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Abstract: The photovoltaic (PV) industry in China is still in the early stage of development and is
extremely unbalanced; breakthroughs in key technologies are necessary. To achieve high efficiency
and sustainable development, it is important to identify the bottleneck of the whole industry chain
through the analysis of overall industrial technical efficiency. Based on the current situation of the PV
industry, this study builds the data envelopment analysis (DEA) model to respectively evaluate the
efficiency of PV devices and power generation in the PV industrial chain. The Tobit model is used to
conduct an empirical analysis of the factors affecting the efficiency of the PV industry. The results
show that the industrial efficiency of PV devices is at a medium level and that it is necessary to
strengthen regulation and awareness at the industrial scale. However, the PV power generation
industry as a whole is at a low efficiency level, especially the inadequate technical level, which
has a negative impact on the improvement of industrial efficiency. Finally, countermeasures and
suggestions at the enterprise and government level are put forward to improve the efficiency of the
PV industry in China.
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1. Introduction

At present, strategic emerging industries represented by the clean energy industry have developed
rapidly under the influence of policy dividends, but the front ends of these industrial chains are mostly
characterized by high energy consumption. The PV industry is one of the typical examples. It is
estimated that by 2030, 30% of the world’s whole energy structure will be dominated by renewable
energy, and PV power generation will account for more than 10% of the world’s total electricity
supply [1,2]. As early as 28 March 2012, Greenpeace Environmental Protection Organization released
“Research Report on clean production of China’s photovoltaic industry”. This report indicated that
PV power generation is an excellent low-carbon energy source and that achieving clean production
in the PV industry can result in a win–win situation, achieving both environmental protection and
cost reduction. According to the statistics of the 21st Century Renewable Energy Policy Network
(REN21), the total installed capacity of PV in China reached 130.5 GW in 2017 [3], accounting for
32.46% of the global PV installed capacity. The new installed capacity is 53.1 GW [3], which is 68.7%
more than the capacity in 2016 [4,5]. The increasing trend of renewable energy application indicates
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huge market potential for PV industry. For instance, China has become the world’s largest and fastest
growing country in terms of installed PV capacity [6,7]. However, the front end of the photovoltaic
industry chain is the manufacturing process of components such as silicon crystal, and energy costs
account for nearly 80% of the total cost. Additionally, this process is a high emission link. With the
constantly worsening front-end environmental pollution in the equipment manufacturing industry,
the large-scale power generation industry has currently contradicted its initial intention of protecting
the environment [8].

At the same time, the uneven development of the industrial chain has intensified [9].
The production scale of the equipment link is much larger than that of the downstream PV power
generation [10]. The production overcapacity and prominent power curtailment ultimately leads
to low efficiency of the PV industry [11–13]. The high energy consumption and high emissions of
manufacturing links in the PV industry chain, as well as the clean and energy-saving features of the
consumption chain, indicate that the Chinese government should focus its development on balancing
this industrial chain. All enterprises need to exert their efforts at the same time, through vertical
cooperation, increase research and development efforts, and ultimately upgrade the structure of the
photovoltaic manufacturing industry to reduce energy consumption and pollution. Therefore, in this
article, we separately demonstrate the effectiveness and influencing factors of the above two key links.

The earliest research on efficiency measurement was mainly based on the parametric method to
analyze in the field of public utilities such as banks and hospitals, before being used for the energy
industry. Maudos (1999) [14] applied the income frontier function to investigate the cost and benefit
efficiency of the banking industry in the EU 11 countries in the 1993–1996 period. Barbara (2004) [15]
utilized the parametric and nonparametric methods to estimate the total factor productivity of the bank
and found that the technical efficiency progress was not inconsistent with measurement conclusions.
Joaquin (2004) [16,17] applied both the stochastic boundary function model and a DEA model of
mixed data to measure the impact of mergers and acquisitions (M&A) on bank cost efficiency. Olatubi
(2000) [18] used the data envelopment analysis (DEA) method to study the performance level of
coal-fired power plants in the United States. Kobayashi (2005) [19] used the transcendental logarithmic
model and the Divisia index to compare the total factor productivity of the power industry in Japan,
the United States, and South Korea from 1971 to 1996. Hirschhausen (2006) [20] applied nonparametric
and parametric tests to evaluate the efficiency of German distribution enterprises, using DEA with
constant returns to scale (CRS) as the main productivity analysis technique, and using stochastic frontier
analysis (SFA) method for verification. Mukherjee (2008) [21] used four DEA models to measure and
evaluate the efficiency of six high-energy-consuming industries in the US manufacturing industry.
Campisi, Gitto and Morea (2018) [22] evaluated the multiplicity of measures regarding energy efficiency
and reduction in fossil fuel consumption using a multi-criteria analysis (multi criteria decision making
(MCDM)). Lam and Shiu (2004) [23] used the DEA-Malmquist method to study the efficiency of thermal
power plants in different regions of China from 1995 to 2000. The research indicated that the levels
of technical efficiency are relatively high in the economically developed eastern coastal areas and
coal-rich areas. Zhang (2011) [24] sampled the data of thermal power generation panels in 30 provinces
and cities in China and applied the SFA method to measure the technical efficiency of the power
generation industry. It was found that the overall efficiency level of the power generation industry
in China was relatively low—only 0.47. Li (2016) [25] used Bootstrap-DEA correction calculation
to analyze the overall technical efficiency of renewable energy generation, including solar PV, wind
power and biomass power generation. The research results indicated that with the improvement at
the industrial scale and technology level, the overall power generation efficiency in the world was
increasingly improved. Zhao et al. (2018) [26] conducted a three-stage DEA analysis and evaluation on
the efficiency of renewable energy power generation enterprises and found that the efficiency of the
non-power generation industry increased year by year, while the efficiency of the power generation
industry remained basically unchanged. Zheng et al. (2015) [27] collected and sorted the data from 23
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domestic PV-listed enterprises in China in 2009–2011 and showed that the overall efficiency of the PV
industry was at a high level and increased on a yearly basis.

Research on the factors affecting the efficiency of the PV industry has been mainly at the economy,
policy, technology, resource, market and industry scale [28]. Campisi, Morea and Farinelli (2015) [29]
evaluated the expected cost of a large-sized photovoltaic (PV) system in reaching grid parity in Italy,
not considering any government incentives. Branker (2011) [30] designed a model for calculating the
levelized cost of electricity (LCOE). According to the study, when high PV technology level and fine
financing conditions coexist, a country’s PV power generation industry may become a new growth point
for the economy. Therefore, all countries were called upon to attach importance to the development of
the PV power generation industry in order to enhance the level of power generation efficiency. Kong and
Wu (2014) [31] used the DEA-Tobit two-step method to select 18 coal-listed enterprises to analyze the
factors affecting the performance of coal enterprises. Their research indicated that the level of economic
development and the presence of exploitable resources had a positive impact on business performance.
Ding et al. (2016) [32] adopted provincial panel data to point out that Gross Domestic Product (GDP)
and urbanization rate had a significant positive impact on PV power generation efficiency, where
provinces or cities with high levels of economic development were more inclined to increase PV
grid-connected power generation. Wei et al. (2010) [33] argued that with the development of the PV
industry and the advancement of technology, the cost of installation, modification and maintenance by
untrained personnel underwent expansion. The researchers suggested that a major way to improve the
PV industry is to enhance the professional skills of practitioners. Bergh (2009) [34] empirically analyzed
the PV industry and pointed out that industrial technology innovation was an important area of focus to
promote the rapid development of the PV industry. Tanţău (2014) [35] conducted a one-year empirical
study in the field of PV in Romania. By matching the technical parameters with the performance ratios
in the efficiency framework, it was believed that the improvement of technical parameters could make
a significant contribution to the development of energy efficiency. Lam and Shiu (2004) [26] used the
Malmquist index to study that the growth of the total factor efficiency index due to technological
advancement; Tobit regression was then used, which indicated that capacity utilization was a major
factor affecting technical efficiency. Zhang (2014) [36] used the DEA data envelopment method to select
58 representatives of PV-listed enterprises in China and believed that enterprises needed to improve
production efficiency and focused on independent research and development (R&D) capability instead
of blindly expanding production scale. Gollop (1983) [37] studied the relationship between US power
industry productivity and environmental regulation and found that the government’s regulations that
limit SO2 emissions brought about an increase in industrial pollution control costs, which inhibited
industrial performance. Bai and Song (2009) [38] conducted an empirical analysis on the environmental
regulation effects of thermal power industry in 30 provinces and municipalities of China in 2004.
The results showed that environmental regulation could promote power generation efficiency. Wu
et al. (2018) [39] stated that the impact of environmental constraints on the technical efficiency of
the coal power generation industry was not linear and that there was a “U-shaped” relationship
between the two sides. Based on the relative efficiency values of nine selected enterprises in China,
the United States, Japan, South Korea and Norway in 2007–2014, Chen et al. (2017) [40] argued that
there was a significant correlation between industrial policy and efficiency. Wang et al. (2012) [41]
used a two-stage procedure DEA-Tobit model to research the impacts of energy efficiency on Beijing,
China. The empirical study demonstrated that the optimization of industrial structure contributed to
improving energy efficiency, and the government’s working emphasis in the future was to improve the
energy efficiency of other energy categories.

