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Abstract: Improving innovation efficiency is of great significance to the sustainable development
of the pharmaceutical manufacturing industry as well as the regional economy. To measure the
efficiency of the innovation process from the perspective of the ecosystem, a model, including
three head-to-tail stages, namely the innovative production process, innovative integration process,
and innovative application process, is established. The DEA-Malmquist index is used to evaluate
the static and dynamic innovation efficiency of the Chinese pharmaceutical manufacturing industry
from 2009 to 2020. The results show that the overall innovation efficiency of the pharmaceutical
manufacturing industry fluctuated, and the industry has not yet achieved steady growth in innovation
efficiency during 2009-2020. Cross-sectional data comparisons found that there are significant
differences in innovation efficiency among provinces. To improve the innovation efficiency of
the Chinese pharmaceutical manufacturing industry, several suggestions are proposed, such as
improving the technical efficiency, improving the efficiency of the whole process in innovative ways,
and bridging the gap in innovation efficiency across regions.
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1. Introduction

The pharmaceutical manufacturing industry is not only a high-tech industry with
huge market potential, but it is an important part of the health industry, which affects
the national economy, people’s livelihoods, and the realization of regional sustainable
development [1,2]. In 2020, the Chinese pharmaceutical manufacturing industry achieved
a revenue of 250.54 million CNY, and its total investment increased by 28.4%, making
it an increasingly important position in the regional and national economy. Innovation
is the core driving force for the sustained growth of the pharmaceutical manufacturing
industry, and innovation plays an irreplaceable and important role in the development of
the pharmaceutical manufacturing industry [3,4]. Innovation efficiency reflects the level
of industrial innovation and is an important indicator to measure the degree of industrial
innovation and development [5-7]. Scientific measurement of the innovation efficiency of
the pharmaceutical manufacturing industry is crucial for grasping the current situation and
problems of the innovation and development of the industry, understanding the innovation
and development trends of the industry, and promoting the sustainable and high-quality
development of the pharmaceutical manufacturing industry.

As an important indicator for measuring the level of innovation development, innova-
tion efficiency has always attracted the attention of scholars [8,9]. The existing research on
innovation efficiency were sorted out, and the literature was reviewed from the perspectives
of research objects and research approaches and methods.
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In terms of research objectives, the research on innovation efficiency includes the
industry level, the enterprise level, and the regional level. The research on enterprise
innovation efficiency mostly analyzes the influence of enterprise innovation behavior, inno-
vation driving force, innovation strategy, and other factors on innovation efficiency from a
microperspective [10-13]. The research on regional innovation efficiency mainly focuses
on the comparison of innovation efficiency levels among different regions and the reasons
for the differences in efficiency [14-16]. Research at the industry level not only studies the
differences in innovation efficiency between different industries, but also analyzes the inno-
vation efficiency of a specific industry [17-19]. Most studies on specific industries choose
high-tech industries or their sub-sectors as research objects. Ye and Liu measured and
decomposed the efficiency of the high-tech industries of different provinces of China [20].
Liu and Zhang [21] compared the innovation efficiency of Chinese high-tech industries by
the form of ownership. Chen and Meng [22] studied the trend of the innovation efficiency
in China’s high-tech industry during 2000-2011. Liu et al. [23] explored the influence of the
industrial development environment on the innovation efficiency of the high-tech industry.
Most studies have found that China’s high-tech industries have low innovation efficiency
and large regional differences [24,25]. Few studies focus on the innovation efficiency of
the pharmaceutical industry. Liu [26] reported innovation inefficiency in the Chinese phar-
maceutical industry by applying a dynamic network DEA. Shi [27] focused on the effect
of agglomeration on the innovation efficiency of Chinese pharmaceutical manufacturing
industry. Lai [28] studied the innovation efficiency of the pharmaceutical manufacturing
industry and its impact on regional industrial competitiveness.

Regarding research approaches, early scholars regarded innovation efficiency as the
ratio of a single input to a single output and could not deal with the problem of multiple
inputs or outputs [18]. Recent research views innovation as a complex process with
multiple inputs and outputs [29,30]. Some studies divide the innovation process into
two interdependent stages [26,31]. In terms of research methods, the data envelopment
method (DEA) or the stochastic frontier method (SFA) are often used to evaluate the
efficiency of industrial innovation [32,33]. Compared with the DEA model, the SFA model
has more restrictions in the choice of production function, the degree of compliance with
the basic assumptions, and the amount of data. Some scholars use the SFA model to
study the innovation efficiency of specific regions and specific industries and its related
factors [34,35]. DEA is a nonparametric method that can determine the relative efficiency
of decision-making units without determining the production function, and is more widely
used [36,37]. Kocher et al. [38] used DEA to analyze and compare the productivity of
economic research in 21 OECD countries. To measure the innovation efficiency of high-tech
industries in different provinces in China from 1999 to 2018, Chen et al. [39] adopted a two-
stage network data envelopment analysis (DEA) with shared inputs. Klevenhusen et al. [40]
combined DEA with regression analysis to assess the contribution of international trade to
innovation efficiency in OECD member countries. Using a two-stage meta-frontier dynamic
network DEA model, Feng et al. [41] explored the innovation efficiency in 57 countries
from 2013 to 2017. Based on the SBM-DEA model considering energy consumption and
environmental pollution, Liang and Xu [42] analyzed sustainable innovation efficiency and
its convergence at the regional level.

