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Abstract: With the increasing consumption of fossil energy and changes in the ecological environment,
meeting the energy demands required for industrial and economic development with clean and
efficient power generation is a major challenge of our society. Solar energy is considered to be
one of the most renewable and sustainable energy sources, and photovoltaic power generation
has become an important research topic. This study combines data envelopment analysis (DEA)
with Tobit regression analysis to assess the efficiency of photovoltaic power generation in China
and analyze factors affecting efficiency to improve the efficiency of photovoltaic power generation.
The results show that there are obvious regional differences in photovoltaic power generation
efficiency in China. The phenomenon of focusing on economic development at the expense of
the use of solar power generation still exists. The establishment of photovoltaic demonstration
projects, the implementation of differential electricity price policies, and the promotion of photovoltaic
precision poverty alleviation can alleviate economic pressure and effectively improve the efficiency
of photovoltaic power generation.
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1. Introduction

With the development of economy and society, the demand for electricity is growing. At present,
primary energy accounts for 40% of the global energy used for power generation, and renewable
energy only accounts for 3.6% [1]. The massive exploitation of fossil energy such as oil, coal and
natural gas will not only affect the reserves of non-renewable energy [2], but also cause an increase in
carbon dioxide emissions, which will lead to an increase in sea level and disturbances in the global
climate system [3]. In response to environmental climate changes, countries have developed new
energy development strategies. Although there are differences in geographical location, economic
status, and energy structure, energy is getting greener and cleaner, and power generation methods are
becoming more and more abundant [4].

As can be seen from Figure 1, big changes have taken place in the energy structure used for power
generation, and the proportion of renewable energy power generation has been rising. As an important
component of new energy, solar energy has become one of the most promising energy sources [5,6] due
to its almost unlimited, clean and pollution-free nature [7]. The newly added photovoltaic power
generation accounts for almost a quarter of the world’s power generation increases [8], and the installed
capacity of photovoltaic power generation in various countries or regions is shown in Figure 2.
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Figure 1. The share of global electricity by fuel.
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Figure 2. Photovoltaic power generation installed capacity ratio of major countries or regions.

From Figure 2, we can see that the development speed of the photovoltaic industry in the
United States and Japan is basically consistent with that of the world, and the photovoltaic power
generation industry in China has achieved good results. The ratio of the photovoltaic installed capacity
of China to that of the world has grown rapidly, from 0.92% in 2008 to 33% in 2017. Since 2013,
China has maintained a new installed capacity of more than 10 million kilowatts (10 GW) for five
consecutive years. In 2017, China’s installed capacity of photovoltaic power generation ranked first in
the world. It indicates that the investment of Chinese government in photovoltaic power generation
have achieved an effective balance with photovoltaic system output. Therefore, it is representative to
take China as an example to explore the key drivers of photovoltaic power generation efficiency in the
macro environment.
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The efficiency mentioned in the study differs from the definition in the power generation system.
It mainly reflects the effectiveness of the input and output factors in the photovoltaic system, rather
than defining the ratio between the output power and input power. The efficiency of the study
cannot be assessed using a simple formula and needs to be analyzed and studied in combination with
multiple methods.

In the research of improving photovoltaic power generation efficiency through a technological
transformation, the ratio between output power and input is generally improved by adjusting unit
performance, optimizing system settings, and replacing photovoltaic cells. Cha proposed that sudden
and severe weather will increase the failure rate of the PV system and rapidly reduce the power
output [9]. Vaillon believed that reducing light, electricity, and heat losses could improve unit
performance and increase the power production of photovoltaic installations [10]. The study by
Babatunde found that there are differences in the energy output efficiency of photovoltaic systems at
different tilt angles and directions [11], and these differences may even affect the investment income
of solar projects [12]. The use of a battery with high thermal stability, low impurity content and low
processing sensitivity can ensure the efficiency of the power output of the device after a long period
of operation [13]. Zhao proved that the non-fullerene polymer solar cell (PSC) has superior thermal
stability and its power conversion efficiency is significantly better than other solar cells [14].

Driving factors research at the macro level mainly serves to promote the development of the
photovoltaic industry. Tiba’s research indicated that local climate variables such as solar irradiance,
wind speed, and ambient temperature determine the economic viability of a PV project [15]. Purohit
predicted that if a high-resolution time series database can be built to predict solar radiation data,
it will have a considerable impact on the financing of solar projects [16]. Strong solar radiation [17],
low energy technology costs [18], and accurate forecasting capacity [19] can effectively guarantee the
financing of photovoltaic projects and the operation and maintenance after production. Garcia-Alvarez
found that compared with the tariff scale and contract period, the on-grid tariff policy has a significant
impact on photovoltaic power generation [20], and policymakers should make special modifications to
grid tariffs and electricity prices to help excellent PV systems enter the market [21]. The research by
Ding showed that residents in different regions have different expectations for photovoltaic power
generation facilities. The government should adopt useful policies to promote photovoltaic projects
according to local conditions [22].

