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Abstract

The development of the digital economy is conducive to the innovative development of for-

eign trade and the formation of a “dual circulation” development pattern in China. Based on

the panel data of 285 prefecture-level cities in China from 2005 to 2019, this paper examines

the influence of the digital economy on urban export trade and its heterogeneity. And we use

a mediating effect model to explore the possible mediating role of technological progress in

the above influences. The results find that: (1) The improvement of the digital economy can

promote cities export; (2) The promotion of the digital economy to the growth of city export

scale is heterogeneous, which is more significant in the western and northeastern cities with

relatively remote geographical locations, and the third-tier and lower cities with relatively

backward economic development. (3) Technological progress has played a significant role

in promoting the growth of export for the digital economy. Thus, it’s of great importance for

China to increase investment in digital economy infrastructure and pay more attention to the

differences in diverse city development processes. It should also support basic research

and development in information technology to promote high-quality development of China’s

foreign trade through the digital economy.

Introduction

Since the reform and opening-up, China’s foreign trade has achieved a leapfrog increase.

Export has expanded from 16.76 billion yuan in 1978 to 21.73 billion yuan in 2021, with a

17.7% average annual growth. However, the early development of China’s foreign trade relied

on its comparative advantage of low factor cost. Achieving innovative and sustainable develop-

ment of trade is a severe problem China faces. During the 13th Five-Year Plan (2016–2020)

period, China valued the digital economy and repeatedly mentioned building a “digital

China”. Moreover, China has issued a series of relevant policy documents and measures to

help construct the digital economy. The 14th Five-Year Plan (2021–2025) also emphasized it

again. The General Office of the State Council laid out a policy “to promote the high-quality

and innovative development of the foreign trade sector”, which added new impetus to the sec-

tor with innovative business models and offered new incentives to grow cross-border e-com-

merce. Digital trade has been another growth engine for foreign trade in China under the

motivation of relevant measures.
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Meanwhile, China’s digital trade has increased from 11 trillion yuan in the early phase of

the 13th Five-Year Plan to 39.2 trillion yuan in 2020. According to China Internet Network

Information Center (CNNIC), China’s Internet penetration rate will reach 71.6% by June

2021. The new development paradigm featuring dual circulation, in which domestic and over-

seas markets reinforce each other, with the domestic market as the mainstay, has brought a

further boost in consumption to the Internet economy. Consumption has been upgraded both

in terms of quality and quantity. The new online shopping models and the e-commerce indus-

try have generated the domestic market, and cross-border e-commerce has energized the

domestic and overseas markets. Therefore, the digital economy has become solid support to

the innovative development of China’s foreign trade, especially the export trade.

Advancing the wave of digital technologies continuously, more and more scholars focus on the

influence of the digital economy development on export. Most analyses from the national, indus-

try, and enterprise levels believe that digital technologies reduce the trade cost and break the limita-

tion of traditional transaction time and trading venues to increase the export. At the national level,

some scholars support that digital technology promotes export due to overcoming geographic

restrictions [1–3]. Moreover, Kurihara and Fukushima found that digitalization played a more

prominent role in promoting export in developing countries than in developed countries in Asia

[4]. At the industry level, Elia et al. based in the B2C industry (Design and Furniture, Fashion, and

Food and Beverage), believe that digitalization boosts exports, with the fashion and apparel indus-

try more benefiting from digital technology [5]. Subsequently, scholars have turned analysis from

the macro-level to the micro with the gradual enrichment of micro-databases. Denicolai et al.

found that digital technologies drive exports and that firms of different sizes and industries have

different propensities to engage in digital exports [6]. The above researches have verified the digital

economy promotion effect on the export from different ways, but also found it has a heterogeneity

effect, such as differing with economic development, industrial characteristics, and types of firms.

Furthermore, the digital economy puts forward higher demand for technological progress

based on the broad integration of digitalization and economic development. On the one hand,

digitization acts as a “lubricant” to accelerate the flow of factor resources and boost technologi-

cal progress by promoting capital accumulation and R&D capabilities [7–9]. In addition, it

supports industrial integration and leads to more “technology spillover effects” through the

extension of the trade chain [10]. On the other hand, concerning the relationship between

technological progress and export trade, most literature studies the technical spillover effect of

exports and believes that exports promote technological progress. Still, some literature also

finds that technological progress can increase production and operation efficiency, thereby

enhancing trade competitiveness and promoting export growth [11, 12]. Then, combining the

above two aspects, can it be considered that the digital economy ultimately impacts export

trade through the intermediary role of technological progress?