As the literature review suggests, few studies on industrial innovation efficiency
involve pharmaceutical manufacturing, and fewer studies analyze it from the perspective
of the innovation ecosystem. In order to reflect the new innovation paradigm and the
innovation characteristics of the pharmaceutical industry, analyze the efficiency of different
innovation stages, and compare the differences between regions, this paper analyzes
the innovation efficiency of Chinses pharmaceutical manufacturing industry from the
perspective of an innovation ecosystem.

The innovations of this study are reflected in the following two aspects: First, most
existing studies on the innovation efficiency of China’s pharmaceutical manufacturing
industry regard the innovation as a single process or two-stage processes, including tech-
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nology innovation-commercialization. Basing on the perspective of innovation ecosystem,
this research divided the innovation process of the pharmaceutical industry into three
stages connected end to end, providing a new perspective for related research. Secondly,
using the latest year data to measure the innovation data of the pharmaceutical industry in
26 provinces in China from 2009 to 2020, and using the DEA-Malmquist index to conduct a
comprehensive survey and calculation from the two dimensions of time and space, which
has good practical significance.

The remainder of the paper is organized as follows: Section 2 describes the status
quo of the development and innovation of the Chinese pharmaceutical industry and the
theoretical framework of the pharmaceutical industrial innovation ecosystem. Section 3
specifies the methodology, index system, and data. In Section 4, the results of the efficiency
of each state are shown, and a discussion is conducted. Section 5 concludes the study with
policy implications, as well as the limitations and prospects of the research.

2. Status of the Pharmaceutical Industry and Theoretical Model
2.1. The Development and Innovation Status of Chinese Pharmaceutical Industry

In recent years, the number of Chinese pharmaceutical manufacturing enterprises
has increased rapidly, the industrial operating revenue and profit have increased signifi-
cantly, and the pharmaceutical manufacturing industry has achieved rapid development.
According to data from China High-tech Industry Statistical Yearbook 2021, in 2020, there
were 8170 pharmaceutical manufacturing enterprises above the designated size in China,
including 1563 large and medium-sized enterprises. From the perspective of industry clas-
sification, there are 2473 manufactures of chemical medicine, 1540 manufactures of finished
traditional Chinese herbal medicine, and 909 manufactures of biopharmaceutical products.
From the perspective of the operating income and profit, in 2020, the operating income of
China’s pharmaceutical manufacturing industry reached 2.51 trillion CNY, and the total
profit was 369.3 billion CNY, becoming the second largest industry in the high-tech industry
of China after the electronics and communication equipment manufacturing industry.

Focusing on the innovation and development status of China’s pharmaceutical man-
ufacturing industry, from the perspective of new product data, the investment in new
product development in China’s pharmaceutical manufacturing industry is rising, reaching
88.32 billion CNY in 2020. The number of new product development projects has increased
steadily, reaching 42 and 145, and sales revenue from new products continued to rise, reach-
ing 769.81 billion CNY in 2020. The innovation and development of China’s pharmaceutical
manufacturing industry has shown a good momentum, but the gap between regions in
the innovation and development is large. The development and innovation of medicine in
each region is shown in Table 1.

Table 1. The development and innovation status of pharmaceutical industry in each region of China.

Region
Index Eastern Middle Western Northeastern Total
Number of Enterprises 26,646 7875 4656 1017 40,194
(unit)
Annual Average Employees 9,225,596 2,620,150 1,741,870 278,940 13,866,556
(person) e e e ! e
Revenue (100 million yuan) 119,876 27,749 24,192 2797 174,613
Profits (100 million yuan) 8646 1684 1650 415 12,394
Number of Enterprises
Having R and D Activities 2365 1406 818 214 4803

(unit)
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Table 1. Cont.
Region
Index Eastern Middle Western Northeastern Total
R and D Personnel (person) 108,861 42,401 26,732 7330 185,324
Full-time Equivalent 81,126 30,084 17,901 5180 134,291
(man-year)
Intramural Expenditure on
R and D (10,000 yuan) 5,300,204 1,395,020 947,986 202,761 7,845,971
New Products (item) 24,994 8487 6489 2175 42,145
Expenditure on New
Products Development 5,994,363 1,557,314 984,483 295,717 8,831,876
(10,000 CNY)

Sales Revenue of New 50,850,023 15,934,725 7,602,782 2,593,614 76,981,144
Products (10,000 yuan) e e T o e
Patent Applications (piece) 17,483 7340 3477 807 29,107
Number of Patents in Force 34,828 9834 9605 2517 56,784

(piece)
Expenditure for Acquisition
of Foreign Technology 60,415 2538 2972 686 66,611
(10,000 CNY)
Number of Enterprises with 1629 868 386 85 2968

R andD Institutions (unit)

2.2. Innovation Process Model of Pharmaceutical Industry

Innovation efficiency is defined as the ability to transform innovation investments
into products and profits [43,44]. Innovation ecosystems are the intersection of ecology and
innovation management. Granstrand and Holgersson [45] defined innovation ecosystem
as an evolving collection that includes actors, activities, human elements, and associated
institutions and relationships. More and more scholars combine ecological theory with
innovation system to carry out research on innovation efficiency [46,47].

