businesses innovate, and encourage
pertinent companies to speed up technology research and
development, boost production efficiency, and lower produc-
tion costs [40]. Enterprises may be able to swiftly obtain
cutting-edge technology and management experience thanks
to the sharing features of business digitalization, which may
also cause knowledge or technological spillovers throughout
the sector and create a ‘‘demonstration effect’’ [47], [48].
Endogenous growth theory suggests that the accumulation of
knowledge across society plays an essential part in facilitating
the advancement of the economy. In this context, the digi-
tal transformation of businesses, especially the widespread
adoption of the internet, has facilitated the sharing and
exchange of human knowledge and information across time
and space. As a result, it has become easier for people to
acquire new knowledge and skills, contributing to the overall
growth of society. The digital transformation of businesses
can encourage the earliest possible matching of corporate and
individual demand on the platform and increase matching
effectiveness. Customers can easily and quickly find the best
products and services. To encourage product innovation and
actively participate in the company innovation process, con-
sumers transition from passive to active participants [49]. The
internal management processes of businesses have evolved
and have been transformed by enterprise digital technology,
which has also redefined the competition mode, competition
mechanism, and competition border of businesses [50].

Enterprise digitization can effectively increase economic
benefits by stimulating innovation efficiency, optimizing
industrial structure, enhancing public service capability, and
strengthening environmental supervision. It can also reduce
production factor input, reduce environmental undesired out-
put, and improve GTFP in the area where the enterprise is
located, in addition to improving the TFP of the enterprise
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itself. The deep integration of digital technology and tradi-
tional businesses has significantly altered how they produce
goods and services, organize their operations, and innovate
technologically. This has also reduced the friction involved
in business transactions, enabled the unrestricted dissemi-
nation of information and lowered the expenses associated
with information provision [51]. Technology innovation is
a significant role in fostering green total factor production,
according to Pan et al. [25]. Through the integration and
inventive development of conventional agriculture, industry,
and service industries, digital transformation can integrate
digital technology into all phases of production and circula-
tion, pushing the upgrading of various industrial structures.
The modernization of industrial structure significantly aids
in fostering regional economic expansion and raises green
total factor productivity [52]. Kunkel & Matthess draw the
conclusion that as industrial production expands, so does
the potential of digital transformation for environmental sus-
tainability [53]. The rate of resource utilization has been
further improved, ecological pollution has been effectively
reduced, and green total factor productivity will surely pro-
gressively rise as a result of the enhancement of the industrial
framework. Additionally, while promoting the growth of new
green industries, some of these sectors are advantageous
for lowering pollution emissions, maximizing resource use,
and enhancing environmental quality generally, all of which
help to elevate GTFP. Costa & Matias shown how a sustain-
able innovation ecosystem can be produced as a result of
digital transformation [54]. Pasqualino also discovered that
by reducing environmental strain, digital transformation can
create a more resource-efficient economic structure [55]. The
integration of key components of the environmental protec-
tion system and ecological information and data has been
successfully achieved with the development of the national
‘‘digital government’’ initiative. This has led to the establish-
ment of an environmental management information system
that facilitates the acceleration of information flow and the
removal of barriers in accessing ecological data. Informa-
tion resources may be shared and used between people,
businesses, and governments with ease. On the other hand,
by putting a strong emphasis on digital technology, it will
be easier to monitor ecological environments, predict their
behavior, and establish early warning systems, which will
help to advance green development. The research hypothe-
ses listed below are suggested in light of the analyses just
mentioned:

H1: The increase of GTFP can be considerably aided by
businesses promoting digital transformation.

B. THE FINANCIAL SITUATION’S FUNCTION AS AN
INTERMEDIARY
Through corporate digitalization, numerous assets within the
company are combined with digital technology. Technology
in the digital age is not a stand-alone emerging resource.
It is typically integrated with the business’s current human,

financial, and material resources, considerably enhancing the
effectiveness of internal organizational collaboration and pro-
viding the business with distinctive creative benefits [56]. The
capacity to access more digital resources, such as a thorough
supply chain management system, cutting-edge digital pro-
duction processes, and potent sales clientele, is another bene-
fit of high levels of digitization for businesses. These internal
resources allow businesses to acquire useful information
quickly and accurately, which lowers transaction costs [57].
Businesses tend to be better equipped to utilize information
technology, enjoy it, and incorporate more resources the more
digitally digitized they are. Therefore, in accordance with the
theory of resource orchestration, digitization can enhance an
organization’s capacity for innovation, speed up the acqui-
sition of information, make it easier for an organization to
coordinate its various resources, allocate resources optimally,
increase production efficiency, and ultimately enhance an
organization’s financial situation [58]. Moreover, digitiza-
tion can inspire organizational change and motivate groups
to actively take action to increase their competitive advan-
tages, assisting businesses in achieving favorable financial
conditions. The financial status of businesses can impact
their green total factor productivity. For example, financial
constraints may lead to changes in a company’s financial
situation, which could affect its level of green productivity
[59]. According to a study by Chang and Tang, companies
can integrate their digital development with the financial
system to ease financing restrictions, improve their financial
standing, and ultimately increase their green total factor pro-
ductivity [60]. Another study by Aghion and Askenazy et al.
suggests that digitalization can influence an organization’s
production process and organizational structure, resulting in
cost reductions, improved operational efficiency, and opti-
mized financial status [61]. Based on this research, it can be
concluded that digitalization plays a crucial role in enhancing
the GTFP of businesses.

H2: By maximizing an organization’s internal financial
situation, modern digital technology can raise total factor
productivity while keeping all other factors constant.

C. RIVALRY IN THE MARKET’S MODERATING IMPACT
According to the theory of industrial organization, the market
rivalry is a significant external factor that affects corpo-
rate strategy and decision-making. This theory also suggests
that market rivalry has an external governance effect on
companies. The theory of competitive advantage suggests
that industries with intense competition have lower entry
barriers, leaving businesses vulnerable to ‘‘predation’’ from
potential newcomers or existing rivals. This reduces profit
margins, increases liquidity risk, and raises the likelihood
of bankruptcy. Consequently, businesses tend to prioritize
short-term objectives over long-term benefits, which can
lead to muted effects of digital transformation on green
total factor productivity [62], [63]. However, the signal
transmission theory suggests that actively upholding GTFP

VOLUME 11, 2023 77077



P. Wang et al.: Impact of Enterprise Digitization on Green Total Factor Productivity

obligations can create a positive impression of a company
and convey to outsiders that it is in good shape. This can
increase stakeholder trust and position businesses to compete
effectively in the market [64]. Drawing from the afore-
mentioned analyses, the following research hypotheses are
proposed:

H3: Market competitiveness regulates the influence of dig-
ital transformation on GTFP.