Based on a previous research paper, we found that an imbalanced industrial chain hinders the
sustainable development of the PV industry in China. The DEA method is commonly applied in
the research on industrial efficiency measurement, as it can provide relatively objective and reliable
evaluation [42]. However, there are still some shortcomings in these studies, especially when applied
to the PV industry. At the micro level, the scholars focus on the improvement of PV conversion
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technology and the external effects on PV conversion efficiency, such as weather, dust and other natural
environmental factors. At the macro level majority of papers focus on factors such as economy, policy,
technology, resources, market and industry scale for empirical analysis. In general, there is little
literature on the efficiency of the overall PV industry chain, and existing literature mainly focuses on
traditional energy research. Even for the research on the PV industry, the research object is limited
to the PV manufacturing industry, and there are few studies covering the application of PV power
generation. Based on the current status of the PV industry in China, this paper uses the DEA method
to measure the efficiency of the PV device and power generation industry. The Tobit model is used
to empirically analyze factors affecting the efficiency of the PV industry, providing reference for the
future development of the PV industry in China.

The structure of this paper is as follows. In the second section, we use the DEA method to measure
the efficiency of the PV device industry, and in the third section, the Malmquist index calculation is
applied for dynamic analysis. The efficiency of the PV power generation industry is analyzed in the
following section. The fifth section uses the Tobit model to empirically analyze the factors affecting
the efficiency of the PV industry. Finally, we summarize and provide suggestions for the efficient
development of the PV industry in China.

2. Efficiency Measurement of the PV Industry in China

DEA is a new methodology of interdisciplinary research employed in management science,
mathematical economics, and operations research. DEA is applied to evaluate the performance and
efficiency of industries, enterprises and organizations, since it has few constraints. Additionally, there
is no necessity for establishing a production function model in advance and no need to consider unit
conversion of factors [43–47]. DEA is an efficiency evaluation method for multiple decision units with
multiple inputs and outputs. For input and output orientation, this paper uses an input-oriented DEA
model [48–51]. In this paper, when studying the industrial efficiency of the whole PV industry chain at
different links, representative PV-listed enterprises at different links are selected to measure the overall
efficiency of the PV device industry.

2.1. Selection of Samples and Indicators

Although there are few restrictions on the choice of indicators in the DEA analysis, too limited
a number of decision-making units can easily lead to insignificant results [52]. Therefore, selecting
input/output indicators is a crucial step in measuring efficiency. To measure the industrial efficiency,
it is necessary to clarify the input and output factors [53]. When Li [54], Yu [55] and Imanirad [56]
studied industrial efficiency through DEA analysis, they mainly selected input and output indicators
from the three perspectives of personnel, finance and material. Similarly, this paper selects the number
of employees, fixed assets, and operating costs as three major input indicators, and operating income
as an output indicator to measure the efficiency of the PV device industry. The data sources are mainly
the Wind Database, Bloomberg New Energy Finance, annual reports of enterprises, and public data
collection (please see the Table 1).
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Table 1. The top 25 solar photovoltaic (PV) device enterprises in China. (Source: Wind Database,
Bloomberg New Energy Finance, annual reports of enterprises, and public data collection.).

No. Enterprise Main Products

1 Aikang Technology PV accessories products, PV brackets
2 Zhongli Group Components, cells
3 Daquan New Energy Polysilicon, silicon wafer
4 Foster Solar battery backplane
5 Hairun PV Silicon wafer, cell assembly
6 Jinjing Technology PV glass
7 Jing Yuntong Silicon wafer, PV equipment
8 Jinko Energy PV equipment
9 Jingsheng Electromechanical Polysilicon

10 Jinggong Technology PV equipment
11 Kstar Optical inverter, etc.
12 Lin Yang Energy PV modules, cell sheets
13 Longji shares Polysilicon, cell sheets, components
14 CSG Holding Solar glass, components, battery
15 TBEA Inverter
16 Tianlong Photoelectric Polycrystalline silicon PV equipment
17 GCL System Integration Technology Polysilicon, PV modules
18 Sunshine power Optical inverter
19 Yicheng New Energy Polysilicon, silicon wafer
20 Yinxing Energy PV power generation equipment
21 Yingli Green Energy Polysilicon, silicon wafer, battery assembly
22 Yuhui Sunshine Silicon wafer, battery assembly
23 Zhengtai Electric PV equipment
24 Tianjin Zhong Huan semiconductor Polysilicon, silicon wafer
25 Kehua Hengsheng Transformer

The data shows that up to May 2017, there were more than 105,000 related PV enterprises
(excluding Hong Kong, Macao and Taiwan), with 39,000 PV enterprises established in the previous
year; the number of enterprises had increased by nearly 60%. With regard to regional locations,
enterprises were mainly centralized in Jiangsu, Shandong, Hebei, and other provinces. In this paper,
based on the ranking of polysilicon, PV support, inverter, battery and module enterprises released in
2017, 25 representative companies in the PV industry in China were selected as samples. To identify the
efficiency of the PV device industry more clearly, the operating data of the 25 representative enterprises
listed in Shanghai, Shenzhen and American Stock Exchanges were selected to analyze the efficiency of
the PV device industry in China.

2.2. Analysis of DEA Efficiency Measurement Results

Based on the above-mentioned input and output indicators from the data collected from 25
PV-listed companies in the five years from 2011 to 2017, the research used DEAP v2.1 software and an
input-oriented BCC model to measure the industrial efficiency of PV devices [57]. The overall technical
efficiency, pure technical efficiency, and scale efficiency were computed and further analyzed by using
the DEA method.

1. Overall technical efficiency analysis

The overall technical efficiency reflects the comprehensive capability level of resource allocation,
management capability and technical level in the decision-making units in the PV installation industry
in China. From the output level, overall technical efficiency refers to the possibility that PV enterprises
can increase their operating income under the established management and technical levels.

As shown in Table 2, eight enterprises had high overall technical efficiency in the seven years from
2011 to 2017, with average efficiency values above 0.9. The only inefficient enterprise was Tianlong
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Photoelectric, with an overall technical efficiency value of 0.527. The efficiency value of the remaining
16 enterprises was at a medium level, which is between 0.734 and 0.897, indicating that the efficiency
of PV installation enterprises in China was at a medium efficiency level.

Table 2. Overall technical efficiency of PV device enterprises in China, 2011–2017. (Source: Own
elaboration.)