However, according to the research results in other fields, macro factors also have a significant
role in improving efficiency. Ma et al. used the ultra-efficiency relaxation-based measurement (SBM)
model and Tobit regression to study China’s eco-efficiency and found that expanding openness,
increasing R&D expenditure, and increasing population urbanization rate have a positive impact
on eco-efficiency [23]. Wang used Seiford’s linear transformation method to estimate China’s water
use efficiency, and then used the Tobit model to analyze the influencing factors and found that
export dependence, technological progress, and educational value have positive effects on water use
efficiency [24]. It had provided a scientific basis for developing water resources development plans.

Therefore, if we study the relative effectiveness of input and output in photovoltaic power
generation systems from a macro perspective, the key factors affecting the efficiency of photovoltaic
power generation in government decision-making can be observed. Finding key factors can provide a
direction for countries to formulate solar energy development strategies, and exploring the impact of
key factors can guide the government to improve the effectiveness of photovoltaic power generation
systems based on actual conditions. This study takes the development of China as an example,
constructs the evaluation index of photovoltaic power generation efficiency, and analyzes the
macroscopic influencing factors of photovoltaic power generation efficiency. The indicators and
key factors mentioned in the study enrich the research results of photovoltaic power generation
efficiency, and suggestions and ideas can be used as a reference for improving production efficiency.
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2. Materials and Methods

2.1. DEA Model for Measuring Efficiency

The results of the Data Envelopment Analysis (DEA) model are used to compare the relative
efficiency between decision units. If DEA methods are integrated with a different technique, it can solve
problems and measurethe relative efficiency in different application areas [25]. Han proposed that the
fuzzy DEA interaction model can be used to improve the energy efficiency of chemical products [26].
Pérez-Lopez used the DEA model to analyze the evolution of economies of scale and propose strategies
for achieving long-term economies of scale based on management practices [27]. DEA analysis also is a
common method of evaluating energy efficiency [25]. Since there is no assumption about the function
form or the distribution of the error term of the production function [28], it can better reflect the
information and characteristics of the evaluation object itself. DEA has a good effect on measuring the
efficiency of multi-input and multi-output systems. There are two different scale return assumptions
in the DEA model, one is the scale return constant (CRS) and the other is the scale return variable
(VRS) [29]. The DEA model can be divided into input-oriented and output-oriented based on the degree
of control of input-output indicators. This study selected a CRS model based on output-orientation
(CCR) to evaluate the photovoltaic power generation efficiency of 15 regions with a large installed
capacity of photovoltaic power generation in China.

For each decision unit DMUj, the efficiency evaluation index can be calculated using the
following formula:

Uy X Wil
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where, x;; is the total input of the jth decision unit for the ith input; y,; is the total output of the jth
decision unit for the rth output; v; reflects the weight of the i. th input; u, reflects the weight of the
rth output.

We can choose the appropriate weight coefficient to ensure hj <1,j=12,...,n.1th jo is larger,
it indicates that the research object DMUjy can obtain more output with less input. With the efficiency
index of the jyth decision-making unit as the target and the efficiency index of all decision-making
units as constraints, the following CCR model can be constructed:
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In practical calculations, the dual programming theory is generally used to transform the linear
programming model into a dual model. Dual planning can provide more in-depth analysis in both
theoretical and economic terms. The dual plan D’ of P is as follows:
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where, 6 is the variable corresponding to the first constraint of the initial problem. The efficiency of the
decision unit can be calculated using the model D’.

2.2. Tobit Regression Analysis of Driving Factors

When the value of the variable is limited or there is a selective behavior, the correspondence
analysis of the Tobit model reflects a more reasonable correspondence. The Tobit model differs from the
discrete selection model and the general continuous variable selection model [30] in that it can study
the trend of continuous variable variation [31] with limited dependent variables [32]. Photovoltaic
power efficiency values are basically between 0-1, which is a restricted dependent variable. Direct
OLS regression analysis will lead to biased estimation. At this point, it is more appropriate to apply a
Tobit model based on data observations that are limited or truncated.

In the Tobit regression model in this study, the explanatory variables x; take the actual
observations, and the dependent variable y; takes the overall efficiency of the DEA model and y;
is in the interval [0,1]. If y; < 0, the value of y; is the result of the calculation, which is unlimited;
if y7 > 1, the value of y; is 1, which is a restricted dependent variable [23]. The relationship between
the explanatory variables and the dependent variable is as follows:

:l/l* = xi,B + Ei€f ~ N(O,0’2>, (5)
) yi=xpte y <1

Considering the availability of existing literature and data, some factors that have a driving
impact on the photovoltaic industry have been selected. Due to the collinearity between the indicators,
the principal component analysis is used to reduce the data. Based on the results of variance
contribution in the principal component analysis, this paper selects three common drivers that can
represent most of the indicators and determines the final model of the driving factor analysis of
photovoltaic power efficiency. The Tobit model is as follows:

PGEjy = p11F1 + p12F2 + B13F3 + €y, )

where PGEj; represents the overall efficiency of photovoltaic powerF1, F2 and F3 are three common
factors, B1; is the coefficient to be determined, and ¢;; is the error term.