D. INVESTING SENTIMENT’S MODERATING IMPACT
According to the behavioral finance theory, investors’ con-
duct will be influenced by emotions like psychological bias
and may be illogical in their investing decisions [65]. This
is mostly shown in: When investors are in a good mood,
they always have high expectations for their investments
and pay less attention to corporate information; however,
when they are in a bad mood, they have low expectations
for their investments and are cautious, so they pay more
attention to corporate information. The poor choices made
by the investors in this situation will hurt both their per-
sonal wealth and the efficiency of the market [66]. Also,
as a result of the various operational and financial risks that
businesses will face during their continuous life cycle, they
will need to employ a variety of financing options. When
investor confidence is high, it canmake the external financing
environment for businesses relatively loose andmake it easier
for businesses in various life cycles to raise money through
the external environment for risk management and strategic
adjustment. That is to say, under conditions of high investor
sentiment, investors will be eager to invest in businesses, and
businesses will have more funding for digital transformation
in order to increase GTFP. The research hypotheses listed
below are suggested in light of the analyses just mentioned:

H4: While all other factors remain constant, businesses
with strong investor sentiment will experience an increase in
their green total factor productivity.

E. THRESHOLD EFFECT OF MANAGERIAL ABILITY
Managerial aptitude is a thorough reflection of the knowl-
edge, expertise, and worth of business managers. It serves
as a gauge for how well business leaders can forecast indus-
try growth trends based on their own expertise, manage
their operations effectively, treat their workforce fairly, and
increase their organizations’ input-output ratios [67]. In gen-
eral, the better the ability of enterprise managers, the more
they should have a long-term perspective, the more they
can make the best use of the limited resources available to
them, and in the same financial situation, the better they will
be able to utilize the advantages of enterprise digitization
to increase the GTFP of their organizations. The research
hypotheses listed below are suggested in light of the analyses
just mentioned:

H5: An enterprise’s digital transformation will be better
and its GTFP will be greater the more capable the managers
are.

IV. RESEARCH DESIGN
A. DATA SOURCES AND SAMPLE SELECTION
This study includes information from listed businesses in
the heavy pollution industries of Shanghai and Shenzhen
from 2015 to 2019. The primary sources of information,
such as firm financial characteristics, areWind, CSMAR, and
CNRDS. This study examines the financial reports of pub-
licly traded companies to analyze the intangible assets data
and generate a digital transformation index. Prior research
on this topic is consulted to inform the processing of the
original data. These are the precise techniques: (1) The CSRC
2012 industry classification criteria selects 20 different cat-
egories of highly polluting firms. (2) ST, ∗ ST, and PT
companies are designated for elimination for the sample
period. (3) The aforementioned industry samples are removed
due to the uniqueness of financial and insurance firms in the
context of the sector. (4) Disregarding the observed figures for
the IPO businesses from the corresponding year. (5) Remove
information with blank values. (6) All continuous variables
are tailed by the 1% and 99% quantiles to prevent outliers
from compromising the reliability of regression.

B. EXPLAINED VARIABLE
1) VARIABLE BEING EXPLAINED
Total factor productivity is calculated using SBM-DEA in the
neoclassical economic model from the perspectives of supply
and output, and it has since evolved into a key indicator
for gauging economic development [68]. It takes a certain
amount of money and labor to compensate for and restore
the ecological harm caused by environmental contamination.
From this vantage point, the amount of economic develop-
ment will be overestimated by the total factor productivity if
environmental contamination is not taken into account [69].
Pollution should be considered an unwanted output when
measuring production efficiency, according to the initial the-
ory put forth by Chamberset et al., and the resulting GTFP
can measure production efficiency more precisely [70].

Typically, scholars measure GTFP by utilizing labor, stock
capital, and energy consumption as input variables, and
regional GDP and pollution as output variables, often at the
provincial or city level [71]. However, little attention has
been given to examining GTFP at the organizational level.
To address this gap, the present study adopts an approach
proposed by Wang et al. [72], which (1) employs the number
of employees at the end of the year as a labor input variable
for computing GTFP, and (2) utilizes the following formula
for calculation:

Kt = (1 − δ)Kt−1 +
It
Pt

(1)

where Kt represents the capital stock in the period t, It repre-
sents the new fixed assets in the period t, and Pt is the fixed
asset investment price index of the province. (3) Standard
coal is utilized as the energy input variable for the enter-
prise’s energy consumption, and the coefficient is the ratio
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TABLE 1. Variable definition.

of the enterprise’s running costs to the industry’s operating
costs, multiplied by the industry’s energy consumption as the
enterprise’s energy consumption. (4) The enterprise’s com-
mercial income as the anticipated production. (5) Similar to
the enterprise energy measuring method, pollution produced
by the enterprise is viewed as an undesirable outcome. The
SBM-DDF model is used in conjunction with GML to assess
the GTFP of businesses.

2) EXPLANATORY VARIABLES
Measuring an organization’s level of digitization can be done
in various ways, such as using text analysis and intangible
assets. This study uses the proportion of year-end intangible
assets related to digital transformation in publicly traded
corporations’ financial reports as a measure of their digital-
ization level. To calculate this measure, the study sums up
the number of digital technology intangible assets, which
are identified by their detailed items, including software,
network, client, management system, and other keywords
that pertain to digital transformation technology and related
patents. This measure serves as a proxy for assessing the
level of digital transformation within a business. The chosen
detailed items were carefully verified to ensure the validity of
the screening process. Additionally, a robustness test is per-
formed using text analysis to determine the level of enterprise
digitalization.