Innovation in the pharmaceutical industry is characterized by high investment, high
risk, and long cycle [3]. The pharmaceutical industry has a high entry barrier and requires
a lot of R and D investment to support innovation, but the innovation success rate is low
and the risk is high. Innovation in the pharmaceutical industry has a closed R and D
cycle with an obvious sequential relationship, and later R and D is strongly dependent on
earlier results. China’s pharmaceutical manufacturing industry is striving to transform
from a single imitation innovation, digestion, and absorption innovation to an integrated
innovation and original innovation [28], so it is necessary to think about innovation from
the perspective of the innovation ecosystem.

Based on the above analysis, this paper integrates the innovation activities of the
pharmaceutical manufacturing industry into the innovation ecosystem and divides the
innovation activities into three processes: innovative production, innovative integration,
and innovative application with reference to the operation law of the natural ecosystem.

The innovation production process is similar to the process in which autotrophs per-
form photosynthesis to produce organic matter and provide energy in natural ecosystems,
and the main body is the innovation production community. The innovation production
community of the pharmaceutical manufacturing industry includes universities, scientific
research institutes, medical institutions, and enterprise R and D institutions, which conduct
scientific research activities in the pharmaceutical manufacturing industry, and convert
various R and D investments such as human, financial, and material into new technologies
and new knowledge in the health field.

The innovation integration process is similar to the stage in which the complex organic
matter in the natural ecosystem is decomposed into absorbable and usable substances, and
the main body is the innovation integration community. The pharmaceutical manufacturing
innovation integration community includes the government and intermediary innovation
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service groups that provide assistance and supplements to the pharmaceutical manufactur-
ing industry, production activities, carry out technology and knowledge conversion and
transfer, and organize and decompose new technologies and new knowledge generated
in the innovation production stage into resources that can be absorbed and utilized by
innovative application systems.

The innovative application process is similar to the process in which heterotrophs
transfer energy through predation, parasitism, and other activities in natural ecosystems,
and the main body is the innovative application community. The pharmaceutical man-
ufacturing innovative application community is mainly composed of organizations that
purchase pharmaceutical innovations and realize the productization of innovations, digest
and absorb the innovative technologies and knowledge that have been decomposed and
sorted through the integration stage and apply them to production. Additionally, the
innovative application community uses its own resources and energy to reinnovate and
realize value proliferation.

The above three stages form an end-to-end cyclical cycle, and the output of each stage
becomes the input of the next stage, contributing to the dynamic evolution of the innovation
ecosystem of the pharmaceutical manufacturing industry. The innovation process model of
the pharmaceutical manufacturing industry is shown in Figure 1.

Innovation production
process
Supply of new
knowledge and
technologies

gain p.roﬁt, new knowledge and
R&D investment technologies

/ Pharmaceutical \

Manufacturing

Innovation I ion E
application process Ol 2T Innovation integration
Productization and re- process
innovation of innovative Knowledge and
achievements technology transfer

Innovation results
after integration
and decomposition

Figure 1. Innovation Process Model of Pharmaceutical Manufacturing Industry.

3. Methodology and Data
3.1. DEA-Malmgquist Method

The traditional DEA method uses the CCR model or the BCC model to analyze the
cross-sectional data at the same time point, and gradually expand from a single process to
two or three stages, but it is still a static analysis, and it is difficult to describe the trend of
innovation efficiency. Fare et al. [48] first combined DEA with the Malmquist index in 1994
to analyze the changes and development trends of panel data efficiency from a dynamic
perspective. DEA-Malmquist method has been widely used in the study of innovation
efficiency [49-52].

Malmquist index is based on the concept of the distance function. For period ¢, Xt
and Yt are input and output, separately, D! represents the output distance function, and
Di(X!,Y") is the distance function from the combined input data of production units to the
effective frontier.
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Mi(Xt, Yt, Xt—‘rl, Yt-‘rl) —_

The Malmquist index of decision-making unit M; from  period t + 1 period is expressed
as Formula (1).

Dt(xt+l’yt+1) D{Url (Xt-i-l,yt-‘rl) %
ZD?(Xf Yt) 8 ZD?“(Xf Yt)
1 4 i ’

Ml‘(Xt, Yt, Xt+llyt+1) — (1)

M; (Xt YE X, YD) is the geometric mean based on the Malmquist index of period
t and period t + 1, representing the output efficiency from period ¢ to period ¢t + 1, which
can describe the total factor productivity (tfpch) of this production activity, which in this
paper represents pharmaceutical innovation efficiency in a specific stage of an industrial
innovation ecosystem.

