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Abstract: The Chinese government clearly put forward a strategy to speed up the development of the
digital economy in “the 14th Five-Year” Plan, which will become the booster of China’s development.
China has a vast territory and the state of development of the digital economy varies greatly across
different regions. It is crucial to clarify the reasons for these differences and take measures to
narrow them. Therefore, the evaluation and analysis of the current situation are conducive to the
further development of the digital economy. Taking 30 provinces (excluding Tibet, Hong Kong,
Macao and Taiwan) of China as the research objects, this paper constructs an index system taking
digital infrastructure, digital technology and digital talent as input variables and taking digital
industrialization and industrial digitization as output variables. The data envelopment analysis
(DEA) cross-efficiency model is constructed to calculate and compare the cross-efficiency of the
digital economies in each province. The results show the following: (1) The development efficiency
of China’s digital economy has generally been low, and there is a large “digital divide” between
provinces. (2) The input of digital talents is crucial for the digital economy in order to achieve high
output and high efficiency, and high output is often accompanied by high efficiency. Based on the
above conclusions, this paper puts forward some suggestions to promote the development of China’s
digital economy.
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1. Introduction

With the in-depth development of the scientific and technological revolution and
industrial transformation, the digital economy has become the core driving force in promot-
ing the development of the global economy. The Chinese government has attached great
importance to the new development opportunities led by the “digital economy”, serving
to create new advantages of the digital economy and to promote digital industrialization
and industrial digital transformation. Since the implementation of the digital economy
development strategy in China, the scale of the digital economy has continued to grow,
which has not only encouraged some business to undergo digital transformation but has
also caused some traditional business to die out. The report of the “National Digital Economy
Development Index (2021)” shows that China’s digital economy has continued to steadily
improve; the national digital economy development index was 130.9 with a month-on-
month growth of 2.4% and year-on-year growth of 15.3% as of December 2021. Meanwhile,
it is expected that the scale of China’s digital economy will exceed CNY 60 trillion and
the added value of the core industries of the digital economy will account for 10% of the
Gross Domestic Product (GDP) by 2025. At present, the development of China’s digital
economy is generally positive, but there are still some deficiencies. Due to different strategic
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orientations, economic foundations, industrial structure and resource endowments, etc.,
the digital economy development of China’s provinces shows obvious differences, which
restricts the domestic and foreign dual circulation system to a certain extent. Therefore, it
is very important to have a deep understanding of the development status of the digital
economy in each province and take corresponding measures to promote its development.

Since the concept of the digital economy was proposed in the 1990s [1], some scholars
have studied it. At present, the relevant theoretical research on the digital economy is
mainly focused on the following three aspects: (1) The impact of digital economic de-
velopment, which mainly includes national economic development [2], urban economic
agglomeration [3], the high-quality development of the manufacturing industry [4–6],
the industrial and employment structure [7–9], entrepreneurial activity [10], innovation
efficiency [11], carbon emissions [12–15], green total factor productivity (GTFP) [16–19] and
international comparisons of the development of digital economies [20]; (2) the driving
factors of digital economy, which mainly include technology-driven [21] and innovation-
driven factors [22], the foreign investment level, human capital, economic extroversion [23],
the regional economic growth level [24] and domestic political and economic circum-
stances [25]; and (3) the spatial characteristics of digital economy. In China, there are many
studies on the spatial differences of digital economy among different regions, which are
manifested as the large gap in the development level of digital economy among regions.
Moreover, empirical analysis shows that the unbalanced development of the digital econ-
omy in the Beijing–Tianjin–Hebei region of China is a serious problem [26]: the digital
economy is mainly concentrated in the coastal areas and the middle reaches of the Yangtze
and Yellow Rivers [27]; the spatial distribution of the digital economy is greater in eastern
provinces such as Beijing, Shanghai, Guangdong, Jiangsu and Zhejiang, while it is lower
in the central and western provinces [28]; the western region urgently needs to promote
the construction of a digital economy and introduce high-tech digital economy talents [29];
the development level of the digital economy in the southern region is higher than that
in the northern region [30]; and the degree of coupling coordination between the digital
economy and high-quality development is higher in South, North and East China but lower
in Central and Southwest China [31].