C. MODEL CONSTRUCTION
An empirical model (2) is created to evaluate the model to
examine the impact of digital transformation on GTFP and
hence test hypothesis 1. This is how the model is displayed.

GTFPi,t = α + β1DGLRi,t + control +
∑

firm

+

∑
year+εi,t (2)

The primary emphasis of this article is GTFP, and the
primary explanatory variable (DGLR) is the degree of dig-
italization. DGLR is represented by the interaction term of
group and time dummy variables. The controlling factor is
control,

∑
firm effects firm individual fixed

∑
year control

time fixed effects.
This study primarily focuses on the DGLR regression

coefficient β1 which shows how wage firms’ levels of dig-
italization affect their overall factor productivity as a whole.
Hypothesis H1 of this paper is established if coefficient β1 in
the regression result is significantly positive. According to the
study, companies with a high degree of digital transformation
are more likely to see a substantial rise in GTFP when com-
pared to those with lower levels of digital transformation.

To test the intervening effects of digital transformation on
GTFP, the study develops models (3) and (4) based on model
(2). Themodels use the internal financial status of enterprises,
as measured by ZScore, to further investigate the influence of
digital transformation on GTFP:

Zscorei,t = α + β1DGLRi,t + control +
∑

firm

+

∑
year + εi,t (3)

GTFPi,t = α + β1Zscorei,t + β2DGLRi,t + control

+

∑
firm+

∑
year + εi,t (4)

The influence of digital transformation on GTFP varies
depending on the level of market rivalry and the bias of
investor sentiment, according to the prior theoretical analysis.
Market competition and investor sentiment have moderating
impacts on this influence. Based on this, model (5) is created
using an interaction term to see if market competition and
investor mood serve as a moderating factor on the effect of
the digital transformation on GTFP:

GTFPi,t = α + β1HHIBi,t ∗ DGLRi,t + β2DGLRi,t

+ control +
∑

firm+

∑
year + εi,t (5)

V. EMPIRICAL STUDY
A. ADESCRIPTIVE STATISTICS
Table 2 displays the descriptive statistics for the present arti-
cle. The median value of enterprise digitization (DGLR) is
0.0020, which is smaller than the average value, showing that
a few firms with a high degree of digitization have increased
the average value of data. The average value of enterprise dig-
itization (DGLR) is 0.0270. The standard deviation of ZScore
is 6.15, indicating substantial variability in each enterprise’s
financial standing. The financial health of the majority of
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TABLE 2. Descriptive statistics.

Chinese businesses is still solid, as shown by the ZScore’s
mean, median, and empirical values of 4.80, 2.88, and 3.27,
respectively.

B. CORRELATION ANALYSIS
The correlations between the key factors examined in this
study are presented in Table 3. It is evident that a noteworthy
positive correlation exists between the degree of DGLR and
GTFP.

In this study, we conducted an expansion factor test and
the results have been presented in Table 4. All of the expan-
sion factors are less than 10. There is no collinearity issue,
according to an initial assessment. This study employs the
fixed effects of individual and time through the Hausman test,
which can partially address the endogenous issue brought on
by group differences.

C. BENCHMARK REGRESSION
To verify the hypothesis H1 of this study, baseline regression
analysis was conducted using Model (2). In the regression
results, particular attention was given to the coefficient of the
impact of the degree of enterprise digitalization (DGLR) on
green total factor productivity (GTFP). The regression results
are presented in Table 5. The test result is shown in Col-
umn (1) without any additional control variables. The results
reveal a significant correlation between the degree of DGLR
and GTFP at a level of significance of 10%, with a correlation
coefficient of 0.827. Furthermore, column (2) displays the
test results for finance-related control variables, including
enterprise size, age, and cash flow [73]. Column (3) tests three
control variables, namely ownership concentration, board
size, and institutional shareholding percentage, which are
associated with the characteristics of company management
[74]. The test outcome after including the aforementioned
control factors is shown in Column (4). The endogenous

issues brought on by missing variables can be reduced by
increasing the control variables. Table 5’s results show that
adding control variables enhanced the model’s explanatory
power (adj. R-sq), and the coefficient of the relationship
between enterprise digitization degree (DGLR) and green
total factor productivity (GTFP) varied between 0.783 and
0.843, both at a level of 10%. It demonstrates that, provided
H1 is confirmed, firms’ promotion of digital transformation
can considerably support the improvement of GTFP.

D. ROBUSTNESS TEST
The robustness test is a series of tests to investigate and eval-
uate the reliability of conclusions, and its purpose is to ensure
that the research conclusions do not change with alternative
indicators and model transformation [75].

1) ENDOGENEITY TEST
The dependent variable and independent variables may have
reverse causality, leading to endogenous problems. Selecting
appropriate instrumental variables for dependent variables
is efficient to alleviate endogeneity worrying. To tackle
the endogeneity concern in this research, we utilized the
two-stage least squares (2SLS) method in combination with
the generalized method of moments (GMM) dynamic panel
model to examine the endogeneity of the benchmark regres-
sion outcomes. The instrumental variable applied was the
average DGLR of other firms in the region, following the
method proposed by Li and Gao [30]. The findings are
displayed in column (1) of Table 6. The results indicate
a robust positive correlation between the predictor variable
and the outcome variable. The endogenous test yielded a
Kleibergen-Paap rk LM 1% with a P value of 0, Stock-
Yogo 10% of 16.38, Kleibergen-Paap rk Wald F of 217.347,
and there was no weak instrumental variable. To investigate
potential causal relationships between the degree of enter-
prise digitization and the GTFP of businesses, we delayed
the degree of enterprise digitization by one order, and Col-
umn (2) of Table 6 displays the findings. As observed, the
independent variable and the dependent variable demonstrate
a strong positive association. The endogenous test yielded a
Kleibergen-Paap rk LM 1% with a P value of 0, Stock-Yogo
10% of 16.38, Kleibergen-Paap rk Wald F of 37.419, and
there was no weak instrumental variable.

2) REPLACE EXPLANATORY VARIABLES
This study also employs a new approach to measuring intan-
gible assets for businesses. We employed text analysis on
the financial reports of listed firms to identify the frequency
of words related to artificial intelligence, blockchain, cloud
computing, big data, and digital technology applications,
in order to measure the degree of digitization. To test the
robustness of the results, we also used the entropy method.
The regression findings in column (3) of Table 6 confirm the
primary test and indicate that the DGL regression coefficient
is statistically significant at a 10% level.
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TABLE 3. Correlation analysis.