Enterprise 2011 2012 2013 2014 2015 2016 2017 Average

CMC Magnetics 0.794 0.766 0.715 0.85 0.832 0.772 0.793 0.789
Jing Yuntong 0.969 0.732 0.526 0.765 0.875 1.000 0.918 0.826

Jingsheng
Electromechanical 1 1 0.822 1 0.971 1.000 0.986 0.968

Longji shares 0.885 0.709 0.669 0.861 0.884 0.893 0.849 0.821
Daquan New Energy 1 0.525 0.59 1 1 0.948 1.000 0.866

Tianlong Photoelectric 0.786 0.161 0.357 0.348 0.219 0.816 1.000 0.527
Yicheng New Energy 0.834 0.774 0.687 0.836 0.815 0.849 0.690 0.784

Jinko Energy 0.969 0.761 1 1 0.987 0.837 0.800 0.908
Zhengtai Electric 1 1 1 1 0.971 0.963 0.955 0.984

Hairun PV 0.903 0.688 0.658 0.669 0.769 0.789 0.660 0.734
Jinjing Technology 1 0.85 0.782 0.861 0.842 0.839 0.829 0.858

Jinggong Technology 1 0.563 0.548 0.799 0.825 0.917 0.913 0.795
Sunshine power 0.826 0.707 0.912 1 1 1.000 1.000 0.921

Kstar 0.809 0.843 0.779 0.908 0.942 1.000 1.000 0.897
Yinxing Energy 0.906 1 1 1 0.885 0.960 0.905 0.951

Yingli Green Energy 0.82 0.775 0.78 0.796 0.742 0.734 0.663 0.759
Yuhui Sunshine 0.694 0.685 0.761 0.826 0.823 0.760 0.815 0.766

Foster 1 1 1 1 1 1.000 0.999 1.000
Lin Yang Energy 0.833 0.913 0.886 1 1 0.889 0.905 0.918
GCL integration 0.819 0.456 0.33 1 1 1.000 1.000 0.801

Aikang Technology 0.803 0.774 0.902 0.979 0.937 0.808 0.830 0.862
CSG 0.997 0.908 0.918 0.914 0.86 0.841 0.773 0.887

Zhongli Group 1 1 1 0.909 0.88 0.833 0.902 0.932
Kehua Hengsheng 0.796 0.79 0.735 0.881 0.886 0.975 0.892 0.851

TBEA 0.915 0.764 0.83 0.875 0.861 0.853 0.898 0.857
Annual Average 0.889 0.729 0.739 0.867 0.847 0.891 0.879 -

According to the data, the annual average efficiency of the PV installation industry in China was
between 0.729 and 0.891, indicating that there is still considerable room for improvement. The overall
technical efficiency showed a significant downward trend from 2011 to 2012. This was due to the
fact that in 2012, PV installations in China, including PV modules and battery cells, suffered from
“anti-dumping and anti-subsidy survey” effects [58–62]. Due to the European debt crisis and shrinking
demand, since 2011, the United States, the European Union, India and other countries have successively
conducted a series of anti-dumping and anti-subsidy probes on Chinese PV products. In 2012, China’s
total import and export of photovoltaic products was only 28.95 billion US dollars, a decrease of 32%
compared to 2011 [63]. The PV device industry, with its strong export dependence, was severely
impacted [64]. The decline in profits led to a sharp reduction in overseas markets, resulting in poor
industrial efficiency. On the other hand, it also reflected the lack of domestic market for PV products
in China, oversupply, and unbalanced development of the industrial chain. The efficiency of the
industry showed an overall upward trend in 2014–2017. The reason was that China had paid increasing
attention to the development of the PV industry and had continuously introduced policies to promote
its progress while stimulating PV consumption. The installed capacity of PVs increased from 2.12
million kW in 2011 to 54.8 million kW in 2017. The rapidly increasing capacity of the domestic PV
market promoted the overall technical efficiency of the PV device industry. In general, the efficiency of
the PV installation industry in China during this period was at a medium efficiency level, and the PV
industry needed to upgrade its management level and technical capabilities.

2. Pure technical efficiency analysis
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In order to further analyze the efficiency of integrated technology and clarify the formation
of overall technical efficiency, we further divide the overall technical efficiency into pure technical
efficiency and scale efficiency for analysis. Pure technical efficiency refers to the production efficiency
affected by factors such as business management and technology. When the pure technical efficiency
level is 1, it indicates that at the current technical level, enterprise resources are effectively utilized.

According to the average value of the pure technical efficiency of the sample enterprises shown in
Table 3, the DMUs (Decision Making Units) with a pure technical efficiency of 1 accounted for 16%
of the total samples, while the pure technical efficiency values of other enterprises were mostly at
moderate efficiency levels—between 0.789 and 0.997.

Table 3. Pure technical efficiency of PV installations, 2011–2017. (Source: Own elaboration.)

Enterprise 2011 2012 2013 2014 2015 2016 2017 Average

Tianjin Zhong Huan
Semiconductor 0.798 0.770 0.792 0.891 0.851 0.801 0.853 0.822

Jing Yuntong 0.969 0.771 0.573 0.766 0.912 1.000 0.920 0.844
Jingsheng

Electromechanical 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Longji shares 0.886 0.720 0.703 0.882 0.900 1.000 1.000 0.870
Daquan New Energy 1.000 1.000 1.000 1.000 1.000 0.978 1.000 0.997

Tianlong Photoelectric 1.000 0.564 1.000 1.000 1.000 1.000 1.000 0.938
Yicheng New Energy 0.853 1.000 0.717 0.841 0.840 0.861 0.732 0.835

Jinko Energy 1.000 0.763 1.000 1.000 1.000 1.000 1.000 0.966
Zhengtai Electric 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Hairun PV 1.000 0.735 0.762 0.718 0.804 0.840 0.666 0.789
Jinjing Technology 1.000 0.856 0.807 0.868 0.844 0.905 0.883 0.881

Jinggong Technology 1.000 0.665 0.816 0.862 1.000 0.975 0.933 0.893
Sunshine power 0.990 0.739 0.912 1.000 1.000 1.000 1.000 0.949

Kstar 1.000 1.000 0.895 0.929 0.949 1.000 1.000 0.968
Yinxing Energy 1.000 1.000 1.000 1.000 1.000 1.000 0.919 0.988

Yingli Green Energy 0.909 1.000 1.000 0.841 0.774 0.808 0.741 0.868
Yuhui Sunshine 0.707 0.721 0.781 0.832 0.825 0.792 1.000 0.808

Foster 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Lin Yang Energy 0.846 0.921 0.909 1.000 1.000 0.961 0.996 0.948

GCL System Integration
Technology 0.834 0.495 0.800 1.000 1.000 1.000 1.000 0.876

Aikang Technology 0.863 0.820 1.000 0.985 0.962 0.833 0.831 0.899
CSG Holding 1.000 0.940 0.993 0.927 0.887 0.947 0.891 0.941

Zhongli Group 1.000 1.000 1.000 1.000 1.000 0.942 1.000 0.992
Kehua Hengsheng 0.962 0.856 0.860 0.886 0.891 1.000 0.957 0.916

TBEA 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Annual Average 0.941 0.839 0.884 0.925 0.934 0.946 0.933 -

From the overall trend, the average pure technical efficiency of the PV installation industry
in China reached 0.933 in 2017, indicating that the PV manufacturing industry was more efficient
at using resources, but it had not yet reached the most effective state. It is worth noting that the
pure technical efficiency of PV device industry also experienced a significant decline in 2011–2012,
because of the shrinking oversea market. Due to market shrinkage, enterprises had reduced their
spending on technological R&D, exacerbating the decline in pure technical efficiency. In 2013–2017,
the increasing domestic market demand had stimulated the recovery of pure technology, shortened
the capital recovery period, and increased investment at the management and technology level,
which subsequently promoted industrial efficiency. In addition, from the perspective of regulation,
the Chinese government also increased its policy support to promote the recovery of the PV industry in
China. In 2012, the “12th Five-Year Development Plan for Solar Photovoltaic Industry” was introduced
to further enhance the strategic position of the PV industry and strengthen the strategic deployment
of the industry; this policy stimulated investment in the PV industry in the following year, thereby
improving industry efficiency.

