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Abstract 49 
 50 
Increasing the share of weather-dependent renewables in the electricity grid is essential to 51 
deeply decarbonize the electricity system. Wind and solar “droughts” or low generation days 52 
can severely impact grid stability in a renewable-rich grid. This paper analyzes for the first 53 
time wind, solar, and hybrid energy-droughts in India using a stochastic weather generator. 54 
Available literature analyze the observational data that is of limited duration (30 to 40 years). 55 
Therefore, discussion of low-probability high-impact renewable energy-droughts that have 56 
long return periods (in the range of 30 years) is limited in the literature. The present study 57 
seeks to address this research gap by exploring the risk of wind, solar, and wind-solar 58 
powered energy-droughts based on simulated long time series (5000 years). It is found that 59 
the weather generator captures mean, seasonality, and correlation between wind speed and 60 
solar irradiance and is therefore used to estimate return periods of extreme wind and solar-61 
droughts. Our analysis shows that wind-droughts are more intense than solar-droughts in 62 
India. We examine the role that wind-solar hybridization can play in offsetting low wind 63 
energy episodes. The benefits of hybridization are regionally dependent. In South India, 64 
hybrid plants have advantages over either wind or solar plants alone. In comparison, for 65 
Rajasthan, the benefits of hybridization are limited. When one of the regions (South India or 66 
Rajasthan) has a renewable drought, the other region has only a 10% probability of having a 67 
similar drought. Our findings highlight the need for having robust inter-regional grid 68 
connections to mitigate regional level renewable droughts. 69 
 70 
Keywords 71 
 72 
Wind energy-drought, solar energy-drought, wind-solar hybrid energy-drought, weather 73 
generator, benefits of wind-solar hybridization; 74 
 75 
Highlight 76 
 77 

 Stochastic weather generator (long timeseries) is used for drought analysis. 78 
 Wind-droughts are more intense than solar-droughts over India. 79 
 Wind-solar hybridization reduces drought intensity more effectively in South India 80 
 Incentives for hybrid plants should be region specific. 81 
 Hybrid energy droughts are complementary between regions (south and west India) 82 
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1. Introduction 86 
 87 
Worldwide, a large fraction of greenhouse gas emissions come from the energy sector, and 88 
taking into account the contribution from industry and buildings, this constitutes two thirds  89 
of global greenhouse gas emissions (Lamb et al., (2021)). As the single largest source of 90 
greenhouse gas emissions, the sector comprising energy systems contribute 34% of global 91 
emissions (Lamb et al., (2021)). Decarbonization of the energy sector, of which electricity 92 
generation is an important component, is essential to achieve net-zero emissions and carbon 93 
or climate neutrality. Renewable energy installations such as wind and solar power plants are 94 
expected to grow rapidly around the world, increasing the share of renewables in the 95 
electricity grid. As a major economy aspiring to decarbonize its grid, India has set an 96 
ambitious target to increase its non-fossil energy capacity to 500 GW and meet 50 percent of 97 
its energy requirements from renewable energy by 2030 (COP 26) (GOI (2021)). In line with 98 
the earlier COP21 target, India already had plans to install 100GW solar and 60GW wind 99 
capacity by 2022 (Chakravarty and Ahuja (2016)). 100 
 101 
Renewables such as weather-dependent wind and solar, due to their intermittency or 102 
variability are non-dispatchable energy sources. This means that renewables cannot provide 103 
other additional and mandatory grid services apart from delivering energy depending on 104 
weather conditions (IPCC (2012), Bremen (2010), Jurasz et al. (2020)). Wind and solar-105 
droughts or no-generation-days that occur due to weather variability can severely impact the 106 
electricity grid's stability in a renewable-rich grid. Due to lower or no-generation from 107 
renewables, there can be unscheduled long-duration power cuts in a renewable rich grid 108 
system. Brown et al. (2019) highlight the challenge of cold winter wind lulls or no generation 109 
days. On days with cold temperature, calm wind and low solar radiation (‘cold dark wind 110 
lulls’), the imbalance between the demand and supply may become critical (Zeyen et al. 111 
(2021)). Severe grid instability may lead to grid collapse (Kong et al. (2014), Liang (2016), 112 
