
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/
licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source 
are credited.

Copyright © 2026 The Author(s). Published by Vilnius Gediminas Technical University

TECHNOLOGICAL and ECONOMIC 
DEVELOPMENT of ECONOMY

ISSN: 2029-4913 / eISSN: 2029-4921

Article in press

https://doi.org/10.3846/tede.2026.25168

DIVIDEND DIFFERENTIATION, LATECOMER ADVANTAGE AND 
DIMINISHING RETURNS: THE HETEROGENOUS IMPACT OF DIGITAL 
TECHNOLOGY PROGRESS ON CHINA’S ECONOMIC MODERNIZATION

Xiaoyin HE1, Hanchi CHEN1 , Han WANG2

1 School of Business, Zhengzhou University, Zhengzhou, China
2 School of International Business and Economics, Henan University of Economics and Law, Zhengzhou, China

Article History: Abstract. Advances in digital technology are driving a new modernization of economic sys-
tems, but the impact is clearly heterogeneous. This study pioneers an economic modernization 
index evaluation system from the four dimensions of economic innovation, economic greening, 
economic openness and industrial modernization, and quantitatively analyzes heterogeneous 
impacts of digital technology progress on economic modernization by panel fixed effect model 
and threshold regression model, utilizing 11-year provincial panel data (2013–2023) across 30 
China’s provinces. The general findings discover that the progress of digital technology has 
significantly propelled the construction of China’s economic modernization in general. However, 
in the sub-dimensions of economic modernization, the promoting effect of digital technology 
progress on economic innovation is stronger than its impact on economic modernization and 
greening, while the impact on economic openness is not significant and there is an obvious dif-
ferentiation phenomenon. At the regional level, the promoting effect of digital technology prog-
ress on economic modernization is larger in China’s western region relative to eastern China, and 
stronger in regions with lower level of economic modernization in comparison to regions with 
higher level, showing a latecomer advantage. Moreover, the enhancing effect of digital technol-
ogy progress on economic modernization also has the nonlinear feature of “diminishing margin-
al effect”. Such findings can offer government policy-designer insights in coordinating the use 
of digital technology dividend, narrowing the regional development gap, identifying the weak 
points of digital technology dividend, and accelerating the national economic modernization.
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1. Introduction

Modernization is a general process of human social progress, a worldwide objective phenom-
enon reflecting a shift in the stage of national development (Amin et al., 2022). Economic 
modernization is the material foundation for the modernization of the State and an important 
component of it (Belykh & Mau, 2020; Jafarli, 2023). The construction of economic moderniza-
tion can stimulate the country’s economic dynamics (Navickienė et al., 2023a) and fulfills key 
roles in maintaining economic stability and advancing sustainable economic development.

However, the modernization of socio-economic system is not an economic transformation 
that solidifies a  single goal (Navickienė et  al., 2023b; Skripnuk, 2020), but a  dynamically 
deepening process in response to the evolution of the global technological revolution, with 
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the changing economic needs. Digital technology has been recognized by academics as 
a  fundamental driver of the next generation of industrial technology revolution (Fan et al., 
2025; Growiec, 2023; Wang et  al., 2020). Compared to traditional industrial technologies 
such as steam, electricity, etc., digital technologies possess greater transformative power 
(Growiec, 2023; Ross & Maynard, 2021), giving rise to entirely new techno-economic para-
digms (Klingenberg et al., 2022; Ramirez, 2021).

More prominently, the current world economy is in a new time, and the role of innova-
tive technology, green and low-carbon is becoming more fundamental to the sustainable 
development of the economic system (Chen et al., 2023b; Degirmenci et al., 2024; H. Lu et al., 
2025; Thakur & Wilson, 2024; Zhang, 2021). The synergistic interplay between endogenous 
technological drivers and evolving exogenous economic imperatives is propelling the mod-
ernization trajectory of economic systems toward unprecedented manifestations. However, 
existing research in contemporary academia has not covered the key features of economic 
modernization in digital age, and in particular lacks a systematic quantitative metrics frame-
work. This lack of research has left developing countries without a scientific basis in formu-
lating policies for economic transformation, which can easily lead to a serious disconnect 
between their policymaking tendencies and the direction of economic modernization. Our 
study will help to address this issue.

Completely new technological developments can contribute to the modernization and 
transformation of national systems (Skripnuk, 2020). However, under the influence of factors, 
such as differences in technological adaptation, obvious heterogeneity may be observed in 
the facilitating effect of digital technology progress on the modernization of various dimen-
sions of the economic system (Zhou et al., 2023). The long-term unbalanced release of digital 
technology dividend will not benefit the overall coordinated promotion of economic modern-
ization but exacerbate the risk of internal structural imbalance. Therefore, this study will reveal 
the divergence phenomenon of digital technology dividend and provide enlightenment on 
how to guide the balanced release of digital dividend in modern economies.

