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Abstract:



In the context of the global potential energy crisis and aggravating regional environmental pollution, Chinese photovoltaic power generation still faces the key problems of sustainable development, even given its favorable background in large-scale exploitation. Scientific evaluation of the comprehensive efficiency of photovoltaic power generation is of great significance because it will improve investment decision-making and enhance management level, evaluate the development conditions of photovoltaic power generation and then promote sustainable development capability. The concept of “comprehensive efficiency” is proposed in this paper on the basis of the resource development of solar energy and exploitation of photovoltaic power generation. A system dynamics model is used to study the conduction mechanism of the comprehensive efficiency of photovoltaic power generation. This paper collects data from 2005 to 2015 as research models, establishes the evaluation model of the comprehensive efficiency of photovoltaic power generation and conducts empirical analysis based on a super-efficient data envelopment analysis (SE-DEA) model. With the evaluation results, this paper puts forward political suggestions as to the optimization of the comprehensive efficiency of photovoltaic power generation. The research results may provide policy-oriented references on the sustainable development of photovoltaic power generation and give theoretical guidance on the scientific evaluation and diagnosis of photovoltaic power generation efficiency.
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1. Introduction


In recent years, faced with the slowdown of the global economy and energy consumption, the outputs of fossil fuel appeared to decrease; however, the data show that crude oil, natural gas and the raw coal account for 85.9% of primary energy consumption, among which crude oil accounts for 32.9%, and crude oil is still the most important energy source [1]. According to the prediction of the International Energy Agency (IEA), global crude oil can be exploited for 45 years, and coal can be exploited for 230 years. Moreover, at this time of an unavoidable crisis of energy, the usage of fossil energy will lead to the increase of carbon dioxide in the atmosphere, which to some extent will bring about the environmental problems of thawing of frozen soil, ice-shelves collapsing, and regional haze pollution. In order to deal with the increasingly energy crisis and environmental pollution, popularizing and applying solar energy and other renewable clean energy comes to the fore [2].



Solar energy, as a desirable renewable energy source, boosts properties such as common existence, availability and cleanness, which enables the photovoltaic power generation to be highly regarded and enjoy rapid development. According to the IEA and National Energy Administration (NEA), at the end of 2015, global photovoltaic total installed capacity has amounted to 227 gigawatts (GW), with a 20.23% year-on-year increase. The photovoltaic industry in the global market has undergone a stable increase. According to IEA’s predictions, the scale and tendency from 2016 to 2020 is listed in the Figure 1: the average growth rate in five years will reach 13.18%, the future market will improve and there are bright development prospects.


Figure 1. The scale and tendency of global photovoltaic industry from 2016 to 2020 (Data from IEA).
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Compared with Europe and America, photovoltaic industry in China started late. However, with the policies of the “The 12th Five-Year Plan” and “The 13th Five-Year Plan”, which pay much attention to the photovoltaic industry, China ends up with 43.18GW accumulated installed capacity that enabled it to become the country with the biggest photovoltaic power generation capacity in the world in 2015 [3]. The newly installed capacity in the world and China from 2011 to 2015 is shown in the Figure 2.


Figure 2. The comparison between China and World’s new installed capacity (Data from IEA and NEA).
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From the Figure, it can be seen that the proportion of newly increased installed capacity in China increased from 8% in 2011 to 27% in 2015 with significant growth rate. Since 2013, China has maintained the record for adding a new installed capacity of over 10 million for 4 consecutive years; the Chinese photovoltaic power generation industry presents great potential.



In recent years, the development of Chinese photovoltaic power generation has made great progress; however, the problems of photovoltaic power generation itself restrict the efficient popularization and scale usage [4]. Based on the comparison between China and other countries and the summary of the current situation of photovoltaic industry, we can conclude that the main issues of Chinese photovoltaic power generation are as follows:

	(1)

	
The usage of photovoltaic power generation is heavily influenced by climate. The energy of photovoltaic power generation comes directly from the sunlight. Unstable factors of solar energy, together with the technical limit mean that the utilization rate of photovoltaic power generation only 50–70% at present. Photovoltaic power generation relies heavily on climate, which will lead to insufficient comprehensive efficiency from the source [5].




	(2)

	
The efficiency of photovoltaic power generation is low. Compared with other electricity generation, the equipment of photovoltaic power is only used for nearly 2000 h per year. However, the equipment of thermal power generation can be used over 5000 h; the equipment of emerging hydro-electric generation also can be used for 3500 h. Influenced by the distribution of solar energy and reverse distribution of electricity demand, light discarding in the northwest and supply shortage in the southern area reveal the low comprehensive efficiency of the Chinese photovoltaic power generation industry [6,7].




	(3)

	
The cost of photovoltaic power generation is comparatively high. Compared with others, the cost of generating 1 Kw thermal power is 0.4–0.5 yuan, the cost of hydro-electric generation is 0.2–0.3 yuan. However, the cost of generating 1 Kw photovoltaic electricity is more than 1 yuan [8]. In respect to the cost of transporting electricity to the power rid, compared with the thermal and hydro-power, photovoltaic electricity is comparatively low. Photovoltaic power generation does not boost economic advantages due to difference in cost. Considering its economic performance, the photovoltaic industry fails to compete with conventional energy sources [9].









To summarize, under the influence of climatic environment, installed capacity and on-grid energy of photovoltaic power generation is far from the ideal situation due to the bottlenecks of low systemic efficiency and high generation cost. The low efficiency of exploiting and using is a key factor that restricts the development of photovoltaic power generation. Scientific evaluation of photovoltaic power generation is conducive for judging the development condition, enhancing investment decision-making and enhancing the benefit level [10]. The input in the usage of resources, exploited installed capacity, the usage of land, the cost of construction and operation, technology development and other aspects is studied in this paper. Moreover, the output variation of on-grid photovoltaic electricity is analyzed. On this basis, the paper defines that the photovoltaic power generation comprehensive efficiency covers three main parts, namely: resources efficiency, exploitation efficiency and usage efficiency, and the comprehensive efficiency is used to measure the photovoltaic power generation overall level of exploitation and use. By exploring the conducting mechanism of photovoltaic power generation comprehensive efficiency, we constructed the analytic structure of investments and outputs of comprehensive efficiency, introducing a reasonable evaluation model, and undertaking scientific evaluation of the photovoltaic power generation comprehensive efficiency in China from 2005 to 2015. Then we proposed policy suggestions for improving the efficiency of future photovoltaic power generation on the basis of evaluation results.



