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Graphical abstract

Financing constraints and environmental uncertainty are potential mechanisms for the role of digital transformation in enhancing green
innovation in logistics firms.

Public summary
m Digital transformation significantly enhances green innovation in logistics enterprises.
m This promotion is achieved by alleviating financing constraints and reducing environmental uncertainty for firms.

m The impact of digital transformation on green innovation is geographically heterogeneous.
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Abstract: In the era of green logistics, digital transformation has become an effective means for the logistics industry’s
high-quality development. Using listed companies in China’s logistics industry from 2010 to 2021 as the research samples,
this paper conducts an empirical test on the impact of the digital transformation of logistics enterprises on their green in-
novation. Specifically, enterprise digital transformation indicators are constructed through the text analysis method, and
the fixed-effects model is applied for analysis. The results indicate that the digital transformation of logistics enterprises
has a significant promoting effect on their green innovation; the promoting effect of the digital transformation of logistics
enterprises on green innovation is primarily achieved by easing corporate financing constraints and reducing corporate en-

vironmental uncertainty; and the impact of digital transformation on green innovation is geographically heterogeneous.
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1 Introduction

Extreme weather, sea level rise, and environmental degrada-
tion have attracted the attention and focus of countries around
the globe due to the rapid development of global industrializ-
ation and population growth'. Globally, numerous environ-
mental policies have been implemented to combat climate
change. Since 2015, one of the most important documents in
the global response to climate change has been the Paris
Agreement, which has been signed by 178 parties globally™.
China has proposed a “double carbon” goal, which is to reach
peak CO, emissions by 2030 and attain carbon neutrality by
20605, In China’s logistics industry, there is a conflict
between the pursuit of economic development and environ-
mental tolerance, and achieving a balance between the two is
an issue that must be addressed immediately. Consequently,
the purpose of this paper is to examine the factors that influ-
ence logistics companies to participate in green innovation
and sustainable development, as well as how to improve their
green awareness and technological capabilities to achieve
green and sustainable development in China’s logistics in-
dustry. Many companies are still deficient in areas such as
technology and product “green concentration” and must in-
vestigate additional green technologies and methods for
achieving sustainability'. To achieve China’s “double carbon”
goals, businesses must innovate and apply technology to in-
crease the efficiency of resource utilization, reduce energy
consumption and carbon emissions, and create a stable,
dependable, and environmentally friendly operating

01021

environment for the future of green logistics.

With the advent of the global digital surge, businesses will
inevitably have to follow the current trend and re-examine
and upgrade their existing business models to enhance their
competitiveness and innovation capabilities. Digital trans-
formation not only enhances the productivity and operational
efficiency of businesses™* but also provides new opportunit-
ies and impetus for businesses to achieve leapfrogging and at-
tain competitive advantage” . In addition, digital transforma-
tion facilitates green innovation in businesses by optimizing
production processes, enhancing resource utilization and en-
ergy efficiency, and constructing an information-based green
supply chain. However, few studies have investigated the im-
pact of the new dynamics of digital transformation created by
the profound integration of digitalization and logistics enter-
prises on the green innovation of logistics enterprises, and
even fewer have elucidated the underlying mechanism of ac-
tion. Consequently, an in-depth investigation of how digital
transformation plays a specific role in the green innovation of
logistics companies will be essential for enhancing the stra-
tegic planning and sustainable development of green develop-
ment in the logistics industry.

China’s logistics industry ranks 20th in the world, accord-
ing to the Logistics Performance Index report 2023 published
by the World Bank. It has become a globally competitive and
advantageous sector. China’s logistics industry has a large de-
velopment space, a large market share, and a unique geo-
graphical and demographic advantage, which gives it strong
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competitiveness in the international market with rapid, effi-
cient, and convenient service standards. Despite the rapid ex-
pansion of the Chinese logistics industry, it also faces signi-
ficant environmental pollution issues. Specifically, the three
issues listed below exist. (D Logistics and conveyance vehi-
cles require a substantial amount of petroleum to maintain
normal operations. A large quantity of fuel also produces a
large quantity of exhaust gas and exhaust emissions”. Nitro-
gen oxides, sulfur dioxide, hydrocarbons, and other hazard-
ous substances emitted by transport vehicles in the logistics
industry have become among the most significant sources of
air pollution in China’s urban areas, exerting enormous pres-
sure on the atmosphere. (@ Logistics companies generate

waste and dust as a natural byproduct of their operations, and
the disposal of this waste and dust has a negative impact on
environmental quality. Currently, environmental protection
policies are becoming more stringent, but there are still busi-
nesses that are “dumping” refuse and pollution. & The load-
ing and unloading of commodities, storage, and other logist-
ics activities necessitate processes and mechanical vibrations
that generate a great deal of noise. Simultaneously, the chem-
icals and pollution control apparatus utilized by logistics com-
panies produce waste water and waste liquids, which have an
impact on the surrounding environment. China has not only
made remarkable advancements in the field of hardware
devices and software applications as a result of the acceler-
ated development of digital technology in recent years, but a
number of new digital technology enterprises and innovation
platforms have also emerged. China is endeavoring to pro-
mote the deployment of digital technology in the real sector
and the industrial structure for high-end, intelligent, and en-
vironmentally friendly manufacturing. Exploring the relation-
ship between digital transformation and green innovation in
the logistics sector based on China’s experience will there-
fore have implications for the green development of the lo-
gistics sector in other nations. In this paper, using samples of
Chinese A-share listed companies in the logistics industry
from 2010 to 2021, we find that digital transformation signi-
ficantly increases firms’ green innovation. Digital transforma-
tion promotes green innovation by alleviating firms’ finan-
cing constraints and reducing environmental uncertainty. Fur-
ther analysis shows that geographical distribution and the
nature of the logistics industry affect the effect of digitaliza-
tion on green innovation.

