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Overview

We examine the potential for geographic smoothing of solar photovoltaic (PV) electricity generation using 13 months of observed power production from utility-scale plants in Gujarat, India. To our knowledge, this is the first published analysis of geographic smoothing of solar PV using actual generation data at high time resolution from utility-scale solar PV plants. We use geographic correlation and Fourier transform estimates of the power spectral density (PSD) to characterize the observed variability of operating solar PV plants as a function of time scale.  Most plants show a spectrum at high frequencies ranging from f-1.23 to f-1.56, thus exhibiting more relative variability at high frequencies than exhibited by wind plants. PSDs for large PV plants have a steeper slope than those for small plants, hence more smoothing at short time scales. Interconnecting 20 Gujarat plants yields a f-1.66 spectrum, reducing fluctuations at frequencies corresponding to 6 hours and 1 hour by 23% and 45%, respectively.  Half this smoothing can be obtained through connecting 4-5 plants; the point of diminishing returns occurs at 10-12 plants. The largest plant (322 MW) showed an f-1.76 spectrum. This suggests that in Gujarat, the potential for smoothing is limited to that obtained by one large plant.  This research is based upon work supported by the Solar Energy Research Institute for India and the U.S. (SERIIUS).
Methods

Real time generation data from the State Load Dispatch Centre of Gujarat Energy Transmission Corporation website are available for fifty solar PV plants in Gujarat, India.  These values are updated at uneven time intervals, generally ranging between one to two minutes. We captured website data at one-minute intervals from February 17, 2014 to March 16, 2015.
We used Fourier decomposition to examine the generation data in the frequency domain.  To handle the observed uneven time steps, we used the Lomb periodogram (Lomb 1976) as coded in Press et al. (1992).  An attribute of the Fourier or Lomb methods of estimating the PSD is that increasing the temporal length of the dataset does not reduce the standard deviation of the PSD at any frequency.  To increase the signal-to-noise ratio, we used the standard technique of partitioning the dataset into 32 time segments with an oversampling frequency of 4 (most datapoints are in 4 time segments), resulting in time segments of approximately 1.5 months.  Since most time steps were less than two minutes resolution, the highest frequency the data can represent without aliasing (the Nyquist frequency) corresponded to 4 minutes.

To understand the potential for smoothing variability in plants, we summed plants, calculated the PSD, and compared the slopes. Averaging over all possible combinations for 2 through 20 plants, we investigate how interconnecting plants can potentially provide smoothing.
Results

Most plants exhibit a spectrum at high frequencies ranging from f-1.23 to f-1.56, with the very large 322 MW plant displaying a f-1.76 slope. We find that larger plant size is correlated with a steeper slope with a correlation coefficient of 0.57 at p<0.001.  These results agree with the approximately f-1.3 spectrum identified by previous research using generation data (Curtright & Apt, 2008; Apt & Jaramillo, 2014; Lueken et al. 2012). This implies that even after combining several PV plants, there is still a large need for fast ramping power or demand response to compensate for PV fluctuations.  Our results also validate for a real plant the conjecture based on irradiance data that as the capacity of the plant increases, it is likely that the plant will cover a larger horizontal area and thus be able to naturally filter out some of the variability (Kankiewicz et al. 2010)  
To understand the potential for smoothing plants, we summed generation of 20 plants as described above. The amplitude of variability of 20 interconnected PV plants at a frequency corresponding to 1 hour has ~45% of variability than that of a single PV plant. The reduction is very dependent on the time scale examined; at 6 hours the variability of 20 plants is 80% of that of a single plant. We find a steepening of the f-1.3 spectrum toward f-1.66 as the number of plants increases.  Interconnecting approximately 20 plants yields a 25-45% reduction in variability depending on frequency examined.  Approximately half the geographic smoothing occurs by interconnecting 4-5 plants, with the remainder of the reduction obtained with 10-12 plants. The point of diminishing returns is reached after 10-12 plants are interconnected.

In order to enable comparison with earlier work, we also investigated the potential for smoothing by examining distance versus correlation of generation ramps.  We found that, in agreement with published literature (Rowlands et al., 2014; Barnett et al., 1998.), correlation decreases with distance to an asymptote consistent with the diurnal cycle.
Conclusions

All of the plants examined displayed similar power spectra to those in previously published literature (Curtright & Apt, 2008; Apt & Jaramillo, 2014; Lueken et al. 2012), albeit with slightly different slopes.  The expected diurnal peaks at 24 hours and aliases are present. At high frequencies, the plants exhibit a spectrum similar to cloud processes, themselves possibly a function of the f-5/3 spectrum displayed by wind (Apt & Jaramillo, 2014) and the f-1 spectrum displayed by hydrologic processes (Kirchner & Neal, 2013).
In contrast to the geographic smoothing of distributed wind plants in Texas (Katzenstein et al., 2010), the PV plants we examined show substantially less smoothing. The two areas are of comparable size (roughly 400 km). Interconnecting 20 wind plants in Texas was found to reduce fluctuations at frequencies corresponding to 6 hours and 1 hour by 65% and 95% respectively, substantially more than the 23% and 45% observed for PV plants in Gujarat.  We also find that reaching the point of diminishing returns for interconnection of the observed PV plants requires two or three times the number of interconnected plants as for wind (10-12 for PV, 3-6 for wind). This suggests that a theoretical study might find a limit for geographic smoothing.

When interconnecting PV plants, half of the smoothing can be obtained through connecting 4-5 plants.  Reduction in variability exhibits diminishing marginal returns, with interconnecting 10-12 plants yielding a f-1.66 spectrum. However, the largest plant (220MW) showed an f-1.76 spectrum. This suggests that in Gujarat, the potential for smoothing is limited to that obtained by one large plant.  
The economic implications are that variability of utility-scale solar PV plants exhibits rather limited geographic smoothing and thus is somewhat more expensive to integrate than is wind power.
We note that this study was limited to Gujarat, India, which according to the Koeppen classification system has a low-latitude (h), and either very dry (BW) or dry (BS) climate over the spatial area examined (Peel et al., 2007).   Future studies should examine the potential for smoothing across a much larger area with different climatic zones.  However, the area examined is comparable in size to many balancing areas, so the relatively small amount of smoothing is likely to be relevant to practical application of solar photovoltaic generation at grid scale.
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