In Section 1, this paper analyzes the current situation of the development of photovoltaic power generation in the world and China, reveals the bottleneck of the current development, and puts forward the significance of evaluating the comprehensive efficiency of photovoltaic power generation. Section 2 summarizes the research situation regarding comprehensive efficiency, and introduces the model and method adopted in the efficiency evaluation. Section 3 is about empirical analysis, which constructs the input-output index based on the analysis of the comprehensive efficiency conduction mechanism using the system dynamics. Data of Chinese photovoltaic power generation efficiency from 2005 to 2015 is used as the research object. On the basis of the hierarchical cluster analysis, the efficiency evaluation method based on SE-DEA model is constructed and the empirical analysis is carried out. Section 4 proposes policy suggestions on photovoltaic power generation comprehensive efficiency improvement based on the analysis of evaluation results. Section 5 concludes the discussion.




2. Materials and Methods


2.1. Literature Review


Solar photovoltaic power generation, as the renewable energy source with most potential, has received wide attention internationally; the efficient utilization of solar energy has been discussed [11]. Comprehensive efficiency of photovoltaic power generation will directly influence the operating capability and electricity output [12,13]. At present, the research on photovoltaic power generation comprehensive efficiency include: analysis of influence factors, optimization of a technological path, design of political assurance and other details.



From the perspective of influential factors, the change in solar energy supply as a result of natural environmental differences is the primary factor that influences the comprehensive efficiency of photovoltaic power generation [14]. Geographic latitude, solar elevation angle, the transparency of atmosphere, altitude, surrounding architecture and the shelter from trees all exert influence on the energy and quality of solar energy [15,16,17]. The technical issue of photovoltaic equipment is still a key factor in comprehensive efficiency improvement. The energy efficiency ratio will be comprehensively improved by decreasing the loss of the current transformer, optimizing the transformation efficiency of photovoltaic array and enhancing the overall efficiency of inverter [18,19]. In addition, Chiu and Chang conclude that the condition of photovoltaic equipment, the load situation of photovoltaic power generation system, operation capability and control level are also key factors that influence the comprehensive efficiency of photovoltaic power generation [20,21].



As for the influence factors, Bao et al. [22] advocate that photovoltaic power generation efficiency improvement can be achieved by technical methods. Then, we can guarantee steady and sustainable development of photovoltaic electricity generation industry. Tavares et al. and Singh et al. [23,24] put forward the idea that we can promote photovoltaic system comprehensive efficiency by the methods of tracing solar energy, max power point tracing technology, islet disturbance recognition technology and other aspects. Almonacid et al. [25] found that a soft cut-in grid-connection would, to some extent, decrease the electricity grid impact created by photovoltaic power generation. In regard to indemnificatory policy research, Algieri et al. [26] proposed that we can target the photovoltaic industry precisely by combining it with a real situation. Granić et al. and Rohankar et al. [27,28] put forward the proposal that government should invest more and provide more support for related industry by financial or taxation methods. Hence, we can create a larger market place for the photovoltaic power generation industry, just as Curreli et al. proposed [29].




2.2. Research Method


Efficiency evaluation is an important basis for efficiency optimization. Only when we consider the overall analysis based on the scientific evaluation can we find targeted optimization direction [30]. Currently, the most common research methods in this field are: synthetic index method, analytic hierarchy process, fuzzy comprehensive evaluation method and TOPSIS (Technique for Order Preference by Similarity to an Ideal Solution), etc. [31]. Among these, the non-parametric method which takes DEA as the efficiency assessment is widely used in the field.



2.2.1. The Method of SE-DEA


Data Envelopment Analysis (DEA) is a nonparametric statistical method that uses the mathematical programming model to evaluate whether the same type of multi-input and multi-output decision-making unit is technically effective [32]. After determining the input-output index, a decision-making unit is projected to the front of the DEA by mathematical programming method and we can judge its effectiveness by comparing the deviation of different decision-making unit from the DEA front, which is scientific, objective and easy to handle. The basic C2R model in traditional DEA is only applicable to determine whether the jth decision-making unit is effective [33,34]. However, in practical application, a large number, or possibly even all of the decision-making units may be effective, and then we cannot evaluate or sort the efficiency of all the decision-making units. To improve this defect, the super-efficient data envelopment analysis model (SE-DEA) came into being.



SE-DEA is a new method originating from the traditional DEA model which is put forward by Anderen and Petersen. It overcomes the disadvantages of traditional model that can only recognize the effectiveness of decision-making unit, but fails to rank and compare. The super efficiency value is no longer limited to the range from 0 to 1, and a value greater than or equal to 1 is obtained. In this way, we can sort and select the best ones from these decision-making units and then make a scientific evaluation [35,36]. The model is listed below:



If the amount of the decision-making units is n, the data of input and output are ([image: there is no content],[image: there is no content]) (j = 1, 2, ..., n). For the [image: there is no content] (1 ≤ [image: there is no content] ≤ n) decision-making unit, the expression of the SE-DEA of [image: there is no content] decision-making unit is:


[image: there is no content]











Among these, θ is the super efficiency value of the j0 decision-making unit; ε is the Archimedes dimensionless; n is the number of decision-making units, every decision-making unit includes “m” input variables and “s” output variables; [image: there is no content] and [image: there is no content] respectively are the slack variables of input and output, λ is the weight coefficient of the input and output index. When θ ≥ 1 and [image: there is no content] = [image: there is no content] = 0, the [image: there is no content] decision-making unit is effective, the θ is bigger, the effectiveness is more powerful; when θ ≥ 1, and [image: there is no content] ≠ [image: there is no content] ≠ 0, the [image: there is no content] decision-making unit is weakly effective; when θ < 1, and [image: there is no content] ≠ [image: there is no content] ≠ 0, the [image: there is no content] decision-making unit is invalid [37].




2.2.2. The Method of Hierarchical Cluster Analysis


Hierarchical cluster analysis is a type of technology with a multivariate numerical analytical method, by measuring the distances between the samples to confirm their similarities [38]. It uses the fact that the samples that are close to each other cluster more quickly than those that are far away from each other. The Euclidean distance calculation method used to measure the distance between samples is:


[image: there is no content]



(5)







In the formula, [image: there is no content], the distance matrix is:


[image: there is no content]



(6)







In the formula, [image: there is no content], [image: there is no content] is the distance between i and j.



According to the nearest distance matrix, we can combine the closest samples. We can adopt the sum of squares of deviations to the cluster category based on Euclidean distance. When [image: there is no content] and [image: there is no content] are merged into [image: there is no content], the recursion formula of [image: there is no content] distance is:


[image: there is no content]



(7)







In the formula, [image: there is no content] represents respectively the sample number of [image: there is no content].