The rest of the paper is organized as follows. Section 2 de-
tails the literature review and theoretical assumptions. Sec-
tion 3 presents the data sources, sample selection, variable
measures, and models. Section 4 reveals the rich empirical
results and a discussion of the main regression results. Sec-
tion 5 presents the potential mechanisms of action. The final
section summarizes the findings of the study in detail and
provides recommendations.

2 Literature review and hypotheses

2.1 Literature review

There has been a proliferation of academic research on enter-
prise digitization in recent years. The influence of digital
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transformation on corporate green innovation is a popular
topic of academic discussion. In a broad sense, digital techno-
logy encompasses wearable devices, the Internet of Things,
big data analytics, sensor technology, cloud computing, artifi-
cial intelligence, and more. These technologies are used in
new ways in the production processes, business concepts, and
management strategies of businesses in a variety of industries
and have become an integral part of the industry’s evolution.
Studies on digitization to date include but are not limited to
the division of labor"" ', performance!* ', input—output effi-
ciency™ "), firm value® ", capital market performance™ **.
Specifically, digital technology has made the automation of
many tasks possible while also facilitating more convenient
remote collaboration, thereby transforming traditional work
models and organizational structures™. In other words, in
certain repetitive and routine tasks, machines can take over,
allowing individuals to focus more on innovative and com-
plex work. Teams can use online collaboration platforms to
share information in real time, collaborate on tasks, over-
come geographical constraints and promote the global divi-
sion of labor. Digitalization provides the capability for real-
time data analysis, allowing businesses to have a timely un-
derstanding of their operations and make quicker and more
accurate decisions, thereby improving performance. The ap-
plication of digital technology in production and supply chain
management has increased production efficiency and logist-
ics management efficiency. Technologies, such as smart man-
ufacturing, the Internet of Things (IoT), and big data analyt-
ics, enable businesses to better optimize production processes
and reduce waste™. Digital technology contributes to build-
ing closer, more personalized customer relationships, enhan-
cing customer loyalty, and playing a positive role in the long-
term stable growth of enterprise value"™. Digitalization en-
hances the transparency of business information, enabling in-
vestors to more accurately evaluate corporate performance®.
The widespread use of digital tools facilitates the rapid flow
of information, contributing to the efficiency of capital mar-
kets™. Overall, the impact of digitalization is positive in vari-
ous aspects, enhancing efficiency and innovation and creat-
ing greater value for businesses.

However, the literature on the impact of digital transforma-
tion on corporate green innovation is relatively rare and frag-
mented. By reviewing a large amount of literature, we find
that the promotion of corporate digitalization for green innov-
ation™~" is focused on studies of all listed companies or sur-
vey databases. Only a few scholars have conducted in-depth
studies of subsectors, mainly focusing on manufacturing in-
dustriest™ " and heavily polluting industries”™ ". In the literat-
ure with samples of listed manufacturing companies, the im-
pact of digital transformation on the level of corporate green
innovation has usually been tested empirically based on a
green technology innovation perspective and using textual
analysis methods. They not only found that digital transform-
ation can significantly improve the level of green innovation
and the output of green innovation*, but also discovered that
manufacturing firms can formulate optimization solutions to
environmental problems based on big data analysis techno-
logy, alleviate pressure on natural resources, and promote
green innovation”?, In the literature with samples of heavily
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polluting enterprises, the study concluded that enterprise
digitization could promote enterprise green technology innov-
ation by enabling enterprise information sharing and know-
ledge integration and contribute to an increase in green patent
applications in heavily polluting enterprises™. They focused
on the “data-driven” and “capability curse” effects of digital
transformation on the strategic upgrading of green innovation,
and the combination of the two potential mechanisms made
the interaction between them a strategic paradox.

In conclusion, there are few studies on the direct relation-
ship between the digital transformation of enterprises in the
logistics industry and enterprise innovation. However, it can-
not be overlooked that the digital transformation and green in-
novation of enterprises in the logistics industry are always re-
lated to industrial structure upgrading and high-quality devel-
opment. Therefore, it is essential to examine the relationship
between corporate digital transformation and corporate green
innovation from the logistics industry’s perspective. This
paper analyses the impact of enterprise digital transformation
on enterprise green innovation using logistics firms as re-
search samples. In addition, we reveal the impact mechanism
of digital transformation on enterprise green innovation from
the perspectives of financing constraints and environmental
uncertainty and conduct a heterogeneity analysis based on
geographical distribution and industry classification to
provide references for the digital transformation of logistics
enterprises.

2.2 Hypotheses

Resource-based theory assumes that firms have heterogen-
eous resources, and this heterogeneity precisely determines
the differentiation of their competitiveness. The competitive
advantage of an enterprise comes from special heterogeneous
resources, and green innovation is an effective way to create
heterogeneous resources, which will be the inexhaustible
power to maintain a sustainable competitive advantage™’. In
addition, according to endogenous growth theory, endogen-
ous technological progress is the fundamental way to pro-
mote high-quality economic development. Digitalization, as a
typical representative of technological progress, will play a
role in improving existing technologies and accomplishing
technological innovation autonomously**'.