Data envelopment analysis (DEA) is a method proposed by Charnes, Cooper and
Rhodes in 1978 to evaluate the relative effectiveness of Decision-Making Units (DMU).
The traditional DEA model includes the Charnes–Cooper–Rhodes (CCR) model based
on constant return to scale [32] and the Banker–Charnes–Cooper (BCC) model based on
variable returns to scale [33]. However, it has many disadvantages [34]; for example,
it can only distinguish whether the DMU is DEA-effective but does not sort the DMU,
and it is easy to exaggerate its efficiency through self-evaluation alone. To solve these
problems, various improved DEA models, such as the super-efficiency model [35], cross-
efficiency model [36], benchmark ranking method [37], statistical methods for ranking such
as canonical correlation analysis [38] and discriminant analysis [39], variable-weight DEA
efficiency evaluation model [40], etc., have been proposed. The DEA cross-efficiency model
has the following advantages: (1) It combines the efficiency of self-evaluation and other
evaluations, avoiding the problem of unrealistic weight coefficients, and (2) the optimal
DMUs can be comprehensively evaluated. Therefore, the cross-efficiency method has a
wide range of applications in performance evaluation and ranking [41–46].

It can be noted that scholars have achieved certain results in research on the develop-
ment of digital economies; however, there is still space for further expansion in research
on the efficiency evaluation of provincial digital economic development. Firstly, the exist-
ing studies have mainly discussed the impact of the digital economy on the high-quality
development of the manufacturing industry, carbon emissions and GTFP, etc., and paid in-
sufficient attention to the overall development of the digital economy in China’s provinces.
Secondly, the existing studies usually divide spatial differences in the digital economy from
the perspective of large regions and lack comparisons of the developmental efficiency of
the digital economy from the perspective of the provinces. Comparison between provinces
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is more suitable for these symptoms and can improve the overall level of China’s digital
economic development. Meanwhile, the development of China’s digital economy is still in
its early stages. In addition, China has a vast territory, and the developmental status of the
digital economy varies greatly across different regions. It is crucial to clarify the reasons for
these differences and take measures to narrow them. Therefore, based on the input–output
efficiency evaluation index system of China’s digital economy, this paper uses the DEA
cross-efficiency model to measure the developmental efficiency of China’s provincial digital
economy and analyzes the existing problems regarding inter-provincial digital economy
developmental efficiency as well as their causes by decomposing the efficiency index. We
then put forward constructive suggestions in order to better promote the coordinated and
stable development of China’s provincial digital economy.

2. DEA Model Establishment
2.1. The CCR Model

The CCR model (1978) is used to evaluate the relative effectiveness of the DMU with
multiple inputs and multiple outputs, and its scale return is constant.

Suppose that there are n DMUs, where m and k represent the number of input
indicators and output indicators, respectively, and xj and yj represent input indicator
set and output indicator set of the j-th DMU. The matrix form is shown in Formula (1):

xj = (x1j, x2j, · · · , xmj)
T and yj = (y1j, y2j, · · · , ykj)

T (1)

The CCR model is shown in Formula (2):

h0 = max uTy0
vTx0

,

s.t.


uTyj

vTxj
≤ 1

u ≥ 0, v ≥ 0; j = 1, 2, · · · , n

(2)

where vi and ur are the weight coefficients of the i-th input index and the r-th output index,
respectively, and v = (v1, v2, · · · , vm)T,u = (u1, u2, · · · , uk)

T; here, x0 and y0 represent the
input indicator set and output indicator set of the DMU being evaluated.

Charnes–Cooper transformation (1962) is performed using Formula (2), and the result
is shown in Formula (3):

t =
1

vTxj
,ω = tv,µ = tu (3)

Thus, the equivalent linear programming model is shown in Formula (4):

h0 = maxµTy0,

s.t.


ωTxj − µTyj ≥ 0
ωTxj = 1
ω ≥ 0,µ ≥ 0; j = 1, 2, · · · , n

(4)

Its dual model is shown in Formula (5):

minθ,

s.t.



n
∑

j=1
λjxj ≤ θx0

n
∑

j=1
λjyj ≥ y0

λj ≥ 0; j = 1, 2, · · · , n

(5)

Introducing slack variables s− and residual variables s+ into Formula (5), it is con-
verted to the following Formula (6):
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minθ,

s.t.



n
∑

j=1
λjxj + s− = θx0

n
∑

j=1
λjyj − s+ = y0

λj ≥ 0; j = 1, 2, · · · , n
s− ≥ 0, s+ ≥ 0

(6)

where θ is the efficiency value of the DMU; λj is the weight coefficient of the j-th DMU.
The following conclusions can be drawn based on the results of the model:

(1) When θ = 1 and s− = 0, s+ = 0, the j-th DMU is DEA-effective;
(2) When θ = 1 and s− > 0 or s+ > 0, the j-th DMU is weakly DEA-effective;
(3) When θ < 1, the j-th DMU is non-DEA-effective.