2.2.3. Combined Method of SE-DEA and Hierarchical Cluster Analysis


SE-DEA has advantages in the field of scientific evaluation without estimating parameters and hypothesis of weight, but it requires the decision-making unit to be no less than the twice of the sum of the input-output system. The photovoltaic power generation has a short history in China, which leads to the short span of related statistical data. When evaluating the change of comprehensive efficiency of decision-making units by year, it is unavoidable to face the issue that the number of decision-making units is smaller than that in the input-output index. Nowadays, the majority of researches adopt the method of combining PCA (Principal Components Analysis) and DEA, by means of effective dimensionality reduction, eliminating the disturbance of unrelated factors so as to make up the shortfall [39]. On the basis of analysis of all kinds of evaluation methods, in this paper, we are going to finish the early-stage integration of input-output index by hierarchical cluster analysis, paving the way for SE-DEA.



The research methods of each model in this paper are shown in Figure 3.


Figure 3. The contents and methods of the research in this paper.



[image: Energies 10 00723 g003]









3. Empirical Analysis


3.1. The Concept of Comprehensive Efficiency of Photovoltaic Power Generation


Photovoltaic power generation is a dynamic process in which solar energy is collected to produce electricity. It relates to energy, economy, environment and other factors. Therefore, the photovoltaic power generation efficiency cannot be measured by a single-dimension factor. Moreover, its significant relationship between resource development level, equipment utilization, power production capacity and other aspects determines its comprehensiveness. Therefore, based on the analysis of the internal structure and external environment of PV power generation, taking the importance and effect of influence factor of efficiency into account, this paper puts forward the concept of comprehensive efficiency of photovoltaic power generation and divides the comprehensive efficiency into three parts: resource efficiency, development efficiency and utilization efficiency so as to carry out the targeted analysis of conduction mechanism.




3.2. The Analysis of Conduction Mechanism of Photovoltaic Power Generation Comprehensive Efficiency Based on System Dynamics


3.2.1. The Applicability of System Dynamics to Comprehensive Efficiency Conduction Mechanism


System dynamics analyzes and reveals the causal relationship between the factors of inner components, explores the main factors that influence the system function and provides evidence for targeted improvement of the system operation [40,41]. Photovoltaic power generation refers to the whole process from solar energy utilization to electricity output, so the comprehensive efficiency is a complex analysis system which takes demand and supply, plans and technology and other factors into account. If we apply system dynamics to do research, we can divide system science into several subsystems and reveal the positive and negative causal relationship between different system elements and the subsystems’ impacts on photovoltaic power generation. Thus, we can find the key factors that influence the photovoltaic power generation comprehensive efficiency on the basis of conduction mechanism between different factors and provide a reference for evaluation research of determining input-output index. Thus, system dynamics is applicable for the conduction mechanism research of photovoltaic power generation comprehensive efficiency; based on the analysis of the system dynamics we can determine the internal and external environment of photovoltaic power generation. According to the conduction direction and intensity of conduction mechanism, we can specify the key indexes that will influence photovoltaic power generation comprehensive efficiency.




3.2.2. The Figure of Conduction Mechanism


Based on the existing research results, according to the basic process of photovoltaic power generation from resources supply to output utilization, this paper divides the photovoltaic power generation comprehensive efficiency into: resources efficiency, development efficiency and utilization efficiency. We analyzed efficiency from the following perspectives: installed capacity, hours of utilization and on-grid electricity. The conduction mechanism of the comprehensive efficiency of photovoltaic power generation based on the system dynamics structure is shown in Figure 4.


Figure 4. The analysis graphics of conduction mechanism of the comprehensive efficiency of photovoltaic power generation.
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From Figure 4, we can see that resource efficiency, development efficiency and utilization efficiency measure photovoltaic power generation comprehensive efficiency from the perspective of resource investment, planning construction and construction and electricity utilization respectively. Moreover, they are all in a positive relationship with comprehensive efficiency. Combined action of three efficiencies contributes to the optimal comprehensive efficiency of photovoltaic power generation.




3.2.3. Conduction Analysis


This section may be divided by subheadings. It should provide a concise and precise description of the experimental results and their interpretation as well as the experimental conclusions that can be drawn.



(1) The Analysis of Resource Efficiency



The resource efficiency of photovoltaic power generation depends on the installed capacity; and the measuring standard is the ratio of resource utilization of the developed installed capacity to the utilization of developing installed capacity. The main conduction factors in the utilization of an installed machine are: energy resource, land resource, equipment resource and resource policy. Among these, solar radiation is the main resource to generate photovoltaic electricity. The land can be exploited. Land property is the representative factor of land resources. The equipment resources can be influenced by: equipment performance, quality level, loss of components and other factors.



(2) The Analysis of Development Efficiency



The development efficiency of photovoltaic power generation is represented by the utilization hours. More utilization hours lead to higher development efficiency. The index is the result of comprehensive conduction of four indexes, namely: the level of location planning, investment and construction, operation and dispatching and development policy. Moreover, this reflects the development capability of photovoltaic power generation in the context of considering resource conditions. We did not make a detailed analysis of technical factors since this is not the research object. The covering area and equipment capacity are key factors that we need to consider when we make location planning. The result of the location depends on the level of production centralization. Investment in the power source and operation cost are economic factors that influence the development efficiency.



(3) The Analysis of Utilization Efficiency



The on-grid electricity decides the utilization efficiency of photovoltaic power generation. The measuring standard is the ratio of generated electricity to the maximum electricity that can be used. The standard is influenced by the needs of the user, the direction of the market and the utilization policy. Among these, the users’ habits of energy use and their sense of conservation determines the users’ behavior in choosing photovoltaic power generation. This reflects the situation that photovoltaic power has taken place of other energies; the price of electricity and the profits of the industry are key factors that influence the photovoltaic power generation market.



(4) The Analysis of Policy



From Figure 4, we can see that policy is the common conduction factor in the comprehensive efficiency of photovoltaic power generation. The resources policies that will have an impact on resource efficiency include: utilization planning of solar energy, standard of project land use, tax exemption of imported equipment, and so on. Exploitation policies refer to the construction of demonstration projects, subsidies for the initial investment, and other details. Utilization policies cover: electricity-selling-side reform, market transactions, subsidy of on-grid electricity price, etc. The three parts of policy can be summed up and defined as: industrial encouragement, financial subsidy and long-term development.





3.3. The Evaluation Index of Photovoltaic Power Generation Comprehensive Efficiency


3.3.1. The Selection of the Index


China’s annual solar radiation changes slightly, so if we measure the monthly changes then we oppose the goal of taking annual changes as the research object. Moreover, there are some difficulties in quantifying the indexes of the quality of equipment performance and projects. Moreover, location planning and peak-regulation of stored energy are not the key study objects of this paper. Thus, on the basis of fully considering the result of the conduction mechanism and the level of data acquisition, we proposed the evaluation index of photovoltaic power generation comprehensive efficiency and this shown in Table 1.