Modern construction and the collaborative development of
supply chains are the direction of development for modern lo-
gistics companies. Digital technology use has fundamentally
altered the business management structure of the transporta-
tion, postal storage, and other transportation agency indus-
tries. Enterprise digitalization will result in a series of corpor-
ate transformations and upgrades, including the reduction of
production costs, the improvement of clean technology, and
the optimization of resource allocation. At the same time, the
enterprise’s own technology and knowledge accumulation
will also be significantly enhanced during this process. Green
technology innovation will bring different comparative ad-
vantages to enterprises, among which green process innova-
tion is applied in the production process to optimize the ra-
tional allocation of resources, promote the technological pro-
gress of enterprises and create advanced technological ad-
vantages. The application of green product innovation in
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product design can advance the idea of environmental
protection while also increasing the market share of corpor-
ate products and the market’s competitive advantage. On the
one hand, the digital technology utilized by enterprises can
gather all the information in the production process for data
screening, integration, and analysis, which will effectively as-
sist managers in rational and scientific business decision ana-
lysis. On the other hand, enterprises can utilize digitalization
not only to promote the interconnection of internal depart-
ments but also to build a mutually collaborative innovation
sharing network with upstream and downstream enterprises”.
Thus, we propose the following:

Hypothesis 1. The relationship between digital transforma-
tion and green innovation in logistics companies is signific-
antly positive.

Innovation activities are characterized by high failure rates,
high capital requirements, and long cycle times, as well as
high challenge and uncertainty'*, especially for green in-
novation projects. Companies need to make capital invest-
ments to carry out a series of transformations and upgrades,
but if they do not have sufficient cash flow, they will increas-
ingly turn to external funding to carry out their activity
projects. In contrast, enterprises without access to financial
support can only engage in a limited amount of investment
activities in this environment of information asymmetry;
therefore, they will prefer investments that are profitable in
the short term'™. In this way, funding becomes a key factor in
green innovation for enterprises. Therefore, to promote the
sustainable development of logistics enterprises, active parti-
cipation in high-value returns and long-term green invest-
ment, and alleviate the pressure of enterprise financing have
become practical approaches.

The complex information environment creates barriers to
investors’ understanding of the firm and undermines their
trust in the firm™. The digital transformation of enterprises
can be understood as an exploration of the path to sustainable
development. It helps enterprises make better use of cutting-
edge technology, such as big data and artificial intelligence,
to improve resource management efficiency in all aspects'”,
optimize resource allocation, and deliver more accurate and
transparent information. These information advantages
brought about by digitization reduce the cost and information
asymmetry for enterprises seeking external funding and help
investors assess the value of the enterprises, which eases the
burden of corporate financing restrictions. Thus, we propose
the following:

Hypothesis 2. The digital transformation of logistics enter-
prises can ease the pressure of financing constraints, broaden
financing channels, and thus promote green innovation.

Enterprise digitalization, as a resource input activity or
even an innovation activity of enterprises, is bound to face
certain market risks, so environmental uncertainty will pro-
foundly affect the dynamics and sustainability of enterprise
digital transformation“”. The impact of environmental uncer-
tainty on investment decisions may manifest as a decrease or
increase in the size of the investment**".. The greater the en-
vironmental uncertainty is, the more difficult it will be for
business decision makers to assess investment behavior,
which will make investors more cautious of investment
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behavior®'. At the same time, the greater the environmental
uncertainty, the greater the likelihood of unexpected events,
and the more cash firms will set aside to address future
risks™.. Based on the above analysis, enterprises may invest
less in green R&D when they face environmental uncertainty
and are unable to sustain their R&D output and innovation
knowledge transformation.

Generally, in situations of environmental uncertainty, firms
are more willing to seek strategic change, tend to pursue riski-
er innovative activities, and enhance their dynamic capacities
to seek environmental adaptability™ *. The digital transform-
ation of enterprises in response to the complex external envir-
onment can enhance their ability to accelerate their adapta-
tion to this environment according to their own conditions,
enhance the dynamics of sustainable development”’, and im-
prove their innovation capacity™. At the same time, in a
highly uncertain environment, a digitally transformed enter-
prise may not only face the external threats that form the de-
velopment process of the enterprise but also help the enter-
prise obtain an opportunity to improve its competitive advant-
age and close the gap with its peers, thereby achieving its
strategic objectives and long-term organizational vision"”.
Green innovation provides firms with a unique competitive
advantage, while digital transformation captures market in-
formation, improves firms’ ability to take risks®", and pro-
motes more green investment. Thus, we propose:

Hypothesis 3. The digital transformation of logistics enter-
prises can promote green innovation by narrowing the gap in
environmental uncertainty between enterprises.

3 Research and data methodology

3.1 Research methodology

The following model was created to investigate the connec-
tion between the level of digital transformation of logistics
companies and corporate green innovation:

Grepat, = a+f,Dcg, +0 Z Controls, +;+v,+&;»

where i stands for the company and ¢ for the year. The de-
pendent variable measures green innovation outcomes, in-
cluding green patents, green invention patents, and green util-
ity patents. To account for zero values and normalize the dis-
tribution, each variable is calculated as the natural logarithm
of the respective patent count plus one. Dcg, is the primary
independent variable, representing the level of digital trans-
formation of enterprise i in year ¢. Z Controls; represents a
set of variables controlling for the characteristics of firm i in
year t. 4, and v, are the firm fixed and time fixed effects, re-
spectively, and ¢, is an idiosyncratic error term. In this paper,
we focus on the coefficient Dcg,, which is §,. B, indicates
the impact of the degree of digital transformation of logistics
enterprises on corporate green innovation, and if it is signific-
antly positive, it indicates that it is in line with expectations.