Ryberg (2019)). The present study is focused on assessing the risk of extreme no generation 113 
events from wind, solar and wind-solar hybrid. We are not explicitly considering power 114 
system reliability. 115 
 116 
The wind calms or low-wind speed periods have been analyzed for different regions 117 
worldwide. Deaves and Lines (1998) focus on understanding atmospheric conditions giving 118 
rise to low wind speeds to assess risk for hazardous installations that depend on wind speed 119 
in UK. Poje (1992) analyzes observations to investigate wind persistence in Croatia and 120 
consequences for the potential utilization of wind. More recent literature discusses low wind 121 
events from the perspective of renewable electricity generation. Leahy et al. (2012) analyze 122 
the return period of low levels of wind generation based on 12 sets of station measurement 123 
data from Ireland starting from 1980. They demonstrate that prolonged low wind periods at 124 
any location cannot be inferred from the mean wind speed alone. Handschy et al.(2017) find, 125 
using observations from 9 measurement stations over six years, that the number of low-power 126 
hours per year declines exponentially with the number of uncorrelated wind sites being 127 
aggregated. Their study does not consider the time duration of individual low-wind-power 128 
events. Pryor et al. (2020) explore the variability in wind generation across the United States 129 
based on the ERA5 dataset of 40 years. The study highlights the benefits of large balancing 130 
areas and aggregation in reducing wind power variability and limiting the likelihood of wind-131 
droughts. 132 
 133 
Studies have also considered low solar generation events. Low solar generation may occur 134 
due to overcast conditions, persistent low-level clouds, and dust outbreaks. Severe dust 135 
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storms have a critical role in this (Rieger et al. (2017), Kosmopoulos et al.(2017), Masoom et 136 
al. (2021)). Literature show that extreme dust events can result in Global Horizontal 137 
Irradiance attenuation by as much as 40–50% and a much more substantial Direct Normal 138 
Irradiance decrease (80–90%). Such severe dust storms have affected solar generation in 139 
Germany (2014), the eastern Mediterranean region (2015), and the northwestern part of the 140 
Indian subcontinent (2018) in the recent past. 141 
 142 
There have been considerable efforts to study solar wind hybrid systems from the perspective 143 
of complementarity, reliability, design, operation, and optimum size (Takle and Shaw (1979), 144 
Nema et al. (2009), Zhao et al. (2010)). The complementarity of solar and wind would mean 145 
that wind generation is available when solar generation stops or reduces and vice versa. On 146 
the hourly timescale, when taking diurnal variations into account, solar and wind energy 147 
show complementarity since solar power is generated during the day, and high wind 148 
generation generally occurs after sunset. Various studies discuss seasonal complementarity 149 
between wind and solar power in different regions. The pioneering work in this area, Takle 150 
and Shaw (1979), explores the temporal complementarity between solar and wind resources 151 
in Iowa. They show existence of strong complementarity between wind and solar on an 152 
annual basis. However, there is only slight complementarity on a day to day basis. Schindler 153 
et al. (2020), an analysis based in Germany, suggest that wind-solar complementarity 154 
depends on the timescale and is region-specific. Sun et al. (2019), a UK system based study 155 
and Han et al. (2019) also find that correlation or complementarity between wind and solar 156 
generation depends on the season. Based on the hypothesis that wind and solar resources are 157 
complementary to a certain extent, wind-solar hybridization might mitigate combined energy-158 
droughts. 159 
 160 
Combined renewable energy-drought in the context of a renewable-rich electricity system is 161 
an essential topic of investigation. Raynaud et al. (2018) discussed "energy-droughts" for 162 
wind, solar and run-of-the-river hydropower in Europe using 30 years of historical data. The 163 
study found that energy production droughts vary from source to source. They observed that 164 
in Europe, wind power droughts are short but frequent, while hydropower droughts are rare 165 
but long. They found solar power droughts to be very region-specific, with longer droughts in 166 
Northern Europe. Jurasz et al. (2021) discuss the complementarity and 'Resource-Droughts' 167 