3. Scale efficiency analysis
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Scale efficiency reflects the utilization of the existing scale. When the scale efficiency value is 1,
it indicates that there is a scale effect—that is, the current input and output scale is effective. When the
input is constant, the output is maximized; when the output is constant, the input cost is the lowest.
While the scale efficiency is less than 1, it indicates that there is a diminishing scale effect, which needs
to be optimized according to the specific situation.

It can be seen from Table 4 that the average scale efficiency of 25 representative PV installation
enterprises in China during the whole sample period was 0.943 in 2017, showing an “S”-type change
trend. In 2017, there were five enterprises with constant returns to scale (RTS), five enterprises with
increasing RTS (irs), and 15 enterprises with decreasing RTS (drs), indicating that the PV installation
industry in China was in an uneconomical state. Improving scale efficiency should therefore be a
priority. The data indicated that the scale utilization of the PV installation industry in China was in an
ineffective state; one of the possible explanations is that PV industry policy in China tends to promote
the development of power generation, for example, the installed capacity of solar power generation is
estimated to reach 110 million kW by 2020.A greatly promoted scale expansion of the PV device industry
will follow. However, the level of industrial production capacity may not be simultaneously upgraded,
causing idle waste at the enterprise scale, which causes overall scale inefficiency of the industry.

Table 4. Scale efficiency of PV installation enterprises, 2011–2017. (Source: Own elaboration.) (RTS:
returns to scale.)

Enterprise 2011 2012 2013 2014 2015 2016 2017 2017 RTS

CMC Magnetics 0.995 0.995 0.903 0.954 0.978 0.964 0.929 drs
Jing Yuntong 1.000 0.949 0.918 0.998 0.959 1.000 0.998 irs

Jingsheng
Electromechanical 1.000 1.000 0.822 1.000 0.971 1.000 0.986 drs

Longji shares 0.999 0.985 0.953 0.977 0.982 0.893 0.849 drs
Daquan New Energy 1.000 0.525 0.590 1.000 1.000 0.969 1.000 -

Tianlong Photoelectric 0.786 0.285 0.357 0.348 0.219 0.816 1.000 -
Yicheng New Energy 0.978 0.774 0.958 0.994 0.971 0.986 0.943 drs

Jinko Energy 0.969 0.997 1.000 1.000 0.987 0.837 0.800 drs
Zhengtai Electric 1.000 1.000 1.000 1.000 0.971 0.963 0.955 drs

Hairun PV 0.903 0.935 0.863 0.931 0.956 0.939 0.992 drs
Jinjing Technology 1.000 0.993 0.968 0.993 0.998 0.927 0.938 drs

Jinggong Technology 1.000 0.847 0.671 0.926 0.825 0.941 0.979 irs
Sunshine power 0.834 0.956 1.000 1.000 1.000 1.000 1.000 -

Kstar 0.809 0.843 0.870 0.977 0.992 1.000 1.000 -
Yinxing Energy 0.906 1.000 1.000 1.000 0.885 0.960 0.985 irs

Yingli Green Energy 0.902 0.775 0.780 0.947 0.959 0.908 0.894 drs
Yuhui Sunshine 0.982 0.950 0.973 0.994 0.997 0.960 0.815 irs

Foster 1.000 1.000 1.000 1.000 1.000 1.000 0.999 irs
Lin Yang Energy 0.984 0.991 0.975 1.000 1.000 0.925 0.909 drs

GCL System Integration
Technology 0.982 0.920 0.413 1.000 1.000 1.000 1.000 -

Aikang Technology 0.930 0.944 0.902 0.994 0.974 0.970 0.998 drs
CSG Holding 0.997 0.966 0.925 0.986 0.969 0.888 0.867 drs

Zhongli Group 1.000 1.000 1.000 0.909 0.880 0.884 0.902 drs
Kehua Hengsheng 0.827 0.923 0.854 0.994 0.994 0.975 0.933 drs

TBEA 0.915 0.764 0.830 0.875 0.861 0.853 0.898 drs
Annual Average 0.945 0.868 0.837 0.937 0.906 0.942 0.943

3. Malmquist Index Calculation

The aforementioned analysis of the efficiency of PV devices is for a production technology at
a certain time, but production is a long-term continuous process in which the technology itself is
constantly changing. Therefore, this paper introduces the dynamic analysis of the PV device industry
by introducing the Malmquist total factor index analysis method [65], which examines whether the
technological progress or the technical efficiency change causes the total factor productivity to increase.
Using DEAP v2.1 software [66], the overall technical efficiency change (EC), the technological progress
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change (TC) and the total factor productivity changes (TFP) of PV enterprises in China were calculated,
and the results are shown in Table 5.

Table 5. Analysis of the total factor productivity of the PV installation industry in China, 2011–2017.
(Source: Own elaboration.)

Year
Overall Technical
Efficiency Change

(EC)

Technological
Change (TC)

Pure Technical
Efficiency

Change (Pech)

Scale
Efficiency

Change (Sech)

Total Factor
Productivity

Change (TFP)

2011–2012 0.763 0.951 0.821 0.929 0.725
2012–2013 1.076 0.952 0.993 1.084 1.025
2013–2014 1.324 0.87 1.204 1.1 1.151
2014–2015 0.978 0.987 1.069 0.915 0.966
2015–2016 1.101 1.334 1.025 1.074 1.469
2016–2017 0.974 1.268 0.976 0.998 1.235

Average annual
rate of change 1.022 1.047 1.008 1.014 1.07

1. Overall technical efficiency change

The average overall technical efficiency change index of the PV installation industry in China
from 2011 to 2017 was 1.022, which showed a declining trend. This might be related to factors such as
low utilization rate of fixed assets, redundant personnel, and large market risks in the PV installation
industry in China. The change in overall efficiency was mainly due to changes in scale efficiency,
especially in 2014–2015, when the pure technical efficiency change reached 1.069, showing an upward
trend, while the change in scale efficiency change was only 0.915, indicating the massive expansion
of production capacity and the decline in demand. The production scale of the enterprise had not
been fully utilized, and the industrial structure was not balanced, resulting in a decline in the overall
technical efficiency, which is consistent with the conclusions of the aforementioned research.

2. Technological progress change

The average technological progress change index of the PV installation industry in China from
2011 to 2017 was 1.047, showing a slight downward trend. During this period, the pure technical
efficiency changes were higher than the technological progress rate, and the technological change rate
was less than 1 during the 2011–2014 period, indicating that the technological progress was generally
ineffective. The upstream polycrystalline silicon sector of the PV industry is a technology-intensive
industry with high technical requirements. The technological progress of the photovoltaic industry
is mainly reflected in the technological progress change of polysilicon sector. Although the refining
technology and equipment of polycrystalline silicon industry in China have been localized to a certain
extent, the technological progress is slow.

3. Total factor productivity change

The index of total factor productivity was a comprehensive measure of efficiency changes.
As shown in Table 5, the average total factor productivity change index of the PV installation industry
in China in 2011–2017 was 1.07, which showed a downward trend. Especially in 2011–2012, there
was a sharp decline, the change index being 0.725. This was because the global installed capacity was
approximately 28 GW in 2011, while the module production capacity reached 63 GW. The expansion
rate of production capacity was much higher than the growth rate of the PV market, resulting in an
imbalance between supply and demand. At the same time, in 2012, the European government began
to strictly control the incentive plan for the PV industry, which led to a shrinking market in Germany,
Italy and France. The global PV industry had experienced a sharp decline in the economy. China’s
import and export trade of PV products was affected, resulting in decreased demand on inventory
of PV installations. Moreover, during this period, the price of PV products continued to plummet.
From the beginning of 2011 to December, the prices of polysilicon materials, wafers and battery chips
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had fallen by nearly 50%. Some small and medium enterprises (SMEs) had already faced a struggle
for survival, and all enterprises were finding it more difficult to survive. The business environment
intensified, and performance dropped sharply. As a result, enterprises cut down various kinds of
expenditure, leading to a reduction in efficiency across the entire industry.