TABLE 4. Expansion factor.

TABLE 5. Baseline regression.

E. THE INTERMEDIARY ROLE OF THE FINANCIAL
SITUATION
The mediating effect test is shown in Table 7. The inter-
nal financial status index (ZScore) chosen for this study
is a negative index, meaning that the worse the ZScore
number, the worse the enterprise’s financial situation. The
internal financial position mediating impact tests are shown
in Table 7’s columns (2) and (3). (ZScore). An enhanced
level of enterprise digitization has a notable impact on the

TABLE 6. Robustness test.

internal financial position, as evidenced by the regression
findings in Column (2) of the table, which indicate a sig-
nificant coefficient of 2.404 for the variable ZScore at the
10% significance level. Column (3) of the regression findings
shows that the coefficient of the internal financial situation
(ZScore) is 0.792, which is significant at a 10% level. These
results indicate that the degree of digitalization (DGLR) and
green total factor productivity (GTFP) relationship is par-
tially mediated by the enterprise’s internal financial health
(ZScore). Therefore, assuming H2 is validated.

F. THE MODERATING IMPACT OF INVESTOR SENTIMENT
AND MARKET COMPETITION
The moderating effects test results are presented in Table 8.
The base regression shows a significantly positive coefficient.
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TABLE 7. Mediating effect.

TABLE 8. Regulatory effect.

The findings demonstrate that greater market competi-
tion hinders the relationship between digitization and
GTFP, as evidenced by the significant coefficient on the
cross-product term HHIBDGLR (-5.280) in column (1) of
Table 8. Similarly, higher investor sentiment acts as a deter-
rent to the relationship between digitization and GTFP,
as shown by the significant coefficient on the cross-product
term ICDGLR (-0.221∗) in column (2) of Table 8 at a
10% level of significance. These results provide support for
hypothesis H3 and H4.

G. EFFECT OF MANAGERIAL SKILL AT A THRESHOLD
In this study, we investigate how the qualitative change of
managerial ability (ME) can enhance the impact of GTFP
through the degree of enterprise digitization (DGLR). We use
the threshold regression approach and consider managerial
ability (ME) as the threshold variable for GTFP. Table 9
presents the results assuming that the level of enterprise

TABLE 9. Threshold test.

TABLE 10. Threshold regression.

digitization (DGLR) is the threshold variable. The findings
reveal a single threshold effect when managerial ability (ME)
is utilized as the threshold variable.

The findings of the threshold regression test with manage-
rial ability (ME) as the threshold variable are presented in
Table 10. The results indicate that when themanagement abil-
ity (ME) exceeds 0.1682, it has a significant positive effect on
GTFP. The coefficient increases significantly from 0.882 to
3.238, suggesting a significant improvement in productivity.
These results provide support for hypothesis H5.

VI. DISCUSSION
With the development of the global economy, trade between
China and other countries has been increasing, leading to
the influx of foreign industries into China. While this has
accelerated China’s economic growth, it has also resulted in
severe environmental pollution, prompting the country to take
a series of measures for achieving sustainable development.
Consequently, green total factor productivity (GTFP) has
attracted significant attention and discussion among scholars.
Previous research has addressed issues related to technolog-
ical progress, economic development, environmental regu-
lations, and government control, but they have overlooked
the impact of enterprise digitalization on GTFP. This study
selects 20 categories of heavily polluting enterprises based
on the industry classification standards of the China Securi-
ties Regulatory Commission (CSRC) in 2012 and employs
the SBM-DDF model in conjunction with the GML index
to estimate the effect of enterprise digitalization on GTFP.
Building upon the traditional DEAmodel, this study employs
the SBM-DDF model, which possesses stronger transferabil-
ity and globality, combined with the GML index to mea-
sure GTFP. The empirical results contribute to the existing
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literature on the relationship between enterprise digitalization
and GTFP, providing insights into the digital transformation
and sustainable development of Chinese enterprises. Fur-
thermore, the findings assist scholars in understanding the
perplexities surrounding the relationship between enterprise
digitalization and GTFP from the perspectives of financial
conditions, market competition, investor sentiment, and man-
agerial capabilities.

Based on the relevant data of Chinese listed companies
from 2015 to 2019, the research findings indicate that com-
panies with good financial conditions tend to have higher
GTFP, while market competition and investor sentiment also
have an impact on a firm’s GTFP. Although policymakers of
enterprises may consider improving their financial conditions
to enhance their GTFP, they often overlook the influence of
market competition and investor sentiment. This is because
most policy implementers primarily focus on direct benefits
when implementing different policies, seldom considering
indirect effects. Additionally, the results also demonstrate that
higher managerial capabilities enable better digital transfor-
mation, leading to higher GTFP for enterprises. It suggests
that policymakers in enterprises should introduce and culti-
vate more competent managers to comprehensively enhance
the management level and GTFP of the enterprise. In addition
to the requirements for enterprise policymakers, the govern-
ment should also put more effort into policy-making, such
as implementing policies tailored to local conditions to reg-
ulate market competition and mobilize investor sentiment,
thereby enhancing the GTFP of enterprises and facilitating
higher-quality development of the Chinese economy.

Similar to previous research, this study has certain limi-
tations. Firstly, the measurement and selection of variables
in this paper may not be precise and comprehensive, which
may introduce some biases and affect the research results.
Secondly, there may be limitations in the sample selec-
tion. On one hand, this study selects 20 heavily polluting
enterprises based on the industry classification standards of
the CSRC in 2012, but many non-listed companies are not
included in the research sample, which may introduce cer-
tain sample limitations. In future research, if relevant data
becomes available, we will strive to address the limitations.
Lastly, other models such as Super-SBM and GML index
method can also be used to estimate the GTFP of enter-
prises, providing new perspectives for future research in this
field [76].