In addition, differences in technology diffusion have important influences on development 
differences between regions (Pan & Yuan, 2024; Perilla Jiménez, 2024). So, in the process of 
modernizing a brand-new economy, will the dividend of digital technological progress lead 
to “the strongest being stronger” or “lagging behind to catch up”? This question is of great 
value to whether economies can take full use of digital technology progress dividend to level 
off the economic modernization gap. Finally, is there non-linearity on how digital technology 
progress affect economic modernization? If so, is it increasing or decreasing at the margin? 
The analysis of this question will help developing economies identify the tipping point of 
decline or jump of digital technology dividend, and provide a key basis for them to formulate 
response strategies. However, due to the lack of clarity in the system of economic moderniza-
tion indicators, these questions have not been fully explored, and we will analyze them in 
turn to deepen the research and make more outstanding research contributions. Given China 
being a developing country with a huge economy, digital technology is widely penetrating 
into production, circulation, distribution and consumption economic activities (Y. Chen et al., 
2023; H. Yu et al., 2024; Y. Yu et al., 2024), and is at a critical stage of the modernization 
of the economic system. Therefore, this study will focus on China, a  typical modernization 
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transition body, to explore heterogeneous impact of digital technology progress on economic 
modernization. Different to the existing literature, this study offers brand-new contributions 
in the following: 

First, this study explains the definition and characteristics of economic modernization 
in the context of a new era from the four dimensions of “economic innovation, economic 
greening, economic openness and industrial modernization”, and builds a mathematical and 
theoretical framework for measuring economic modernization, which improves the theory of 
economic modernization and serves as a reference for subsequent studies. 

Secondly, this study decomposes economic modernization into dimensions, reveals the 
differentiation phenomenon about how digital technological progress affects economic in-
novativeness, greening and other dimensions, and carries out a cross-sectional comparative 
analysis of the impact effect, so as to provide a new revelation for avoiding falling into the 
trap of structural imbalance in the process of economic modernization. 

Thirdly, grounded in the division of regions, regional heterogeneity phenomenon in pro-
motion effect of digital technology progress on economic modernization is analyzed, provid-
ing brand-new empirical evidence as to whether lagging regions can take advantage of the 
dividends of digital technology progress to realize catching up in economic modernization. 

Fourthly, panel threshold model is applied to uncover the nonlinear characteristics of how 
digital technological progress affects economic modernization, thereby providing empirical 
support for identifying the turning point of digital technology dividend. The research findings 
can test whether digital technology follows Metcalfe’s law of increasing marginal or principle 
of diminishing marginal returns in the development process. 

Finally, after explaining the heterogeneous impact of digital technology progress on 
economic modernization, this study provides several important implications.

The subsequent study is structured: Section 2 is about literature review, shortly describing 
the existing studies on economic modernization and digital technology; Section 3 provides 
the theoretical exposition and propositions of this paper; Section 4 focuses on introduction 
of empirical methods and data interpretation; Section 5 includes the regression analysis and 
other empirical research findings; Section 6 gives conclusions and advances relevant policy 
implications.

2. Literature review

The existing research on measurement of economic modernization predominantly revolves 
around the analysis of the technological revolution of traditional industries such as steam 
and electricity. At that time, the degree of industrialization and electrification of the economic 
system was the main indicator of economic modernization. As for the measurement of in-
dustrialization of economic system, most studies measure the value of industrial production 
output to GDP or the proportion of industrial employed population (Andal, 2022; Mignamissi 
& Nguekeng, 2022). Hong and Ngok (2022) paid more attention to the objective needs of 
economic development, integrating economic affluence and urbanization into the measure-
ment for comprehensive quantification. Regarding the electrification of the economic system, 
Guo et al. (2022) incorporated the dimensions of social and environmental systems into the 
comprehensive quantification of national re-electrification.
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Scholars have taken a preliminary look into the influencing factors of economic modern-
ization. By extending Lewis’s model, Sadik-Zada (2021) found that the capital intensity level 
in manufacturing sector was an important factor affecting economic modernization. Kovács 
and Bartók (2024), based on the perspective of financial banks, proposed that the deepen-
ing of the financial intermediary system plays an important role in promoting economic 
modernization. Jafarli (2023), taking Azerbaijan as the research object, believes that the choice 
of national economic system and development model is an important factor of economic 
modernization. However, there is no research on the influencing factors of economic mod-
ernization from the deep technical level. This study will also make up for this deficiency.

As the world enters the digital age, scholars have begun to explore the impact of digital 
technology on the modernization of different fields in a  country. One group of scholars 
believes that there is an important relationship between digital technology and agricultural 
modernization. Their research shows that economic activities based on digital technology 
can improve the green development and sustainability of agriculture (Jiang et al., 2022; Liu 
& Li, 2025) and advance the modernization in both agriculture and rural areas (Ye, 2025). 
The other kind of scholars focus on how important digital technology affects enterprise 
development. This covers information systems such as accounting of enterprises (Chotia et al., 
2025; Vărzaru, 2022), organizational structure (Michelotto & Joia, 2024; Philippart, 2022), and 
business process management (Cheng et al., 2025). In addition, impacts of digital technology 
on higher education and vocational education (Kamoyo et al., 2025; Oyetade et al., 2025) and 
other fields, have also been studied accordingly. However, in the existing research, no studies 
have focused on what effects and how digital technology progress brings through the lens 
of economic system modernization.