During the period of 2015–2017, the total factor productivity index was greater than 1, showing an
upward trend, which was the result of the combination of overall technical efficiency and technological
progress efficiency; the effect of overall technological efficiency was more significant. During the
period of 2014–2015, total factor productivity declined, eventually at 0.966, which was caused by the
decline in scale efficiency. Because of the repeated “anti-dumping and anti-subsidy survey” conducted
by Europe and the United States, Chinese PV companies began to take new measures and strategies to
cope with the situation. For example, Zhongli Group invested directly overseas in the construction
of a 500 MV battery and module factory in Thailand, which was officially put into operation in
2015. Jinko Energy’s component plant in Portugal was officially put into operation in January 2015.
Other enterprises adopted overseas mergers and acquisitions (M&A) and overseas original equipment
manufacturers (OEMs) to avoid barriers imposed on PV products. These coping mechanisms show
that PV installations gradually adjusted their strategy, which made enterprises pay less attention to the
domestic market, reduced the scale of domestic market expansion and R&D investment, and ultimately
led to lower industrial efficiency. In the international market, the minimum import price agreement
for PV products signed between the EU and China made the price of PV devices imported by China
higher than the market price, which increased the product cost of the PV industry and reduced the
average efficiency of the industry.

4. Efficiency Measurement of the PV Power Generation Industry in China

Since China’s solar PV power generation started relatively later than in other countries, the unified
statistical caliber data collection of the PV power generation industry in each province only started
from 2011. In order to maintain data continuity and measurement accuracy, this paper selects 2011 as
the earliest time node for measuring efficiency of power generation in the PV industry.

4.1. Selection of Samples and Indicators

Using 22 provinces and cities in China as research samples, according to the research results of
past studies, power generation was selected as the output index. This is because power generation
is the most important and accessible output of the power generation industry. For the selection of
input indicators, this paper uses the number of employees in the power industry to measure labor
input. In terms of measuring capital investment, the first task is to calculate the net value of fixed
assets of the power generation industry by using the capital stock as the capital input standard [24].
The second is to use the installed capacity of power generation as a measure of capital investment. In
our research, based on collected data, we did not find the net value of fixed assets in the PV power
generation industry. Therefore, the cumulative installed capacity of the PV power generation industry
was selected for measurement. PV power investments include technical facilities, land and other
infrastructure costs [24], which can be considered as cost indicators.

The data of the Table 6 are from the China Electricity Statistical Yearbook [67], the statistical
yearbooks of various provinces and cities in China, the China Energy Statistical Yearbook, and the
Energy Bureau website (http://www.nea.gov.cn), thereby ensuring accuracy and accessibility.

http://www.nea.gov.cn
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Table 6. Selection of efficiency measurement indicators for the PV power generation industry. (Source:
Own elaboration.)

Indicator Name Unit

Input indicator
X1 Cumulative installed capacity Ten thousand kW
X2 Number of employees Ten thousand people
X3 PV power investment Billion yuan

Output indicator Y Power generation Billion kW·h

Among them, the PV power generation data comes directly from the China Electricity Statistical
Yearbook [68]. The cumulative installed capacity is derived from the amount of PV installations released
by the Ministry of Industry and Information Technology over the years. The data on practitioners
in the PV power generation industry are obtained through appropriate calculations. In the period of
2011–2017, China’s solar PVs accounted for 0.01%, 0.07%, 0.16%, 0.42%, 0.69%,1.1%, and 1.82% of the
total power generation, respectively. In view of the national conditions of China’s energy development,
the number of employees in the traditional energy power generation industry, such as thermal and
hydropower, was found to be relatively stable. At the same time, the statistics on the number of
people working in solar PV industry from China’s 2011 Electricity Statistics Yearbook indicates that
the number of employees in the PV industry accounts for 1/10 of the power generation industry; we
therefore assign the weights of 2012–2017 to 1/10, 2/10, 3/10, 4/10, 5/10, and 6/10. The power generation
investment data is derived from the China Electricity Yearbook, in which the data of each province and
city are obtained through calculation.

4.2. Analysis of DEA Efficiency Measurement Results

As per the relevant data of the above-mentioned input/output indicators, the DEAP v2.1 software
is also used to measure the efficiency of the PV power generation industry with the input-oriented
BCC model and separately analyze the overall technical efficiency, the pure technical efficiency, and
scale efficiency.

1. Overall technical efficiency analysis

According to Table 7, during the sample period, the overall technical efficiency (TE) of China’s PV
power generation was between 0.353 and 0.783 in each year, and the overall efficiency of PV power
generation rose rapidly to a peak of 0.783 from 2015 to 2017. When Wu et al. [39] studied the technical
efficiency of the power generation industry in China, the technical efficiency of power generation in
each province was divided into three levels: high efficiency, medium efficiency and low efficiency.
The corresponding division criteria were TE ≥ 0.9, 0.6≤ TE < 0.9, TE < 0.6.

According to the situation of each province, in 2011–2017, the provinces and cities with a high
efficiency of power generation greater than 0.9 were Qinghai and Tibet. Ningxia, Yunnan, and Shanghai
were medium efficiency cities. The overall technical efficiency of most cities was low, including that of
Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang, Anhui, Fujian, Jiangxi, Shandong, Henan, Hubei, and
Guangdong. It can be seen that in 2011–2017 that half of provinces and cities had a value lower than
0.6, which was at a low efficiency level, and the power generation efficiency gap between provinces
was large. This paper draws on this standard and believes that the PV power generation industry in
China is at a medium level of efficiency.
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Table 7. Overall technical efficiency of the PV power generation industry in China, 2011–2017. (Source:
Own elaboration.)

Area 2011 2012 2013 2014 2015 2016 2017 Average Value

Hebei 0.335 0.339 0.482 0.850 0.850 0.571
Shanxi 0.030 0.871 1.000 0.519 0.482 0.908 0.908 0.674

Inner Mongolia 0.103 0.545 0.356 0.579 0.824 1.000 1.000 0.630
Liaoning 0.063 0.487 0.631 0.619 0.813 0.813 0.571
Shanghai 0.952 0.927 1.000 0.616 0.303 0.043 0.043 0.555
Jiangsu 0.237 0.660 0.449 0.363 0.523 0.710 0.710 0.522

Zhejiang 0.535 0.341 0.350 0.332 0.444 0.444 0.408
Anhui 0.346 0.433 0.167 0.216 0.660 0.660 0.414
Fujian 1.000 0.350 0.386 0.472 0.479 0.479 0.528
Jiangxi 0.409 0.350 0.328 0.395 0.723 0.723 0.488

Shandong 0.762 0.702 0.620 0.416 0.362 0.603 0.603 0.581
Henan 0.150 0.535 0.832 0.832 0.587
Hubei 0.529 0.292 0.467 0.332 0.830 0.830 0.547

Guangdong 0.083 0.230 0.111 0.122 0.393 0.591 0.591 0.303
Hainan 0.182 1.000 0.404 0.819 0.560 0.844 0.844 0.665
Yunnan 1.000 0.662 0.623 0.688 0.696 0.986 0.986 0.806

Tibet 1.000 0.679 1.000 0.927 0.999 1.000 1.000 0.944
Shaanxi 0.940 0.932 0.193 0.339 0.952 0.952 0.718
Gansu 0.519 0.553 0.487 0.518 0.689 0.986 0.986 0.677

Qinghai 1.000 1.000 1.000 1.000 1.000 1.000 0.998 1.000
Ningxia 0.887 1.000 0.751 1.000 0.848 0.963 0.963 0.916
Xinjiang 0.637 0.203 0.895 1.000 1.000 1.000 0.789

Annual average 0.353 0.579 0.475 0.444 0.517 0.78 0.783 —

During the sample period, the PV power generation efficiency in Qinghai Province could be termed
adequate, indicating that its input and output combination in PV power generation was adequate.
The is because Qinghai Province has abundant light resources, and the area was sparsely populated.
Unutilized land resources are abundant—up to 100,000 square kilometers—and transportation is
convenient. These superior comprehensive development conditions provide an excellent environment
for the construction of PV power stations.