VII. CONCLUSION
After the release of the ‘‘China Digital Economy Devel-
opment White Paper (2021)’’, the attention and sensitivity
of various stakeholders towards the digital economy have
increased. However, there is limited existing literature on the
relationship between the digital economy, corporate digitiza-
tion, and green total factor productivity. This paper focuses
on the green value of corporate digitization and empiri-
cally examines the impact of corporate digitization on green
total factor productivity by selecting 20 heavily polluting

enterprises based on the industry classification standards
of the China Securities Regulatory Commission (CSRC) in
2012.

The research findings of this paper are as follows: 1) The
promotion of digital transformation by enterprises can signif-
icantly enhance green total factor productivity, a conclusion
that holds even after employing descriptive statistics, corre-
lation analysis, benchmark regression, and robustness tests.
2) Under unchanged conditions, advanced digital technolo-
gies can improve green total factor productivity by optimiz-
ing the internal financial situation of enterprises. 3) Market
competition and investor sentiment play a moderating role
in green total factor productivity, as demonstrated through
model construction. 4) Threshold regression analysis reveals
that the impact of corporate digitization on green total factor
productivity is more significant in samples with higher man-
agerial capabilities. The higher the managerial capabilities,
the better the ability of enterprises to undergo digital trans-
formation, resulting in higher green total factor productivity.
These conclusions demonstrate that the impact of digitization
on green total factor productivity remains valid from different
perspectives. The research findings contribute to the discus-
sion on the relationship between corporate digitization and
green total factor productivity, providing empirical evidence
from China and exploring the green value of corporate digi-
tization.

The research conclusions also provide clear recommen-
dations for enterprises: 1) As the digital economy gradu-
ally becomes a key force in reshaping global competitive
patterns, the high-quality development of enterprises relies
on the contribution of digitization. Enterprises should seize
the new opportunities of the digital era, increase research
and investment in digital technologies and infrastructure,
actively promote their digital transformation, strengthen the
deep integration of digital technologies with the physical
economy, continuously improve their level of digitization,
cultivate new driving forces for green development in China,
and enhance green total factor productivity. 2) Enterprises
should organically integrate digital technologies with various
internal resources, such as human, financial, and material
resources, to significantly improve internal organizational
efficiency. Leveraging the advantages of information technol-
ogy, enterprises should enhance their innovation capabilities,
accelerate information acquisition, enjoy and integrate more
resources, coordinate and optimize the allocation of internal
resources, improve production efficiency, ultimately optimize
the financial situation of enterprises, and further enhance
green total factor productivity. 3) The government should
further improve the policy support system for corporate dig-
itization transformation. On one hand, it should accelerate
the construction of digital infrastructure, guide enterprises
to strengthen digital thinking and promote the digital trans-
formation of industries. On the other hand, it should intro-
duce corresponding policies to adjust market competition
levels and mobilize investor sentiment, thereby enhancing
green total factor productivity and facilitating higher-quality
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economic development in China. 4) Enterprises should intro-
duce and cultivate more competent management talents to
efficiently utilize digital technologies, help achieve deeper
integration of digitization and enterprise development, and
fully leverage the economic effects of digital technologies,
thereby comprehensively improving management capabili-
ties and green total factor productivity.

REFERENCES
[1] E. Elahi, Z. Khalid, and Z. Zhang, ‘‘Understanding farmers’ intention and

willingness to install renewable energy technology: A solution to reduce
the environmental emissions of agriculture,’’ Appl. Energy, vol. 309,
Mar. 2022, Art. no. 118459, doi: 10.1016/j.apenergy.2021.118459.

[2] E. Elahi, Z. Khalid, M. Z. Tauni, H. Zhang, and X. Lirong, ‘‘Extreme
weather events risk to crop-production and the adaptation of innovative
management strategies to mitigate the risk: A retrospective survey of rural
Punjab, Pakistan,’’ Technovation, vol. 117, Sep. 2022, Art. no. 102255, doi:
10.1016/j.technovation.2021.102255.

[3] M. Song, J. Du, and K. H. Tan, ‘‘Impact of fiscal decentralization on
green total factor productivity,’’ Int. J. Prod. Econ., vol. 205, pp. 359–367,
Nov. 2018.

[4] H. Kong, L. Shi, D. Da, Z. Li, D. Tang, and W. Xing, ‘‘Simulation of
China’s carbon emission based on influencing factors,’’ Energies, vol. 15,
no. 9, p. 3272, Apr. 2022, doi: 10.3390/en15093272.

[5] Y. Shang, S. A. Raza, Z. Huo, U. Shahzad, and X. Zhao, ‘‘Does enterprise
digital transformation contribute to the carbon emission reduction? Micro-
level evidence from China,’’ Int. Rev. Econ. Finance, vol. 86, pp. 1–13,
Jul. 2023, doi: 10.1016/j.iref.2023.02.019.

[6] X.-X. Zheng, D.-F. Li, Z. Liu, F. Jia, and B. Lev, ‘‘Willingness-to-cede
behaviour in sustainable supply chain coordination,’’ Int. J. Prod. Econ.,
vol. 240, Oct. 2021, Art. no. 108207.

[7] A. Xu, F. Qian, C.-H. Pai, N. Yu, and P. Zhou, ‘‘The impact of COVID-
19 epidemic on the development of the digital economy of China—Based
on the data of 31 provinces in China,’’ Frontiers Public Health, vol. 9,
Jan. 2022, Art. no. 778671.

[8] B. Li and S. Wu, ‘‘Effects of local and civil environmental regulation on
green total factor productivity in China: A spatial Durbin econometric
analysis,’’ J. Cleaner Prod., vol. 153, pp. 342–353, Jun. 2017.

[9] Y. H. Chung, R. Fare, and S. Grosskopf, ‘‘Productivity and undesirable
outputs: A directional distance function approach,’’ J. Environ. Manag.,
vol. 51, pp. 229–240, Nov. 1997.

[10] D.-H. Oh, ‘‘A global Malmquist–Luenberger productivity index,’’ J. Pro-
ductiv. Anal., vol. 34, no. 3, pp. 183–197, Dec. 2010.

[11] L. Yang, K.-L. Wang, and J.-C. Geng, ‘‘China’s regional ecological
energy efficiency and energy saving and pollution abatement potentials:
An empirical analysis using epsilon-based measure model,’’ J. Cleaner
Prod., vol. 194, pp. 300–308, Sep. 2018.