To sum up, the existing research has conducted various discussions on the influence of the

digital economy on export trade. It has shown the following characteristics: First, more litera-

ture analyzed from the national and industrial levels, and cities are rarely taken as the research

object, so they cannot reveal the possible heterogeneous influence. Second, there are few kinds

of literature discussing the potential mediating role in the influence of the digital economy on

export trade, so it is difficult to reveal the influence mechanism among them fully. In order to

make up for the lack of available literature, this paper attempts to extend the existing research

from the following aspects: Firstly, we find that there is a facilitating effect of the digital econ-

omy on city export trade, and that the effect is heterogeneous according to the cities’ geograph-

ical location and comprehensive economic strength; Secondly, technological progress is

measured in terms of green total factor productivity, which reveals its significant mediating

role in the impact of the digital economy on export trade.
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Theoretical analysis and research hypothesis

With the wide application of digital technologies such as big data, cloud computing, and the

Internet of Things in social life, production, circulation, and other fields, the influence of the

digital economy on export trade has attracted the attention of many scholars. Empirical tests

have been carried out on the effect of the digital economy from different aspects. Accordingly,

this paper combines the analysis ideas of existing relevant research, mainly from two parts of

direct and indirect effects, carries out theoretical analysis on how the digital economy affects

urban export trade, and puts forward corresponding research hypotheses.

Direct effect of the digital economy on city export trade

The emergence and rapid development of the digital economy profoundly change the way,

object, and content of trade. Digital technology can crucially reduce trade costs and expand

trade markets across distance and time, thereby contributing to export growth. To this end, we

can analyze the direct effect of the digital economy on export trade from the following two

dimensions: First, the digital economy can reduce the cost of city export trade. New Economic

Geography believes that trade cost is the key to trade location selection, spatial agglomeration,

and diffusion of economic activities [13, 14], while export growth mainly comes from the reduc-

tion of cross-border trade cost [15–17]. Generally speaking, trade costs mainly include transac-

tion costs, search costs, communication costs, and transportation costs [18]. The development

of the digital economy will help reduce the above trade costs. Specifically, the transaction process

between manufacturers and consumers in the digital economy is more convenient and efficient.

The “disintermediation” effect gradually avoids a series of costs generated through intermediary

transactions. With the vast popularity and application of digitalization, information on both

sides of the business can be searched through the web, thus reducing the search costs. That

needs to deliver via mail or telegrams of content, can real-time communication through the

internet, thereby reducing the communication cost. Verhoef et al. believe that digital technology

in blockchain and artificial intelligence can reduce logistics costs [19].

Second, the digital economy has expanded trade markets. Modern information and com-

munication technologies have become an essential factor in economic behavior. Based on the

development of the digital economy, the participants and business scope of the export trade

market have broken the original geographical restrictions [1, 20]. In terms of participants, the

development of the digital economy has unified the real economy and fictitious economy, and

more and more virtual enterprises which have broken through geographical restrictions and

improved the efficiency of trade have emerged. In terms of business scope, advances in infor-

mation technology have enriched financial and educational products and weakened the

restrictions on trade in services in different locations. Service products realize digitalization

and tradability [14], thus promoting business development. Based on the theoretical analysis

of the above two dimensions, this paper proposes the following research hypothesis:

Hypothesis 1: Digital economy can promote the growth of the export scale.

Further, the role of the digital economy in promoting city export trade may vary according

to the stage of regional development. Unbalanced development theory holds that economic

growth is not synchronous in space and time, and the economy develops inevitably with the

transfer of various factors of production from peripheral areas to central areas. The story of the

digital economy depends to a large extent on the investment of R&D, the capacity of skilled

labor, and the level of digital infrastructure construction in the region [21, 22], such as the

number of fiber-optic broadband users, network coverage, IPv6 address number and so on

[23]. However, due to different stages of economic development between cities, all kinds of
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production factors in regional aggregation degrees are different, so the digital economy devel-

opment shows the characteristics of uneven space [24]. A leading city, which will be more

attractive to production factors such as technology, capital, and workforce, is conducive to the

construction and improvement of digital economy infrastructure and holds more competitive

advantages in foreign export trade [25].

At the same time, some scholars have found that the digital economy follows the law of dimin-

ishing marginal effect in terms of efficiency gains and value creation [26]. For regions with a

higher level of economic development, more investment in digital construction has a diminishing

marginal contribution effect on export trade [27]. Conversely, the marginal contribution of the

digital economy to export trade is more remarkable for less developed cities. Where the lack of

production factors leads to the slow development of the digital economy, the economies of scale

and scope generated by minor improvements in infrastructure are more pronounced [28]. There-

fore, there will be heterogeneity in the promotion effect of the digital economy on different cities’

exports. Based on this, this paper proposes the following research hypothesis:

Hypothesis 2: For cities at different stages of economic development, the effect of the digital

economy on export is heterogeneous.

Indirect effect of the digital economy on city export trade

According to the available studies, the digital economy effectively enhances technological inno-

vation ability, promoting the development of city export trade. Information in the market is usu-

ally asymmetric, affecting the efficiency of the market allocation of resources. Digitalization

speeds up the flow of market information, reduces the cost of information transmission, and

thus improves technology and production efficiency. According to the conclusions of Antono-

poulos et al. [29], Lyytinen et al. [30], and Meltzer [31], the digital economy plays a significant

role in both short-term and long-term in improving production, management, and operation

efficiency. It is an important reason for driving technological progress and efficiency.