With China’s PV installed capacity increasing and the scale of PV power generation expanding,
the overall efficiency of the PV power generation industry continues to be low. The reason behind this
is worthy of study. For a more in-depth analysis of the reasons behind this, similar to the previous
approach, we continue to subdivide the overall technical efficiency into pure technical efficiency and
scale efficiency.

2. Pure technical efficiency analysis

According to Table 8, during the sample period, the pure technical efficiency of the PV power
generation industry fluctuated between 0.546 and 0.775; most of the time, it was between 0.5 and 0.6,
indicating that the PV power generation industry in China was purely technically inefficient.

Under these circumstances, the overall resource utilization of the industry was inefficient. This
was because China’s PV power generation started later than the world average; its power generation
technology was backward, and its resource allocation capacity was insufficient.

Provinces and cities with high pure technical efficiency were Shanghai, Fujian, Hainan, Tibet,
Qinghai, Ningxia. The provinces and cities with middle pure technical efficiency were Shanxi, Inner
Mongolia, Liaoning, Shanghai, Fujian, Shandong, Henan, Hebei, and Gansu. The difference in pure
technical efficiency between provinces and cities was large. PV power generation in Qinghai, Ningxia,
Gansu, and other regions started relatively earlier; the industry is concentrated, the technology is
relatively mature, and resources can be reasonably and effectively allocated. The high efficiency of
Shanghai and Qinghai is due to the pulling of regional scientific research capabilities. Therefore, the PV
power generation industry needs to improve the level of industrial technology and management.
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In particular, combined with the current situation of strong dependence on the import of PV
equipment in China, enterprises need to strengthen technological innovation to further localize
the imported equipment.

Table 8. Pure technical efficiency of the PV power generation industry in China, 2011–2015. (Source:
Own elaboration.)

Area 2011 2012 2013 2014 2015 2016 2017 Average Value

Hebei 0.339 0.346 0.482 0.851 0.850 0.574
Shanxi 0.524 0.881 1.000 0.540 0.482 0.909 0.908 0.749

Inner Mongolia 0.237 0.549 0.522 0.580 0.824 1.000 1.000 0.673
Liaoning 0.443 0.487 1.000 0.973 0.857 0.813 0.762
Shanghai 1.000 1.000 1.000 1.000 0.782 1.000 1.000 0.969
Jiangsu 0.481 0.663 0.658 0.365 0.523 0.711 0.710 0.587

Zhejiang 0.536 0.342 0.368 0.332 0.444 0.444 0.411
Anhui 0.530 0.449 0.269 0.216 0.660 0.660 0.464
Fujian 1.000 0.559 1.000 1.000 1.000 0.550 0.851
Jiangxi 0.544 0.359 0.456 0.395 0.723 0.723 0.533

Shandong 1.000 0.715 0.650 0.447 0.362 0.603 0.603 0.626
Henan 0.384 0.535 0.832 0.832 0.646
Hubei 0.536 0.305 0.840 0.344 0.830 0.830 0.614

Guangdong 0.875 0.412 0.163 0.178 0.393 0.591 0.591 0.458
Hainan 1.000 1.000 0.944 0.899 0.702 1.000 1.000 0.935
Yunnan 1.000 0.667 0.623 0.721 0.697 0.987 0.986 0.812

Tibet 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Shaanxi 0.952 0.952 0.306 0.339 0.952 0.952 0.742
Gansu 0.898 0.554 0.541 0.538 0.690 0.986 0.986 0.742

Qinghai 1.000 1.000 1.000 1.000 1.000 1.000 0.999 1.000
Ningxia 1.000 1.000 0.809 1.000 0.851 0.963 0.963 0.941
Xinjiang 0.640 0.217 0.936 1.000 1.000 1.000 0.799

Annual average 0.775 0.699 0.546 0.572 0.577 0.85 0.836 —

3. Scale efficiency analysis

Based on the results of Table 9, the scale efficiency of the PV power generation industry in China
showed an overall upward trend from 2011 to 2017. The average value of scale efficiency in 2017
reached 0.94, indicating that there was still room for improvement in the scale of the PV power
generation industry in China. In 2017, most provinces and cities achieved the optimal scale except
Shanghai, Fujian, Hainan and Yunnan.

The above results fully demonstrate that the PV power generation industry in China has the
potential to expand and increase production, and that appropriately increasing the resources input
can promote the further improvement of industrial efficiency. In 2014, China’s PV power investment
reached 15 billion, and it rose to 27 billion in 2017, an increase of 80%. It is estimated that by 2020, the
country will achieve a cumulative installed capacity of 100 GW, and the scale of PV power generation
will continue to expand. From the perspective of the scale efficiency values of the provinces in 2017, the
scale efficiency values of 18 provinces and cities in China were in the optimized condition. However, if
the industrial scale continues to rise after reaching its optimum state, it will lead to redundancy of
scale and even uneconomical scale. Therefore, China’s excessive increase in PV installed capacity may
reduce industrial efficiency.
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Table 9. Scale efficiency of the PV power generation industry, 2011–2015. (Source: Own elaboration.)

Area 2011 2012 2013 2014 2015 2016 2017 2017 RTS

Hebei 0.991 0.980 0.998 0.9995 1.000 -
Shanxi 0.051 0.988 1.000 0.960 0.996 0.9996 1.000 -

Inner Mongolia 0.433 0.993 0.682 1.000 1.000 1.0000 1.000 -
Liaoning 0.142 1.000 0.631 0.636 0.9479 1.000 -
Shanghai 0.952 0.927 1.000 0.616 0.388 0.0426 0.043 irs
Jiangsu 0.492 0.996 0.682 0.995 0.998 0.9997 1.000 -

Zhejiang 0.999 0.994 0.950 0.996 1.0000 1.000 -
Anhui 0.653 0.964 0.623 0.999 1.0000 1.000 -
Fujian 1.000 0.626 0.386 0.472 0.4792 0.872 irs
Jiangxi 0.751 0.974 0.720 0.996 1.0000 1.000 -

Shandong 0.762 0.981 0.954 0.931 0.995 1.0000 1.000 -
Henan 0.390 0.999 1.0000 1.000 -
Hubei 0.988 0.957 0.556 0.965 0.9999 1.000 irs

Guangdong 0.095 0.559 0.682 0.683 0.999 1.0000 1.000 -
Hainan 0.182 1.000 0.428 0.911 0.797 0.8438 0.844 irs
Yunnan 1.000 0.992 0.999 0.955 0.995 0.9991 0.999 irs

Tibet 1.000 0.679 1.000 0.927 0.998 1.0000 1.000 -
Shaanxi 0.987 0.978 0.629 0.994 0.9999 1.000 -
Gansu 0.578 0.999 0.901 0.962 0.993 0.9995 1.000 -

Qinghai 1.000 1.000 1.000 1.000 1.000 1.0000 1.000 dis
Ningxia 0.887 1.000 0.928 1.000 0.996 0.9998 1.000 irs
Xinjiang 0.995 0.935 0.956 1.000 1.0000 1.000 -
average 0.451 0.827 0.871 0.777 0.896 0.932 0.94

On the other hand, China’s power grid infrastructure construction is completely out of line with
power generation. Therefore, it is therefore difficult for the power grid to effectively transmit power to
the power terminals, and the PV power generation capacity has not been effectively utilized, leading
to serious light-emitting problems in the PV power generation industry, thereby hindering further
improvement in industrial efficiency [69].

4. Efficiency comparison analysis

According to Figure 1, during the sample period, the average efficiency of the PV power generation
industry in China was less than 1, and it failed to reached the effective state, indicating that there is a
great practical significance to studying China’s PV power generation efficiency.Sustainability 2019, 11, 6693 15 of 22 
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Figure 1. Analysis of the efficiency trend of the PV power generation industry in China, 2011–2017.
(Source: Own elaboration.)
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Overall, the scale efficiency of the PV power generation industry was fluctuating upward,
indicating that the PV power generation industry in China gradually improved in terms of resource
allocation, management level, and technology utilization level. The trends of overall technical efficiency
and scale efficiency were consistent. Pure technical efficiency was low and scale efficiency was always
higher than overall technical efficiency. The scale efficiency of PV power generation had a great impact
on the overall efficiency, indicating that the improvement of PV power generation efficiency in China
is mainly dependent on expansion of scale efficiency, which is consistent with the development status
of the PV industry in China.