of Solar and Wind Energy in Poland based on 40 years of ERA5 data. They found that 168 
hybridization reduces the possibilities of joint wind and solar-drought in Poland.  169 
 170 
Some studies define energy drought as “lulls”. Location has a strong influence on wind 171 
energy lull length (Põder et al. (2009)). For example, the difference in the average duration of 172 
an energy lull between a coastal area and inland can be more than twofold. Pimm et al. 173 
(2014) suggest that with high penetration of wind generation, lulls in the wind resource must 174 
be compensated with other generation sources and energy storage. Renewable energy power 175 
plants can use battery storage to ride through “lulls” (Yang et al (2018)), and demand side 176 
management to manage short term renewable energy lulls has also been proposed (Nikolic 177 
(2019)). However, for extreme droughts, which are the focus of the present study, the size of 178 
the storage system would be very large and will also be inefficient as they would be used 179 
rarely. In this work we explore whether extreme drought events can be mitigated by 180 
hybridization of wind and solar.  181 
 182 
Ryberg (2019) conclude that hybridization of wind and solar would be beneficial in reducing 183 
the span of  “lulls” in Europe. However, most of these studies are based on relatively short 184 
observational datasets of less than 30 years. The different impacts of hybridization on 185 
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renewable energy lulls in India remain unexplored. In this work we use a stochastic weather 186 
generator, IMAGE, to simulate much longer synthetic datasets for a more complete lull 187 
analysis. Thereby, we compare the benefits of hybridization for different regions of India. 188 
 189 
Available literature analyzes the observational data that is of limited duration (30 to 40 years) 190 
(Raynaud et al. (2018), Sun et al (2019), Ryberg (2019), Schindler et al, 2020). Pfenninger 191 
(2017) demonstrates considerable inter-annual variability in wind and PV power output. This 192 
further complicates the study of reliability for renewable rich grids and highlights the 193 
necessity of long time-series. The study (Pfenninger (2017))  notes that model results for 194 
renewable rich systems using a single or few years of data are likely unreliable. Therefore, 195 
discussion of low-probability high-impact renewable energy-droughts (in a renewable rich 196 
grid) that have long return periods (in the range of up to 30 years) is limited in the literature. 197 
The present study seeks to complement the existing literature by exploring the risk of wind, 198 
solar, and wind-solar powered energy-droughts based on simulated long time series (5000 199 
years).  200 
 201 
While most of the available literature considers a return period of 30 years or less for energy-202 
droughts, here, we estimate such return periods of various energy sources with much higher 203 
confidence, owing to the use of a weather generator to simulate long time series for the risk 204 
analysis of energy-droughts for the first time. This study is also the first analysis of the 205 
impact of wind-solar hybridization on renewable energy-droughts in India. Further, the 206 
different impacts of wind solar hybridization on renewable energy lulls in various regions 207 
remain unexplored. This paper for the first time compares the benefits of hybridization in two 208 
different regions and shows that the benefits of hybridization are regionally variable. We 209 
investigate if the effect of hybridization is similar across the country's different wind and 210 
solar energy-rich regions.  211 
 212 
Low-probability, high-impact weather events, such as wind and solar-droughts or no-213 
generation-days, are important but difficult to identify based on limited instrumental datasets 214 
and the reanalysis products based on them. This is a research gap in the available literature. 215 
This paper is novel in using a stochastic weather generator to simulate extreme wind and 216 
solar generation events based on long time series (5000 years) to generate many realizations 217 
of drought events and thus estimate the risk of wind, solar, and wind-solar powered energy-218 
droughts across India.  219 
       220 
  221 
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2. Data 222 
 223 
We have used daily average solar irradiance (mean-surface downward short-wave radiation 224 
flux) and wind speed magnitude at 100 m above ground level for 41 years (1979 – 2019) 225 
from the ECMWF reanalysis product ERA5 (ERA5 (2021)) as inputs to the weather 226 