On the other hand, technological progress is conducive to the growth of city exports. Firstly,

as an endogenous driving force of city economic development [32], technological progress can

encourage more economic subjects to participate in international trade and competition by

improving production efficiency and innovation ability, thus promoting export trade develop-

ment. Secondly, trade liberalization reallocates production factors between low-tech and high-

tech economic agents [33]. Because of the entry barriers in foreign markets, there is a “self-

selection” effect in export, with only high-skilled and high-productivity economic agents

choosing to export [5, 34–37]. Accordingly, we propose the following research hypothesis:

Hypothesis 3: Technological progress plays an intermediary role in promoting the growth

of city export by the digital economy.

To sum up, the effects of the digital economy on city export trade can be divided into direct

effects and indirect effects through technological progress. The specific pathways of influence

can be seen in Fig 1.

Model constructing

The following benchmark model is constructed to examine the influence of the digital econ-

omy on city export trade.

lnEXit ¼ d0 þ d1lnDigitit þ d2Xit þ mi þ lt þ εit ð1Þ

Where subscript i represents different cities, t represents time; EX is the export scale of the

city, Digit is the city’s digital economy development level, and X is other control variables. μ
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represents the individual effect of the city unaffected by the time factor, λ represents the time

factor unaffected by the individual characteristics of the city, and ε is the random disturbance

term. To reduce the possible influence of heteroscedasticity, we perform logarithmic process-

ing on relevant variables; that is, it takes the natural logarithm for ln.

To test whether there is a mediating role of technological progress in the digital economy

affecting city export trade, this paper further takes technological progress as a mediating vari-

able based on Eq (1) and constructs the following mediating effect model.

TFPit ¼ a0 þ a1lnDigitit þ a2Xit þ mi þ lt þ εit ð2Þ

lnEXit ¼ b0 þ b1lnDigitit þ b2TFPit þ b3Xit þ mi þ lt þ εit ð3Þ

In Eqs (2) and (3), TFP is the mediating variable, which refers to technological progress,

and other variables have the same meaning as Eq (1). As for whether there is a significant

mediating effect, this paper will refer to the test method of Baron and David without elaborat-

ing [38].

Variable selection and sources of data

Variable selection

Explained variable. The export volume of each city measures export size (EX).

Core explanatory variable. A digital economy composite score based on five dimensions

measures digital economy (Digit). Specifically, based on the digital economy index compiled

by Katz and Koutroumpis [7], Hagsten and Kotnik [39], and the China Academy of Informa-

tion and Communications Technology (2021), we select five dimensions to measure the digital

economy, including total capita telecom business volume, total capita postal business volume,

the number of employees in the information industry, the number of internet users and the

number of mobile phone users at the end of the year. Then we use the entropy weight method

to get a comprehensive score of the digital economy, which measures the development level of

the digital economy in cities [40].

Mediating variable. Technological progress (TFP): It is measured by green total factor

productivity. We construct the GML (Global Malmquist-Luenberger) index to comprehen-

sively reflect prefecture-level cities’ technological progress [41–43]. Considering the availability

of data, the factors input index and output index selected in this paper include: (1) Input:

Fig 1. Pathways for the influence of the digital economy on city export trade.

https://doi.org/10.1371/journal.pone.0269314.g001
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Capital input, taking the total investment in fixed assets of the whole society as capital input;

Energy input, it is decomposed by the total electricity consumption of each city; Labor input,

which is measured by the number of employees at the end of each year [44, 45]. (2) Good out-

put: using the GDP of each city as good output. (3) Bad output: the emissions of industrial sul-

fur dioxide, industrial wastewater, and industrial soot in prefecture-level cities were selected as

bad output.

Control variables. Generally speaking, regions with developed export trade are more

likely to be at a higher level of economic development and openness, have a reasonable indus-

trial structure, and use more advanced technology and skilled labor. Therefore, we add five

control variables to our model. Degree of economic development (grp): It’s measured by per

capita GDP in accordance with the usual practice. Degree of openness (fdi): Since FDI can

bring advanced technology and management experience to the host country through spillover

effect to improve the quality and quantity of export trade, this paper takes the ratio of actual

utilized FDI to GDP to represent the degree of openness. Industrial structure (is): The percent-

age of the added value of the tertiary industry to GDP is used to describe the industrial struc-

ture. R&D (rd): The number of scientific research and technology employees measures it.

Human capital(hr): This paper measures by the number of employees in the education

industry.

Sources of data and descriptive statistics

Considering data availability, this paper selects the data of 285 prefecture-level cities in China

from 2005 to 2019 as samples for empirical analysis. Relevant data are mainly from China City

Statistical Yearbook, China Statistical Yearbook, China Statistical Yearbook for Statistical Eco-

nomic, and China Energy Statistical Yearbook. Table 1 shows descriptive statistics of variables.