Figure 3 depicts the research ideas and research methods of this paper. This study considers the
extent to which macro factors affect photovoltaic power generation efficiency. First, the photovoltaic
power generation efficiency was measured using the DEA model. Then the Tobit model is applied
to analyze the influence of driving factors, combined with the key factors extracted by principal
component analysis. The development guidance of photovoltaic power generation is given accordingly.
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Figure 3. Research roadmap.
3. Indicator Selection and Data Source

The photovoltaic power generation industry has been booming in China for only a short
time, and some areas are still in the nascent start-up stage. Therefore, this paper only studies
provinces with an installed capacity greater than 100 MW by the end of 2017. In addition, due to
the discontinuity of data collection in the photovoltaic industry, this paper focuses on the study of
2015 and 2016. The 15 provinces involved in the study can be divided into five regions according
to economic and geographical characteristics. North China (N) includes three provinces (Shanxi,
Hebei, and Neimenggu); East China (E) includes five provinces (Jiangsu, Zhejiang, Anhui, Jiangxi,
and Shandong); Central China (C) includes one province (Henan); Southwest China (SE) includes
1 province (Yunnan), and Northwest China (NW) includes five provinces (Shaanxi, Gansu, Qinghai,
Ningxia, and Xinjiang). In general, photovoltaic power generation in the Northwest is the best.
The relevant data of this study are from the China Statistical Yearbook, the China Energy Statistical
Yearbook and the publication of the China Electricity Council.

3.1. Input and Output Variables of the DEA Model

This study calculates a DEA matrix of 30 decision units, and each DMU contains input variables
and output variables. Benchmark electricity price (BEP), installed capacity (IC), asset investment (Al)
and annual utilization hours (AUH) are input variables, and the power generation (PG) is the output
variable. The Chinese government divides the country into three types of resource zones based on the
annual equivalent solar energy utilization hours. The electricity price of each resource area is shown in
Figure Al.

Different on-grid photovoltaic tariffs are implemented in different resource areas, and the
government will adjust the electricity price standards year by year according to the development
of photovoltaics. The installed capacity reflects the scale of China’s photovoltaic power generation
industry and provides a basis for the calculation of other indicators. Asset investment refers to the
capital invested by the state in the photovoltaic industry, which is determined by the total investment
amount of the power industry and the proportion of the installed capacity of photovoltaics in each
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region to the total installed capacity. Annual utilization hours can describe the operating quality of
the photovoltaic project unit. The amount of power generation is the sum of on-grid electricity and
discarded photovoltaics. Discarded photovoltaic is caused by the consumption of the grid during the
operation period and is part of the output of the photovoltaic project. Incorporating the discarded
photovoltaics into the output analysis can reflect the power generation capacity of the photovoltaic
project better. Table 1 lists the descriptive statistics for input and output data.

Table 1. Mean of efficiency analysis indicators.

Input Variable Output Variable
Abbreviation
BEP (Yuan/kWh) IC (MW) Al (Million Yuan) AUH (h) PG (100 GWh)

Hebei (N) 0.915 308.0 946.020 1166.5 18.005
Shanxi (N) 0.915 198.0 445.568 1244.5 8.845
Neimenggu (N) 0.725 554.0 1320.604 1443.5 71.625
Jiangsu (E) 0.915 338.0 651.266 1078.0 30.245
Zhejiang (E) 0.915 87.0 122.431 796.0 14.910
Anhui (E) 0.915 178.0 306.868 766.0 12.205
Jiangxi (E) 0.915 94.0 215.571 716.5 6.735
Shandong (E) 0.915 212.5 453.835 1088.0 25.505
Henan (C) 0.915 131.0 249.149 917.0 6.980
Yunnan (SE) 0.915 115.0 225.923 1364.5 13.370
Shaanxi (NW) 0.915 217.0 626.822 1339.5 10.705
Gansu (NW) 0.815 643.0 1944.527 1031.0 59.655
Qinghai (NW) 0.815 623.0 1750.203 1532.5 81.290
Ningxia (NW) 0.725 405.5 1332.359 1404.5 46.060
Xinjiang (NW) 0.815 695.5 2396.230 955.5 68.925

3.2. Variables in the Regression Model

Many studies have found that national policies and demographic factors have a major impact
on the photovoltaic industry, and a regression model is established to explore improvements in
photovoltaic power generation efficiency. The regression model includes three dimensions: traditional
energy situation, photovoltaic development status, regional economy, and urban development.

The proportion of thermal power generation is measured by the ratio of thermal power generation
to total power generation. The radius of electrical energy reflects the power supply capacity of the
photovoltaic project, measured by the amount of photovoltaic power generation, the total social
electricity consumption and the geographical area of each region. The PV asset investment and PV
benchmark price have been described in detail in the previous section. Other indicators are national
macro development indicators, and the basic data can be directly obtained in the National Bureau of
Statistics. Table 2 describes the explanatory variables used in the regression model analysis.

Table 2. Indicators for analysis of factors affecting efficiency.