3. Theoretical background and hypotheses

3.1. Heterogeneous impacts under the sub-dimensions  
of economic modernization

Digital technological advances can have a dividend effect on the modernization of economic 
systems. However, this driving effect may be moderated by the degree of technological 
fitness. The innovation and transformation of the economic system relies on the promo-
tion of new technologies. The progress of digital technology, characterized by technological 
innovations and breakthroughs, constitutes a pivotal impetus for innovation and transfor-
mation, sharing a strong compatibility with these processes (D. Lu et al., 2024). On indus-
trial transformation, digital technology progress can give rise to new technology industries  
(Y. Wang et al., 2025), as well as upgrade and restructure traditional industries through tech-
nology spillover (Miao, 2022; Narula et al., 2024). In terms of green transformation, although 
digital technology can perform an important role in promoting industrial green transforma-
tion by improving energy efficiency (Chen et al., 2024). However, various economic activities 
derived from digital technological progress will increase carbon emissions (Y. Li et al., 2023; 
Zhang et al., 2022), so the effect of green transformation is relatively limited. In terms of 
trade openness, digital technology can reduce trade costs (Bellucci et al., 2025) and promote 
the realization of trade facilitation (Ismail, 2021). But at the same time, the instability of the 
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international trade system environment (Jones, 2023), especially the existence of digital trade 
barriers (Y. Liu et al., 2024; X. Wang et al., 2025), will impede the open transformation effect 
of digital technology progress. Hypothesis 1 hence is given:

H1:	The promotion effect in digital technology progress on each sub-dimension of economic 
modernization is obviously differentiated, and the promotion effect on economic innova-
tion and industrial modernization is stronger.

3.2. Heterogeneous impact at the regional level

The progress of digital technology makes it possible for backward regions to catch up in 
the process of economic modernization. First, backward regions can benefit from digital 
technology and knowledge spillovers from developed regions (dos Santos & Mendes, 2023; 
Liu et al., 2022), through technology imitation, imitative innovation and other means, to real-
ize the localization of digital technology production activities with lower cost input (Duan & 
Sun, 2024; Yang, 2023). Secondly, the late-developing regions can also learn some successful 
experiences from developed regions in technology application, and improve management 
skills and technological innovation level more quickly through technical knowledge learning 
(Galindo-Martín et al., 2019). Third, compared with traditional technologies, digital technolo-
gies have universal application scenarios, lower communication costs (Liu & Liu, 2023), and 
can better overcome geographical barriers (Zhang & Zhang, 2024) to help backward regions 
realize economic modernization. Finally, compared with developed regions, backward regions 
have worse digital transformation but greater space for digital technology diffusion, which 
also makes the marginal benefit of digital technology progress to backward regions stronger. 
Hypothesis 2 hence is given:

H2:	The influence of digital technology progress on economic modernization has regional 
heterogeneity, and the promotion effect on backward regions is stronger than that on 
developed regions.

3.3. Heterogeneous impact under different levels  
of digital technology progress

The principle of diminishing marginal returns points out when other factors of production 
remain unchanged, the marginal returns brought by continuously increasing the input of 
a  factor of production will gradually decrease (Zhu et al., 2022). Being a new type of pro-
ductive factor, digital technology improves innovation performance through the release of 
positive external effects at the initial stage (Li et al., 2024), optimizing energy consumption 
along industrial chain (Wang et al., 2022a) and other aspects have significantly promoted 
the modernization of the economic system. Yet with the progress of digital technology, de-
gree of digital transformation in various economic sectors is continuously improving (Su & 
Wang, 2025; X. Zhang et al., 2023), its incremental benefits to economic modernization will 
gradually decrease, and the phenomenon of diminishing marginal returns will appear. The 
diffusion depth and breadth of digital technology have typical S-shaped curve characteristics  
(Z.-Z. Wang et al., 2025). When digital technology enters the maturity stage, the technology 
penetration rate to the economic system is close to saturation, the space for further expan-
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sion and application is limited, and the diffusion speed slows down, presenting a relatively 
saturated condition of technology diffusion. In such case, the economic benefits of digital 
technology progress to economic modernization will gradually narrow. Based on this analysis, 
Hypothesis 3 hence is given:

H3:	The impact of digital technology progress on economic modernization has a nonlinear 
feature of diminishing marginal benefits.

4. Methods and data

4.1. Data source

To ensure that the sample data chosen are as authoritative and complete as possible, we 
selected the provincial panel data, ranging from 2013 to 2023 and encompassing 30 Chi-
na’s provinces (excluding Tibet, Hong Kong, Macao and Taiwan), as the sample for research. 
Among them, the optimization and rationalization of industrial structure follow practices of 
Li et al. (2019) and Gan et al. (2011). The installed density of robots refers to practice of Lu 
and Zhu (2021), and the interaction term is constructed between the installed quantity of 
robots in various industries published by IFR in China and the percentage of employees in 
each industry across provinces to total national employment in China. We additionally utilize 
interpolation methods to impute missing values. Our data derive from China’s  Provincial 
Statistical Yearbooks, China National Statistical Yearbook, CSMAR, CNRDS and EPS global 
data statistics platform, etc.

4.2. Defining and selecting key variables
4.2.1. Dependent variable

The dependent variable of the study is economic modernization. As far as we know, there 
is no scholar in the existing research who has clearly constructed the indicator system of 
current economic modernization. By reviewing the measurement studies related to economic 
modernization, we found the following two obvious problems in the field. First, the existing 
measurement research still stops at the measurement of industrialization and electrification 
levels in the period of historical industrial revolution, and there is no systematic research such 
as quantitative measurement of the new modernization of the economic system based on 
the background of new era and the objective reality of digital technology change. Second, 
the existing studies greatly explore the transformation performance of the economic system, 
from the characteristics of green, low-carbon (Gao & Lu, 2025; S. Wang et  al., 2024) and 
innovation-driven dimensions (Cheng et  al., 2023), but have not yet formed a  systematic 
integration framework from the perspective of economic modernization. There is a research 
gap on insufficient description of the path of economic modernization. Therefore, in order 
to solve the existing research deficiencies, we will analyze the typical characteristics of the 
new modernization of the economic system caused by digital technology, and construct the 
corresponding index system.