Table 1. The evaluation index of comprehensive efficiency.







	
Index

	
The Interpretation of Index






	
Input index

	
Newly installed capacity

	
The added installed capacity in this year




	
Utilization hours of equipment

	
The utilization condition of the equipment production capability




	
Investment in power supply

	
The amount of investment to construction in this year




	
Operation cost

	
The expenditure of maintenance and operation




	
Covering are

	
The occupation situation of land resource




	
Substitution rate of energy

	
The electricity generation condition that solar energy take place of other energy resources




	
Production centralization

	
The changing condition of the area covered by the photovoltaic power generation




	
Output index

	
The on-grid photovoltaic electricity

	
Actual power generation











3.3.2. Data Collection


Photovoltaic power generation has a short development history in China. Standardization and continuity of related data disclosure are poor. So we adopted methods such as tendency analysis and ratio analysis to present data which is difficult to collect on a practical basis after we widely collected data. This kind of data has no great impact on the results, and the authenticity of the data can be guaranteed. The data that is unmarked in this paper comes from the NEA.



(1) The Index of Installed Capacity



Among input indexes, installed capacity is the most important factor that influences the comprehensive efficiency of photovoltaic power generation. The newly installed capacity and cumulative installed capacity not only reflect the change in scale of Chinese photovoltaic power generation industry in the past 10 years, but also provide evidence for calculating other indexes. The data of the newly installed capacity and cumulative installed capacity of Chinese photovoltaic power generation from 2005 to 2015 are shown in Figure 5.


Figure 5. The changes of cumulative and new installed capacity of photovoltaic power generation in China from 2005 to 2015 (Data from NEA).
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(2) Cost Index



As for investment cost and operation cost, this paper uses the data of photovoltaic electricity investment in the official report published by the China Electricity Council (CEC) to show the investment costs of photovoltaic power generation. With regard to operation cost, according to the results of an official research report that analyzes the Chinese representative photovoltaic power stations, the depreciation expenses are counted by the crystalline silicon photovoltaic modules, we take into account the Chinese tax law and fixed assets nature of the ground photovoltaic power stations and their conditions of use. Depreciation years are counted in 20-year increments, the ratio of the remaining value is 5%, the counting process of the depreciation cost is shown in Table 2.



Table 2. The calculation process of depreciation cost of Chinese photovoltaic power generation from 2005 to 2015.







	
Year

	
Average Price of Crystalline Silicon (yuan/W) ①

	
Cumulative Installed Capacity (MW) ②

	
Total Price of the Component (bn yuan) ① × ②

	
Depreciation Expense (bn yuan)






	
2005

	
10.21

	
68

	
0.69

	
0.03




	
2006

	
10.08

	
80

	
0.81

	
0.04




	
2007

	
9.69

	
100

	
0.97

	
0.05




	
2008

	
9.42

	
145

	
1.37

	
0.07




	
2009

	
9.07

	
373

	
3.38

	
0.16




	
2010

	
8.33

	
893

	
7.44

	
0.35




	
2011

	
7.45

	
3300

	
24.59

	
1.17




	
2012

	
4.65

	
6800

	
31.62

	
1.50




	
2013

	
3.11

	
17,450

	
54.27

	
2.58




	
2014

	
2.94

	
28,050

	
82.47

	
3.92




	
2015

	
2.81

	
43,180

	
121.34

	
5.76










In addition, repair costs are mostly used for dealing with equipment failure of the combiner box, inverter and other equipment. The average repair cost of a 30 MW photovoltaic power station is 880 thousand yuan, the calculated repair cost is 1400 yuan/MW. Water washing and manual scrubbing are major cleaning methods for modules. The cleaning cost of a 20 MW photovoltaic power station is 210 thousand yuan with 11 cleaning sessions per year. The price of cleaning is 10,500 yuan/MW. If a 10 MW power station needs 10 managers for a year, based on the Chinese average salary, the salaries and profits of operation personnel are 100,000 yuan/MW; other fees which include manufacturing costs, management costs and sales expenses are nearly 25,000 yuan/MW. The structure and the condition of operation costs are shown in Figure 6.


Figure 6. The structure of operation costs of photovoltaic power generation.
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Without taking into account the depreciation expense, the operation expense per unit of photovoltaic power generation is the sum of the other four expenses, which is 136,900 yuan (Repair costs + Cleaning costs + Wage expenditure + Other costs = 1400 + 10,500 + 100,000 + 25,000 = 136,900 yuan); thus, the calculation of the operation cost of photovoltaic power generation is shown in Table 3.



Table 3. The calculation process of operation costs from 2005 to 2015.







	
Year

	
Unit Costs in Addition to Depreciation (yuan/MW) ①

	
Cumulative Installed Capacity (MW) ②

	
Depreciation Expense (bn yuan) ③

	
Annual Operating Cost (bn yuan) ① × ② + ③






	
2005

	
136,900

	
68

	
0.03

	
0.04




	
2006

	
136,900

	
80

	
0.04

	
0.05




	
2007

	
136,900

	
100

	
0.05

	
0.06




	
2008

	
136,900

	
145

	
0.07

	
0.09




	
2009

	
136,900

	
373

	
0.16

	
0.21




	
2010

	
136,900

	
893

	
0.35

	
0.48




	
2011

	
136,900

	
3300

	
1.17

	
1.62




	
2012

	
136,900

	
6800

	
1.50

	
2.43




	
2013

	
136,900

	
17,450

	
2.58

	
4.97




	
2014

	
136,900

	
28,050

	
3.92

	
7.76




	
2015

	
136,900

	
43,180

	
5.76

	
11.67








Data from: The Report on Market Monitoring and Investment Prospect Forecast of Chinese Solar Power Station, China Photovoltaic Industry Association.








(3) The Index of the Covering Area



Project land use of photovoltaic power generation is influenced by the following factors:

	
Installation method. The installation methods are mainly divided into fixed, flat single axis, oblique single axis, and double axis. Different installation methods vary in covering areas.



	
Grid-connected voltage grade. Different grid-connected voltage grades including 10 kV, 35 kV, 66 kV, 110 kV, 220 kV, 330 kV have different covering areas.



	
The transformation efficiency of photovoltaic modules. Powers of commonly used photovoltaic modules are 260 W, 265 W, 270 W. Different latitudes lead to different transformation efficiency. The values are shown in Table 4.



Table 4. The transformation efficiency of photovoltaic modules with different powers at different latitudes.