3.2 Data methodology

3.2.1 Dependent variables

According to the purpose of this study, the output of green
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patents is the primary metric used in the literature to assess
green innovation. Referring to the approach used by Wen et
al.’ and Liu et al.™, this research primarily employs the
quantity of green patent applications to gauge the degree of
green innovation. To explore the role of the digital transform-
ation of logistics enterprises in different types of green innov-
ation, this paper also divides green patents into green inven-
tion patents and green utility model patents, denoted by
Gre_inv and Gre_use, respectively.

3.2.2 Independent variables

There is no standard way to measure the level of enterprise
digitization. In this study, we adopt a method commonly used
in academia to measure the level of digitization of a company
by extracting keywords from the text to obtain word fre-
quency. Specifically, Yang et al.*” obtained the annual re-
ports of listed logistics companies through the Python crawl-
er and extracted all the text content through the Java PDFbox
library. After identifying the keyword lexicon, the keywords
in the extracted text content were counted using Python for
word frequency and summed for calculation.

3.2.3 Mechanistic variables

Financing constraints and corporate environmental uncer-
tainty are selected as mechanistic variables explored in this
paper. Here, the financing constraint is referenced to Hadlock
and Pierce®’, using the SA index as a measure of the level of
financing constraint. There are many measures of financing
constraints, but most of them rely on financial indicators that
are endogenous rather than directly related to financing con-
straints, which may bias the findings. To avoid this shortcom-
ing, Hadlock and Pierce®’ redesigned the financing con-
straint variable (the SA index).

SA=-0.727xSize+0.043xSize’ —0.040 x Age,

where Size is the natural logarithm of firm size (in millions of
dollars) and Age is when the company was founded.

Referring to Shen et al.l’”, the EU index is used as a proxy
variable to measure environmental uncertainty for firms in
this paper. Environmental uncertainty can be measured by
fluctuations in a company’s performance, as the root cause of
environmental uncertainty exists in the external environment,
and changes in the external environment will cause fluctu-
ations in a company’s core business activities and ultimately
fluctuations in the company’s sales revenue. The standard de-
viation of sales revenue over the past five years and industry-
adjusted values were used to measure the environmental un-
certainty of the firm. However, a portion of the variation in
sales revenue over the past five years is attributed to the
steady growth of the company. Therefore, to measure envir-
onmental uncertainty more accurately, it is necessary to ex-
clude the portion of steady growth in sales revenue, i.e., each
firm applies the data from the past five years and runs the fol-
lowing model using ordinary least squares (OLS) to estimate
the abnormal sales revenue for each of the past five years sep-
arately: Sale = u,+p,Year + &, where Sale is the sales reven-
ue; Year is the yearly variable; the standard deviation of the
firm’s abnormal sales revenues over the past five years is cal-
culated and divided by the average of the past five years’
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sales revenues to obtain the unadjusted environmental uncer-
tainty; and the environmental uncertainty in the same year is
estimated as the average of the past five years’ sales revenues.
The median of the unadjusted environmental uncertainty of
all firms in the same industry in the same year is the industry
environmental uncertainty, and then the unadjusted environ-
mental uncertainty of each firm is divided by the industry en-
vironmental uncertainty to obtain the firm’s industry-
adjusted environmental uncertainty, which is the environ-
mental uncertainty (EU) used in this paper.

3.2.4 Control variables

The control variables in this paper mainly include firm size
(Size), firm age (Age), the gearing ratio (LEV), the book-to-
market ratio (BM), the return on net assets (ROE), the nature
of ownership (SOE), dual office attributes (Dual), board inde-
pendence (POID) and the shareholding of the first largest
shareholder (First). Meanwhile, this paper controls for firm
fixed and annual fixed effects and performs firm-level cluster-
ing of robust standard errors.
The variable definitions are presented in Table 1.

3.3 Sample selection and data source

In this paper, the logistics industry is defined as follows: the
China Securities Regulatory Commission (CSRC) does not
have a separate classification for the logistics industry in the
2012 edition of the industry classification. Referring to Hong
et al. and Liu et al. ), companies engaged in logistics-
related businesses, such as transportation, warehousing, and
postal delivery, are typically referred to as logistics compan-
ies. The research samples for this paper are listed Chinese lo-
gistics companies, and the sample period is 2010-2021. The
data used in this paper are obtained from the CNRDS, the
CSMAR database, and the notes to the relevant company an-
nual reports. This study eliminates samples for which import-
ant variables are missing, yielding 117 logistics companies’
firm-year observations.

Table 1. Variable definitions.

4 Empirical results

4.1 Descriptive statistics

Table 2 reports the results of the descriptive statistics for the
main variables. The mean values of Grepat, Gre_inv, and
Gre_use are 0.465, 0.311, and 0.283, respectively. The min-
imum values are 0, the maximum values are 5.088, 5.075, and
3.401, and the standard deviations are approximately 0.895,
0.734, and 0.633, respectively, which indicates that there is a
significant difference in the level of green innovation among
different firms. The mean value of Dcg is approximately
1.246, ranging from 0 to 6.091, which is largely consistent
with the results of existing studies™, indicating wide vari-
ation in the level of digitization of companies.