Explanatory (Variable) Abbreviation Remarks MEAN
Traditional The proportion of t.hermal PTPG Development status of traditional 76.88
energy situation power generation power generation methods
Coal Consumption CcC Traditional energy consumption 19502.02
The radius of Power supply concentration of
. REE - . 9.11
) electrical energy photovoltaic projects
Photovoltaic Asset investment AL Asset investment of photovoltaic 865.83
development status ssetinvestme investment in the year :
Benchmark The benchmark electricity price of the
. . BEP . : . 0.87
electricity price regional photovoltaic project
Urbanization rate UR Developm.ent st.atus of urban 53.18
in region
Economic Secondary inc.lustry value SIVAT Developme.znt speed of 106.88
development added index second industry
Percapita GDP PCGDP Development speed 101.48

of macroeconomic
Consumer price index CPI Stability of economic development 49,312.87
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4. Empirical Analysis Results and Discussion

4.1. The Estimation of Photovoltaic Power Generation Efficiency in China

Since the scale return of photovoltaic power generation efficiency is variable, the maximum
output should be actively sought to achieve higher efficiency on the basis of considering the ideal
input. This study uses Max DEA software to evaluate the efficiency using five input indicators and
one output indicator. The calculation results are shown in Figure 4.

Heibei(N)

Figure 4. Photovoltaic power generation efficiency in various provinces of China.

It can be seen from the figure that there are regional differences in photovoltaic power generation
efficiency in China. Among the 15 provinces with the large scale of photovoltaic power generation,
six provinces have photovoltaic power generation efficiency exceeding 80% for two years, and three
provinces have more than 80% in only one year, and the efficiency of photovoltaic power generation in
another six provinces needs to be improved. The five provinces with the highest average efficiency are
Shandong, Qinghai, Xinjiang, Ningxia, and Zhejiang.

Qinghai, Xinjiang, and Ningxia are located in northwestern China. Although the northwest is a
less developed area, the region has the geographical characteristics and resource advantages to adapt
to the development of clean energy. Firstly, the northwest region has a high altitude, so the solar energy
resources are abundant and it has good basic conditions for photovoltaic power generation. Secondly,
the area has a small population density, a wide geographical area and abundant land resources, so the
cost of building photovoltaic projects is not expensive and the development has fewer constraints.
Furthermore, the northwestern region is located in the interior of China, with a dry climate, insufficient
water resources, and coal resources. So the advantages of traditional energy power generation are not
obvious and the development potential of various clean energy sources such as wind power and solar
energy is vast. Finally, the level of modernization and industrialization in Northwest China is not as
good as that in other regions. In order to balance the development of different regions, the Chinese
government encourages the construction of large-scale projects, so the subsidies and policy support
for photovoltaic projects are more vigorous.

Shandong and Zhejiang are located in East China. The eastern part is a relatively developed
area and has a greater demand for electricity. In order to meet the requirements of the transition of
energy structure to clean green, the photovoltaic power generation with less pollution is booming.
In addition, in the more developed regions, there are usually more modern industries, advanced
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technologies, higher management levels, and better human resources, which will undoubtedly increase
the utilization rate of solar energy resources.

It can be concluded from Figure 5 that the installed capacity of photovoltaics in 15 provinces in
China is relatively large, while the other 16 provinces are small in scale and are not worthy of efficiency
analysis. From the perspective of regional distribution, the photovoltaic power generation efficiency
values in the northwest and eastern regions are relatively high, and the values in the central, north,
northeast, and southwest are lower. These results show that there is a significant imbalance in the
spatial distribution of photovoltaic power generation efficiency in China, showing a low intermediate
efficiency and a high efficiency at both ends.
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Figure 5. Distribution map of high power generation efficiency.

The difference in photovoltaic power generation efficiency indicates that the central region where
solar energy resources are not superior and the economy is relatively underdeveloped will face severe
development pressure in the process of developing photovoltaic power generation. If photovoltaic
policies of developing technologies and reducing power generation costs in other regions are used
blindly, the competitiveness of photovoltaic power generation may be weakened, which will not be
conducive to the improvement of photovoltaic power generation efficiency.

4.2. Analysis of Factors Affecting Photovoltaic Power Generation Efficiency

From the results of efficiency estimation, solar energy resources, urban development level,
traditional energy application, and national development strategies will all affect photovoltaic power
generation efficiency. This section considers the availability and applicability of the data based on
the above factors. The selected indicators are shown in Table 2. The Tobit regression equation is set
according to the primary selection index as follows:

PEGj; = Bo + B1PTPG + B2GC + B3REE + B4 Al + BsBEP + BoUR + BySIVAI + BsPCGDP+

8
ﬁgCPI + Eit ( )

where PEG;; it represents the overall efficiency of photovoltaic power, ; is the coefficient to be
determined, and ¢;; is the error term. The results calculated using the STATA 12.0 software are shown
in Table 3.

Tobit regression results showed that only the radius of electrical energy (REE) and per capita GDP
(PCGDP) passed the 1% significance test, and the consumer price index passed the 5% significance
test. REE has a positive impact on photovoltaic power generation efficiency. The larger the production
radius, the wider the transmission range of photovoltaic projects in the region. When the production
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radius exceeds the grid radius requirement, the voltage quality of the client is difficult to guarantee,
and other photovoltaic power plant projects are needed to support the stability of the grid operator.

Table 3. Regression analysis of original indicators.