When M;(X!, Y, Xt1, Y1) is greater than 1, the innovation efficiency of this stage
increases; when M; (X!, Y!, X!*1, Y!*1) is less than 1, the innovation efficiency of this stage
decreases. Then, decompose Equation (1) into two parts: technical efficiency (effch) and
technological progress (tech), as shown in Equation (2).

1
D{+l Xt+1,Yt+1 Dt XH»l[yH»l D{+1 XH»llyH»l 2
! (t Tyt ) ’(r R )X ’t(l ) = ef fch x tech
DI (XL YT) DI (X, YT) DIFI(X!YT) )

D;_‘-Fl (XH»llyH»l)
DI(XLYT)
tive output changes caused by technological innovation and management, organization,
institutional innovation, and economies of scale. When its value is greater than 1, the
technical efficiency of a certain stage in the pharmaceutical manufacturing industry in-
novation ecosystem increases; when its value is less than 1, the technical efficiency of
a certain stage in the pharmaceutical manufacturing industry innovation ecosystem de-

In Formula (2), is the technical efficiency, which measures the rela-

D;(le,ytﬂ) Df“(XHl,Y’“) %
creases. ICOOmES P (X

the degree of technological innovation, including the application of new technologies and
inventions. When its value is greater than 1, the technical level of a certain stage in the phar-
maceutical manufacturing industry innovation ecosystem is improved, and when its value
is less than 1, the technical level of a certain stage in the pharmaceutical manufacturing
industry innovation ecosystem is reduced.

is the technological progress, which measures

3.2. Indicator Selection

In the stage of innovation production, the innovation production community conducts
scientific research activities in the pharmaceutical manufacturing industry and converts R
and D investment into new technologies and new knowledge in the field of pharmaceutical
manufacturing. The scientific research activities of the pharmaceutical manufacturing
industry are composed of personnel input and capital investment. The personnel input is
described by the workload calculated by the personnel according to the time they actually
engage in the research and development activities, that is, the full-time equivalent of an
R and D personnel; the capital input is described by the internal expenditure of scientific
and technological activities funds for research and experimental development, that is, the
internal expenditure of R and D funds.

In the innovation integration stage, the innovation integration community transforms
and transfers technology and knowledge and organizes and decomposes new technologies
and new knowledge generated in the innovation production stage into resources that
the innovation application system can absorb and utilize. In addition to the number of
patent applications and effective invention patents produced in the production stage, the
input indicators at this stage also include domestic technology expenditures that reflect
the innovation integration community’s ability to integrate and transform technology and
knowledge. The output of the integration stage is the situation in which the innovative
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technology and knowledge of the pharmaceutical manufacturing industry are put into the
application stage after being decomposed and sorted, and is represented by the expenditure
on new product development and the number of new product development projects.

In the innovative application stage, the innovative application community digests
and absorbs the innovative technologies and knowledge decomposed and organized in
the integration stage, applies it to production, and uses its own resources for reinnovation.
The input indicators of the innovative application stage are the new product development
expenditure and the number of new product development projects produced in the innova-
tion integration stage. The output of the application stage includes not only the economic
benefits of healthy innovative applications, that is, the sales revenue of new products, but
also the R and D investment returned to the innovation production stage after realizing the
economic benefits, that is, the full-time equivalent of an R and D personnel and the internal
expenditure of the R and D funds. The input and output indicators of each stage are shown
in Table 2.

Table 2. Input-output indicators at each stage of the pharmaceutical manufacturing innovation.

Stage

Input Indicators

Output Indicators

Production stage

Full-time equivalent of R and
D personnel (man-year)
Intramural Expenditure on
Rand D (10,000 yuan)

Number of patent
applications (pieces)
Valid invention patents
(pieces)

Integration stage

Number of patent
applications (pieces)
Valid invention patents
(pieces)

Expenditure on new product
development (10,000 CNY)
Number of new product
development projects (items)

Expenditures for purchasing
domestic technology (10,000
CNY)

Expenditure on new product
development (10,000 yuan)
Number of new product

New product sales revenue
(10,000 CNY)
Full-time equivalent of R and

Application stage development projects (items) D personnel (person-year)
Intramural Expenditure on
Rand D (10,000 CNY)
3.3. Data

The research period is 20092020, and the original data used in the research are all from
2010 to 2021 “China High-tech Industry Statistical Yearbook”. Missing data in individual
years were imputed using the mean method. Due to the lack of data in Inner Mongolia,
Tibet, Gansu, Qinghai, Ningxia, Xinjiang, Hong Kong, Macau, and Taiwan and the relatively
low proportion of pharmaceutical manufacturing industry, the above 9 provinces were
excluded, and 25 provinces and cities were selected for the research. There is a certain
lag between the input and output of each stage of the pharmaceutical manufacturing
industry’s innovation ecosystem. Considering the characteristics of the long R and D cycle
of the pharmaceutical industry and the availability of panel data, the lag between each
stage is set to 2 years, and the innovation cycle of the pharmaceutical industry with three
stages from the perspective of the ecosystem is 6 years. That is, the input of the innovation
production stage is ¢ years, the output of the innovation production stage and the input of
the integration stage is ¢ + 2 years, the output of the innovation integration stage and the
input of the application stage is t + 4 years, and the output of the innovative application
output stage is t + 6 years.