First, digital technology changes the existing innovation system. Digital technology breaks 
many limitations of traditional innovation mode in time and space (Lyu et al., 2023), enabling 
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the emergence of open innovation (Eslami et al., 2023), distributed innovation, and entirely 
new innovation elements (H. Tang et al., 2023; Z. Zhang et al., 2023), which drive a compre-
hensive modernization of the innovation ecosystem (Tsou & Chen, 2023; Zhang, 2023). The 
innovation economy mainly promotes the innovation-driven growth of the economic system 
through the R&D  investment and output trading of innovative technologies. Accordingly, 
we will measure the level of economic innovation in aspects of both innovation input and 
innovation output. In terms of input types, innovation input covers human and material input 
forms. On the one hand, innovation output covers the quantity of technology patent output, 
and on the other hand, it also includes technology market transactions, reflecting the degree 
of market recognition of innovation output technology.

Second, digital technology promotes low-carbon and green transformation. The applica-
tion of digital technology in production chain can play a role in reorganizing the combination 
of factors and enhancing energy efficiency (Tan et  al., 2024), thereby propelling industry 
transformation and upgrading (Chang et al., 2023; Dong et al., 2022; Wang et al., 2022b), 
enhancing carbon emission efficiency (Xia et  al., 2025), and mitigating carbon emissions 
(Pu et al., 2025). These effects will contribute to the green modernization of the regional 
economic system. At the same time, green economy is mainly manifested in the realization 
of economic growth, while paying attention to production energy consumption, pollution 
emission and ecological treatment, taking into account economic development and envi-
ronmental protection. Accordingly, we will measure it from three dimensions: production 
energy consumption, pollution emission and ecological governance. Energy production is 
defined as total energy consumed per unit of GDP; Pollution emission is assessed from three 
dimensions: waste gas, waste water and solid waste. Ecological governance is measured from 
two dimensions: ecological restoration and industrial governance.

Thirdly, digital technology transforms the whole process of international trade. Digital 
technologies provide digital solutions for the facilitation of international trade and improve 
the efficiency of cross-border and domestic trade flows (Liang & Tan, 2024; Takpara et al., 
2024), expanding the scale of trade (Di et al., 2025). The open flow of capital and the pros-
perity of trade cooperation are the general manifestation of economic openness, and also 
the important support of modern economy. According to this, economic openness can be 
formally divided into trade openness and capital openness. Among them, trade openness is 
characterized by prosperity of import and export trade; Capital openness is subdivided into 
outbound investment and accepted foreign investment in terms of flow direction.

Finally, digital technology causes industrial system transformation. Driven by digital tech-
nology, high-tech industry, intelligent industry (Li & Zhou, 2024; Zhang et al., 2024) and other 
modern industrial economies have developed rapidly. In addition, digital technology will also 
transform the existing industrial system (Liu et al., 2024b; Wang & Li, 2024) and accelerate 
the modernization in industrial structure (Miao, 2022). The scale-increasing in modern indus-
try and structure-optimizing in traditional industry constitute the modern industrial system. 
Accordingly, we measure the level of industrial modernization from the two dimensions of 
the scale and structure of modern industries. Among them, the scale of modern industry 
is represented by high-tech industry and intelligent industry from the level of technology 
content and industry type. The modernization of industry structure includes the coordination 
degree of industry structure and the advanced level of transformation. 
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Building on the above analysis of the modernization characteristics of the economic sys-
tem caused by digital technology and the selection basis of relevant first-level and second-
level indicators, we further select 17 closely related third-level indicators as measurement 
indicators and use the entropy method to measure them, so as to obtain the Economic 
Modernization Index (ECM). Table 1  shows the comprehensive index evaluation system of 
economic modernization constructed in this study. 

Table 1. System for evaluating economic modernization indicators

Primary 
index

Secondary 
index Three-level index Variable selection attributes

Economic 
innovation

Innovation 
economic input

Innovative material input R&D expenditure by DLEs 
(Designated Large-scale 
Enterprises)

+

Innovative human input Full-time equivalent of 
R&D personnel in DLEs

+

Innovative 
economic 
output

Technology patent 
output

Number of patent authorizations +

Technology Market 
Trading 

Technology market turnover/GDP +

Economic 
greening 

Green economy 
energy 
consumption

Energy consumption per 
unit of GDP

Total energy consumption/GDP -

Green economy 
waste and 
pollution

Exhaust emissions per 
unit of GDP

Sulfur dioxide (SO2) emissions/ 
GDP

-

Wastewater discharge 
per unit GDP

Chemical aerobic (COD) 
emissions/GDP

-

Solid waste generated 
per unit of GDP

General industrial solid waste 
production/GDP

-

Ecological 
governance

Industrial Governance Investment completed in 
industrial pollution control/
industrial added value

+

Ecological restoration Forest coverage rate +
Economic 
openness

Openness of 
capital

Degree of foreign 
investment

Total foreign investment/GDP +

Degree of outward 
investment

Outward non-financial direct 
investment/GDP

+

Openness to 
trade

Degree of import and 
export

Total import and export volume/ 
GDP

+

Industrial 
modern-
ization

Expansion of 
scale

High technology industry Main business income of high-
tech industry

+

Intelligent industry Robot mounting density +
Optimization of 
structure

Rationalization of the 
industrial structure

The inverse of the Theil index +

High level of industrial 
structure

Output value of tertiary industry/
output value of secondary 
industry

+
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4.2.2. Independent variables