generator. ERA5, a globally complete and consistent reanalysis dataset is created by 227 
combining model simulations with observations from across the world. Hourly estimates of 228 
many atmospheric, ocean, and land-surface quantities are provided by ERA5 datasets. ERA5 229 
is considered one of the most reliable reanalysis datasets at high spatiotemporal resolution, 230 
and assimilates a large number of observations globally as well as satellite products during 231 
the past 40 years, providing near global coverage. Therefore, it has been used extensively to 232 
study renewable energy generation (Oluson J, (2018), Gualtieri G, (2021) McKenna et al., 233 
(2022)). As the hub-heights of various onshore wind turbines are roughly 100 m above 234 
ground level, we have used the wind speed at that height. The ERA5 dataset has a spatial 235 
resolution of (0.25 x 0.25), and the temporal resolution of the dataset is hourly. The ERA5 236 
data has been upscaled to 1 x 1 degree resolution, prior to serving as input to IMAGE. We 237 
have also used daily average values (across 24 hours) of wind speed and solar irradiance as 238 
inputs to IMAGE. In the paper, we refer to mean surface downward short-wave radiation flux 239 
(SSRD) as downward solar radiation (DSR). 240 
 241 
3. Methodology 242 
 243 
We select the study regions based on different parameters. One of the criteria used is the 244 
average available energy. Wind-solar day-to-day correlation is used as another parameter. 245 
Two areas with positive and negative correlations are chosen to explore if the impact of 246 
hybridization on renewable energy drought depends on the wind-solar daily correlation. We 247 
use different approaches to estimate the impact of hybridization on combined renewable 248 
energy-droughts based on long-period simulation. ERA5 reanalysis data is used as input. 249 
Long-term evaluation of the impact of hybridization needs longer time series of wind and 250 
solar generation. These time series can be generated using IMAGE stochastic weather 251 
generator. The power of using such a generator is to generate long realizations, from which 252 
distributions of rarer events can be obtained. The IMAGE model is not used to forecast wind 253 
speed or solar irradiance. A stochastic weather generator, IMAGE preserves the input 254 
variable statistics and simulates wind speed and solar irradiance considering the correlation 255 
between the input variables. 256 
 257 
3.1 IMAGE model Validation 258 
 259 
Imperial College Weather Generator (IMAGE) is a massively multi-site, multivariate daily 260 
stochastic weather generator. Sparks et al. (2018) provide more details about the model 261 
including a flow chart. IMAGE captures spatial and temporal correlations between various 262 
weather parameters such as wind speed and solar irradiance while generating simulated long 263 
time series of arbitrary length, based on the statistics of the input datasets. Thus, the generator 264 
can be used to estimate probabilities of rare events such as low wind and solar generation. 265 
Here, we use IMAGE to gain new insights into the possibility of wind, solar, and wind-solar 266 
combined droughts in the long run in a decarbonized grid. 267 
 268 
We evaluate whether the statistics of the input data are preserved by IMAGE. Gangopadhyay 269 
et al. (forthcoming) show that IMAGE simulations accurately capture the mean, spatial 270 
correlation and seasonality in wind speed over India. We validated the solar irradiance 271 
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simulated by IMAGE (Appendix A) and found that IMAGE captured the statistics of solar 272 
irradiance reasonably well. The R square value of a linear regression between the mean 273 
downward solar radiance (DSR) of input and simulated output is 0.99, and the bias is small. 274 
We also examine whether the model captures low-probability extreme events. Gangopadhyay 275 
et al. (forthcoming) show that the model could capture the overall trend of return periods for 276 
various wind-drought intensities. Here, we verify that IMAGE can capture the return period 277 
trends of extreme solar irradiance events as well (Appendix A). We found that the 278 
performance of IMAGE was satisfactory for two high solar-resource regions within 279 
Rajasthan and South India. In addition, we verify if IMAGE simulations could estimate the 280 
correlation between two different weather variables, wind speed and solar irradiance, which 281 
affects the benefits of hybridization. 282 
 283 
We simulate 5000 years of daily possible wind and solar generation using IMAGE, with 284 
inputs from ERA5 reanalysis from 1979 to 2019. We estimate the impacts of hybridization 285 