	
Latitude

	
260 W

	
265 W

	
270 W






	
18° N

	
10.75

	
10.55

	
10.37




	
20° N

	
11.21

	
11.01

	
10.82




	
25° N

	
12.65

	
12.42

	
12.21




	
30° N

	
14.63

	
14.37

	
14.13




	
35° N

	
17.51

	
17.20

	
16.91




	
40° N

	
22.02

	
21.62

	
21.25




	
45° N

	
29.95

	
29.41

	
28.91




	
50° N

	
47.37

	
46.51

	
45.72








Data from: China Photovoltaic Industry Association.













Comprehensively considering the Chinese geographical location, the characteristics of voltage and development level of the photovoltaic industry, this paper takes the covering area of a fixed 265 W photovoltaic power generation system as the average. It is located at 40° N and the voltage is 66 kV. According to the standard of The Controlling Index of Engineering Project Land Use of Photovoltaic Power Station published by the Ministry of Land and Resources, we used an interpolation method for our calculations, and the results showed that the covering area of the photovoltaic power station is 220 thousand square meters per 10 MW. The covering area of photovoltaic power generation from 2005 to 2015 is shown in Table 5.



Table 5. The calculation process of the covering area of Chinese photovoltaic power generation.







	
Year

	
Cumulative Installed Capacity (MW) ①

	
Unit Covering Area (hm2) ②

	
Covering Area (hm2) ① × ②






	
2005

	
68

	
2.2

	
150




	
2006

	
80

	
2.2

	
176




	
2007

	
100

	
2.2

	
220




	
2008

	
145

	
2.2

	
319




	
2009

	
373

	
2.2

	
821




	
2010

	
893

	
2.2

	
1965




	
2011

	
3300

	
2.2

	
7260




	
2012

	
6800

	
2.2

	
14,960




	
2013

	
17,450

	
2.2

	
38,390




	
2014

	
28,050

	
2.2

	
61,710




	
2015

	
43,180

	
2.2

	
94,996








Data from: Ministry of Land and Resources.








(4) Other Indexes



The energy substitution rate that is proposed in this paper means the condition that solar energy replaces other energies. The ratio of on-grid photovoltaic electricity to total on-grid electricity is used to measure the substitution rate. Production centralization refers to the regional distribution condition of the photovoltaic power generation industry and it is determined by the ratio of provinces with photovoltaic power generation to the total provinces of China (except Hong Kong, Macao and Taiwan) and the ratio of installed capacity to the total installed capacity of each province. The regional proportion of photovoltaic cumulative installed capacity of 2015 is shown in Figure 7. From 2005 to 2015, Chinese photovoltaic industry expanded in terms of production regions. At first, it was only distributed in northwest areas such as Qinghai and Gansu and then it spread over all provinces.


Figure 7. The distribution of accumulated installed capacity in every province in 2015.
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3.3.3. Data Presentation


The reduced input-output data is shown in Table 6.



Table 6. The summarizing data of the input-output index of Chinese photovoltaic power generation from 2005 to 2015.







	
Indexes

	
New Installed Capacity (MW)

	
Annual Utilization Hours (h)

	
Power Investment (bn yuan)

	
Annual Operating Cost (bn yuan)

	
Covering Area (hm2)

	
Energy Replacement Rate (%)

	
Production Centralization (%)

	
On-Gird Electricity (TWh)






	
2005

	
4

	
714

	
15.83

	
0.04

	
150

	
0.01

	
9.38

	
3




	
2006

	
12

	
830

	
18.69

	
0.05

	
176

	
0.02

	
9.38

	
5




	
2007

	
20

	
988

	
20.07

	
0.06

	
220

	
0.02

	
15.63

	
8




	
2008

	
45

	
1025

	
21.19

	
0.09

	
319

	
0.03

	
18.75

	
9




	
2009

	
228

	
1076

	
23.08

	
0.21

	
821

	
0.03

	
25.00

	
12




	
2010

	
520

	
1147

	
24.09

	
0.48

	
1965

	
0.04

	
34.38

	
16




	
2011

	
2407

	
1229

	
39.12

	
1.62

	
7260

	
0.06

	
53.13

	
27




	
2012

	
3500

	
1395

	
52.73

	
2.43

	
14,960

	
0.07

	
53.13

	
35




	
2013

	
10,650

	
1368

	
65.46

	
4.97

	
38,390

	
0.17

	
65.63

	
90




	
2014

	
10,600

	
1255

	
78.46

	
7.76

	
61,710

	
0.46

	
90.63

	
250




	
2015

	
15,130

	
1200

	
113.93

	
11.67

	
94,996

	
0.70

	
93.75

	
392












3.4. The Research of Photovoltaic Power Generation Comprehensive Efficiency Evaluation


3.4.1. The Selection of Input Indexes Based on the Hierarchical Cluster Method


SE-DEA models have requirements for the quantitative relationship between input-output index and decision-making unit. The decision-making unit in the above table is from 2005 to 2015 and the total amount is 11, which is less than twice the total of input-output index. Thus, this paper turns to the hierarchical cluster method to select the input-output index, eliminating the index that has little correlation with photovoltaic power generation comprehensive efficiency thus it can satisfy the operation requirements of SE-DEA models as well as improve the effectiveness of the data.



(1) The standardization analysis of data



With the help of the SPSS (22.0, IBM, Armonk, NY, USA), a hierarchical cluster analysis is carried out. At first, we imported the input index from 2005 to 2015 to the data editor, and made a descriptive statistical analysis about the seven input indexes based on discrete analysis, saving standardization scores as variables. The results of data standardization analysis are shown in Table 7.



Table 7. The standardization data of the input-output index of Chinese photovoltaic power generation from 2005 to 2015.