4. Empirical Research

Applying DEAP2.1, the efficiency of the production stage, integration stage, and ap-
plication stage of the pharmaceutical manufacturing innovation ecosystem was calculated.
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Additionally, the dynamic innovation efficiency of China in different years and the innova-
tion efficiency of each province in the same period was analyzed from the time dimension
and the spatial dimension.

4.1. Efficiency Analysis of Innovation Production Stage

In the time dimension, Table 2 shows the dynamic innovation efficiency value of
China’s pharmaceutical manufacturing industry of innovation production stage from 2011
to 2018.

From the perspective of time, it can be seen from Table 3 that from 2010 to 2016,
the average value of dynamic innovation efficiency in the production stage of China’s
pharmaceutical manufacturing innovation ecosystem was 0.977, that is, the efficiency of
the production stage decreased at an average annual rate of 2.3% during this period. The
reason for the decline in efficiency is due to technological regression, with an average
annual rate of technological regression of 20.9%, while the overall increase in technical
efficiency at this stage has an average annual increase of 23.5%.

Table 3. 20112018 Efficiency value of innovation production stage.

Year effch tech tfpch
2010-2012 2.157 0.7 1.511
2011-2013 1.106 0.63 0.697
2012-2014 0.98 0.938 0.919
2013-2015 1.171 0.785 0.919
2014-2016 1.05 0.953 1.001

mean 1.235 0.791 0.977

Longitudinal comparison shows that China’s pharmaceutical manufacturing indus-
try fluctuates greatly in terms of technical efficiency, technological progress and overall
innovation efficiency in the production stage, and technical efficiency and technological
progress are changing in the opposite direction. Affected by both technical efficiency and
technological progress, the overall innovation efficiency has shown an upward trend, with
a significant improvement since 2012. It shows that the technical efficiency improvement
and technological progress of the production stage of the innovation ecosystem of China’s
pharmaceutical manufacturing industry are not synchronized, and the innovation efficiency
of the production stage can be significantly optimized only when the two are improved at
the same time.

Table 4 shows the innovation efficiency and ranking of the pharmaceutical manufac-
turing innovation ecosystem at the production stage of each province. According to Table 3,
the provinces are compared horizontally. In terms of technical efficiency, the efficiency of
all provinces has improved. Among them, Zhejiang ranks first with 1.584, which is 34.9%
higher than the national average. In terms of technological progress, all provinces and
regions experienced technological regressions, among which the minimum regression value
in Shanxi was 0.868, which was 4.8% higher than the national average. In terms of overall
innovation efficiency, the efficiency of 13 provinces and autonomous regions has improved,
of which Tianjin is the highest at 1.159, which is 18.2% higher than the national average. It
can be seen that the technical efficiency, technological progress, and innovation efficiency of
China’s pharmaceutical manufacturing innovation ecosystem in the production stage are
significantly different, with the gaps between the maximum and minimum values being
58.4%, 14.4%, and 41.6%, respectively.
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Table 4. Innovation efficiency and ranking at the production stage of each province.

effch Rank tech Rank tfpch Rank
Beijing 1.250 10 0.806 10 1.100 4
Tianjin 1.233 13 0.732 24 1.159 1
Hebei 1.240 11 0.754 22 1.103 3
Shanxi 1.127 21 0.868 1 1.001 13
Inner Mongolia 1.142 19 0.792 14 1.009 12
Liaoning 1.140 20 0.794 13 1.045 10
Jilin 1.364 6 0.798 11 0.912 19
Heilongjian 1.039 25 0.826 7 0.947 14
Shanghai 1.000 26 0.847 3 1.047 9
Jiangsu 1.092 23 0.771 17 1.092 6
Zhejiang 1.584 1 0.854 2 1.074 8
Anhui 1.115 22 0.827 6 0.903 20
Fujian 1.395 5 0.756 21 0.852 25
Jiangxi 1.562 2 0.836 5 0.886 22
Shandong 1.227 14 0.73 25 1.140 2
Henan 1.352 7 0.769 18 0.877 23
Hubei 1.206 15 0.798 12 1.079 7
Hunan 1.202 16 0.724 26 0.893 21
Guanggong 1.274 9 0.785 15 1.095 5
Guangxi 1.317 8 0.759 20 0.932 17
Hainan 1.153 17 0.761 19 0.917 18
Chonggqing 1.237 12 0.842 4 0.939 15
Sichuan 1.415 4 0.823 8 0.855 24
Guizhou 1.061 24 0.743 23 0.743 26
Yunnan 1.147 18 0.775 16 0.932 16
Shannxi 1.462 3 0.82 9 1.016 11

4.2. Efficiency Analysis of Innovation Integration Stage

In the innovation integration stage, the innovation efficiency changes in the time di-
mension of China’s pharmaceutical manufacturing industry innovation efficiency
and the comparison of the provinces in the spatial dimension are shown in
Tables 5 and 6 respectively.