[12] M. Paiola and H. Gebauer, ‘‘Internet of Things technologies, digital servi-
tization and business model innovation in BtoBmanufacturing firms,’’ Ind.
Marketing Manag., vol. 89, pp. 245–264, Aug. 2020.

[13] H. Wu, Y. Hao, S. Ren, X. Yang, and G. Xie, ‘‘Does internet development
improve green total factor energy efficiency? Evidence from China,’’
Energy Policy, vol. 153, Jun. 2021, Art. no. 112247.

[14] T. Li and G. Liao, ‘‘The heterogeneous impact of financial development
on green total factor productivity,’’ Frontiers Energy Res., vol. 8, p. 29,
Mar. 2020.

[15] K. Tone, ‘‘A slacks-based measure of efficiency in data envelopment
analysis,’’ Eur. J. Oper. Res., vol. 130, no. 3, pp. 498–509, May 2001.

[16] J. Zhang, G. Lu, M. Skitmore, and P. Ballesteros-Pérez, ‘‘A critical review
of the current research mainstreams and the influencing factors of green
total factor productivity,’’ Environ. Sci. Pollut. Res., vol. 28, no. 27,
pp. 35392–35405, Jul. 2021.

[17] G. Ali, A. Ashraf, M. K. Bashir, and S. Cui, ‘‘Exploring environmental
Kuznets curve (EKC) in relation to green revolution: A case study of
Pakistan,’’ Environ. Sci. Policy, vol. 77, pp. 166–171, Nov. 2017.

[18] X. Lei and S. Wu, ‘‘Nonlinear effects of governmental and civil envi-
ronmental regulation on green total factor productivity in China,’’ Adv.
Meteorol., vol. 2019, pp. 1–10, Nov. 2019.

[19] N. Loganathan, T. N. Mursitama, L. L. K. Pillai, A. Khan, and R. Taha,
‘‘The effects of total factor of productivity, natural resources and green
taxation on CO2 emissions inMalaysia,’’ Environ. Sci. Pollut. Res., vol. 27,
no. 36, pp. 45121–45132, Dec. 2020.

[20] M. Song and H. Li, ‘‘Total factor productivity and the factors of green
industry in Shanxi Province, China,’’ Growth Change, vol. 51, no. 1,
pp. 488–504, Mar. 2020.

[21] Y.-J. Zhang, Z. Liu, H. Zhang, and T.-D. Tan, ‘‘The impact of economic
growth, industrial structure and urbanization on carbon emission intensity
in China,’’ Natural Hazards, vol. 73, no. 2, pp. 579–595, Sep. 2014.

[22] E.-Z. Wang, C.-C. Lee, and Y. Li, ‘‘Assessing the impact of industrial
robots on manufacturing energy intensity in 38 countries,’’ Energy Econ.,
vol. 105, Jan. 2022, Art. no. 105748.

[23] K. Krajco, J. Habanik, and A. Grencikova, ‘‘The impact of new technology
on sustainable development,’’ Eng. Econ., vol. 30, no. 1, pp. 41–49, 2019.

[24] S. Shao, R. Luan, Z. Yang, and C. Li, ‘‘Does directed technological change
get greener: Empirical evidence from Shanghai’s industrial green develop-
ment transformation,’’ Ecol. Indicators, vol. 69, pp. 758–770, Oct. 2016.

[25] W. Pan, T. Xie, Z. Wang, and L. Ma, ‘‘Digital economy: An innovation
driver for total factor productivity,’’ J. Bus. Res., vol. 139, pp. 303–311,
Feb. 2022.

[26] B. Dong, Y. Xu, and X. Fan, ‘‘How to achieve a win-win situation between
economic growth and carbon emission reduction: Empirical evidence from
the perspective of industrial structure upgrading’’Environ. Sci. Pollut. Res.,
vol. 27, no. 35, pp. 43829–43844, Dec. 2020.

[27] C. Feng, M. Wang, G.-C. Liu, and J.-B. Huang, ‘‘Green development
performance and its influencing factors: A global perspective,’’ J. Cleaner
Prod., vol. 144, pp. 323–333, Feb. 2017.

[28] B. Xin and Y. Qu, ‘‘Effects of smart city policies on green total factor
productivity: Evidence from a quasi-natural experiment in China,’’ Int. J.
Environ. Res. Public Health, vol. 16, no. 13, p. 2396, Jul. 2019.

[29] F. Xie and B. Zhang, ‘‘Impact of China’s outward foreign direct investment
on green total factor productivity in ‘belt and road’ participating coun-
tries: A perspective of institutional distance,’’ Environ. Sci. Pollution Res.,
vol. 28, pp. 4704–4715, Jan. 2020.

[30] Q. Li and N. Gao, ‘‘Influence of government and market on the relation-
ship between institutional change and Chinese total factor productivity,’’
in Proc. Int. Conf. Ind. Econ. Syst. Ind. Secur. Eng. (IEIS), Jul. 2016,
pp. 1–6.

[31] X.-H. Lu, X. Jiang, and M.-Q. Gong, ‘‘How land transfer marketization
influence on green total factor productivity from the approach of industrial
structure? Evidence from China,’’ Land Use Policy, vol. 95, Jun. 2020,
Art. no. 104610.

[32] C. Ding, C. Liu, C. Zheng, and F. Li, ‘‘Digital economy, technological inno-
vation and high-quality economic development: Based on spatial effect and
mediation effect,’’ Sustainability, vol. 14, p. 216, Dec. 2021.

[33] X. Zhan, R. Y. M. Li, X. Liu, F. He, M. Wang, Y. Qin, J. Xia, and
W. Liao, ‘‘Fiscal decentralisation and green total factor productivity in
China: SBM-GML and IV model approaches,’’ Frontiers Environ. Sci.,
vol. 10, Aug. 2022, Art. no. 989194, doi: 10.3389/fenvs.2022.989194.

[34] D. Tapscott and R. McQueen, ‘‘The digital economy: Promise and peril
in the age of networked intelligence,’’ Acad. Manag. Perspect., vol. 10,
pp. 69–71, 1996.