The output of brand-new technology is the core embodiment of technological progress. In 
existing studies, the volume of patents of corresponding types is also mostly selected to 
quantify the progress of green technology and financial technology (Chen et al., 2021; Song 
et al., 2022; Wang & Sun, 2025; Zheng et al., 2023). Therefore, we use the number of autho-
rized digital technology patents as level of digital technology progress (DTA). The specific 
data processing steps are as follows: First of all, according to China’s Statistical Classification 
of DE&CIs (Digital Economy and Its Core Industries), the national economic industries are 
divided into three categories: large, medium and small, determining the specific scope of 
DE&CIs. The second step is to refer to the International Patent Classification Table (IPC) to 
determine the corresponding international patent classification number of each industry. 
Finally, we retrieve and summarize the digital technology-related patent applications in 30 
China’s provinces from 2013 to 2023 in the national Intellectual Property Patent database 
according to the classification number.

4.2.3. Control variables

For enhancing accuracy of regression analysis with digital technology progress as indepen-
dent variable and controlling the possible other factors affecting economic modernization, 
this paper takes after the practice of Meng and Wu (2024), T. Tang et al. (2024) and Ma et al. 
(2023), and takes the following regional characteristic variables as control variables. (1) Fiscal 
Expenditure (FIS), denoted through ratio of regional fiscal spending to GDP; (2) Transportation 
Infrastructure (TIN), expressed as the logarithm of highway mileage; (3) Urbanization Level 
(URB), quantified by the ratio of a  region’s urban population to its general population; (4)
Economic Scale (ECD), expressed by the logarithm of regional GDP; (5) Human capital level 
(HUC), indicated by the proportion of higher education population in a region; (6) Industrial 
scale (IND), expressed by the logarithm of industrial added value; (7) Fiscal sufficiency (FSD), 
quantified by percentage of a  region’s general budget revenue to budget expenditure; (8) 
Freight scale (TIF), expressed by the logarithm of the total regional freight volume; (9) Fixed 
assets investment (FAI), expressed by the ratio of fixed-asset investment to regional GDP.

4.3. Model construction

In view of the questions (H1  and H2) raised in this study, the heterogeneous impact of 
digital technology progress on economic modernization will be examined by the following 
econometric model:

	 , 0 1 , , , .i t i t n i t i t i tECM a a DTA a X m d e= + + + + +  	 (1)

In Eq. (1), ECMi,t  represents the economic modernization level of the province i  in the 
period t; DTAi,t represents the digital technology development level of the province i  in the 
period t; Xi,t  represents a set of key control variables; mi represents the unobservable indi-
vidual fixed effect of province i; dt is time fixed effect; ei,t denote the random disturbance 
term. We first obtain the regression results of multiple groups by replacing the explained 
variable and setting conditional regression. On the base of the estimated signs and sizes of 
coefficients of the core explanatory variables in each group, a horizontal comparative analysis 
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is conducted. At same time, we will also use the heterogeneity test between groups to verify 
the significance of the difference between the relevant regression results.

The threshold regression model provides a better methodological framework for checking 
the nonlinear interdependence between independent variables and dependent variables, and 
can identify the changes in the influence of independent variables on dependent variables 
among different thresholds (Lei et al., 2024). Therefore, to test whether there are significant 
differences in the impact of digital technology on economic modernization in different stages 
of progress (H3), we set the panel threshold model:

	 , 0 1 , , 2 , , , ,( ) ( ) .i t i t i t i t i t c i t i t i tECM DTA I DTA DTA I DTA X  q  q  m d e= + ´ £ + ´ > + + + + 	 (2)

In Eq. (2), DTAi,t represents the threshold variable; q represents the threshold value; I (·) is 
the exponential function, which takes the value 1 as the bracket condition is met, and 0 oth-
erwise. Eq. (2) is only a single-threshold model that can be developed into the multi-threshold 
model through the specific testing of variables and the analysis of demands. According to 
whether the threshold variable DTA surpass the threshold, the samples are divided into two 
groups (regions) (Liao & Li, 2024).

5. Empirical outcomes analysis

5.1. Benchmark regression analysis

The outcomes of the benchmark regression of digital technological progress on economic 
modernization are listed in Table 2. Column (1) is the regression of the fixed effect of prov-
inces and years without control variables, indicating that digital technology progress can 
promote economic modernization. In columns (2) to (4), in order to prevent regression errors 
caused by missing important variables, key control variables including FIS, ECD and HUC are 
gradually added. The results illustrate that the estimated coefficient of digital technology pro-
gress index is always significantly positive, further confirming digital technology progress has 
a positive function in promoting economic modernization. In existing studies, the influence 
of digital technology have been explored in many fields, such as agriculture and rural areas 
(Gong et al., 2024; Zhao et al., 2024) and educational training (Kayanja et al., 2025). However, 
no study has directly correlated digital technology progress with economic modernization, 
resulting in obvious omissions. Our findings make up for this deficiency. At the same time, the 
research findings also provide new empirical evidence for discussing the influencing factors 
of economic modernization from technical level.