Results for benchmark model and its robust test

Benchmark regression results

According to the F test and Hausman test, the two-way fixed-effect model was used in this

paper for regression estimation of Eq (1). The estimated results in Table 2 were all robust stan-

dard error calculations adjusted by Driscoll and Kraay to reduce the influence of heteroscedas-

ticity on results [46]. Based on the estimation results in column (6), it can be seen that the

estimated coefficient of the variable Digit is significantly positive after controlling for the rele-

vant variables, indicating that the digital economy has a significant contribution to the export,

a result confirming the Hypothesis 1.

For control variables, the coefficient of fdi on export is significantly positive because FDI

can influence export through scale effect, structural effect, and technological effect. The

Table 1. Summary statistics for variables.

Variable Observations Mean Sd Min Max

lnEX 4275 13.064 2.196 2.031 19.043

Digit 4275 0.045 0.079 0.000 0.875

lnTFP 4275 0.963 0.207 0.132 2.031

fdi 4275 1.850 1.962 0.000 20.518

is 4275 38.969 9.660 8.580 83.520

grp 4275 0.367 0.188 0.030 1.980

lnhr 4275 1.672 0.561 0.086 4.070

lnrd 4275 0.490 0.545 0.010 4.287

https://doi.org/10.1371/journal.pone.0269314.t001
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coefficient of is on export is highly negative, indicating that the excessive proportion of the ter-

tiary industry is not conducive to export; that is, the internal structure of the tertiary sector still

needs to be further improved. And the excessive pursuit of tertiary industrial scale and neglect

of the rationality of the structure will lead to a certain degree of “industrial low-end”. The coef-

ficient of grp on exports is significantly positive, which may be due to the improvement of the

regional economic development drives the optimization and upgrading of the export trade

structure, thereby promoting regional exports. The coefficient of lnhr indicates human capital

can promote the efficiency of labor productivity in industries by providing a highly qualified

workforce and optimal matching of workforce and jobs, thus increasing the domestic exports.

the proportion of higher production factors in society. For the variable lnrd, the coefficient is

positive but not significant. It suggests that R&D capabilities can enhance export competitive-

ness by increasing one’s innovation, but this may be due to the mismatch of resources invested

in R&D in different disciplines, resulting in less investment in basic R&D and a lower input-

output ratio, which in turn leads to R&D not playing a significant role.

Robustness of benchmark model

To test the robustness of the estimation results of the benchmark model, this paper further

conducted robustness tests from three aspects: considering endogeneity, replacing core

explanatory variables, and eliminating outliers. The results are shown in Table 3. Firstly, con-

sidering that there may be bi-directional causality between digital economy and export trade,

we take the first-order lag of variable Digit as an instrumental variable and use the two-stage

least square method for estimation. Secondly, since the total amount of posts and telecommu-

nications is a comprehensive index reflecting the output of information infrastructure, so we

use this comprehensive index (lnpost) as a surrogate variable for the digital economy in regres-

sion estimation. Thirdly, due to the adverse influence of the international financial crisis, the

Table 2. Results of the benchmark model.

Variable (1) (2) (3) (4) (5) (6)

Digit 1.616��� 1.597��� 1.678��� 1.839��� 1.476��� 1.405���

(2.685) (2.789) (2.932) (3.097) (2.807) (2.817)

fdi 0.038��� 0.034�� 0.031��� 0.035��� 0.036���

(3.951) (2.569) (2.782) (3.136) (3.017)

is -0.026��� -0.023��� -0.022��� -0.022���

(-4.452) (-3.605) (-3.007) (-3.008)

grp 0.907��� 1.017��� 1.033���

(2.886) (3.030) (3.028)

lnhr 0.698��� 0.638���

(3.871) (3.107)

lnrd 0.091

(0.819)

Constant 12.059��� 11.974��� 12.935��� 12.666��� 11.497��� 11.559���

(469.553) (371.387) (51.771) (40.946) (21.125) (22.196)

City effect Yes Yes Yes Yes Yes Yes

Year effect Yes Yes Yes Yes Yes Yes

Observations 4275 4275 4275 4275 4275 4275

Notes: The t-statistic in parenthesis.

���, ��, and � indicate statistically significant at 1%, 5%, and 10%, respectively.

https://doi.org/10.1371/journal.pone.0269314.t002
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export scale of many cities in China declined sharply in 2009, which was inconsistent with the

changes in other years. Therefore, this paper deleted the sample data of 2009 and then made

regression estimation on the benchmark model. The robustness test is shown in Table 3. It can

be seen that the digital economy has a significant positive effect on the city export scale, and

the results are relatively robust.

Analysis of heterogeneity

Heterogeneity in different city types

According to the results of the benchmark model, the digital economy does have a positive

influence on the export scale of prefecture-level cities in China, but whether this influence var-

ies by city characteristics? In this regard, the paper further classifies 285 prefecture-level cities

to examine the heterogeneity of the effects of the digital economy on export at different

characteristics.