In the period of 2011–2012, the changing trends of the overall technical efficiency and the scale
efficiency were the same. The increase in scale efficiency was larger than the decrease in pure technical
efficiency, which led to the improvement of the overall technical efficiency. This indicated that even
though the pure technical efficiency of PV power industry was low, the expansion of the scale efficiency
greatly promoted the improvement of the overall technical efficiency. From 2013 to 2015, the pure
technical efficiency changed smoothly, and the overall efficiency of power generation in the PV
industry declined. This indicated that the power generation industry had not fully utilized the existing
production scale and there had been a large-scale waste. In 2015–2017, the overall technical efficiency
had improved, which was the result of the combined influence of scale efficiency and pure technical
efficiency; the impact of scale efficiency was, however, more significant. To sum up, the improvement
of the overall efficiency of the PV power generation industry in China depended mainly on the benefits
brought by the expansion of scale. Furthermore, the biggest factor contributing to the inefficiency of
China was the low level of power generation technology.

5. Analysis of Factors Affecting the Efficiency of the PV Industry

According to the above analysis and calculation of the efficiency of the PV installations and power
generation industry, the overall technical efficiency of the PV installation industry in China is at a
medium level, and there is still room for improvement. The overall technical efficiency of the PV
power generation industry is relatively low; the pure technical efficiency is especially at a considerably
low level, which further indicates that there is a necessity to focus on efficiency improvement of the
downstream power generation industry. Therefore, according to the characteristics of the PV industry,
this section summarizes the influencing economic, technological, resource, market, policy and other
factors of PV industry efficiency and uses the Tobit regression method to analyze the influencing factors.

5.1. Analysis of Factors Affecting the Efficiency of PV Installations

Using the limited Tobit model, the panel data of the representative 25 companies in the selected
PV installation industry were analyzed from 2011 to 2017, and the driving factors for the development
of the device industry were empirically studied. The specific model used is as follows

EEit = C + α1ATit + α2TPit + α3PEOit + α4SCit + α5lnSPit + α6SUBit + εit (1)

i = 1, 2, · · · · · · , 25; t = 1, 2, · · · · · · , 7 (2)

where EEit represents the overall technical efficiency value of 25 PV installation enterprises in 2011–2017,
using the overall technical efficiency results from DEA calculation in Section 2, and C is a constant term.
AT represents asset turnover. TP stands for the proportion of technicians, PEO represents per capita
output value, SC stands for cost of sales, SP stands for production scale, SUB stands for government
subsidy amount. ε is a random disturbance term, i stands for enterprise, and t represents the year.

According to the constructed model, EViews 9.0 software was applied to analyze the panel data
of 25 companies in the PV device industry from 2011 to 2017. The results of the two models are almost
the same (please see the Table 10).
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• The asset turnover rate passed the significance test in both models and has a positive correlation
with industrial efficiency, indicating that the abundant capital has a significant role in promoting
the efficiency of the PV device industry. The higher the abundance of enterprise funds, the
more likely the enterprise is to invest money in production equipment upgrading, technology
upgrading, production costs reduction, and efficiency level improvement. During the “12th
Five-Year Plan” period, the PV device manufacturing industry in China gradually turned to
refined development, in which the production cost of polycrystalline silicon links dropped to less
than $10/kg, the conversion rate of PV cells and modules reached over 15%, and the localization
rate of PV equipment reached 70% or more; the technology upgrade of the PV device industry was
significantly accelerated [70]. Therefore, for PV installation enterprises, it is necessary to improve
the use of inefficient and idle assets, speed up the recovery of sales funds, and thus improve the
overall technical efficiency of the industry.

• The proportion of technicians was found to have a positive relationship with industrial efficiency.
In Model 2, a 0.1% level of significance test was passed, indicating that the improvement of
R&D capability can promote the development of the device industry. An increase of 1 unit for
technicians can increase the overall technical efficiency of the industry by approximately 40%.
Compared with accelerating capital turnover, focusing on changes in the structure of employees,
the efficiency of the industry can be greatly improved.

• The per capita output value passed the significance test in both model 1 and model 2, showing a
positive correlation with industrial efficiency, indicating that the increase in per capita output
has a positive impact on the efficiency of the PV industry. Therefore, at the same input level, the
higher the labor efficiency level, the higher the overall technical efficiency of the industry.

• The increasing in the ratio of sales cost to total cost had a positive impact on the efficiency of the
PV industry, but it did not pass the significance test in both models. At this point, the increase in
corporate sales expenses is related to the increase in corporate marketing investment, which has
improved the efficiency of the industry. But this effect is not significant. The reason is that China’s
installation products are mainly targeted at overseas markets, while overseas political, economic,
and trade tariffs, and other policy risks are relatively high. On the other hand, China’s PV installed
market is increasing during the 12th Five-Year Plan period. The increased market demand for
PV products result in a large number of inefficient enterprises entering the market, exacerbating
competition and lowering the profitability level of enterprises, which is not conducive to the
sustainable development of the PV device industry.

• The empirical analysis showed that the production scale in model 1 had a negative impact on
industrial efficiency, but the impact was not significant. In model 2, after the introduction of
the secondary item of scale, the production scale of the primary item had a positive impact on
the industrial efficiency, while the secondary item had a negative correlation with the industrial
scale, which indicates that the relationship between production scale and industrial efficiency
an open-down “U-shaped” relation. It shows that in the initial stage of industrial development,
with the expansion of scale, the RTS increases, and the industrial efficiency shows an increasing
trend. However, when the scale of the industry reaches a critical point, as the scale of the industry
continues to expand, the RTS begins to decline. At the same time, the operating costs of enterprises
increase, management becomes ineffective, and productivity turns idle, leading to an inefficiency
in the scale of the industry.

• The government subsidy did not pass the significance test in both models, indicating that the
incentive effect of the government subsidy on the development of the equipment industry is not
good, and the government subsidy needs further improvement. China’s PV subsidies are mainly
financial subsidies, which are one-off subsidies. With a lack of post-regulation mechanisms, it is
difficult to achieve effective subsidies, and the effect on sustainable development of industries
is not obvious. Model 1 without the government subsidy squared item has a negative subsidy
coefficient, while the model with squared items has a positive subsidy coefficient and a negative
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square factor coefficient. We think that because government subsidies may have an inverted
U-shaped effect, the government subsidies at this time have not yet reached the inflection point
and are still on the left side of the inverted U-shape.

Table 10. Analysis of the factors affecting the overall technical efficiency of PV installation industry.
(Source: Own elaboration.)

Variable Name
Model 1 Model 2

Coefficient
Value

Standard
Deviation Z Value Coefficient

Value
Standard
Deviation Z Value

Asset turnover 0.2196576 0.0561253 3.91 *** 0.2179421 0.0560076 3.89 ***
Technical staff 0.3962003 0.1291575 3.07 *** 0.4080893 0.1279905 3.19 ***

Per capita output value 5.173824 1.227784 4.21 *** 5.099016 1.224846 4.16 ***
Ratio of sales cost to total cost 0.0303791 0.777543 0.36 0.0247968 0.0774734 0.32

Production scale −4.03 × 10−6 0.000761 0.940843 0.000182 0.0001558 1.17
Scale square 2.01 × 10−7 1.43 × 10−7 −1.40

government subsidy −0.0010566 0.0363536 0.853351 0.0069734 0.039787 0.18
Subsidy square −00025288 0.0101583 −0.25

Note: *** respectively, show that the Z test value passed the test at the significance level of 0.001, 0.05, and 0.1.