2.2. The DEA Cross-Efficiency Model

The DMUs of the CCR model are evaluated through the method of self-evaluation,
while the DEA cross-efficiency evaluation method can eliminate this defect, and the cross-
efficiency value is determined through its self-evaluation and other evaluations.

For the d-th evaluated object DMUd, its efficiency value Ed in the CCR model can be
solved through linear programming, as shown in Formula (7):

Ed = max
k
∑

r=1
µrdyrd,

s.t.



m
∑

i=1
ωidxid = 1

k
∑

r=1
µrdyrj−

m
∑

i=1
ωidxij ≤ 0

ωid ≥ 0,µrd ≥ 0; j = 1, 2, · · · , n
i = 1, 2, · · · , m; r = 1, 2, · · · , k

(7)

where Ed is the self-evaluation efficiency; xij represents the value of the i-th input indicator
of the j-th DMU, xij > 0; yrj and yrd represent the values of the r-th output index of the
j-th DMUs and d-th DMUs, respectively, yrj > 0, yrd > 0; and ωrd and µid represent the
corresponding input and output index weight coefficients, respectively.

Let the optimal solution of the DMUds and DMUjs based on Formula (7) be (ω∗id,µ∗rd)
and (ω∗ij,µ

∗
rj). Then, the cross-efficiency of the DMUj relative to the optimal weight coeffi-

cient of DMUd can be defined as shown in Formula (8):

Edj =

k
∑

r=1
µ∗rdyrj

m
∑

i=1
ω∗idxij

; d = 1, 2, · · · , n; j = 1, 2, · · · , n. (8)

where Edj is the other-evaluation efficiency of the j-th DMU relative to the d-th DMU, the

cross-efficiency matrix is
(

Edj

)
n×n

, and Ej =
1
n

n
∑

d=1
Edj represents the average value of its

self-evaluation and other-evaluation efficiency, that is, the cross-efficiency value.

3. Empirical Analysis
3.1. Indicator Selection

The “China Digital Economy Development Index Report (2022)” highlights that the in-
dicators affecting China’s digital economic development index mainly include digital
industrialization, industrial digitization, digital infrastructure, digital technology and digi-
tal talent. Therefore, this paper uses these five indicators as the input–output indicators
of China’s digital economic development efficiency. According to the meanings of the
indicators, digital infrastructure, digital technology and digital talent are selected as the
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input indicators, while digital industrialization and industrial digitization are selected as
the output indicators. At the same time, in view of previous research [8,47–50] and the
principles of data availability, strong discrimination and accuracy, the indicator system is
quantified as shown in Table 1.

Table 1. The efficiency evaluation index system.

Indicator Type Indicator Type Indicator Representative

Input indicator

Digital infrastructure
(Input 1) Number of internet broadband access ports (×104)

Digital technology (Input 2) Fixed assets in information transmission, software and information
technology services (×CNY 108)

Digital talent
(Input 3)

Employed persons in information transmission, software and
information technology services (×104 persons)

Output indicator
Digital industrialization

(Output 1) Software business revenue (×CNY 108)

Industrial digitalization
(Output 2) E-commerce sales (×CNY 108)

3.2. Data Sources

The data sources of this paper are from the “China Statistical Yearbook”. In addition,
since some data from Tibet have not been released, Tibet is excluded. While Hong Kong,
Macao and Taiwan are not considered, the remaining 30 provinces are taken as research
objects to calculate the input–output efficiency of China’s digital economy in 2020.

3.3. Input–Output Efficiency of China’s Provincial Digital Economy in 2020

The data of each province for 2020 were selected to evaluate the digital economy
efficiency of each province using the DEA cross-efficiency model. The evaluation results
are shown in Table 2.

As can be seen from Table 2, the average Ej of the 30 provinces in China for 2020 is
0.4223, indicating that the overall efficiency of the provincial digital economy was low
in China, that is, the overall utilization level of China’s digital economy was low under
the given provincial resource input. Among the provinces, Chongqing ranks first, with
an efficiency value of 0.9768, while Heilongjiang has the lowest efficiency value of 0.0679,
indicating that there is a large “digital divide” between provinces.

The three input variables and cross-efficiency values of the 30 provinces were sorted
in the order of smallest to largest, and the median of the serial number is 15.5. Then,
the difference between the ranking of the cross-efficiency values of each province was
determined, and 15.5 was taken as the vertical axis coordinate of each province. The
difference between the ranking of the three input variables of each province was also
determined, and 15.5 was taken as the horizontal axis coordinate of each province. We drew
a location scatter plot of each province so as to determine the classification positioning of
the input–output efficiency of the digital economy in each province.