Specifically, referring to the Division Method of East, West, Central, and Northeast Regions

by the National Bureau of Statistics of China, we divide 285 prefecture-level cities into western

cities, central cities, eastern cities, and northeastern cities according to their geographic loca-

tions. Geographical location will affect a city’s trade convenience and trade propensity: (1) By

virtue of the geographical location near the port and the industrial advantages of the Yangtze

River Delta and the Pearl River Delta, the export volume of the eastern region has always been

far ahead of other regions. (2) Most of the central cities are located on the Yangtze River

Golden Waterway, with numerous ports and well-developed shipping. For example, the

throughput capacity of Wuhan Port, Jiujiang Port, and Ma’anshan Port has increased rapidly

Table 3. Results of robustness test of the benchmark model.

Variable Considering endogeneity Replacing explanatory variable Eliminating outliers

lnEX lnEX lnEX
Digit 2.356�� 1.348���

(2.331) (2.705)

lnpost 0.090���

(2.819)

fdi 0.039��� 0.038��� 0.033���

(4.258) (3.072) (3.026)

is -0.020��� -0.022��� -0.023���

(-6.340) (-2.989) (-2.973)

grp 1.007��� 1.023��� 1.026���

(8.050) (3.128) (3.008)

lnhr 0.636��� 0.594��� 0.623���

(4.004) (2.783) (3.120)

lnrd 0.089 0.061 0.077

(0.807) (0.596) (0.673)

Constant 11.727��� 10.842��� 11.625���

(41.195) (15.808) (22.789)

City effect Yes Yes Yes

Year effect Yes Yes Yes

Observations 3990 4275 3990

Notes: 1. The t-statistic is in parenthesis.

���, ��, and � indicate statistically significant at 1%, 5%, and 10%, respectively.

https://doi.org/10.1371/journal.pone.0269314.t003
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in recent years, providing certain conditions for export trade. (3) The western region is rela-

tively closed geographically, influenced by topography and other factors, making infrastruc-

ture construction more difficult and not having the location advantage for trade exchanges. (4)

The industrial structure of northeast China is dominated by traditional industries such as pet-

rochemicals and iron and steel, with a relatively low share of emerging industries, which has

resulted in insufficient economic growth momentum and relatively weak export competitive-

ness in recent years. Under different geographical locations, the city’s average export volume

and digital economy development level are shown in Figs 2 and 3, respectively. Obviously, we

can assume that the better the location of a city, the higher the city’s digital economy level and

export scale.

Considering that the sample size of some types is too small, we divide all cities into two cat-

egories in regression, including eastern and central cities and western and northeastern cities.

According to the sub-sample regression estimation results in Table 4, we find that the coeffi-

cients of Digit under different city types are significantly positive, which indicates that the digi-

tal economy is conducive to promoting the growth of export trade. However, by comparing

the estimated results of columns (1) and (2) in Table 4, it suggests that the coefficient of vari-

able Digit in column (2) is relatively larger; that is, the digital economy has a more noticeable

effect on the export of cities in the western and northeastern regions than in the central and

eastern regions.

Further, based on a comprehensive consideration of the city’s economic aggregate, political

function, city size, and economic radiation, we divide the cities into first-tier cities, second-tier

cities, third-tier cities, and others. The stronger developed the comprehensive economic

strength, the better the economic environment, human resources, financial conditions, infra-

structure, and so on, which lays a solid foundation for the export trade and digital economy of

the city. As shown in Figs 4 and 5.

It is also considered that the sample size of some types is too small, we divide the sample

into first- and second-tier cities, third-tier and below cities based. According to columns (3)

Fig 2. Average city exports at the different geographic locations.

https://doi.org/10.1371/journal.pone.0269314.g002
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and (4) in Table 4, we can conclude that the digital economy has a more significant effect on

the export of third-tier and below cities compared to first-tier and second-tier cities.

Based on the analysis of the above two aspects, we consider that the digital economy plays a

more significant role in promoting the export scale of cities with relatively small scales and rel-

atively low levels of economic development.

Robustness of heterogeneity

For the stage of city development, the previous section measured it mainly based on the city

population size and the level of economic growth. Generally speaking, the export scale of cities

with a larger population scale and a higher level of economic growth is also relatively larger.

Hence the quantile regression model tests the robustness of the heterogeneity effect obtained

by sub-sample regressions. Based on the results in Table 5, we can find that the estimated coef-

ficients of Digit show a decreasing trend as export size gradually increases, and the coefficient

is insignificant at the 90% quantile, which indicates that the boosting effect of the digital econ-

omy is no longer significant after the city export size reaches the 90% quantile. The quantile

regression results above are consistent with the results of the sub-sample regression in hetero-

geneity, which can reflect the heterogeneity characteristics of the influence of the digital econ-

omy on export from different aspects. Thus Hypothesis 2 is confirmed.

