
DEA EFFICIENCY ANALYSIS OF SOLAR PHOTOVOLTAIC POWER STATIONS IN GERMANY AND THE UNITED STATES
Mika Goto, Central Research Institute of Electric Power Industry, +81 3 3201 6601, mika@criepi.denken.or.jp
Toshiyuki Sueyoshi, New Mexico Institute of Mining & Technology, +1 575 835 6452, toshi@nmt.edu
Overview

This study compares photovoltaic (PV) power stations between Germany and the United States to examine which country more efficiently provides renewable energy in their usages. For the comparative analysis, this study utilizes Data Envelopment Analysis (DEA) as a methodology to evaluate the performance of PV power stations from the perspective of both solar and land usages. A total of one hundred sixty PV power stations (eighty in Germany and eighty in the United States) are used for this comparison. Germany is the world’s top installer and consumer of PV power and the United States is one of the top five nations. Germany leads the way in installed PV capacity even though the nation has less solar resources and land area. Due to limited solar resources, low insolation and sunshine, and land area in Germany, the United States should have a clear advantage over Germany. However, the empirical result of this study exhibits that PV power stations in Germany operate more efficiently than those of the United States even though the latter has many solar and land advantages. The surprising result indicates that the United States has room for improvement when it comes to utilizing solar and land resources. 
Methods
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The model utilized in this study is analytically structured by a radial formulation of DEA under variable Returns to Scale (RTS). Input and output-oriented models are both applied to this study. Efficiency score of the k-th power station is measured by 
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 under the input-oriented model and 1/
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 under the output-oriented model. See Sueyoshi and Goto (2011, 2012) for a detailed description on the radial model. The data set used in this study includes the following inputs: Insolation: Insolation is the measure of solar radiation energy received on a given surface area and recorded during a given time. Average Annual Sunshine: Another unit directly related to the sun is average annual sunshine hours for a city or given location on earth. Photovoltaic Modules: This unit is the combined number of PV modules that are used to create the PV power station. Land Area: The land area is the physical space on earth that a PV power station occupies. The data set used in this study includes the following outputs for the comparison: Installed Capacity: A PV power station is categorized by its installed electric generation output capacity as either megawatt-peak (MWp) or megawatt (MW). Annual Power Generation: A PV power station’s performance is measured by the power generated in gigawatt hour (GWh) per year. Table 1 summarizes descriptive statistics of the data set used in this study. 
Results
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Statistic

Germany

Germany

Average

0.9588

0.7711

Maximum

1.0000

1.0000

Minimum

0.8668

0.2380

Standard Deviation

0.0446

0.2447

Statistic

United States

United States

Average

0.746

0.664

Maximum

1.000

1.000

Minimum

0.534

0.109

Standard Deviation

0.125

0.182

Welch's t test (P-value)

7.2234E-26

0.002

Null Hypothesis Rejected?

Yes

Yes

Table 2 summarizes results of DEA efficiency analysis for Germany and the United States. In interpreting the DEA result, this study clearly acknowledges that there are technical issues on PV power stations in the Unites States. For example, end users locate far from PV power stations because PV power stations usually locate rural areas in the United States. Thus, an energy loss may occur in a grid system for electricity generated by the PV power stations. Furtheremore, it is not easy for power companies to control electricity voltages generated from different PV power stations. The size of power stations in Germany is much condensed or larger than that of United States so that such technical problems occur less in the PV power stations and they are relatively much integrated in Germany’ grid system. These implications, of course, need further validation of PV power stations from different operational conditions and power systems in both countries. The results summarized in Tables 2 suggest the following policy implications for the United States. First, the United States needs to reform or add to current solar policy to increase solar and land usage efficiency by technology innovation. The broader application of a support scheme may be effective to increase PV installation and efficiency at a state level of the United States. Second, the United States should invest in more efficient solar cells and technology innovation. Thus, the federal and local governments need to promote research and development for PV technology innovation, besides providing financial incentives for the investment. Those policies support PV to be operated more efficiently and attract investments from utility companies and other energy firms for future development. 
Conclusions
This study applied the DEA-based performance evaluation to PV power stations in Germany and the United States. Germany’s PV power stations proved to be more efficient in utilizing their limited solar and land resources than those of the United States. This study supports the concern that insolation and sunshine may not be the essential factors on the efficiency of PV power station. As a future extension, this study needs to investigate how institutional design of the renewable policy influences operational efficiency of the solar power stations. 
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Table 1: Descriptive Statistics
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Output-oriented DEA Model
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Input-oriented DEA Model
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Table2: Summary of Computational Results
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