5.2. robustness test and analysis
5.2.1. Replacing core explanatory variables

To ensure the robustness of the research outcomes, the number of digital technology patent 
applications is picked as a proxy for the digital technology progress index (S.DTA) for robust-
ness test. The data in Column (1) show that digital technology progress still has a notably 
promotional effect on economic modernization, which aligns with the research conclusions 
above.
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Table 2. Benchmark regression outcomes

Variables
(1) (2) (3) (4)

ECM ECM ECM ECM
DTA 0.1509***

(0.0214)
0.1496***
(0.0156)

0.1407***
(0.0140)

0.1377***
(0.0144)

FIS 0.2295***
(0.0815)

0.1667
(0.1062)

0.1746
(0.1194)

TIN 0.0898
(0.0754)

0.0654
(0.0655)

0.0542
(0.0627)

URB –0.2258
(0.2064)

–0.3021
(0.2321)

–0.2679
(0.2129)

ECD 0.1413**
(0.0534)

0.1309*
(0.0671)

HUC –0.1376
(0.0895)

–0.1328
(0.0890)

IND –0.0744***
(0.0257)

–0.0703**
(0.0275)

FSD –0.0147
(0.0507)

TIF –0.0150
(0.0119)

FAI 0.0041
(0.0139)

Constant 0.0725***
(0.0028)

–0.9043
(0.7836)

–1.2635
(0.8898)

–0.9128
(0.9507)

Province_FE Yes Yes Yes Yes
Year_FE Yes Yes Yes Yes
R2 0.6825 0.7195 0.7522 0.7538

Note: “*,” “**,” and “***” respectively denote significance at the 10%, 5%, and 1% levels. The standard 
errors appear in parentheses, and the same applies below. 

5.2.2. Windup treatment

Considering that the sample may have extreme values, which may have an impact on the 
regression analysis, this paper winnowed the relevant indicators of the benchmark regression 
of the impact of digital technology progress on economic modernization by 5% and then 
regression again. The results in Column 2  interpret that the estimated coefficient of digital 
technology is still significantly positive after wind-down, the same as the benchmark regres-
sion outcomes.

5.2.3. Elimination of special samples

In the sample, megacities like Peking, Tianjin, Shanghai and Chongqing show marked differ-
ences from other provinces and cities in terms of policy support and political and economic 
positioning at the national level, so they are not comparable with other provinces to some 
extent. Therefore, the four municipalities are excluded and regressed again, and the outcomes 
are shown in Column (3) of Table  3. It demonstrates the estimated impact coefficient of 
digital technology progress remains significantly positive after elimination, and the research 
findings are robust.
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5.3. Endogeneity test and analysis
5.3.1. Lag period regression of explanatory variables

Because of endogeneity problems caused by possible reverse causality and omitted variables, 
the one-period-lagged (L.DTA) and two-period-lagged (L2.DTA) of the core explanatory vari-
ables are used for regression. Data shown in Columns 4 and 5 again verify the robustness of 
the benchmark regression outcomes.

5.3.2. Analysis with instrumental variable approach

Selecting appropriate instrumental variables to participate in regression analysis is an impor-
tant method to alleviate endogenous problems. Taking after the practice of Zhang et al. (2019), 
the spherical distance between each provincial capital and Hangzhou is picked as the instru-
mental variable of digital economy. Hangzhou is the starting point for the rapid development 
of digital technology in China, and the closer the provincial capital city is to Hangzhou, the 
more convenient and relevant the acquisition of digital technology in the province is. More 
importantly, the modernization of the economic system depends on the regional industrial 
foundation, technological innovation, structural optimization, etc., and there is no significant 
correlation with the spatial distance of Hangzhou’s geographical location, which satisfies the 
exclusivity. However, since the research samples are balanced panel data, the cross-sectional 
data need to be adjusted. Therefore, we further take after the method of Nunn and Qian 
(2014) to deal with this kind of problem, and obtains the panel instrumental variable that 
meets the test requirements by introducing the time dynamic variable and constructing the 
interaction term with a certain cross-sectional variable in the historical period. Specifically, this 
study utilizes the spherical distance between each provincial capital and Hangzhou, as well as 
China’s Internet broadband access ports quantity, to construct interaction terms respectively, 
which are represented as instrumental variables for digital technology progress. On the base 
of the data in Column (6) of Table 3, the estimated coefficient for digital technology progress 
remains significantly positive, which is similar to the benchmark regression conclusion. The 
p value of the Kleibergen-Paaprk LM statistic and the Kleibergen-Paaprk Wald F statistic pass 
the relevant instrumental variable test, and the research conclusion is robust.

5.4. Heterogeneity test
5.4.1. Heterogeneity analysis on the base of the sub-dimension  
of economic modernization

To verify Hypothesis 1, the four sub-dimensions of economic modernization, namely eco-
nomic innovation (I_ECM), greening (G_ECM), openness (O_ECM) and industrial modernization 
(D_ECM), are respectively taken as the explained variables, and the scores of each dimension 
in the above research design are represented and participated in the regression. On the 
base of the data presented in Table 4, the promotion effect of digital technology progress 
on economic innovation is stronger than its impact on industrial modernization and eco-
nomic greening, and the impact on economic openness is not significant, and the differences 
among groups meet the significance test (at the 10% level). And in terms of transformation 
technology demand, compared with industrial modernization, the dividend of digital technol-
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ogy progress has the highest degree of consistency with economic innovation. Because the 
progress of digital technology itself will produce additional carbon emissions, the promotion 
effect on the greening of the economy is relatively low. In addition, due to the existence of 
international trade barriers and policy instability, digital technology progress fails to show 
significant promotion effect on economic openness. In previous literatures, scholars solely 
examined the impact of digital technology progress on economic innovation and transforma-
tion (Chen et al., 2023a; Ge et al., 2025), green transformation (Liu et al., 2024a; Ma & Lin, 
2025) and industrial transformation and upgrading (Liu et al., 2024b) from a single perspec-
tive, but there is no comprehensive analysis and horizontal comparison. The findings of this 
paper make up for this deficiency. This research finding also offers significant implications. 
The government should, through the formulation of relevant policies, enhance the positive 
promoting effect of digital technology on the green and open development of the economy, 
achieve coordinated driving of the economic modernization system, and avoid falling into 
structural imbalance. In addition, the research findings also deepen the existing economic 
theory of digital technology from the perspective of dividend differentiation.