4.2 Baseline results

Table 3 reports the results of the regression analysis of the ef-
fect of corporate digital transformation on green innovation.
As shown in column (1) of Table 3, the estimated coefficient
of Dcg is 0.1106 at the 1% level of significance after the in-
clusion of the relevant control variables, year and firm fixed
effects, which indicates that digital transformation signific-
antly improves the level of green innovation. Furthermore, as
shown in columns (2) and (3), the estimated coefficient of
Dcg is positive and at least 5% significant. After controlling
for other factors, each standard deviation increase in the level
of digital transformation of logistics companies drives up the
level of green innovation, green invention innovation, and
green utility patents by 28.85%, 30.23%, and 32.40%, re-
spectively. Thus, the above empirical results validate our re-
search hypothesis.

4.3 Robustness checks

4.3.1 Alternative measure of digital transformation

We take the average of digital transformation as the standard
and assign a value of 0 to companies whose digital level is

Symbol Variables Definition
Grepat Log(Number of green patent applications + 1)
Green innovation Gre_inv Log(Number of green invention patent applications + 1)
Gre_use Log(Number of green utility model patent applications + 1)
Digitalization of enterprises Dcg Log(Frequency of specific words in corporate annual reports + 1)
Financing constraints 54 SA index
Uncertainty in the business environment EU EU index
Enterprise size Size Log(Total assets for the year)
Year of enterprise Age Log(Current year — Year of enterprise establishment + 1)
Gearing ratio LEV (Total liabilities / Total market capitalization)>100
Book-to-market ratio BM (Shareholders’ equity / Total market capitalization)x 100
Return on net assets ROE Net profit / Shareholders’ equity
State-owned enterprises SOE State-owned enterprises are assigned 1, otherwise 0
Dual role of board chairperson Dual Enterprises with dual role of board chairperson are assigned 1, otherwise 0
Board independence POID Percentage of independent directors
Shareholding of the largest shareholder First Percentage of shareholding of the largest shareholder
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Table 2. Descriptive statistics of the variables.

Variables N Mean Min Max SD
Grepat 1112 0.465 0 5.088 0.895
Gre_inv 1112 0.311 0 5.075 0.734
Gre_use 1112 0.283 0 3.401 0.633
Dcg 1108 1.246 0 6.091 1.213
Size 1108 9.934 8.029 11.620 0.633
Age 1108 2.856 0 3.638 0.398
LEV 1104 0.798 0.003 12.950 1.124
BM 1104 0.693 —3.046 2.585 0.491
ROE 1108 0.036 —50.080 34.190 1.932
SOE 1108 0.725 0 1 0.447
Dual 1108 0.147 0 1 0.354
POID 1108 0.367 0.200 0.667 0.052
First 1108 0.421 0.364 0.795 0.149

Table 3. Regression results of enterprise digital transformation on Grepat, Gre_inv, and Gre_use.

(O] 2 3)
Grepat Gre_inv Gre_use
Dcg 0.1106*** 0.0775%* 0.0756%**
(3.24) (2.54) (2.72)
Size 0.6722%** 0.6776%** 0.1975%*
(3.46) (3.44) (2.24)
Age 0.3640 0.3849 0.1350
(1.18) (1.25) (0.90)
LEV 0.0514 0.0277 0.0806
(0.60) 0.41) (1.14)
BM —0.1588 —0.1807** —0.0161
(-1.52) (—1.99) (-0.21)
ROE —0.0120** —0.0091** —0.0068**
(—2.41) (—2.03) (—2.31)
SOE —0.0530 —0.0250 —0.0248
(=0.17) (=0.09) (=0.16)
Dual 0.1902** 0.2085** 0.0644
(2.08) (2.41) (1.39)
POID 0.5708 0.6388 0.3013
(0.78) (0.97) (0.63)
First —0.7148 —0.5656 —0.5748
(-1.39) (-1.29) (—1.64)
Firm YES YES YES
Year YES YES YES
N 1099 1099 1099
Adj. R 0.5660 0.5369 0.4765

Standard errors are shown inside the parentheses. *, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively. Unless otherwise

specified, the meanings in Tables 3-8 are the same.
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below the average and 1 otherwise. In column (1) of Table 4,
the coefficient of Dcg is still significantly positive, indicating
that digital transformation improves the level of green innova-
tion, and our results are robust.

In addition, we adjust the digital transformation index con-
struction and keyword selection and use it for robustness ana-
lysis. In particular, we use a similar word expansion method
to expand the digitized keyword set on top of the digitized
seed words, resulting in a digitized word set containing 99 di-
gitized keywords. We use the number of expanded digitized
words to measure digital transformation. According to our
baseline results, the results in column (2) of Table 4 show that
digital transformation significantly improves green innova-
tion, and our results are robust.

4.3.2 Exchanging models

In this paper, we refer to Faleye et al.“ to re-examine the im-
pact of the digitalization of logistics firms on corporate green
innovation using the Tobit model and the negative binomial
distribution model. In columns (3) and (4) of Table 4, digital
transformation significantly promotes green innovation,
which suggests that our results are robust.

4.3.3 Winsorizing at the 1% and 99% levels

Outliers in the data may have an impact on the empirical res-
ults. To ensure the robustness of the empirical results, all con-
tinuous variables in this paper are winsorized at the 1% and
99% levels. The results in column (5) of Table 4 show that di-
gital z-formation significantly improves green innovation
according to our baseline results, indicating that our findings

Table 4. Results of other robustness tests.

are robust.