Table 5. 2012-2019 Efficiency value of innovation integration stage.

Year effch tech tfpch
20122014 0.905 0.909 0.823
2013-2015 1.209 0.639 0.773
2014-2016 0.834 1.102 0.919
20152017 1.112 1.148 1.276
2016-2018 1.062 0.877 0.932

mean 1.015 0.916 0.930

It can be seen from Table 4 that, considering the time dimension, the average dynamic
innovation efficiency in the integration stage of China’s pharmaceutical manufacturing
industry innovation ecosystem from 2012 to 2018 was 0.930, that is, the efficiency in the
integration stage decreased at an average annual rate of 7% during this period. The reason
for the decrease in efficiency is due to technological progress, with the average annual
technological progress rate decreasing by 8.4% while the average annual technical efficiency
increased by 1.5%.
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Table 6. Innovation efficiency and ranking at the integration stage of each province.

effch Rank tech Rank tfpch Rank
Beijing 1.036 9 1.037 2 1.074 3
Tianjin 1.118 2 0.882 19 0.986 8
Hebei 1.028 10 0.943 8 0.969 10
Shanxi 1.164 1 1.018 4 1.184 1
Inner Mongolia 0.942 23 0.903 14 0.851 20
Liaoning 1.040 7 0.933 12 0.970 9
Jilin 0.993 19 0.851 24 0.845 21
Heilongjian 1.099 3 0.938 9 1.032 5
Shanghai 1.079 4 0.993 6 1.072 4
Jiangsu 0.988 20 1.024 3 1.012 7
Zhejiang 1.015 12 1.016 5 1.031 6
Anhui 1.039 8 0.865 23 0.899 15
Fujian 1.008 15 0.868 22 0.875 18
Jiangxi 1.00 17 0.738 26 0.738 26
Shandong 0.932 24 0.944 7 0.880 17
Henan 1.063 5 0.870 20 0.925 14
Hubei 1.000 18 0.936 11 0.936 12
Hunan 1.010 13 0.884 18 0.893 16
Guanggong 1.000 16 1.080 1 1.080 2
Guangxi 0.927 26 0.906 13 0.840 22
Hainan 0.953 22 0.869 21 0.828 24
Chonggqing 0.982 21 0.888 17 0.872 19
Sichuan 0.930 25 0.901 15 0.838 23
Guizhou 1.027 11 0.789 25 0.811 25
Yunnan 1.009 14 0.936 10 0.945 11
Shannxi 1.047 6 0.888 16 0.930 13

The longitudinal comparison shows that both the technical efficiency and the tech-
nological progress of China’s pharmaceutical manufacturing industry fluctuate greatly,
while the overall innovation efficiency fluctuates more obviously in the later stages than
in the early stages. The technical efficiency fluctuated in an “M” shape, with the highest
and lowest efficiency values appearing in 20132015 and 20162018, respectively. Except
for 2014-2017, the value of technological progress is less than one, that is, technological
progress has not been achieved in most years. Under the combined effect of technical
efficiency improvement and technological progress, the innovation efficiency value fluctu-
ates close to one, with efficiency improvement in 2015-2017 and a negative growth in the
remaining years.

A horizontal comparison of various provinces and regions shows that the integration
stage of the pharmaceutical manufacturing innovation ecosystem has obvious differences
between regions in terms of technical efficiency, technological progress, and innovation
efficiency. The gaps between the maximum and minimum values of each indicator were
23.7%, 17.4%, and 44.6%, respectively. In terms of technical efficiency and technological
progress, 18 and 5 provinces and autonomous regions have achieved progress, respec-
tively. The highest in the whole country is in Shanxi and Guangdong, separately. The
average annual technical efficiency improvement and technological progress rate are 16.4%
and 8.0%, respectively, which are 14.9% and 16.4% higher than the national average. In
terms of overall innovation efficiency, a total of seven provinces and autonomous regions
have achieved efficiency improvement. Shanxi has the highest efficiency in the country,
with an average annual efficiency improvement of 18.4%, which is 25.4% higher than the
national average.
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4.3. Efficiency Analysis of Innovative Application Stage

In the innovative application stage, the innovation efficiency changes in the time
dimension and the spatial dimension of the innovation efficiency of China’s pharmaceutical
manufacturing industry are compared in Tables 7 and 8, respectively.

Table 7. 2013-2020 Efficiency value of the innovative application stage.