5.4.2. Heterogeneity analysis on the base of the regional level

Across China’s eastern, central, and western regions, there are obvious development gaps 
between regions (Shi et al., 2022). Compared with the eastern region, the western region 
remains in the initial stage of industrialization (Hu et al., 2020). Then, will the progress of 
digital technology help the backward western region to catch up in economic modernization, 
or help the strong eastern region to become stronger? In order to verify Hypothesis 2, 30 
provinces in China are first classified into eastern, central and western areas, and heterogene-
ity test is conducted after the research objects are determined. The data in columns (1) and 
(3) of the Table 5, illustrate the promotion effect of digital technology progress on economic 
modernization is stronger in China’s western region in comparison to the eastern region, and 
this difference is significant after testing. Considering that the heterogeneity test of regional 
division may not be rigorous enough to verify Hypothesis 2. Drawing on the median of the 
economic modernization levels across regions, we further divide the existing samples into 

Table 4. Outcomes of heterogeneity test grounded in the sub-dimensions of economic modernization

Variables
(1) (2) (3) (4)

I_ECM G_ECM O_ECM D_ECM

DTA 0.0856***
(0.0062)

0.0027**
(0.0012)

–0.0061
(0.0046)

0.0648***
(0.0118)

Constant 0.2124
(0.1987)

–0.0241
(0.0765)

–0.7614
(0.4928)

0.2604*
(0.1511)

Controls Yes Yes Yes Yes
Province_FE Yes Yes Yes Yes
Year_FE Yes Yes Yes Yes
R2 0.9044 0.4639 0.2990 0.8538
Test for differences in 
coefficients between groups

(1) and (2) 0.000, (1) and (3) 0.000, (1) and (4) 0.091; (2) and (3) 0.073, 
and (4) 0.000; (3) and (4) 0.000
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two groups (high-level group and low-level group), before re-conducting heterogeneity test. 
According to the comparison of data in columns (4) and (5) of Table 5, the promotion effect 
of digital technology progress on the group with low level of economic modernization is 
stronger, and the difference is significant. Hypothesis 2  is proved. Most existing relevant 
studies show that digital economy in the eastern region keeps deeper promotion effect on 
economic growth (Shang et  al., 2025), innovation and development (Bai et  al., 2024) and 
urbanization construction (Chen et  al., 2025), than that of the western region. This study 
takes digital technology progress as the research object, and finds the opposite. This may be 
because digital economy focuses on post and telecommunications services, telecommunica-
tions services and other industrial economic activities derived from digital technology (Wu 
et al., 2025), which need to be supported by the intelligent environment in developed areas 
(Zhang et al., 2025). However, subject of this study is the progress of digital technology, which 
highlights the technological attributes and has stronger spatial spillover and application in-
clusiveness (Daud et al., 2024), which can help the backward regions to catch up. This also 
confirms the inference of Ji et al. (2023) that the use of technology is an effective way for 
backward regions to narrow the disparity with developed regions.

Table 5. Heterogeneity test outcomes at the regional level

Variables

(1) (2) (3) (4) (5)

Eastern 
region

Central 
region

Western 
region

Regions with 
low economic 
modernization 

Regions with 
higher economic 
modernization

DTA 0.1144*** 0.1857** 0.2539*** 0.3441*** 0.1152***
(0.0312) (0.0631) (0.0475) (0.0731) (0.0299)

Constant –2.7269* –0.3867 0.5117 0.2306 –2.0224
(1.2597) (0.2830) (0.2968) (0.2269) (1.6769)

Controls Yes Yes Yes Yes Yes
Province_FE Yes Yes Yes Yes Yes
Year_FE Yes Yes Yes Yes Yes
R2 0.8237 0.8766 0.7541 0.5212 0.8269
Test for differences in 
coefficients between 
groups