4.3.4 Adding other fixed effects

This paper controls for year and firm fixed effects in the
baseline test analysis, but the omission of unobservable
factors at the industry and regional levels may introduce bias
into the empirical results. Therefore, the paper further adjusts
for fixed effects by including the cross-product term of
industry-year and the cross-product term of city-year to fur-
ther tighten the control of fixed effects and thus remove the
confounding effect of omitted variables. The results in
Table 5 show that digital transformation significantly im-
proves green innovation after we control for other fixed ef-
fects, indicating that our findings are robust.

4.3.5 Replacement of explanatory variables

To address the quality of green innovation, this paper collec-
ted data on green patent grants from listed companies. As
shown in Table 6, the digital transformation of logistics com-
panies has a significant positive impact on the quantity of
green patent grants and the number of practical green patents.
In other words, the digitization of logistics companies not
only enhances the “quantity” of corporate green innovation
but also advances the “quality” of green patents.

4.4 Endogeneity problem

441 PSM

As companies in the logistics industry have different
conditions at the beginning of their digital transformation, the

6] 2 3 “ (%)
Grepat Grepat Grepat Grepat Grepat
Dcg 0.1141%* 0.0745* 0.2547%** 0.2015%** 0.1107%**
(1.88) (1.83) (3.14) (2.86) (3.22)
Controls YES YES YES YES YES
Firm YES YES YES YES YES
Year YES YES YES YES YES
N 1099 1099 1104 1104 1099
Adj. R 0.5609 0.5612 0.5689
Table 5. Robustness tests of adding other fixed effects.
(M @ @) ) ©)
Grepat Grepat Grepat Grepat Grepat Grepat
Dcg 0.1133%* 0.0741%* 0.0770** 0.1347%** 0.0835%** 0.1092%**
(2.48) (1.89) (2.22) (3.56) (2.68) (3.05)
Controls YES YES YES YES YES YES
Firm YES YES YES YES YES YES
CityxYear YES YES YES NO NO NO
IndustryxYear NO NO NO YES YES YES
Year YES YES YES YES YES YES
N 778 778 778 970 970 970
Adj. R? 0.5689 0.5354 0.4733 0.6117 0.5918 0.5247
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Table 6. Robustness tests of replacing explanatory variables.

()] ()] (©))
Grepat_a Gre_inv_a Gre_use_a
Dcg 0.0632%* 0.0109 0.0665%*

(2.06) (0.81) (2.18)
Controls YES YES YES
Firm YES YES YES
Year YES YES YES
N 1014 1014 1014

Adj. R? 0.5407 0.4847 0.5030

impact of companies undertaking digital transformation on
green innovation is a choice made by the companies them-
selves. In this paper, we refer to He and Chen” to use
propensity score matching to further mitigate possible endo-
geneity problems. Specifically, firms with digitization levels
higher than this median are considered the treatment group,
while the others are the control group. We calculate the
propensity scores according to the variables of firm size
(Size), firm age (Age), book-to-market ratio (BM), nature of
firm ownership (SOE), dual employment attribute (Dual),
percentage of independent directors (POID), and percentage
of top shareholders (First) as covariates and use the 1 : 1
nearest neighbor matching principle. The results are shown in
Table 7. The propensity score matching results satisfy the
“equilibrium assumption” of the PSM. The results of the av-
erage treatment effect (ATT) test are also reported. The ATT
value of the explanatory variables is positive after matching
and passes the test at the 5% level of significance, indicating
that the average treatment effect of the experimental group is
significant. This means that the digital transformation of lo-
gistics enterprises can significantly promote the green
innovation of enterprises. The paired regression results are

Table 7. The PSM validity test.

shown in column (3) of Table 8, and the regression coeffi-
cient is found to be significantly positive at the 5% level, in-
dicating that the digitalization level of logistics enterprises
significantly contributes to the level of corporate green innov-
ation, which is consistent with the benchmark regression and
still supports the original conclusion.

4.4.2 1V method

Referring to Wu et al.””), we choose the average level of digit-
al transformation of enterprises in the same industry and year
in the region as an instrumental variable. In general, the digit-
al development level of the industry in the region where the
enterprise is located affects the enterprise’s own digitaliza-
tion level, which satisfies the relevance condition; meanwhile,
the digital development level of enterprises in the same in-
dustry in the region does not directly affect the enterprise’s
green innovation level, which satisfies the exogeneity condi-
tion. After retesting, columns (1) and (2) of Table § report the
results of the IV-2SLS test, where the regression coefficient
of IV in the first-stage regression is significantly positive at
the 1% level, indicating that it satisfies the correlation
condition. Meanwhile, the Kleibergen—Paap rk LM statistic is

Mean T test
Variable Sample matched
Control group Experimental group T value P value
Unmatched 10.0160 9.8547 4.30 0.000
Size
Matched 9.9823 9.9922 -0.24 0.809
Unmatched 2.9333 2.7680 7.03 0.000
Age
Matched 2.9225 2.9184 0.21 0.832
Unmatched 0.69669 0.68859 —-1.02 0.785
BM
Matched 0.7030 0.73941 -2.33 0.309
SOE Unmatched 0.63293 0.82726 -7.39 0.000
Matched 0.70713 0.69364 0.47 0.636
Unmatched 0.19554 0.08829 5.11 0.000
Dual
Matched 0.14451 0.12717 0.81 0.415
Unmatched 0.37061 0.36306 242 0.016
POID
Matched 0.36879 0.36796 0.26 0.795
Unmatched 0.41244 0.43357 -2.37 0.018
First
Matched 0.41665 0.40029 1.76 0.079
ATT Difference = 0.1789 T=240
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Table 8. Regression results of the IV method and PSM-DID model.