5.2. Analysis of Factors Affecting the Efficiency of the PV Power Generation Industry

The restricted Tobit model was used to analyze the panel data of 22 provinces and cities in China
from 2011 to 2017 and empirically study the driving factors of PV power industry development.
The specific model used is as follows:

EFit = β+ α1lnGDPit + α2lnEUit + α3PSit + α4ECit + α5PRit + α6GOVit + εit (3)

i = 1, 2, · · · · · · , 22; t = 1, 2, · · · · · · , 7 (4)

where EFit represents the overall technical efficiency value of the solar PV industry in 22 provinces and
cities in 2011–2017 (please see the Table 11), using the aforementioned DEA to measure the overall
technical efficiency value. EU represents PV equipment utilization, PS represents actual solar energy
development, EC represents power consumption, PR represents power generation, and GOV represents
carbon dioxide emissions. ε is a random disturbance item, i stands for business, and t stands for
the year.

Table 11. Analysis of the factors affecting the efficiency of PV power generation, 2011–2017. (Source:
Own elaboration.)

Variable Coefficient Standard Deviation Z Statistic p Value

ln (GDP) −0.211334 0.1978433 −1.07 0.288
Equipment utilization 1.093636 0.0754971 14.49 0.000 ***

Solar development utilization 0.0039358 0.0074361 0.53 0.598
Electricity consumption 0.000016 0.0000533 0.30 0.765

ln (power generation scale) 0.0451229 0.0192829 2.34 0.021 **
ln (CO2) −0.1460661 0.0570799 −2.56 0.012 **

Note: *** and **, respectively, show that the Z test value passed the test at the significance level of 0.001, 0.05.

According to the constructed model, EViews 9.0 software was used to empirically analyze the
influencing factors.

By performing a Tobit estimation on the above influencing factors, the following can be ascertained:
The impact of PV equipment utilization level on power generation efficiency is positive, and

the impact is significant, indicating that the impact of PV power generation equipment utilization
on industrial efficiency is very crucial. Compared to other variables, equipment utilization has the
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greatest impact on PV power generation efficiency. Therefore, how to improve the utilization rate of PV
equipment has become a key point in the PV power generation industry. On the one hand, China’s PV
power generation technology has been upgraded, and lighting resources can be fully utilized, which
have led to an increase in industrial efficiency. On the other hand, during the “12th Five-Year Plan”
period in China, the National Development and Reform Commission of China issued the “Notice on
Improving the On-grid Price Policy for Solar Photovoltaic Power Generation” to further standardize
the PV power generation market, which promoted investment in PV power generation projects; thus,
the installed capacity of PV power generation equipment increased rapidly. The limitation of capacity
constraints on the efficiency of PV power generation was weakened.

The scale of PV power generation had a positive impact on power generation efficiency, and
passed the significance test, indicating that the larger the scale of PV power generation, the higher the
efficiency of the PV industry. The expansion of industrial scale is conducive to the emergence of scale
effect, thereby reducing overall production costs, helping to increase production, and thus promoting
industrial efficiency. During the 12th Five-Year Plan period, China’s PV installed capacity increased
rapidly, and the industry accelerated its expansion. Thus, the cost of PV power generation decreased
by approximately 70%, which was close to 1 yuan/kWh. At the same time, the amount of PV power
generation has increased rapidly, and the PV industry has ushered in a stage of large-scale development,
forming economies of scale. On the other hand, China’s PV power stations are concentrated in Inner
Mongolia, Gansu, Qinghai, Ningxia, Xinjiang, and other regions. The high industrial concentration
brings economic spillovers to the power generation industry, resulting in a “1 + 1 > 2” effect, which
has improved the overall technical efficiency of the industry.

The impact of CO2 emissions on power generation efficiency was found to have a negative impact
and pass the significance test. This means that China not only can reduce carbon emissions but
also can promote the development of the PV industry through environmental regulations. But the
implementation needs to be further strengthened, because if the supervision is not strong, the companies
would not invest in low carbon technology. Strengthening the environmental regulation of carbon
emissions will make enterprises to pay more attention to the environmental impact in terms of energy
consumption, and then increase the practical application of PV power generation. This will promote
the development of the PV industry from another aspect.

The theoretical reserves of solar energy and the efficiency of PV power generation shows a
positive correlation, and the richer the light resources, the higher the PV power generation efficiency.
It should be noted that the PV power generation industry belongs to the resource endowment industry,
and power generation efficiency is closely related to the abundance of light resources. However, the PV
power industry in China is at an initial stage of development, and the level of power generation
technology is not very advanced. As a result, simple input of resources and expansion of industrial
scale have a certain role in promoting industrial development. Therefore, at present, the PV power
industry still needs to increase installed capacity, further develop available lighting resources, improve
power generation, and ultimately enhance the level of industrial efficiency.

There is a positive correlation between electricity consumption and PV power generation efficiency.
In general, market demand is an important factor in promoting industrial development. The greater
the demand for electricity, the greater the pulling effect on electricity production, and the further
alleviation of regional power surplus. However, the impact was not significant, and the possible
reason for the contradiction is that China’s demand for PV electricity is strong in inter-provincial
areas and economically developed regions such as the eastern coastal areas, but PV power plants are
concentrated in underdeveloped areas in the northwest. Moreover, the power transmission system has
not been optimized, which makes it difficult for the power generation industry to effectively output
power generation, causing serious light-abandoning problems, which is not conducive to the efficiency
improvement of the PV power generation industry.

The GDP was found to have a negative impact on the efficiency of solar PV power generation,
but it also did not pass the significance test. This is because the rich regions of light resources are
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mostly in economically less developed areas in China, such as Xinjiang, Inner Mongolia, Gansu, and
Qinghai. These regions have the most abundant light resources, but due to some reasons such as low
population density and bad geographical environment, the economy is underdeveloped compared
with the eastern region of China.

6. Conclusions and Suggestion

In this paper, the DEA method is used to measure the efficiency of the PV device industry and
the power generation industry and analyze the factors affecting the efficiency of different industrial
sectors. It was found that in the PV device sector, the industrial efficiency is at a medium level,
and it is necessary to strengthen standardization and awareness at the industrial scale. The power
generation industry as a whole is at a low level of efficiency, with the low technical level having a
particularly negative impact on industrial efficiency. Therefore, we need to put forward effective
policy recommendations for improving the efficiency of the PV industry at both the enterprise and
government levels.

At the enterprise level, it is urgent to develop and upgrade the entire industrial chain in the
direction of pursuing high quality, high efficiency, low subsidy, sustainability, and marketization as
well as becoming environmentally friendly. Firstly, the PV industry chain is facing the problem of
improving scale efficiency. PV enterprises should optimize the scale of the industry and reduce the
cost of each link by extending the entire industry chain to achieve higher returns. Secondly, enterprises
should pay close attention to market development, enhance the market service level, establish and
improve the collaborative channel closely connected with the terminal market, and quickly identify
changes in the market with a more sensitive touch. The third is to pay attention to the cultivation
of professional talents, improving the innovative ability of enterprises, breaking through technical
restrictions, and transforming the traditional extensive and labor-intensive development nodes into
key and high value-added links in the industrial chain.

At the government level, the main goal is to create a more harmonious environment for industrial
development. The specific practices can be divided into three parts. The first is to provide R&D
subsidies to promote the transformation and upgrading of the PV industry. The second is to standardize
the market access mechanism of the PV industry and form barriers to entry. The third is to speed up the
construction of infrastructure, promote the development of power transmission and distribution links,
optimize the power grid development plan, and gradually open up the east–west and north–south
power transmission channels in China, more effectively transmitting PV power supply to the demand
side, so as to improve the efficiency of the PV power generation industry.

This study only selects the main links in the PV industry chain for efficiency analysis, such as
polysilicon, batteries, module manufacturing, and PV power generation, which has not completely
covered the entire industry chain. In future studies, we will consider PV cell recovery, PV wind
power complementation, and other links in the whole industrial chain to improve the effectiveness of
the research.
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