Indicator Coef. Std. Err. t
PTPG 0.000364 0.0013766 0.26
cC -0.00000176 0.00000222 -0.79
REE 0.004467 *** 0.0014271 3.13
Al 0.0000346 0.0000244 -1.42
BEP -0.058806 0.1910979 0.31
UR -0.01008 0.007551 -1.33
SIVAI -0.007178 0.0127622 -0.56
PCGDP 0.14353 *** 0.0502519 -2.86
CPI 0.00000662 0.000003 2.21

*** is significant at 1% level; ** is significant at 5% level; and * is significant at 10% level.

PCGDP and CPI are also indicators that have a positive effect on photovoltaic power generation
efficiency. The increase in per capita income will lead to multiple investments in funding for
photovoltaic research technology. In addition, the increase in income level also gives people a
high-quality requirement for the living environment. Photovoltaic power generation can reduce
carbon emissions and reduce pollution, and promote the environment to develop in a green and
friendly direction.

The original index regression fitting effect is not ideal, the main reason may be that there is
multiple collinearities of different driving factors. Principal component analysis showed that the
KMO test value was greater than 0.7 and the Bartlett spheroid test had a P value of less than 0.05.
These two indicators again verified the correlation between the variables, making principal component
analysis possible. The gravel diagram shows that it is reasonable to extract 3-5 principal components.
According to the results of the analysis of variance, the variance contribution of the three principal
components is 83.169%, which contains most of the information from the original data. And according
to the analysis matrix, common factor has a reasonable realistic interpretation. The expressions for the
common factors F1, F2, and F3 are as follows:

F1 = 0.132PTPG + 0.097CC + 0.473GC + 0.588REE + 0.699AI — 0.722BEP, )

F2 = —0.685PTPG — 0.532CC + 0.132GC + 0.053REE — 0.226 Al + 0.141BEP + 0.075UR+ (10)
0.169SIVAI 4 0.156 PCGDP + 0.024CPI,

3 =0.124PTPG + 0.176CC + 0.038GC + 0.047REE — 0.073AI — 0.124BEP+ 11)

0.577UR + 0.584SIVAI 4+ 0.623PCGDP + 0.157CPI,

According to the above expression, the Tobit regression equation is re-established as follows:
PGEjt = puF1+ p1aF2 + B13F3 + ey, (12)

where PGEj; represents the overall efficiency of photovoltaic powerF1, F2 and F3 are three common
factors, B1; is the coefficient to be determined, and ¢;; is the error term.

As can be seen from Table 4, the three common factors F1, F2, and F3 extracted by principal
component analysis all passed the 5% significance test.

Fossil energy drive F1 has a negative impact on photovoltaic power generation efficiency.
The proportion of thermal power generation (PTPG) and coal consumption (CC) can explain the
richness of coal resources and the advantages of fossil energy power generation. Compared with
photovoltaic power generation, the traditional power generation method is relatively mature, with low
cost, low technical requirements, and higher power generation efficiency. Therefore, when fossil energy
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such as coal and natural gas is used more, technical support or scientific research and development has
limited impact on the efficiency of photovoltaic power generation. The use of solar energy resources
requires the implementation of relevant incentive policies.

Table 4. Key Factors Regression Analysis.

Indicator Abbreviation Coef. Std. Err. t
Fossil energy drive Common factor F1 —0.1071 *** 0.0383 -2.7900
Economic development drive Common factor F2 0.1417 *** 0.0431 0.1417
Encourage photovoltaic policy Common factor F3 0.1964 ** 0.0863 0.1964
drive

*** is significant at 1% level; ** is significant at 5% level; and * is significant at 10% level.

Economic development drive F2 has a positive impact on photovoltaic power generation
efficiency. The increase in urbanization rate (UR) means an increase in urban population and an
increase in urban load. While the secondary industry is the main force of power consumption,
the faster the secondary industry increases, the faster the regional power load increases, and more
power is needed to provide electricity. That created conditions for the improvement of photovoltaic
power generation efficiency. PCGDP represents the level of development in a region, and the higher the
level of modernization, the more capital and opportunities that can provide photovoltaic development.
The increase in capital and opportunities mean that local governments will begin to pay attention to the
development of photovoltaic power generation technology, which promotes the efficient development
of photovoltaic power generation efficiency.

Encourage photovoltaic policy drive F3 has a positive impact on photovoltaic power generation
efficiency. REE is determined by the installed capacity and the geographical area of each region.
The expansion of radius will not only improve the power supply reliability of the power supply and the
power grid, but also facilitate the centralized management of photovoltaic power generation projects.
Therefore, building photovoltaic projects based on actual power demand and solar radiation range can
improve photovoltaic power generation efficiency. The more assets invested, the higher the technical
level of photovoltaic power generation and the management level of enterprises. The improvement
of the technical efficiency of semiconductor silicon materials for converting solar energy, distributed
photovoltaic grid-connecting capability, and network cross-regional exchange capability can quickly
help improve photovoltaic power generation efficiency. It should be noted that the benchmark
electricity price (BEP) has a negative coefficient in the composition matrix of the common factor F3,
and the reduction of the electricity price has a positive influence on the photovoltaic power generation
efficiency value. The on-grid price is the real-time price of the electricity generated by the power
generation enterprise in the grid. When the price is low, the grid company is more willing to buy the
electricity produced by the photovoltaic project, which will help promote the efficiency of photovoltaic
power generation.