Year effch tech tfpch
2014-2016 0.958 1.022 0.978
20152017 1.101 0.973 1.072
2016-2018 0.963 0.926 0.893
2017-2019 1.074 0.86 0.924
2018-2020 0.984 1.038 1.022

mean 1.014 0.962 0.976

Table 8. Innovation efficiency and ranking at the application stage of each province.

effch Rank tech Rank tfpch Rank
Beijing 1.033 7 0.995 6 1.028 5
Tianjin 1.126 1 0.969 10 1.091 1
Hebei 1.014 12 1.013 3 1.027 6
Shanxi 1.001 14 0.953 15 0.954 17
Inner Mongolia 0.997 18 0.925 23 0.922 21
Liaoning 1.000 15 0.948 18 0.948 19
Jilin 0.988 20 0.970 9 0.959 15
Heilongjian 0.975 22 0.882 26 0.860 26
Shanghai 1.119 2 0.958 14 1.072 2
Jiangsu 1.019 10 1.050 1 1.070 3
Zhejiang 1.028 8 1.012 4 1.041 4
Anhui 1.045 6 0.976 7 1.021 7
Fujian 1.072 3 0.951 16 1.019 8
Jiangxi 0.968 25 0.941 21 0.911 23
Shandong 0.969 24 1.014 2 0.983 13
Henan 0.994 19 0.914 24 0.908 24
Hubei 0.984 21 0.967 11 0.951 18
Hunan 1.000 16 0.962 12 0.962 14
Guanggong 1.046 5 0.961 13 1.005 9
Guangxi 1.025 9 0.973 8 0.997 11
Hainan 1.004 13 0.909 25 0.913 22
Chonggqing 1.000 17 1.004 5 1.004 10
Sichuan 1.014 11 0.946 19 0.959 16
Guizhou 1.054 4 0.936 22 0.986 12
Yunnan 0.949 26 0.942 20 0.894 25
Shannxi 0.973 23 0.951 17 0.925 20

Observing from the time dimension, it can be seen from Table 6 that the dynamic
innovation efficiency in the application stage of China’s pharmaceutical manufacturing
industry innovation ecosystem from 2014 to 2020 is less than one, except for 2015-2017
and 2018-2020, with an average value of 0.976, that is, the efficiency of the application
stage during this period is of an annual average of 2.4% speed decrease. The reason for the
decline in efficiency is the decrease in technological progress.

The time dimension comparison shows that the technical efficiency and technolog-
ical progress fluctuate significantly in the innovative application stage, and the overall
innovation efficiency fluctuates more in the later stages than in the early stages. Techni-
cal efficiency fluctuates in an “M” shape, with the highest and lowest efficiency values
appearing in 2015-2017 and 2014-2016, respectively. Technological progress decreased
year by year from 2014 to 2019, then increased in 2018-2020, but the technological progress
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has not yet been achieved. Technological efficiency and technological progress change
in the opposite direction in most years, indicating that in a period of high technological
innovation, the efficiency of technology and organizational management may often be ig-
nored, resulting in a decline in technical efficiency and a reduction in the overall increase in
innovation efficiency. However, during the difficult period of technological innovation, the
efficiency of technology and organizational management is often emphasized, which leads
to an increase in technical efficiency and promotes the improvement of overall innovation
efficiency to a certain extent.

According to Table 7, a horizontal comparison of various provinces and regions
shows that the application stages of China’s pharmaceutical manufacturing innovation
ecosystem are significantly different in terms of technical efficiency, technological progress,
and innovation efficiency. The gap between the maximum and minimum values of the
three indicators is 17.7%, 16.8%, and 23.1%. In terms of technical efficiency, a total of
17 provinces and autonomous regions achieved efficiency improvement, of which Tianjin
had the highest efficiency improvement of 12.6%, which is 11.2% higher than the national
average. In terms of technological progress, five provinces and autonomous regions
achieved technological progress, the highest being Jiangsu, with a technological progress
rate of 5.0%, 8.8% higher than the national average. In terms of overall innovation efficiency,
a total of 10 provinces and autonomous regions achieved efficiency improvements, of which
Tianjin had the highest efficiency improvement of 9.1%, which is 11.5% higher than the
national average.

4.4. Comprehensive Comparison of Innovation Efficiency at Different Stages

When comparing the innovation efficiency of production, integration, and application
stages in China’s pharmaceutical manufacturing innovation ecosystem, the innovation
efficiency of each province and stage is shown in Figure 2a—c.

It can be seen from Figure 2a—c that among the three stages, the innovation efficiency
of the innovation integration stage is relatively low, the innovative application stage is
the second, and the innovation production stage is the highest. In the stage of innovative
production, 3 of the 13 provinces with improved innovation efficiency had an average
annual innovation efficiency increase in more than 10%, and 6 of the 13 provinces with a
decline in innovation efficiency dropped by more than 10%. In the innovation integration
stage, 1 of the 7 provinces with improved innovation efficiency increased their average
annual innovation efficiency by more than 10%, and 12 of the 19 provinces with decreased
innovation efficiency dropped by more than 10%. In the innovative application stage, none
of the 10 provinces with improved innovation efficiency had an average annual increase
in more than 10% in innovation efficiency, and 2 of the 16 provinces with a decline in
innovation efficiency dropped by more than 10%.