	
Indexes

	
Z1-New Installed Capacity

	
Z2-Annual Utilization Hours

	
Z3-Power Investment

	
Z4-Annual Operating Cost

	
Z5-Covering Area

	
Z6-Energy Replacement Rate

	
Z7-Production Centralization






	
2005

	
−0.71009

	
−1.87218

	
−0.85857

	
−0.67524

	
−0.62586

	
−0.60522

	
−1.07519




	
2006

	
−0.70864

	
−1.32589

	
−0.76823

	
−0.67344

	
−0.62504

	
−0.56084

	
−1.07519




	
2007

	
−0.70719

	
−0.58182

	
−0.72469

	
−0.67062

	
−0.62366

	
−0.56084

	
−0.87301




	
2008

	
−0.70266

	
−0.40757

	
−0.68912

	
−0.66419

	
−0.62055

	
−0.51646

	
−0.77208




	
2009

	
−0.66947

	
−0.1674

	
−0.62938

	
−0.63157

	
−0.60479

	
−0.51646

	
−0.5699




	
2010

	
−0.61652

	
0.16697

	
−0.59748

	
−0.564

	
−0.56888

	
−0.47207

	
−0.26647




	
2011

	
−0.27431

	
0.55313

	
−0.12164

	
−0.26984

	
−0.40267

	
−0.38331

	
0.34008




	
2012

	
−0.0761

	
1.33489

	
0.30904

	
−0.06098

	
−0.16097

	
−0.33892

	
0.34008




	
2013

	
1.22054

	
1.20773

	
0.71173

	
0.59002

	
0.57451

	
0.10491

	
0.74444




	
2014

	
1.21147

	
0.67558

	
1.12299

	
1.30678

	
1.30653

	
1.39201

	
1.55317




	
2015

	
2.03298

	
0.41656

	
2.24535

	
2.31308

	
2.35139

	
2.4572

	
1.6541










(2) The results of hierarchical cluster



Taking seven input indexes as variables, we choose the approximation matrix in our analysis, based on the hierarchical cluster method of nearest neighbor element. Taking the square Euclidean distance as standard, we took data that has been standardized to conduct a system hierarchical cluster analysis. As shown in Table 8, we can see that the effectiveness of the observed value reaches 100% and there is no data left out.



Table 8. Observed Value Summary.







	
Observed Values






	
Effectivity

	
Omission

	
Total




	
Number

	
Percent

	
Number

	
Percent

	
Number

	
Percent




	
11

	
100.0%

	
0

	
0.0%

	
11

	
100.0%










The approximation matrix is shown in Table 9.



Table 9. Approximation Matrix.







	
Observed Values

	
Matrix Input




	
Z1 Score

	
Z2 Score

	
Z3 Score

	
Z4 Score

	
Z5 Score

	
Z6 Score

	
Z7 Score






	
Z1 score

	
0.000

	
8.276

	
0.512

	
0.495

	
0.586

	
1.671

	
1.470




	
Z2 score

	
8.276

	
0.000

	
7.534

	
9.684

	
10.518

	
12.305

	
4.817




	
Z3 score

	
0.512

	
7.534

	
0.000

	
0.259

	
0.455

	
1.166

	
1.033




	
Z4 score

	
0.495

	
9.684

	
0.259

	
0.000

	
0.039

	
0.427

	
1.518




	
Z5 score

	
0.586

	
10.518

	
0.455

	
0.039

	
0.000

	
0.308

	
1.961




	
Z6 score

	
1.671

	
12.305

	
1.166

	
0.427

	
0.308

	
0.000

	
2.758




	
Z7 score

	
1.470

	
4.817

	
1.033

	
1.518

	
1.961

	
2.758

	
0.000










From the results of approximation matrix, we can see that these two indexes, annual utilization hours and production concentration, do not fit with the other five indexes, so we should make more analysis with a better chart.



We used the single tree diagram to test our results (shown in the Figure 8) and we found that larger dispersion means poor correlation with other indexes and this does not fit with the target of our research. Analyzing the indexes in the tree diagram from right to left, the index of annual utilization hours is firstly eliminated. This is followed by the production centralization and energy substitution ratio, so we can make sure that the sum of input-output index meets the operation requirements of SE-DEA model.


Figure 8. The tree diagram of system hierarchical cluster.
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3.4.2. The Comprehensive Efficiency Evaluation Based on SE-DEA


According to the results of the system hierarchical cluster and alignment requirements of SE-DEA model on the input-output index, the data of the input model is shown in Table 10.



Table 10. The input-output index based on the method of system hierarchical cluster from 2005 to 2015.







	
Indexes

	
Input Indexes

	
Output Index




	
New Installed Capacity (MW)

	
Power Investment (bn yuan)

	
Annual Operating Cost (bn yuan)

	
Covering Area (hm2)

	
On-Gird Electricity (TWh)






	
2005

	
4

	
15.83

	
0.04

	
150

	
3




	
2006

	
12

	
18.69

	
0.05

	
176

	
5




	
2007

	
20

	
20.07

	
0.06

	
220

	
8




	
2008

	
45

	
21.19

	
0.09

	
319

	
9




	
2009

	
228

	
23.08

	
0.21

	
821

	
12




	
2010

	
520

	
24.09

	
0.48

	
1965

	
16




	
2011

	
2407

	
39.12

	
1.62

	
7260

	
27




	
2012

	
3500

	
52.73

	
2.43

	
14,960

	
35




	
2013

	
10,650

	
65.46

	
4.97

	
38,390

	
90




	
2014

	
10,600

	
78.46

	
7.76

	
61,710

	
250




	
2015

	
15,130

	
113.93

	
11.67

	
94,996

	
392










This paper uses MATLAB (2016a, MathWorks, Natick, MA, USA) to conduct SE-DEA analysis of related indexes and data of photovoltaic power generation comprehensive efficiency. We imported the input matrix X and output matrix Y in MATLAB 2015a and we operated according to the specific procedure of SE-DEA. The results are shown in Table 11.



Table 11. The output result based on super-efficient data envelopment analysis (SE-DEA) model.







	
Years

	
2005

	
2006

	
2007

	
2008

	
2009

	
2010

	
2011

	
2012

	
2013

	
2014

	
2015






	
[image: there is no content]

	
0.5279

	
0

	
0

	
0

	
0

	
0.1075

	
0.7211

	
0.4482

	
2.4129

	
0.7332

	
0




	
[image: there is no content]

	
0

	
0.0162

	
0.0249

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
[image: there is no content]

	
0.0047

	
0

	
0

	
0

	
0

	
0.0012

	
0.0037

	
0.002

	
0.0008

	
0.0015

	
0




	
[image: there is no content]

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
[image: there is no content]

	
0

	
0.0018

	
0.1511

	
0.0001

	
0

	
0

	
0.0011

	
0.0004

	
0

	
0.0622

	
0.4077




	
θ

	
0.8375

	
0.9292

	
0.9403

	
1.0141

	
1.2283

	
0.9651

	
0.6457

	
0.4648

	
0.5422

	
0.9751

	
0.9812




	
Ranking Results

	
8

	
7

	
6

	
2

	
1

	
5

	
9

	
11

	
10

	
4

	
3










According to the judgement standard, the effectiveness of 11 decision-making units are effective, but in the decision-making unit that θ > 1, the [image: there is no content] and [image: there is no content] in 2008 are not 0, so it is not entirely effective. According to the operation results of the SE-DEA model, for efficiency index θ, we can sort the photovoltaic power generation comprehensive efficiency from 2005 to 2015. The results show that the efficiency of photovoltaic power generation of 2009 is the highest and the results are all effective since [image: there is no content] and [image: there is no content] are zero. Morever, the efficiency of photovoltaic power generation of 2012 is the loweset. During the evaluation period, the efficiency showed an up-down-up trend.