5. Conclusions and Recommendations

5.1. Conclusions

Solar energy is a renewable green energy source. Its efficient use can alleviate fossil energy
pressures and reduce greenhouse gas emissions. This study discusses the improvement of photovoltaic
power generation efficiency from the perspective of economy and policy. There are regional differences
in the development level of photovoltaic power generation in China. In general, nearly 50% of the
provinces have large scale photovoltaic power generation, which is worth studying. The areas with
high power generation efficiency are mainly concentrated in the northwest and east. Northwestern
China has better basic conditions of solar energy resources and has resource advantages and policy
advantages. The Eastern China economy is more developed, with capital advantages and technological
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advantages. However, for Central China where the resource advantage is not obvious and the economic
base is not superior, the pressure for improving photovoltaic power generation efficiency is greater.

At this stage, the central region usually chooses traditional energy generation in terms of power
generation mode, and the advantages of new energy power generation development are not obvious.
However, with the increase in per capita GDP, the rapid development of the secondary industry,
these macro-changes will promote the transformation of energy into a green and efficient direction,
which will have a positive impact on the improvement of photovoltaic power generation efficiency.
On the other hand, the increase in the radius of electrical energy, the addition of photovoltaic
investment and the orderly reduction of benchmark electricity price will create favorable conditions
for the efficiency of photovoltaic power generation.

5.2. Policy Recommendations

For China, the central region is a disadvantaged area for the development of photovoltaic power
generation. In planning and constructing major photovoltaic power generation projects, the main
distribution network adjustment and compensation mechanism should be established based on the
solar energy resources and the power generation of other energy sources. Effectively improve the
efficiency of photovoltaic power generation, and achieve the goal of stimulating the development of
photovoltaic power generation according to local conditions:

(1) Establishing photovoltaic power generation demonstration projects

In the initial stage of solar power generation, the demonstration project should be promoted.
Through the construction of the first batch of solar thermal power generation demonstration projects,
technological progress and large-scale development will be promoted, localization of equipment
will be promoted, and the integration capability of photovoltaic power generation industry will be
gradually cultivated. Expand the market scale of photovoltaic power generation projects based on the
experience of improving the efficiency of photovoltaic power generation in demonstration projects.

(2) Maintaining photovoltaic on-grid tariffs and subsidies in a regionally differentiated and
declining state.

Regional differentiation can effectively ensure that enterprises achieve certain economic benefits
while ensuring that enterprises participate in the energy market competition fairly, and thus actively
promote the efficiency of photovoltaic power generation. The declining on-grid tariffs can effectively
stimulate the photovoltaic industry to accelerate technology research and development, reduce power
generation costs, and stimulate new technology applications that can improve photovoltaic power
generation efficiency.

(3) Actively promote photovoltaic poverty alleviation projects

Make full use of the characteristics of the wide distribution of solar energy resources, and pay
attention to the issue of photovoltaic power generation to solve poverty. Focus on the pre-existing
poverty-stricken areas with good lighting conditions, and build distributed photovoltaic power
generation systems or regional-scale large-scale photovoltaic power plants in the form of asset
income poverty alleviation and village promotion. In this way, we can achieve precise poverty
alleviation, increase people’s expectations for photovoltaic power generation projects, and promote
the improvement of power generation efficiency.

In addition to focusing on the improvement of power generation efficiency, new development
ideas such as comprehensive energy storage technology are also worthy of attention in the promotion
of photovoltaic projects. China can combine the development and construction of solar energy projects
with the integration and complimentary use of solar energy systems through various types of energy
storage technologies. It not only improves the efficiency of photovoltaic power generation, but also
ensures the stability of the energy system and the grid-friendly type.



Energies 2019, 12, 355 13 of 15

Author Contributions: All authors contributed equally to this work. Conceptualization, T.Y.; Formal analysis,
L.T.; Methodology, J.L.; Writing — original draft, L.T.; Writing — review & editing, M.Q. All authors read and
approved the final manuscript.

Acknowledgments: This study is supported by the National Natural Science Foundation of China (NSFC)
(71501071), Beijing Social Science Fund (16Y]JC064) and the Fundamental Research Funds for the Central
Universities (2017MS059, 2018ZD14).

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A
BEP(Yuan/kweh)
2015 2016
mmm | Area 080 065
Il Area 0.88 0.75
me (llArea 098 085
Figure A1. China’s photovoltaic benchmark electricity price map.

References

1. Nasirov, S.; Agostini, C.A. Mining experts’ perspectives on the determinants of solar technologies adoption
in the Chilean mining industry. Renew. Sustain. Energy Rev. 2018, 95, 194-202. [CrossRef]

2. Li, J.E; Wang, X.; Zhang, Y.X. The economic impact of carbon pricing with regulated electricity prices
in China-An application of a computable general equilibrium approach. Energy Policy 2014, 75, 46-56.
[CrossRef]

3. Wang,J;Lu, Y, Yang, Y.; Mao, T. Thermodynamic performance analysis and optimization of a solar-assisted
combined cooling, heating and power system. Energy 2016, 115, 49-59. [CrossRef]

4. Mahlangu, N.; Thopil, G.A. Life cycle analysis of external costs of a parabolic trough Concentrated Solar
Power plant. J. Clean. Prod. 2018, 195, 32-43. [CrossRef]