(1) and (2) 0.2355, (1) and (3) 0.0059; (2) and (3) 0.3168 (4) and (5) 0.0019

5.4.3. Heterogeneity test in different stages of digital technology progress

In order to verify H3, according to the threshold regression model, we use the Bootstrap 
repeated sampling 1000 times to conduct a preliminary existence test on the threshold effect 
of digital technological progress. Table  6  presents the test results, showing when digital 
technology progress is taken as the threshold variable, the F value under the single threshold 
exceeds the critical value of 10% significance level. In contrast, the F value in the double 
threshold model is below the critical value at 10% significance level, which fails the signifi-
cance test. It demonstrates the threshold effect of digital technology progress only has a sin-
gle threshold but not a double threshold. Therefore, the single-threshold regression model 
of digital technological progress is formulated, with the threshold regression outcomes listed 
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in Table 7. Threshold regression shows that under the definition of economic modernization 
as the explained variable and digital technology progress as the threshold variable, when 
digital technology surpasses the threshold value 0.0231, the regression coefficient of digital 
technology progress is 1.2464, which is significant at the 10% level. When the progress level 
of digital technology rises to the threshold value 0.0231, the estimated coefficient of digital 
technology decreases to 0.1281, which is significant at 1% level, specifying that the enhancing 
effect of digital technology progress on economic modernization is significantly weakened. 
As the level of digital technological progress improves, the positive promoting effect of 
digital technology progress on economic modernization presents a nonlinear characteristic 
of decreasing marginal benefit, which verifies the conjecture. Contrary to Metcalfe’s law and 
network effect theory, this research result does not show the phenomenon of increasing 
marginal benefits found in existing studies (J. Li et al., 2025; Qiu et al., 2025). It is because 
that in the process of promoting economic modernization, digital technology, as a technical 
factor, is more likely to follow the rule of diminishing marginal returns (Jiang et al., 2021). 
Mwananziche et al. (2023) believed the effects of technological progress could not be fully 
absorbed by other factors of production, resulting in diminishing marginal returns. However, 
the views of this study are more consistent with those of Fahmy (2020), that after digital 
technology reaches a mature state, it will saturate due to technology diffusion, the diffusion 
process will slow down, and the marginal effect will decrease. The phenomenon of technology 
saturation is an important influencing factor of diminishing marginal returns.

Table 6. Threshold existence test

Threshold 
variable (Th)

Threshold 
number F value P value

Critical value Threshold 
value1% 5% 10%

DTA Single 
threshold

28.41* 0.0600 44.1032 30.3359 24.4419 0.0231

Double 
threshold

12.45 0.4070 42.0286 27.5732 23.0017 0.0158

Table 7. Threshold regression results

Variables and statistical parameters
(1)

ECM

Threshold value q1 0.0231
DTA·I(Th ≤ q1)
DTA·I(Th > q1)

1.2464*
(0.7096)

0.1281***
(0.0186)

Controls Yes
R2 0.7731
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6. Main conclusions and policy insights

Employing 11-year panel data (2013–2023) from 30 China’s  provinces, this paper studies 
the heterogeneity of the impact of digital technology progress on economic modernization, 
and discusses the dividend differentiation, late-comer advantage and diminishing marginal 
phenomenon in this impact. 

Firstly, the progress of digital technology can stimulate the modernization of China’s econ-
omy. In the process of economic modernization, the positive effect of digital technology 
progress has been empirically confirmed. Secondly, this paper deconstructs economic mod-
ernization according to the secondary index dimensions of economic modernization, and 
successively inspects and verifies the stimulative effect of digital technology progress on 
the subdivision dimensions of economic modernization. Through horizontal comparison and 
difference test between groups, it is found that the promoting effect of digital technology 
progress on economic innovation is stronger than its impact on economic modernization 
and greening, while the impact on economic openness is not significant, and there is an 
obvious dividend differentiation phenomenon. Thirdly, the regional heterogeneity test reveals 
that the enhancing effect of digital technology progress on the western region is stronger 
in comparison to the eastern region, and the promotion effect on the regions with low level 
of economic modernization is more pronounced than that on regions with high level of 
economic modernization. Digital technology provides the possibility for backward regions to 
realize economic modernization and catch up, and there is a late-comer advantage. Finally, 
we adopt a threshold model to explore the nonlinear relationship between digital technologi-
cal progress and economic modernization. The outcomes unveil that with the improvement 
of the level of digital technology progress, its promoting effect on economic modernization 
is significantly reduced, showing a phenomenon of decreasing “marginal benefit”. In order 
to carry out the research smoothly, we also construct the economic modernization index 
measurement system from the four dimensions of economic innovation, greening, openness 
and industrial modernization, and use the entropy method for quantification.

Drawing on the theory analysis and empirical findings of this paper, the subsequent policy 
insights are put forward. (1) Attach attention to the phenomenon of “consumption increase” 
in the development of digital technology, encourage digital enterprises to reduce the energy 
consumption of digital technology progress through dynamic power adjustment and other 
technologies, and help the green economic transformation. At the same time, we will ac-
celerate the alignment with international trade rules, especially in areas such as digital trade. 
By facilitating the cross-border flow of digital factors and leveraging the dividend of digital 
technology progress, we will propel the transformation of economic openness. (2) Encourage 
backward regions to adopt digital technologies and promote the digital transformation of 
their industrial systems. We will accelerate the establishment of digital infrastructure in back-
ward regions, serve the comprehensive progress of digital technologies, and promote the 
economic modernization and transformation of backward areas. (3) Explore new application 
fields of AI-included digital technologies, enhance the depth of digital technology diffusion, 
slow down the diminishing marginal benefits caused by digital technology diffusion satura-
tion, and make up for the driving force of economic modernization.
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This paper has some limitations, which can serve as future research directions. Firstly, 
this paper conducts an analysis based on China’s 30 provinces as sample for research, and 
subsequent studies can be carried out from the urban level or the enterprise level. Secondly, 
regarding the measure of economic modernization, as far as we know, this study is the first 
one constructed in the existing research, which is not sufficiently perfect in dimension setting 
and indicator selection. Follow-up research can continuously improve the index measurement 
system. Thirdly, this study explores the heterogeneity of the impact of digital technology 
progress on economic modernization, and subsequent research can concentrate on the 
mechanism analysis of digital technology progress on economic modernization.
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