On comparing the provinces, it is found that a total of five provinces achieved innova-
tion efficiency improvement at all stages, namely Beijing, Guangdong, Shanghai, Jiangsu,
and Zhejiang. Three provinces, including Tianjin, Hebei, and Shanxi, achieved innovation
efficiency improvement in two stages. Nine provinces, including Anhui, Fujian, Shandong,
Shannxi, Heilongjiang, Inner Mongolia, Hubei, Liaoning, and Chongqing, achieved innova-
tion efficiency improvement in one stage. There are also seven provinces that experienced
a decline in innovation efficiency at all stages, namely Jiangxi, Guizhou, Hainan, Hunan,
Yunan, Guangxi, and Jilin. There are obvious differences in innovation efficiency between
different provinces at different stages. It is worth noting that most of the provinces with
high innovation efficiency in the pharmaceutical industry are concentrated in the east,
while the provinces with low efficiency are mostly distributed in the west and northeast
regions. This result may be related to factors, such as the more developed economy in
the eastern region and the agglomeration of pharmaceutical industries in the east forming
economies of scale.
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Figure 2. Innovation efficiency in each stage: (a) Innovation efficiency in the production stage;

(b) innovation efficiency in the integration stage; (c) innovation efficiency in the application stage.

5. Conclusions and Policy Implications
5.1. Conclusions

)

@)

The innovation efficiency of China’s pharmaceutical manufacturing industry has
declined from 2009 to 2020, and the decline rate of innovative production, innovation
integration, and innovative application is 2.3%, 7%, and 2.4%, respectively. In terms of
changing trends, the efficiency of innovation in China’s pharmaceutical manufacturing
industry in 2009-2020 has fluctuated to a certain extent, and the industry has not
yet achieved steady growth in innovation efficiency, which is in line with previous
studies [26]. At all stages of innovation, the efficiency of innovation, and the efficiency
of technology have increased, but the improvement of technological efficiency and
technological progress has not been synchronized, resulting in a decline in the overall
innovation efficiency.

Interregional comparisons found that there were obvious differences in innovation
efficiency among provinces, with the phenomenon of high in the east and low in
the west and northeast, which was consistent with the conclusions of Liu (2020) [26].
Five eastern provinces, Beijing, Guangdong, Shanghai, Jiangsu, and Zhejiang, have
achieved innovation efficiency improvement in three stages, and have certain advan-
tages in innovation. The innovation efficiency of the seven western or northeastern
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provinces, such as Jilin, Guangxi, and Guizhou, is declining at all stages, and there is
a big gap with the advanced provinces.

5.2. Limitations and Prospects

The differences in innovation efficiency in different stages and regions were analyzed
from the perspective of an innovation ecosystem. However, the factors affecting innovation
efficiency and the reasons causing the differences are not covered in this study. In the
follow-up research, we will examine which factors influence innovation efficiency and
analyze the causes of regional differences.

5.3. Policy Implications

(1) Focus on improving technical efficiency:

Make up for the shortcomings of slow improvement in technical efficiency and out-of-
sync with technological progress in the various innovation processes of China’s pharma-
ceutical manufacturing industry. Coordinate all links of the pharmaceutical manufacturing
industry chain, avoid homogenization construction, improve the scale efficiency of the
pharmaceutical manufacturing industry from the perspective of organization and man-
agement, and create agglomeration effects and economies of scale through innovative
industrial organization models and management models. Especially in the period where
there are many innovation achievements and technological progress in the pharmaceutical
manufacturing industry, it is even more necessary to integrate high-quality resources and
high-quality platforms, carry out cross-department, cross-institutional, and cross-regional
cooperation, realize cluster development, and improve the operational efficiency of the
pharmaceutical manufacturing innovation ecosystem.

(2) Improve the efficiency of the whole process of innovation:

In the innovative production stage, relying on the scientific and technological innova-
tion platform in the pharmaceutical field and the high-value patent cultivation demonstra-
tion center, strengthens basic research and original innovation. In the innovation integration
stage, support the establishment, introduction, and development of service organizations,
such as industry associations, property rights exchange centers, technology and financial
intermediaries, and promote the transaction of pharmaceutical innovation technology. In
the innovative application stage, standardize the operation of the market on one hand, and
give full play to the leading effect of leading enterprises on the other.

(3) Bridge the gap in innovation efficiency across regions:

Thoroughly explore the reasons for differences in innovation across regions. Play the
leading role of advanced regions, promote the cross-regional flow of innovation elements,
and narrow the differences between regions. With the help of the development of the digital
economy and technological innovation, promote the integration and innovation of the
pharmaceutical manufacturing industry and the new generation of information technology.
Establish a high-level innovation center and platform for the pharmaceutical manufacturing
industry and give play to the leading role and demonstration effect of leading enterprises
in various fields. Enhance the vertical and horizontal integration capabilities of the in-
dustrial chain, promote industrial innovation radiation and synergies, and form unique
competitive advantages.
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