4. Results and Recommendations


4.1. Results Analysis


4.1.1. Division of Development Stage


Data picked up in this paper has a limited time span. International market, technology improvement, policy environment, human cognition and other factors will have an impact on research samples at different times. Overall analysis is not helpful for us to understand the phase characteristics and then define the influential factors of comprehensive efficiency. Therefore, we divided the development stage from 2005 to 2015 into different parts, which is of great importance to effectively understand the evaluation result of comprehensive efficiency of the SE-DEA models.



Comprehensively considering the influential factors of the development stage division of photovoltaic power generation, we chose cumulative installed capacity which is the representative index, to divide the data, selecting the 100 MW and 10,000 MW as nodes, dividing the development of photovoltaic power generation into three stages. Cumulative installed capacity from 2005 to 2007 is below 100 MW, which is the initial stage. The period from 2008 to 2012 it is the fast developing stage. Since 2013, Chinese photovoltaic power generation, the cumulative installed capacity is above 10,000 MW, and it enters into the multiple large-scale development stage. This is shown in Figure 9.


Figure 9. The division of development stage of photovoltaic power generation.
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4.1.2. The Staged Evaluation Analysis of Comprehensive Efficiency Based on Policy Direction


The development situation of the photovoltaic industry in China and analytical results of conduction mechanism of comprehensive efficiency based on the system dynamics show that the release and implementation of national policy play an important role in changing input-output index and improving the overall photovoltaic power generation comprehensive efficiency. National policies not only demonstrate the support and determination of the government regarding the photovoltaic industry but also offer guidance for the stable and sustainable development of the photovoltaic power generation industry. Therefore, analyzing the SE-DEA efficiency results by studying the policy can help us to find out the reasons for efficiency from the perspective of policy, avoid the adverse effect of ineffective policy and maintain and carry forward an effective policy. All of these are of great practical significance to provide a policy guarantee for promoting the comprehensive efficiency of photovoltaic power generation.



The ranking results and political analysis of SE-DEA are shown as below:



1. Initial Development Stage: the Comprehensive Efficiency is High in 2008 and 2009



The results of SE-DEA show that the comprehensive efficiency of photovoltaic power generation improves steadily in the initial development stage, which mainly benefits from the release and implementation of The 11th Five-Year Plan of renewable energy. Measures proposed in The 11th Five-Year Plan including major project construction, support of technology development, the financial subsidy from the central government and the approval of electricity price by government and other methods not only alleviate photovoltaic power generation operation pressure from the perspective of input but also guarantee effective output so that comprehensive efficiency can be improved.



In this stage, the efficiency indexes of 2008 and 2009 are both greater than 1, showing that the ratio of input and output almost reaches the ideal condition. Among these, the result of 2008 is close to the critical value. The comprehensive efficiency of 2009 improved a lot when compared with that of 2008. We analyzed this by understanding the policy and found that the supportive polity and national guidance are the reason why Chinese photovoltaic power generation can sustain high efficient level in later economic crisis. We can see from the following aspects.

	(1)

	
Macro-plan. Although the Law of Renewable Energy announced in 2006 has made strategic plans for on-grid photovoltaic electricity price and the application of a photovoltaic project, the expected goals were not realized due to the limit of the actual development level. In 2009, the Chinese government made specific regulations regarding the capital source of photovoltaic investment, the proportion and limit of subsidy and the declaration process of demonstration projects. Moreover, the Chinese government made a targeted limitation the duty of the NEA and Ministry of Finance in the development of photovoltaic power generation, which provides a guarantee for the investment and operation of the photovoltaic power generation project from the macro perspective.




	(2)

	
Micro-guidance. Considering capital, the Chinese government provides funded subsidies for the photovoltaic power generation demonstration project, comprehensively adopting the following measures including financial subsidies, discount loans and establishment of a seed fund to increase the benefits of fund application. As for technology, a technical standard is set up and improved. The government adopts a series of incentive measures to encourage the technical progress and industrial innovation. As for supervision, the government intensifies the test of photovoltaic equipment performance and improves the management level of the photovoltaic application project. In addition, a related evaluation mechanism is set up for effective tracing and spot check.




	(3)

	
Response measures. In 2009, economic downturn caused by the global economic crisis and oil price fluctuation brought challenges and opportunities to the development of photovoltaic power generation. The Chinese government maintained a continuous GDP by efficient economic policies and improved photoelectricity architecture application as an important step towards economic structural reform under such a situation. The government continued to provide financial subsidies for the photovoltaic industry and carried out the declaration and approval of the photovoltaic demonstration project, which enables the cost advantage of the Chinese photovoltaic industry to expand in international terms and ensures that the industry scale expands. Thus, the Chinese photovoltaic industry is still competitive after the economic crisis.









2. Rapid Development Stage: Poor Comprehensive Efficiency of 2012



From 2008 to 2012, the cumulative installed capacity of photovoltaic power generation in China increased from 145 MW to 6800 MW, which indicates that the photovoltaic power generation industry entered into a rapid development stage. The Chinese government has made a more detailed policy for the photovoltaic power generation industry. The status of photovoltaic energy has been enhanced from the following aspects: industry transformation and upgrade, the construction of supporting service system and improvement of technical management system and other perspectives. However, suffering from the financial crisis, international trade dispute and other impacts of external environment, the comprehensive efficiency of photovoltaic power generation fluctuated fiercely.



From 2010 to 2012, the comprehensive efficiency index of photovoltaic power generation decreased continually and in 2012 the efficiency decreased to its minimum point of the past 11 years. The development of the Chinese photovoltaic industry got into trouble in 2012. We faced problems of supply and demand imbalance and the pressure of price decline. In the international market, China suffered from the trade barrier represented by American “Dual anti-policy”, which led to the decrease of photovoltaic modules production in China and the reduction of an increasing ratio of newly installed capacity. Moreover, the profits of the photovoltaic industry were compressed and the overall operation capacity photovoltaic power industry was adversely influenced. The photovoltaic power generation comprehensive efficiency was low in 2012 due to various influential factors.