5. Duan, L.; Wang, Z. Performance Study of a Novel Integrated Solar Combined Cycle System. Energies 2018,
11, 3400. [CrossRef]

6. Zou, H.; Du, H.; Brown, M.A.; Mao, G. Large-scale PV power generation in China: A grid parity and
techno-economic analysis. Energy 2017, 134. [CrossRef]

7. Bingol, O.; Ozkaya, B. Analysis and comparison of different PV array configurations under partial shading
conditions. Sol. Energy 2018, 160, 336-343. [CrossRef]

8. Renewable Energy Statistics. Accelerating the Global Energy Transformation. 2018. Available
online: http://www.irena.org/-/media/Files/IRENA/Agency /Publication/2018/Jul /IRENA_Renewable_
Energy_Statistics_2018.pdf (accessed on 1 July 2018).

9.  Cha,S.T,; Jeon, D.H.; Bae, I.S.; Lee, IR.; Jin-0-Kim. Reliability evaluation of distribution system connected

photovoltaic generation considering weather effects. In Proceedings of the International Conference on
Probabilistic Methods Applied to Power Systems, Ames, IA, USA, 12-16 September 2004; pp. 451-456.
[CrossRef]


http://dx.doi.org/10.1016/j.rser.2018.07.038
http://dx.doi.org/10.1016/j.enpol.2014.07.021
http://dx.doi.org/10.1016/j.energy.2016.08.102
http://dx.doi.org/10.1016/j.jclepro.2018.05.187
http://dx.doi.org/10.3390/en11123400
http://dx.doi.org/10.1016/j.energy.2017.05.192
http://dx.doi.org/10.1016/j.solener.2017.12.004
http://www.irena.org/-/media/Files/IRENA/Agency/Publication/2018/Jul/IRENA_Renewable_Energy_Statistics_2018.pdf
http://www.irena.org/-/media/Files/IRENA/Agency/Publication/2018/Jul/IRENA_Renewable_Energy_Statistics_2018.pdf
http://dx.doi.org/10.1109/PMAPS.2004.242156

Energies 2019, 12, 355 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Vaillon, R.; Dupre, O.; Cal, R.B.; Calaf, M. Pathways for mitigating thermal losses in solar photovoltaics.
Sci. Rep. 2018, 8, 13163. [CrossRef]

Babatunde, A.A.; Abbasoglu, S.; Senol, M. Analysis of the impact of dust, tilt angle and orientation on
performance of PV Plants. Renew. Sustain. Energy Rev. 2018, 90, 1017-1026. [CrossRef]

Zsiboracs, H.; Bai, A.; Popp, J.; Gabnai, Z.; Palyi, B.; Farkas, I. Change of Real and Simulated Energy
Production of Certain Photovoltaic Technologies in Relation to Orientation, Tilt Angle and Dual-Axis
Sun-Tracking. A Case Study in Hungary. Sustainability 2018, 10, 1394. [CrossRef]

Saliba, M.; Matsui, T.; Seo, J.-Y.; Domanski, K.; Correa-Baena, ].-P.; Nazeeruddin, M.K. Cesium-containing triple
cation perovskite solar cells: Improved stability, reproducibility and high efficiency. Energy Environ. Sci. 2016,
9, 1989-1997. [CrossRef] [PubMed]

Zhao, W.; Qian, D.; Zhang, S.; Li, S.; Inganas, O.; Gao, F. Fullerene-Free Polymer Solar Cells with over 11%
Efficiency and Excellent Thermal Stability. Adv. Mater. 2016, 28, 4734-4739. [CrossRef]

Tiba, C.; Beltrao, R.E.d.A. Siting PV plant focusing on the effect of local climate variables on electric energy
production—Case study for Araripina and Recife. Renew. Energy 2012, 48, 309-317. [CrossRef]

Purohit, I.; Purohit, P. Performance assessment of grid-interactive solar photovoltaic projects under India’s
national solar mission. Appl. Energy 2018, 222, 25-41. [CrossRef]

Gu, Y,; Zhang, X.; Myhren, J.A.; Han, M.; Chen, X,; Yuan, Y. Techno-economic analysis of a solar
photovoltaic/thermal (PV/T) concentrator for building application in Sweden using Monte Carlo method.
Energy Convers. Manag. 2018, 165, 8-24. [CrossRef]

Saker, N.; Al-Qattan, A.; Al-Otaibi, A.; Al-Mulla, A. Cost-benefit analysis of rooftop photovoltaic systems based
on climate conditions of Gulf Cooperation Council countries. IET Renew. Power Gener. 2018, 12, 1074-1081.
[CrossRef]

Andrews, RW.,; Pollard, A.; Pearce, ].M. Improved parametric empirical determination of module short
circuit current for modelling and optimization of solar photovoltaic systems. Sol. Energy 2012, 86, 2240-2254.
[CrossRef]

Teresa Garcia-Alvarez, M.; Cabeza-Garcia, L.; Soares, I. Assessment of energy policies to promote
photovoltaic generation in the European Union. Energy 2018, 151, 864-874. [CrossRef]