(€] 2 3)
Dcg Grepat Grepat
First stage Second stage PSM-DID
4 0.9596%**
(44.57)
Dcg 0.0929** 0.0906**
(2.20) (2.01)
Controls YES YES YES
Firm YES YES YES
Year YES YES YES
Kleibergen—Paap rk LM statistic 51.58 51.58
the Cragg—Donald Wald F statistic [0.000] [0.000]
N 1099 1099 465
adj. R? 0.9221 0.6193 0.4762

51.580, which rejects the original hypothesis of insufficient
identification of instrumental variables at the 1% level; the
Cragg-Donald Wald F statistic is greater than the critical
value of the Stock—Yogo weak instrumental variable identi-
fication test at the 10% significance level, which rejects the
original hypothesis of weak instrumental variables, so the se-
lected instrumental variables are reasonable. In the second
stage, the coefficients of the core explanatory variables are
significantly positive at the 5% level, still indicating that the
digital transformation of logistics firms significantly contrib-
utes to their green innovation, and the findings remain robust
and reliable.

4.5 Heterogeneity analyses

4.5.1 Corporate location heterogeneity

The spatial evolution of logistics enterprises reflects the loca-
tion choice and spatial process of logistics economic activit-
ies, while the development of logistics enterprises has a
strong correlation with the development of urban clusters!®.
Can the digital transformation of enterprises play a better role
in different geographically distributed regions? To test this
conjecture, this paper divides the subsample into three sub-
samples based on the registered location of logistics enter-
prises into eastern, central, and western regions and conducts
subsample regression. Columns (1)—(3) of Table 9 report the
regression results, and it can be seen that there is indeed het-
erogeneity in the effect of the digital transformation of logist-
ics enterprises on enterprise green innovation by enterprise
geographic location. The digital transformation of logistics
enterprises has a more significant impact on corporate green
innovation in the eastern and central regions than in the west-
ern region, and the promotion effect is most pronounced in
the eastern region. This is consistent with the findings that the
impacts of geographic location on the transformation and up-
grading of logistics enterprises are different®’, and the up-
grading of logistics enterprises in the eastern coastal zone and
the central zone is faster than that in the western zone, which
coincides with the economic development of each region”.
This may be because the central and eastern regions, with its
superior economic development, possesses the infrastructure

0102-9

and sufficient human resources to meet the requirements for
digital transformation and provide continuous and robust sup-
port for enterprise green innovation activities”". Compared to
the eastern region, the western region has a considerable
urban development status disparity, which provides comparat-
ively less incentive for businesses to engage in digital trans-
formation. Consequently, there is geographical heterogeneity
in the effect of digital transformation on green innovation
among businesses.

4.5.2 Industry heterogeneity

The characteristics of industries usually have different effects
on their R&D investment and green technology progress.
Therefore, the overall sample can be divided into three sub-
samples—transportation industry, postal storage industry, and
transportation agency industry —and subsample regressions
can be run. Columns (4)—(6) of Table 9 report the regression
results, which show that the digital transformation of logist-
ics enterprises is strongly heterogeneous in terms of the
nature of logistics enterprise industries in terms of corporate
green innovation. Compared with those of the transportation
agency industry, the digital transformation of logistics enter-
prises has more significant effects on corporate green innova-
tion in the transportation and postal storage industries, and the
transportation industry has the most significant contribution.
This may be because logistics companies with a transporta-
tion focus hold an essential position in the logistics industry .
In addition, the realization of green development in the trans-
portation industry is a crucial component of the logistics in-
dustry’s green development, and the digital transformation of
logistics enterprises in the transportation industry will decis-
ively determine the development direction of logistics enter-
prises'”’. Consequently, there is heterogeneity within the in-
dustry in terms of the impact of the digital transformation of
businesses on green innovation.

5 Potential mechanism analysis

This paper uses the SA index as a proxy variable to measure
the financing constraints of a firm. A higher SA value indic-
ates more severe financing constraints on a firm. The full
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sample is divided into two subsamples, one with high finan-
cing constraints and one with low financing constraints, ac-
cording to the median financing constraints, and regression
analysis is performed. Columns (1) and (2) of Table 10 re-
port the regression results, which show that the coefficients of
the core explanatory variables in the sample group with low
financing constraints are nonsignificant, while those with
high financing constraints are significantly positive at the 1%
level. The above results indicate that the digital transforma-
tion of logistics enterprises makes a more significant contri-
bution to their green innovation among enterprises with high-
er financing constraints than among those with low financing
constraints. Therefore, the digital transformation of logistics
enterprises promotes green innovation by reducing the finan-
cing pressure on enterprises, widening financing channels,
and alleviating financing constraints.

This paper uses the EU index as a proxy variable to meas-
ure the environmental uncertainty of firms. A higher EU
value indicates more serious environmental uncertainty. The
full sample is divided into two subsamples of high uncer-
tainty and low uncertainty according to the 25th percentile of
environmental uncertainty, and regression analysis is per-
formed. Columns (3) and (4) of Table 10 report the regres-
sion results, which show that the coefficients of the core ex-
planatory variables are not significant in the low uncertainty
sample group, and they are significantly positive at the 1%
level in the high uncertainty sample group. The above results
indicate that the digital transformation of logistics firms
makes a more significant contribution to their green innova-
tion in firms with high environmental uncertainty than in

Table 9. Results of heterogeneity.

those with low environmental uncertainty. Therefore, digital
transformation is an exploration of the uncertainty faced by
logistics enterprises to narrow the gap in environmental
uncertainty between enterprises, thus promoting green
innovation.