In the positioning map, the provinces in the first quadrant are defined as the “input
advantage-output stability type” of digital economy, for which the efficiency of the digital
economy is also higher than the average level when a certain input variable is higher than
the average level. This indicates that the province has made full use of the advantage of
a certain input of the digital economy and translated it into the improvement of digital
economic efficiency. The provinces in the second quadrant are defined as the “input
disadvantage-output aggressive type” of digital economy, for which the efficiency of the
digital economy is higher than the average level when a certain input variable is lower
than the average level. This indicates that the province has overcome the disadvantage of a
certain input, actively improved the efficiency of its digital economy and achieved good
results. The provinces in the third quadrant are defined as the “input disadvantage-output
conservative type” of digital economy, for which the efficiency of the digital economy is
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also lower than the average level when a certain input variable is lower than the average
level. This indicates that the province has not overcome the disadvantage of a certain
input, and the efficiency of the digital economy is still not high. The provinces in the fourth
quadrant are defined as the “input advantage-output potential type” of digital economy, for
which the efficiency of the digital economy is lower than the average level when a certain
input variable is higher than the average level. This indicates that the province has not
made full use of the advantage of a certain input of the digital economy, and the efficiency
of the digital economy still has great potential to improve.

Table 2. The evaluation results for the cross-efficiency of the digital economy in each province in 2020.

Rank Province Ej

1 Chongqing 0.9768
2 Tianjin 0.8474
3 Shanghai 0.8363
4 Shandong 0.7614
5 Jiangsu 0.6763
6 Guangdong 0.6747
7 Zhejiang 0.6705
8 Beijing 0.6171
9 Fujian 0.5115
10 Anhui 0.4997
11 Liaoning 0.4884
12 Inner Mongolia 0.4309
13 Hubei 0.4127
14 Sichuan 0.3809
15 Hunan 0.3781
16 Jiangxi 0.3691
17 Shaanxi 0.3685
18 Shanxi 0.3479
19 Yunnan 0.3241
20 Hainan 0.3121
21 Guizhou 0.2787
22 Hebei 0.2727
23 Guangxi 0.2551
24 Ningxia 0.1910
25 Henan 0.1840
26 Qinghai 0.1453
27 Xinjiang 0.1337
28 Gansu 0.1309
29 Jilin 0.1259
30 Heilongjiang 0.0679

Mean value 0.4223

By observing the output efficiency from the input perspective in Figure 1, it can be
seen that the distributions of the provinces in terms of digital infrastructure and digital
technology are similar.

Firstly, the typical provinces of the “input advantage-output stability type” are Shan-
dong, Jiangsu and Guangdong. These provinces are located in the developed coastal areas,
and their digital infrastructure and digital technology inputs are relatively well-developed
and fully utilized, which is conducive to maintaining a high level of output efficiency. Sec-
ondly, the typical provinces of the “input disadvantage-output aggressive type” are Tianjin,
Chongqing and Shanghai. These provinces are municipalities, and their overall investment
level for digital infrastructure and digital technology is lower than the average due to their
regional area and population. However, their per capita investment is not low, and they
can make full use of input resources and achieve a higher-than-average efficiency level.
Thirdly, the typical provinces of the “input disadvantage-output conservative type” include
Ningxia, Qinghai and Gansu, which are located in Northwest China. The inputs of digital



Mathematics 2023, 11, 3005 7 of 11

infrastructure and digital technology are relatively scarce, and economic development is
hindered. Meanwhile, the utilization of these provinces’ resources is still not effective,
which leads to their low output efficiency. Fourthly, the typical provinces of the “input
advantage-output potential type” are Henan and Hebei, which are located in Central China,
and their inputs of digital infrastructure and digital technology are higher than the average
level. Their low efficiency is most likely caused by their poor input scale and structure, but
their output efficiency still has great potential to improve.
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Compared with digital infrastructure and digital technology, there are large differences
in some provinces from the perspective of digital talents, as shown in Figure 2. For example,
Beijing and Shanghai jump from the second quadrant or the middle level to the top of the
first quadrant. Regarding Beijing, as the capital of China, and Shanghai, as the economic
center of China, it is undoubted that their attraction of digital talents is the strongest, and
they can also make full use of their talent advantages to achieve a high output efficiency.
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In order to explore the influence of digital talent on digital economic efficiency, we
added the output dimension, and the average values of the input, output and cross-
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efficiency were taken as benchmarks to enable the results to reflect the effect of quantity.
Then, we drew the table shown in Table 3. “High input” or “high output” is defined as an
input or output above its average value, which denoted as “

√
” in the table.