Zsiboracs, H.; Baranyai, N.H.; Vincze, A.; Haber, I.; Pinter, G. Economic and Technical Aspects of Flexible
Storage Photovoltaic Systems in Europe. Energies 2018, 11, 1445. [CrossRef]

Ding, L.; Zhang, F; Shuai, ]. How Do Chinese Residents Expect of Government Subsidies on Solar
Photovoltaic Power Generation?—A Case of Wuhan, China. Energies 2018, 11, 228. [CrossRef]

Ma, X.; Wang, C.; Yu, Y.; Li, Y.; Dong, B.; Zhang, X. Ecological efficiency in China and its influencing
factors-a super-efficient SBM metafrontier-Malmquist-Tobit model study. Environ. Sci. Pollut. Res. 2018,
25,20880-20898. [CrossRef] [PubMed]

Wang, S.; Zhou, L.; Wang, H.; Li, X. Water Use Efficiency and Its Influencing Factors in China: Based on the
Data Envelopment Analysis (DEA)-Tobit Model. Water 2018, 10, 832. [CrossRef]

Mardani, A.; Streimikiene, D.; Balezentis, T.; Saman, M.Z.M.; Nor, KM.; Khoshnava, S.M. Data Envelopment
Analysis in Energy and Environmental Economics: An Overview of the State-of-the-Art and Recent
Development Trends. Energies 2018, 11, 2002. [CrossRef]

Han, Y,; Geng, Z.; Zhu, Q.; Qu, Y. Energy efficiency analysis method based on fuzzy DEA cross-model for
ethylene production systems in chemical industry. Energy 2015, 83, 685-695. [CrossRef]

Perez-Lopez, G.; Prior, D.; Zafra-Gomez, J.L. Temporal scale efficiency in DEA panel data estimations.
An application to the solid waste disposal service in Spain. Omega 2018, 76, 18-27. [CrossRef]
Blazejczyk-Majka, L.; Kala, R. On the combined estimation of technical efficiency and its application to
agriculture. Agric. Econ. Zemed. Ekon. 2015, 61, 441-449. [CrossRef]

Yang, Z.; Wang, D.; Du, T.; Zhang, A.; Zhou, Y. Total-Factor Energy Efficiency in China’s Agricultural Sector:
Trends, Disparities and Potentials. Energies 2018, 11, 853. [CrossRef]

Xia, L.; Fan, H.; Wu, W.S.; Zhu, B.Z. The influence factors analysis of Chinese provincial energy efficiency
based on DEA-Tobit model. J. Wuyi Univ. 2012, 71, 47-52. [CrossRef]


http://dx.doi.org/10.1038/s41598-018-31257-0
http://dx.doi.org/10.1016/j.rser.2018.03.102
http://dx.doi.org/10.3390/su10051394
http://dx.doi.org/10.1039/C5EE03874J
http://www.ncbi.nlm.nih.gov/pubmed/27478500
http://dx.doi.org/10.1002/adma.201600281
http://dx.doi.org/10.1016/j.renene.2012.05.010
http://dx.doi.org/10.1016/j.apenergy.2018.03.135
http://dx.doi.org/10.1016/j.enconman.2018.03.043
http://dx.doi.org/10.1049/iet-rpg.2017.0309
http://dx.doi.org/10.1016/j.solener.2012.04.016
http://dx.doi.org/10.1016/j.energy.2018.03.066
http://dx.doi.org/10.3390/en11061445
http://dx.doi.org/10.3390/en11010228
http://dx.doi.org/10.1007/s11356-018-1949-7
http://www.ncbi.nlm.nih.gov/pubmed/29766421
http://dx.doi.org/10.3390/w10070832
http://dx.doi.org/10.3390/en11082002
http://dx.doi.org/10.1016/j.energy.2015.02.078
http://dx.doi.org/10.1016/j.omega.2017.03.005
http://dx.doi.org/10.17221/72/2014-AGRICECON
http://dx.doi.org/10.3390/en11040853
http://dx.doi.org/10.3969/j.issn.1006-7302.2012.04.012

Energies 2019, 12, 355 15 of 15

31. Tong, J.P; Ma, J.E; Wang, S.; Qin, T.; Wang, Q. Study on agricultural water use efficiency in the Yangtze
River Basin: Based on the super efficiency DEA and Tobit model. |. Yangtze River Basin Resour. Environ. 2015,
4,603-608. [CrossRef]

32. Guo, B,; Lu, Y.B. Analysis of energy-saving emission reduction efficiency evaluation and its influencing
factors in six provinces of Central China—Based on super efficiency DEA and Tobit model. Tech. Econ. 2012,
76, 58-62. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.11870/cjlyzyyhj201504010
http://dx.doi.org/10.3969/j.issn.1002-980X.2012.12.010
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	DEA Model for Measuring Efficiency 
	Tobit Regression Analysis of Driving Factors 

	Indicator Selection and Data Source 
	Input and Output Variables of the DEA Model 
	Variables in the Regression Model 

	Empirical Analysis Results and Discussion 
	The Estimation of Photovoltaic Power Generation Efficiency in China 
	Analysis of Factors Affecting Photovoltaic Power Generation Efficiency 

	Conclusions and Recommendations 
	Conclusions 
	Policy Recommendations 

	
	References