Analysis of influence mechanism: Mediation test

Results of mediation test

After empirically verifying the promotion effect of the digital economy on exports and its het-

erogeneity, this paper further tests the specific influence mechanism. According to Eqs (1)–

(3), we use the bias-corrected percentile Bootstrap method to test whether technological prog-

ress plays a mediating role in the digital economy affecting city export trade. From the estima-

tion results in Table 6, in terms of direct effect, the coefficient is 5.374, which indicates that the

impact of the digital economy on export trade is significant after controlling for the mediating

Fig 3. Digital economy development level at the different geographic locations.

https://doi.org/10.1371/journal.pone.0269314.g003
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variable of technological progress. In terms of the transmission mechanism of the mediating

variable, the promotion effect of the digital economy on technological progress is notable, and

technological progress significantly promotes the growth of export trade, so the product of the

Table 4. Results of heterogeneity test.

Variable (1) (2) (3) (4)

Eastern and central cities Western and northeastern cities First- and second-tier cities Third-tier and below cities

Digit 0.860� 4.675�� 1.417�� 5.312���

(1.953) (2.387) (2.462) (3.419)

fdi 0.042��� 0.024�� 0.041��� 0.032��

(2.770) (2.278) (7.681) (2.153)

is -0.024��� -0.018 -0.024��� -0.020��

(-3.256) (-1.537) (-4.782) (-2.258)

grp 0.496��� 1.920��� 0.040 1.644���

(3.839) (3.209) (0.708) (3.704)

lnhr 0.010 1.527��� 0.036 0.918���

(0.128) (2.742) (0.478) (3.137)

lnrd -0.147��� 0.348 -0.261��� 0.380���

(-2.699) (1.546) (-2.248) (3.337)

Constant 13.610��� 8.898��� 15.571��� 10.353���

(32.165) (10.455) (47.308) (14.819)

City effect Yes Yes Yes Yes

Year effect Yes Yes Yes Yes

Observations 2505 1770 735 3540

Notes: The t-statistic in parenthesis.

���, ��, and � indicate statistically significant at 1%, 5%, and 10%, respectively.

https://doi.org/10.1371/journal.pone.0269314.t004

Fig 4. Average city exports at different development of the city economy.

https://doi.org/10.1371/journal.pone.0269314.g004
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regression coefficients of the two is positive. That is, the indirect effect of technological prog-

ress on export trade is positive with a coefficient of 0.293, and the indirect effect does not con-

tain 0 in the 95% confidence interval, indicating that the mediating effect of technological

progress is established.

Robustness of mediation test

Similar to the robustness test of the benchmark model, we conducted a robustness test on the

mediating effect from two aspects of eliminating outliers and replacing explanatory variables.

Fig 5. Digital economy development level at different development of the city economy.

https://doi.org/10.1371/journal.pone.0269314.g005

Table 5. Results of quantile regression.

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

10% 30% 50% 70% 90%

Digit 1.859�� 1.570��� 1.334��� 1.122�� 0.899

(0.743) (0.555) (0.465) (0.466) (0.549)

fdi 0.032��� 0.032��� 0.032��� 0.032��� 0.032���

(0.012) (0.009) (0.007) (0.007) (0.009)

is -0.019��� -0.010��� -0.003 0.003 0.00���

(0.004) (0.003) (0.003) (0.003) (0.003)

grp 2.801��� 2.620��� 2.473��� 2.341��� 2.202���

(0.190) (0.142) (0.119) (0.119) (0.140)

lnhr 1.204��� 1.131��� 1.071��� 1.017��� 0.961���

(0.261) (0.195) (0.163) (0.163) (0.193)

lnrd 0.855��� 0.809��� 0.772��� 0.739��� 0.704���

(0.153) (0.114) (0.096) (0.096) (0.113)

Observations 4275 4275 4275 4275 4275

Notes: The standard error in parenthesis.

���, ��, and � indicate statistically significant at 1%, 5%, and 10%, respectively.

https://doi.org/10.1371/journal.pone.0269314.t005
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The results of the bootstrap test are shown in Table 7, from which it is clear that technological

progress still plays a significant mediating role in the promotion of export trade by the digital

economy after removing the data from 2009 and using total postal business as a substitute vari-

able for the digital economy. Therefore, Hypothesis 3 is confirmed.

Discussion

Analyzing the benchmark regression results, it shows that the digital economy significantly

promotes city export trade, which is consistent with the research results of Lendle et al. [15],

Goldfarb and Trefler [18], and Fan et al. [14]. They all concluded that digital technologies can

reduce trade costs and expand the market boundaries of trade, thus the development of the

digital economy is conducive to export trade.

In addition, the results of city heterogeneity reveal that the effect of the digital economy in

promoting city export trade is influenced by city characteristics. For the relatively remote cities

in the western and northeastern regions, as well as the third-tier and lower-tier cities with rela-

tively backward economic development, the promotion effect of the digital economy is more

pronounced. This is similar to the results of Farboodi and Veldkamp [26] and Clarke [27], but

different from those of Pan et al. [25] who argue that cities with better location advantages and

higher levels of economic development are more able to benefit from the development of the

digital economy. One possible reason for this is that the western and northeastern regions are

not advantageous in carrying out trade activities due to their geographical location and envi-

ronment. The base of export trade is too small, so the impact of the digital economy enhance-

ment on exports is more obvious. In relatively backward cities, due to the lack of factors of

production, the economies of scale and scope generated by minor improvements in infrastruc-

ture are more obvious, so the marginal utility of the digital economy is greater.