6 Conclusions and policy implications

6.1 Conclusions

Green innovation is an inexhaustible propelling force for the
logistics industry to achieve green and sustainable develop-
ment, and the digital transformation of logistics enterprises is
a crucial path for the logistics industry to undertake industrial
structure upgrading. The analysis of the impact of the digital
transformation of logistics enterprises on corporate green in-
novation will serve as a key reference point for the digital
transformation of logistics enterprises. This paper empirically
investigates the effect of logistics enterprises’ digital trans-
formation on corporate green innovation, examines the poten-
tial mechanisms involved using samples of listed logistics en-
terprises between 2010 and 2021, and reaches the following
conclusions: the digital transformation of logistics enterprises
can substantially increase their capacity for ecological innov-
ation. In other words, the effect of digital transformation on a
company’s capacity for green innovation becomes more pro-
nounced as its level of digital transformation increases. In
terms of the mechanism of action, the digital transformation
of businesses can broaden financing channels and alleviate
financing pressure by leveraging the benefits of their own
technology. It also improves businesses’ capacity for green

(O] @ 3) “ 6] Q)

Grepat Grepat Grepat Grepat Grepat Grepat

Eastern Central Western Transportation Postal storage Transportation agency

Dcg 0.1197** 0.1093* 0.0425 0.0973** 0.6096* 0.0479

(241) (2.03) (0.48) (2.47) (1.81) (0.85)
Controls YES YES YES YES YES YES
Firm YES YES YES YES YES YES
Year YES YES YES YES YES YES
N 740 161 109 703 103 122

adj. R 0.2407 0.2143 0.0777 0.2584 0.1411 0.3675

Table 10. Results of the mechanism analysis.
Q) (@) 3 (C))
Low SA High SA Low EU High EU
Dcg 0.0880 0.14571%** 0.0079 0.1290%**

(1.52) (3.41) (0.12) (3.12)
Controls YES YES YES YES
Firm YES YES YES YES
Year YES YES YES YES
N 547 540 204 870

adj. R? 0.6353 0.5503 0.6643 0.5544
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innovation by reducing environmental uncertainty and clos-
ing the industry gap. Regarding heterogeneity, the digital
transformation of logistics enterprises has distinct effects on
corporate green innovation based on the geographic location
of the enterprise and industry characteristics. In general, the
role of enterprise digitization is clearer for green innovation
in eastern transportation logistics businesses.

6.2 Policy implications

In light of the aforementioned findings, the following sugges-
tions are made in the paper:

(1) Accelerate the establishment of digital infrastructure.

If the logistics industry invests in plenty of supporting in-
frastructure for digital construction, this will hasten the estab-
lishment of the industry’s digital collaboration network, thus
achieving the sustainable development goal of reducing costs
and increasing efficiency in the logistics industry. Specific-
ally, the industry learns cutting-edge digital technology and
introduces pertinent technical talent to fully exploit the bene-
fits and potential brought about by digitalization, which can
open up digital communication channels for the logistics in-
dustry and promote data collaboration and sharing among in-
dustry enterprises, thus providing inexhaustible power for lo-
gistics enterprises to undergo digital transformation.

(II') Encourage industry-leading enterprises to help other
enterprises and reinvent.

The leading enterprises in the logistics industry help drive
the digital transformation of small- and medium-sized logist-
ics enterprises (SMLEs), which will help the industry devel-
op synergistically and create a positive competitive environ-
ment. Specifically, the digital transformation of enterprises
depends to a large extent on the state of their own develop-
ment. Enterprises with suitable development environments
have significantly greater strength and determination than
other enterprises to embark on digital transformation. The
leading enterprises provide guidance to SMLEs by lever-
aging their strengths, optimizing their production and man-
agement processes, integrating resources to improve innova-
tion and providing strong support to SMLEs in their sustain-
able digital transformation.

(IIT) Narrow the gap of uneven development between
regions.

The digital transformation of logistics enterprises reflects
the level of local digital construction, and the development
status of cities plays an important role in the digital trans-
formation of enterprises. Specifically, it is necessary to accel-
erate infrastructure construction in the western region, pro-
mote the technological upgrading of urban industries, im-
prove the policies of government-supported enterprises, sup-
plement key shortcomings, and strengthen the partnership
between the government and the market to narrow the gap of
unbalanced development between regions and better promote
the digital transformation of enterprises.

(IV) Optimize financial support tools for logistics
enterprises.

The rapid development of the digital transformation of
logistics enterprises requires the creation of a good logistics
finance environment, which will assist in broadening the fin-
ancing channels of enterprises and developing green logistics

0102-11

enterprises to the fullest extent. Specifically, financial institu-
tions carry out corresponding demand services to support the
digital transformation of logistics enterprises, provide vari-
ous forms of credit business, insurance, and financial leasing
business, and encourage the collaboration of digital supply
chain finance platforms. The application of financial support,
such as providing digital risk assessment financial services
for logistics enterprises, providing corresponding policies or
credit guarantees for well-qualified enterprises, and setting up
industrial investment funds for the development of green lo-
gistics enterprises, should be promoted.
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