[35] M. Moroz, ‘‘The level of development of the digital economy in Poland
and selected European countries: A comparative analysis,’’Found.Manag.,
vol. 9, no. 1, pp. 175–190, Feb. 2017.

[36] N. Milošević, M. Dobrota, and S. B. Rakocević, ‘‘Digital economy
in Europe: Evaluation of countries’ performances,’’ Zbornik Radova
Ekonomski Fakultet U Rijeka, vol. 36, no. 2, pp. 861–880, 2018.

[37] S. Yang and X. Li, ‘‘Measurement method of digital economy scale in
China,’’ in Proc. Int. Conf. Public Manag. Intell. Soc. (PMIS), Feb. 2021,
pp. 358–362.

[38] R. Indjikian and D. S. Siegel, ‘‘The impact of investment in IT on economic
performance: Implications for developing countries,’’ World Develop.,
vol. 33, no. 5, pp. 681–700, May 2005.

[39] J. Räisänen and T. Tuovinen, ‘‘Digital innovations in rural micro-
enterprises,’’ J. Rural Stud., vol. 73, pp. 56–67, Jan. 2020.

[40] V. Roblek, M. Meško, F. Pušavec, and B. Likar, ‘‘The role and mean-
ing of the digital transformation as a disruptive innovation on small
and medium manufacturing enterprises,’’ Frontiers Psychol., vol. 12,
Jun. 2021, Art. no. 592528.

[41] B. Chen and H. Zhu, ‘‘Has the digital economy changed the urban net-
work structure in China?—Based on the analysis of China’s top 500
new economy enterprises in 2020,’’ Sustainability, vol. 14, no. 1, p. 150,
Dec. 2021.

[42] L. Yabo and C. Jie, ‘‘Research on the export quality effect of digital
economy,’’ World Economy Stud., vol. 17, pp. 32–134, Jan. 2022.

[43] E. Truant, L. Broccardo, and L.-P. Dana, ‘‘Digitalisation boosts company
performance: An overview of Italian listed companies,’’ Technol. Forecast-
ing Social Change, vol. 173, Dec. 2021, Art. no. 121173.

77084 VOLUME 11, 2023

http://dx.doi.org/10.1016/j.apenergy.2021.118459
http://dx.doi.org/10.1016/j.technovation.2021.102255
http://dx.doi.org/10.3390/en15093272
http://dx.doi.org/10.1016/j.iref.2023.02.019
http://dx.doi.org/10.3389/fenvs.2022.989194


P. Wang et al.: Impact of Enterprise Digitization on Green Total Factor Productivity

[44] Y. Zhou and H. Y. Wang, ‘‘The impact of digital economy on indus-
trial green total factor productivity: Based on the moderating effect of
regional basic absorptive capacity,’’ Sci. Technol. Econ., vol. 34, pp. 81–85,
Jan. 2021.

[45] R. Bukht and R. D. Heeks, ‘‘Defining, conceptualising and measuring
the digital economy,’’ Develop. Inform. Work. Paperm, Manchester, U.K.,
Tech. Rep., 68, 2017.

[46] T. G. Babbitt and J. T.Mahoney, ‘‘Understanding the digital economy:Data
tools, and research,’’ Academy Manag. Rev., vol. 26, no. 3, pp. 463–464,
2001.

[47] A. Currah, ‘‘Digital effects in the spatial economy of film: Towards a
research agenda,’’ Area, vol. 35, no. 1, pp. 64–73, Mar. 2003.

[48] D. J. Teece, ‘‘Profiting from innovation in the digital economy: Enabling
technologies, standards, and licensing models in the wireless world,’’ Res.
Policy, vol. 47, no. 8, pp. 1367–1387, Oct. 2018.

[49] P. Aghion and P. Howitt, ‘‘A model of growth through creative destruc-
tion,’’ Econometrica, vol. 60, no. 2, pp. 323–351, 1992.

[50] M. E. Porter and J. E. Heppelmann, ‘‘How smart, connected products are
transforming competition,’’Harvard Bus. Rev., vol. 92, no. 11, pp. 96–114,
2014.

[51] W. Chen, L. Zhang, P. Jiang, F.Meng, and Q. Sun, ‘‘Can digital transforma-
tion improve the information environment of the capital market? Evidence
from the analysts’ prediction behaviour,’’ Accounting Finance, vol. 62,
no. 2, pp. 2543–2578, Jun. 2022.

[52] R. Kohil and N. P. Melville, ‘‘Digital innovation: A review and synthesis,’’
Inf. Syst. J., vol. 29, no. 1, pp. 200–223, 2019.

[53] S. Kunkel and M. Matthess, ‘‘Digital transformation and environmen-
tal sustainability in industry: Putting expectations in Asian and African
policies into perspective,’’ Environ. Sci. Policy, vol. 112, pp. 318–329,
Oct. 2020.

[54] J. Costa and J. C. O. Matias, ‘‘Open innovation 4.0 as an enhancer of sus-
tainable innovation ecosystems,’’ Sustainability, vol. 12, no. 19, p. 8112,
Oct. 2020.

[55] R. Pasqualino, M. Demartini, and F. Bagheri, ‘‘Digital transformation
and sustainable oriented innovation: A system transition model for socio-
economic scenario analysis,’’ Sustainability, vol. 13, no. 21, p. 11564,
Oct. 2021.

[56] P. Mikalef and A. Pateli, ‘‘Information technology-enabled dynamic capa-
bilities and their indirect effect on competitive performance: Findings from
PLS-SEM and fsQCA,’’ J. Bus. Res., vol. 70, pp. 1–16, Jan. 2017.

[57] R. Chierici, D. Tortora, M. Del Giudice, and B. Quacquarelli, ‘‘Strengthen-
ing digital collaboration to enhance social innovation capital: An analysis
of Italian small innovative enterprises,’’ J. Intellectual Capital, vol. 22,
no. 3, pp. 610–632, Apr. 2021.

[58] E. Brynjolfsson, ‘‘ICT, innovation and the e-economy,’’ EIB Papers,
vol. 16, no. 2, pp. 60–76, 2011.

[59] G. Vial, ‘‘Understanding digital transformation: A reviewand a research
agenda,’’ J. Strategic Inf. Syst., vol. 2, pp. 118–144, 2019.