At that time, the Chinese government released The 12th Five-year Plan of Solar Photovoltaic Industry, which mainly put forward technical improvement and upgrade of key modules and equipment. A service system to support the photovoltaic industry should be established and improved. By developing the smart electricity grid, we can support the development of the distributed photovoltaic industry. Although some reasonable analysis of the serious situation at home and abroad has been made, we failed to formulate targeted solutions to decrease the degree of dependency of the Chinese photovoltaic industry on the external market. The plan proposed some expectations for long-term development of the photovoltaic industry; however, it is not applicable to reverse the situation of photovoltaic power generation. The political system was not good enough to support the photovoltaic application. The market-driven policy is not strong enough to provide a political guarantee for stimulation of internal demand and orderly development of th photovoltaic industry. Moreover, it cannot provide effective guidance for the improvement of the comprehensive efficiency of photovoltaic power generation.



3. Multiple Scale-Development Stage: the Comprehensive Efficiency Needs to be Improved



China surpassed America to become the biggest photovoltaic installed market in the world in 2013 for the first time. The photovoltaic power generation took on scale-development and the comprehensive efficiency also improved. The 12th Five-Year Plan was the major political factor to influence the change of comprehensive efficiency. In contrast to the shortage of feasibility in 2012, after 2013, the comprehensive efficiency of photovoltaic power generation improved significantly with the improvement of the industrial chain, the transformation of key equipment and the supportive policy of the distributive photovoltaic energy. Multiple scale development has been gradually established such that the centralized photovoltaic power generation acts as the main part and the distributed photovoltaic power generation develops collaboratively.



During the period of The 13th Five-Year Plan, the Chinese government proposed photovoltaic effective routes: the development pattern of photovoltaic would be transformed to detailed progress from extensive expansion by means of industrial improvement, the adjustment of distribution and technical innovation. With the vigorous guidance of national policy, it is predicted that the quality of Chinese photovoltaic power generation and comprehensive efficiency will be further enhanced.





4.2. Policy Recommendations


Drawing from the above analysis, national policy can exert a great influence on the photovoltaic power generation industry. Driving the policy mechanism can provide an effective system that guarantees to improve the photovoltaic power generation comprehensive efficiency. According to the changing tendency from 2005 to 2015, on the basis of combination with policy analysis of key years, this paper puts forward policy suggestions to improve the photovoltaic power generation comprehensive efficiency in China from the perspectives of industrial encouragement, financial subsidies and long-term development.



4.2.1. Industrial Encouragement


Learning from the previous sections, the Chinese photovoltaic market has great potential for future development; however, the results of efficiency evaluation show that the input-output of photovoltaic power generation are not optimal. Key factors that influence comprehensive efficiency include: imperfect market cultivating policy, defective policy improvement of technical innovation and incomplete policy of supporting operation and service. Formulation and improvement of industrial encouragement policy will play an important role in accelerating the construction of photovoltaic power generation, as well as promoting the efficient sustainable development on the basis of enhancing comprehensive efficiency.

	(1)

	
Market policy. The government should issue regulating policy, improve photovoltaic power generation industry development by industrial integration and consolidate the advantageous status of the new energy industry by optimizing the distribution of resources. In addition, we should exploit a diversified international market, encourage overseas mergers and acquisitions and cooperation of international projects and apply a flexible market strategy to avoid the adverse effects of the trade barrier. Therefore, we can create a stable domestic and overseas market environment for the improvement of photovoltaic power generation comprehensive efficiency.




	(2)

	
Technical policy. At present, the photovoltaic industry in China focuses on production and investment links, we do not attach great importance to cultivation of talents and technical innovation. In the future, the government should speed up the formation of a talent cultivation system for the photovoltaic industry, and build up the national photovoltaic technology research center. In addition, we should encourage talent introduction and independent innovation with the help of research and development.




	(3)

	
Supporting policies. The government should pay attention to the problem of the regional production surplus and structural imbalance brought by the rapid development of the photovoltaic power generation industry, take measures to enhance the confidence of investors, and at the same time, improve the management of early stage approval and later period production of the photovoltaic power generation projects. We should try our best to form a multi-layered management system which includes government, and non-governmental organizations and enterprises; thus, we can promote the development of photovoltaic power generation.










4.2.2. Finance Subsidies


Aiming at the anti-subsidy investigation that China suffered in 2012, the government should regulate the financial subsidy policy of the photovoltaic power generation industry properly to effectively deal with industrial crisis brought by other countries and to maximize the values of financial subsidies. In addition, the government should impose tax on photovoltaic enterprises taking the preferential tax rate of high-tech enterprise, which is highly supported by government as standard, and give discounts to some extent to the individual income tax of technical talents. It is necessary to adopt tariff exemption and other measures to encourage the imports of foreign photovoltaic equipment, as well as comprehensively consider the international and national conditions in order to decrease the export rebate rate, supporting the development of photovoltaic industry from many perspectives.




4.2.3. The Long-Term Development


The long-term electricity price return mechanism will lead to the development of the photovoltaic industry with the help of investment returns channels. The photovoltaic quota mechanism relies on the law to confirm the use of on-grid electricity in order to clarify the market shares, which plays an important role in enhancing the market share ratio of photovoltaic power generation and increasing competitiveness in the field. The regulating mechanism of on-grid price considers the changing condition of different regions and years, which is conducive for timely adjustment and cost control. The implementation of the above three mechanisms is aimed at development problems of photovoltaic energy. The direction is determined by the requirements the policy will provide guarantees for the sustainable development of the photovoltaic power generation industry.






5. Conclusions


This paper defines the boundary and evaluates the comprehensive efficiency of photovoltaic power generation on the basis of analyzing the development prospects and revealing the development problems of photovoltaic power generation. The main conclusions are shown below:

	(1)

	
This paper defines comprehensive efficiency as the ratio of photovoltaic power generation input and output, analyzing comprehensive efficiency from the perspectives of resource efficiency, development efficiency and utilization efficiency, making a conduction mechanism analysis of interactive key indexes such as installed capacity, utilization hours and on-grid electricity. Moreover, this paper reveals the influential factors of the comprehensive efficiency of photovoltaic power generation from the perspective of resource utilization, investment and construction and policy market and lays a solid foundation for the establishment of the input-output index of comprehensive efficiency.




	(2)

	
According to the conduction mechanism of comprehensive efficiency, we constructed the input-output index to evaluate the comprehensive efficiency of photovoltaic power generation on the basis of considering the acquirement of data. We took the period from 2005 to 2015 as the decision-making unit, introducing the hierarchical cluster analysis methods to eliminate the indexes with poor correlation, putting forward the evaluation model of photovoltaic power generation comprehensive efficiency based on the SE-DEA. In addition, we proposed policy suggestions for the optimization of future photovoltaic power generation comprehensive efficiency based on the evaluation results. This paper provides theoretical guidance for the scientific evaluation on comprehensive efficiency of photovoltaic power generation. The exploration of research methods is of great significance for efficiency evaluation and research in related fields.
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