Table 3. The cross-efficiency values and relative input–output of the digital economy in 30 provinces
in 2020.

Rank Province Input 1 Input 2 Input 3 Total Output

1 Chongqing
2 Tianjin
3 Shanghai

√ √

4 Shandong
√ √ √ √

5 Jiangsu
√ √ √ √

6 Guangdong
√ √ √ √

7 Zhejiang
√ √ √ √

8 Beijing
√ √

9 Fujian
√ √

10 Anhui
√

11 Liaoning
√ √

12 Inner
Mongolia

√

13 Hubei
√ √ √ √

14 Sichuan
15 Hunan
16 Jiangxi

√ √

17 Shaanxi
√

18 Shanxi
19 Yunnan
20 Hainan
21 Guizhou
22 Hebei

√ √

23 Guangxi
√ √

24 Ningxia
25 Henan

√ √ √

26 Qinghai
27 Xinjiang

√

28 Gansu
29 Jilin
30 Heilongjiang

Note: The output indicators, “digital industry” and “industrial digitalization”, selected in this paper are both in
units of CNY 100 million; thus, their sum is taken as the total output.

As can be seen from Table 3, the input level of digital talent is closely related to
the output level. A high output is often accompanied by a high digital talent input.
For example, Shanghai and Beijing have not invested much in digital infrastructure and
digital technology, but their high digital talent inputs have yielded a high output and high
efficiency. On the contrary, Fujian, Anhui, Hunan, Hebei and Guangxi all undertake high
investment in digital infrastructure and digital technology, but their outputs are not high,
which contradicts the importance of a high digital talent input for a high output. In terms
of the low output of Hunan and Hebei Provinces, their digital talent inputs are only slightly
higher than the average, probably due to the fact that the advantages of digital talent are
not obvious, leading to the low output. In addition, there is a strong correlation between
high output and high efficiency. The efficiency ranking of the high-output provinces
shows that they are all above the average level, though there are also cities with low input
and low output but high efficiency, such as Chongqing and Tianjin, as explained in the
positioning analysis.

To sum up, high-output provinces generally have abundant digital talent resources
and high efficiency ranking, indicating that investment in digital talent is the key to achieve
high output and high efficiency, and high output is usually accompanied by high efficiency.
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4. Conclusions and Suggestions
4.1. Conclusions

With digital infrastructure, digital technology and digital talent as input variables
and digital industrialization and industrial digitalization as output variables, this paper
constructed a DEA cross-efficiency evaluation model of China’s provincial digital economy
and analyzed the cross-efficiency evaluation results of provincial digital economies. The
conclusions of this paper mainly include the following aspects: Firstly, the development
efficiency of China’s digital economy is generally low, and there is a large “digital divide”
between provinces. Secondly, the input of digital talents is crucial for the digital econ-
omy, enabling it to achieve a high output and high efficiency, and a high output is often
accompanied by high efficiency.

4.2. Suggestions

On the basis of the above research, combined with the current development status of
the digital economy, this paper puts forward the following suggestions:

Firstly, we should accelerate the cultivation of digital talents as an “urgent need”
and a “long-term solution”. China’s digital talent gap is close to 11 million, and with the
rapid advancement of industry-wide digitalization, the demand gap for digital talents will
continue to increase. Therefore, the government should speed up the adjustment of the
talent training structure and increase the intensity of talent training, especially in provinces
where digital talents are scarce, such as Guangxi, Hebei, Hunan and other provinces that
already undertake high investment in infrastructure and technology. At the same time,
these provinces should improve their talent incentive measures to retain talents for the
digital economy.

Secondly, we should narrow the gap in digital economies between provinces, strengthen
regional cooperation, break down digital barriers and promote smooth internal and ex-
ternal circulation. The provinces with highly developed, efficient digital economies such
as Chongqing, Tianjin, Shanghai, Shandong and other provinces need to play a positive
radiation and driving role to guide the coordinated development of the digital economy
in Central China and make proper use of the advantages of the vast territory and rich
new energy resources of Western China to help them to develop their digital economies.
Central China not only connects the east to the west but also has the unique advantages
of abundant resources, developed transportation and a good industrial foundation. For
example, Henan, Hebei, Shanxi, Jiangxi and other provinces can use digitalization to em-
power traditional industries and develop modern service industries. Northwestern Chinese
provinces such as Gansu, Xinjiang, Qinghai, Ningxia and Northeastern Chinese provinces
such as Heilongjiang and Jilin should also improve their attractiveness in order to attract
high-tech talents.
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