[60] C.-C. Chang and H.-W. Tang, ‘‘Corporate cash holdings and total factor
productivity—A global analysis,’’ North Amer. J. Econ. Finance, vol. 55,
Jan. 2021, Art. no. 101316.

[61] P. Aghion, P. Askenazy, N. Berman, G. Cette, and L. Eymard,
‘‘Credit constraints and the cyclicality of RZ&D investment: Evidence
from France,’’ J. Eur. Econ. Assoc., vol. 10, no. 5, pp. 1001–1024,
Oct. 2012.

[62] A. Bykova and M. Molodchik, ‘‘Ownership concentration, corporate gov-
ernance developmengt and firm performance in Russian listed companies,’’
Appl. Econ., vol. 45, no. 30, pp. 50–74, 2017.

[63] M. Fan, S. Shao, and L. Yang, ‘‘Combining global Malmquist–Luenberger
index and generalized method of moments to investigate industrial total
factor CO2 emission performance: A case of Shanghai (China),’’ Energy
Policy, vol. 79, pp. 189–201, Apr. 2015.

[64] T. Schmid, A.-K. Achleitner, M. Ampenberger, and C. Kaserer, ‘‘Family
firms and R&D behavior—New evidence from a large-scale survey,’’ Res.
Policy, vol. 43, no. 1, pp. 233–244, Feb. 2014.

[65] P. Jones and M. Wynn, ‘‘The leading digital technology companies and
their approach to sustainable development,’’ Sustainability, vol. 13, no. 12,
p. 6612, Jun. 2021.

[66] H. K. Baker and J. R. Nofsinger, Behavioral Finance: Investors, Corpora-
tions, and Markets. 2010.

[67] P. Demerjian, B. Lev, and S. McVay, ‘‘Quantifying managerial abil-
ity: A new measure and validity tests,’’ Manag. Sci., vol. 58, no. 7,
pp. 1229–1248, Jul. 2012.

[68] A. Young, ‘‘The tyranny of numbers: Confronting the statistical realities
of the east Asian growth experience,’’ Quart. J. Econ., vol. 110, no. 3,
pp. 641–680, Aug. 1995.

[69] Q. U. Xiao-Yu and Z. H. A. O. Zi-Xuan, ‘‘Research on characteristic
factors andmultiple promotion paths of China’s industrial green total factor
productivity based on fsQCA,’’ Oper. Res. Manag. Sci., vol. 31, no. 6,
p. 154, 2022.

[70] R. G. Chambers, Y. Chung, and R. Färe, ‘‘Benefit and distance functions,’’
J. Econ. Theory, vol. 70, no. 2, pp. 407–419, Aug. 1996.

[71] D. Liu, X. Zhu, and Y. Wang, ‘‘China’s agricultural green total fac-
tor productivity based on carbon emission: An analysis of evolution
trend and influencing factors,’’ J. Cleaner Prod., vol. 278, Jan. 2021,
Art. no. 123692.

[72] W. Pei, H. Shan, Y. Zhijie, and G. Fan, ‘‘A study on the impact of envi-
ronmental protection tax on green total factor productivity of enterprises,’’
Taxation Res., vol. 11, pp. 66–73, 2022.

[73] J. Wang, Y. Liu, W. Wang, and H. Wu, ‘‘How does digital transforma-
tion drive green total factor productivity? Evidence from Chinese listed
enterprises,’’ J. Cleaner Prod., vol. 406, Jun. 2023, Art. no. 136954, doi:
10.1016/j.jclepro.2023.136954.

[74] F. Ye, Y. Ouyang, and Y. Li, ‘‘Digital investment and environmental
performance: The mediating roles of production efficiency and green
innovation,’’ Int. J. Prod. Econ., vol. 259, May 2023, Art. no. 108822, doi:
10.1016/j.ijpe.2023.108822.

[75] A. N. Ajmi, S. Hammoudeh, D. K. Nguyen, and J. R. Sato, ‘‘On the
relationships between CO2 emissions, energy consumption and income:
The importance of time variation,’’ Energy Econ., vol. 49, pp. 629–638,
May 2015, doi: 10.1016/j.eneco.2015.02.007.

[76] J. Wu, Q. Xia, and Z. Li, ‘‘Green innovation and enterprise green
total factor productivity at a micro level: A perspective of technical
distance,’’ J. Cleaner Prod., vol. 344, Apr. 2022, Art. no. 131070, doi:
10.1016/j.jclepro.2022.131070.

PEIQIONG WANG was born in Huaian, Jiangsu, in February 1999. He is
currently pursuing the Master of Accounting degree with the School of
Accounting, Lanzhou University of Finance and Economics. He has pub-
lished a number of articles in internationally renowned journals, such as
PLOS ONE. His research interests include financial accounting theory and
methods, and CPA direction.

GUANHAI GU was born in Yulin, Guangxi, in November 1998. He is
currently pursuing the master’s degree in land resources management with
the School of Natural Resources and Mapping, Nanning Normal University.
He has published a number of articles in internationally renowned journals,
such as IJERPH and PLOS ONE. His research interests include land use and
sustainable development.

WENBIN FANG was born in Taixing, Jiangsu, in August 1965. He received
the bachelor’s degree in economics from Northwest Normal University,
in 1989, and the master’s degree in accounting from the Central University
of Finance and Economics, in 2011.

He is currently a Professor with the School of Accounting, Lanzhou
University of Finance and Economics. He is also an Outstanding Teacher
in Gansu Province. He is also an Independent Director of Lanzhou Sansha
Industrial Company Ltd., and an Independent Director of Qinghai Mutual
Barley Wine Company Ltd. His main research interests include financial
accounting theory and methods, and CPA direction.

Prof. Fang is also an Executive Director of the Gansu Audit Society and
an Executive Director of the Gansu Economic and Trade Accounting Society.

VOLUME 11, 2023 77085

http://dx.doi.org/10.1016/j.jclepro.2023.136954
http://dx.doi.org/10.1016/j.ijpe.2023.108822
http://dx.doi.org/10.1016/j.eneco.2015.02.007
http://dx.doi.org/10.1016/j.jclepro.2022.131070