Table 6. Results of mediation test.

Effect Path Effect Coefficient 95% conf. interval

Bootstrap Digit!lnTFP!lnEX Indirect 0.293��� (0.073) [0.161,0.446]

Digit!lnTFP!lnEX Direct 5.374��� (0.713) [4.201,7.017]

Mediating effect Significant

Notes: The standard error in parenthesis.

���, ��, and � indicate statistically significant at 1%, 5%, and 10%, respectively.

https://doi.org/10.1371/journal.pone.0269314.t006

Table 7. Results of the robustness of mediation test.

Effect Path Effect Coefficient 95% conf. interval

Eliminating outliers Digit!lnTFP!lnEX Indirect 0.296��� (0.088) [0.153,0.485]

Digit!lnTFP!lnEX Direct 3.471��� (0.668) [2.052,4.741]

Mediating effect Significant

Effect Path Effect coefficient 95% conf. interval

Replacing explanatory variable lnpost!lnTFP!lnEX Indirect 0.024��� (0.008) [0.010,0.040]

lnpost!lnTFP!lnEX Direct 1.151��� (0.044) [1.065,1.240]

Mediating effect Significant

Notes: The standard error in parenthesis.

���, ��, and � indicate statistically significant at 1%, 5%, and 10%, respectively.

https://doi.org/10.1371/journal.pone.0269314.t007
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What’s more, by analyzing the regression results of the mediating effect model, we find that

technological progress plays a mediating role between the digital economy and export trade,

and the mediating effect is 0.293. The digital economy speeds up the circulation of market

information and production factors, which can improve the overall technical level and produc-

tion efficiency [30]. And evidence shows that technological progress boosts export growth by

improving export competitiveness [36].

Conclusion

Based on the data of 285 prefecture-level cities in China from 2005 to 2019, this paper empiri-

cally analyzes the influence of the digital economy on city export trade and its heterogeneity. It

also uses the mediating effect model to test the mediating role of technological progress to

reveal the influence mechanism of the digital economy. The main conclusions are as follows:

Firstly, the digital economy can promote the growth of export trade of prefecture-level cities in

China; Secondly, due to the different stages of economic development in different cities, the

promotion effect of the digital economy on city export scale is heterogeneous. Finally, techno-

logical progress plays a significant mediating role in promoting city export trade in the digital

economy, and there is an influence mechanism of “digital economy-technological progress-

city export trade”.

Policy implications

In summary, it can obtain the following policy implications from this paper.

First, continue to increase investment in the construction of digital economy infrastructure

to give full play to the role of the digital economy in promoting export trade. Infrastructure

such as wireless base stations, communication networks, and relay stations are important

hardware carriers for information transmission and exchange. Strengthening related infra-

structure construction will be conducive to the growth of export trade in cities and the whole

country. However, it should also be noted that the construction of digital economy infrastruc-

ture is a systematic project, which requires the organic combination of human, financial, and

material resources and the effective unification of talents, strategies, and resources. In this

regard, the government should increase infrastructure investment to promote the construction

of fiber-optic networks and wireless networks. Meanwhile, it should strengthen policy support

for related professionals to meet the demand for professional talents for city development.

Second, focus on the different development stages of different cities and tap the develop-

ment potential of the digital economy. Digitalization has created a new gap between the rich

and the poor, forming a “digital divide”. In response to the reality of e development of the digi-

tal economy in different regions of China, policymakers should focus on strengthening the

digital construction power of the most backward areas of development. For example, to

increase the investment in information network infrastructure in the most backward areas and

to support and attract new service enterprises, digital technology talents, advanced technology,

capital, and other quality production factors to gather in the backward areas through financial

subsidies, to provide the material basis for the development of the digital economy. In addi-

tion, we also need to pay attention to the publicity and popularization of knowledge about the

internet and digitalization in backward areas to reduce the effect of “not-in-my-yard”, which

refers to the planning of economic projects or public facilities by government departments in

which the whole society shares the benefits generated, but the nearby residents bear the nega-

tive externalities, so this plan is vehemently opposed and protested by the residents around the

chosen site. It aims to ensure the smooth construction of digital infrastructure and fully tap the

role of the digital economy in promoting city export trade.
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Third, vigorously support the research and development of digital technologies and con-

tinue to boost the innovative growth of trade. We should attach importance to the R&D of key

technologies in digital infrastructure construction and turn the list of “bottleneck” technolo-

gies that restrict the construction of digitalization into a list of scientific research tasks. The

government needs to support enterprises, universities, and other innovation subjects to

increase their independent research and development efforts to stimulate the growth potential

of technological progress. In particular, it is necessary to closely follow the digital development

strategy and the socio-economic development needs, scientifically distribute R&D investment

in fields such as 5G, big data, and blockchain, and establish first-mover advantages in innova-

tive trade.

Limitation and future research directions

This paper still has the following limitations: In terms of the research object, we investigate the

macro level but do not go deep into the micro level; In terms of the construction of the digital

economy index system, the indicators chosen are not comprehensive enough because of the

difficulty of obtaining complete data at the prefecture-level city level; In terms of the selection

of mediating variables, technological progress only plays a partial mediating role in the influ-

ence of the digital economy on city export trade, then there may be other mediating variables,

but this paper has not yet analyzed in this regard.

Future research can explore the relationship between the digital economy and export trade

at the enterprise level. As a major player in export trade, the export capacity of enterprises

directly affects the overall trade strength of China. At the same time, the construction of the

digital economy index should include more aspects to ensure objectivity and fairness. In addi-

tion, when exploring the influence mechanism, mediating and moderating effects can be con-

sidered, and multiple influence mechanism variables can be selected for analysis.
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22. Bermúdez-León DS, Zúniga-González CA. Las tecnologı́as de información y comunicación (TIC) como

respuesta a necesidades educativas zonas rurales en Nicaragua. Rev. Iberoam. Bioecon. Cambio

Clim. 2016; 2(4): 563–574. https://doi.org/10.5377/ribcc.v2i4.5931

23. Audretsch DB, Heger D, Veith T. Infrastructure and entrepreneurship. Small Business Economics.

2015; 44(2): 219–230. https://doi.org/10.1007/s11187-014-9600-6

PLOS ONE Digital economy, technological progress, and city export trade

PLOS ONE | https://doi.org/10.1371/journal.pone.0269314 June 3, 2022 16 / 17

https://doi.org/10.1016/j.techsoc.2016.07.001
https://doi.org/10.1016/j.econlet.2017.03.022
https://doi.org/10.1016/j.telpol.2016.11.001
https://doi.org/10.1016/j.telpol.2016.11.001
https://doi.org/10.2177/jsci.22.300
https://doi.org/10.1016/j.jbusres.2021.04.010
https://doi.org/10.1016/j.techfore.2021.120650
https://doi.org/10.1016/j.technovation.2013.06.004
https://doi.org/10.1016/j.indmarman.2016.04.012
https://doi.org/10.1016/j.telpol.2021.102188
https://doi.org/10.1016/j.jbusres.2021.02.026
https://doi.org/10.1016/j.jbusres.2021.02.026
https://doi.org/10.1016/j.jbusres.2020.01.007
https://doi.org/10.1057/s41287-020-00357-x
https://doi.org/10.1057/s41287-020-00357-x
https://doi.org/10.1016/j.jinteco.2018.07.002
https://doi.org/10.1016/j.jinteco.2018.07.002
https://doi.org/10.1111/ecoj.12286
https://doi.org/10.1080/02681102.2018.1493675
https://doi.org/10.1111/cwe.12329
https://www.nber.org/papers/w24254
https://www.nber.org/papers/w24254
https://doi.org/10.1016/j.jbusres.2019.09.022
https://doi.org/10.1093/jcr/ucx105
https://doi.org/10.1093/jcr/ucx105
https://doi.org/10.1016/j.econlet.2017.03.022
https://doi.org/10.5377/ribcc.v2i4.5931
https://doi.org/10.1007/s11187-014-9600-6
https://doi.org/10.1371/journal.pone.0269314


24. Millard J, Schmied D. Rural Areas in the Digital Economy. Aldershot: Ashgate Publishing; 2005.

25. Pan Y, Ma L, Wang YZ. How and what kind of cities benefit from the development of digital inclusive

finance? Evidence from the upgrading of export in Chinese cities. Economic Research-Ekonomska

Istrazivanja. 2021; 34. https://doi.org/10.1080/1331677X.2021.2007414

26. Farboodi M, Veldkamp L. A growth model of the data economy. NBER Working Paper. 2021; No.

w28427. https://www.nber.org/papers/ w28427

27. Clarke GRG. Has the internet increased exports for firms from low and middle-income countries? Infor-

mation Economics and Policy. 2008; 20(1): 16–37. https://doi.org/10.1016/j.infoecopol.2007.06.006

28. Goldfarb A, Tucker C. Digital Economics. Journal of Economic Literature. 2019; 57(1): 3–43. https://

doi.org/10.1257/jel.20171452

29. Antonopoulos C, Sakellaris P. The contribution of Information and Communication Technology invest-

ments to Greek economic growth: An analytical growth accounting framework. Information Economics

and Policy.2008; 21(3): 171–191. https://doi.org/10.1016/j.infoecopol.2008.12.001

30. Lyytinen K, Yoo Y, Boland RJ. Digital product innovation within four classes of innovation networks.

Information Systems Journal. 2016; 26(1): 47–75. https://doi.org/10.1111/isj.12093

31. Meltzer JP. Governing Digital Trade. World Trade Review. 2019; 18(1): 23–48. https://doi.org/10.1017/

S1474745618000502
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