based on this simulated time series. The benefits of wind-solar hybridization would be more 286 
effective in avoiding wind and solar low energy days if wind and solar outputs are either 287 
weakly correlated or negatively correlated. We evaluate the correlation between wind and 288 
solar generation for grid locations (720 grids) over India during different time periods. The 289 
impact of hybridization on annual and extreme droughts with longer return periods are 290 
estimated for two different grid locations in the Rajasthan region (26N, 71E) and South India 291 
(17N, 76E). Both locations have the highest average wind speed in their respective regions. 292 
 293 
3.2 Simulation of power generation 294 
 295 
Wind speed from ERA5 and predicted by IMAGE is converted to wind generation using a 296 
manufacturer's power curve (Wind turbine model, 2021). Based on the daily average wind 297 
speed, we calculate the total wind energy generated in a day and normalize the generation so 298 
that the maximum generation is 1. The solar irradiance is also converted to daily solar 299 
generation using an energy conversion model. We assume a panel size of 1.65 square meters, 300 
a panel efficiency of 15% (WAAREE, 2021), and a DC to AC conversion efficiency of 75%. 301 
Hybrid power generation is estimated based on wind and solar generation at the 302 
corresponding location. We have used an equal wind and solar mix (1:1) to estimate the 303 
hybrid generation. All the daily generation values (G) are normalised and denoted in the 304 
range from 0 to 1, where 1 indicates the maximum possible generation. For normalization, 305 
the generation time series (365 x 5000 years) for the particular grid locations are divided by 306 
the maximum value for that location.  307 
 308 
3.3 Annual drought definitions 309 
 310 
We define annual energy-droughts in terms of shortfalls in simulated energy production. 311 
Considering a daily time-step for the analysis, we define “drought days” by a range of 312 
threshold intensities, as days having from 5% to 50% of the mean generation of that day of 313 
the year (threshold value - 𝐸௧௛(𝑖))) owing to reduced wind-speed, solar irradiation, or the 314 
combination in case of hybrid plants. We create an index time series (𝐼(𝑖, 𝑗)) for each 315 
generation time series. The value of the index is binary (can be 0 or 1). The binary index 316 
(𝐼(𝑖, 𝑗)) equals 0 when the daily generation is greater than the threshold) and equals 1 when 317 
lower than the threshold. That is, values of 1 indicate a drought on that day (Eq. (1)). The 318 
threshold (𝐸௧௛(𝑖)) varies by day of the year, but is unchanging across years, describing the 319 
corresponding fraction of the climatological average for that day. Previous studies have used 320 
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a similar index series methodology (e.g., Raynaud et al., (2018), Ohlendorf and Schill (2020), 321 
Jurasz et al. (2021)) to compare energy-droughts from different sources. 322 
 323 
𝐼(𝑖, 𝑗) = 1 𝑖𝑓 𝐸(𝑖, 𝑗) < 𝐸௧௛(𝑖) 324 
𝐼(𝑖, 𝑗) = 0 𝑖𝑓 𝐸(𝑖, 𝑗) > 𝐸௧௛(𝑖)…Eq.1 325 
 326 
𝑊ℎ𝑒𝑟𝑒 𝐸௧௛(𝑖) = 𝑥 ×  𝐸௠௘௔௡(𝑖) 327 
𝑥 𝑣𝑎𝑟𝑖𝑒𝑠 𝑓𝑟𝑜𝑚 0.05 𝑡𝑜 0.5, 𝑖 𝑣𝑎𝑟𝑖𝑒𝑠 𝑓𝑟𝑜𝑚 1 𝑡𝑜 365 𝑎𝑛𝑑 𝑗 𝑣𝑎𝑟𝑖𝑒𝑠 𝑓𝑟𝑜𝑚 1 𝑡𝑜 5000 328 
 329 
The total duration of drought is estimated based on the total number of days for which the 330 
index time series is equal to 1 in a particular season. We compare the total duration of these 331 
drought days estimated as the percentage of the total number of days in the period of interest 332 
(May-October; November-April) for different sources (wind, solar, and hybrid) over India. 333 
Lastly, we define the drought intensity (DI) as per (Eq. (2)). 334 
      335 
𝐷𝐼 = 1 − 𝑥…Eq. (2) 336 
𝐷𝐼 = Drought intensity and 𝑥 varies from 0.05 to 0.5 337 
 338 

339 
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3.4 Assessment of correlation between wind and solar generation 340 
 341 
Based on IMAGE simulation we estimate correlation between wind and solar generation all 342 
over India during different time periods. 343 
 344 
3.5  Extreme droughts with longer return periods 345 
 346 
IMAGE simulations have been analyzed to estimate the statistics of low-probability extreme 347 
events that can adversely impact grid operation. We estimate return periods of extreme 348 
droughts, corresponding to several days of continuous drought for wind, solar and hybrid 349 
sources for the two regions, Rajasthan and South India. Here, droughts are identified by 350 
considering the 10-day moving average (or running mean) of generation and defining a 351 
drought as one where this declines below the thresholds defined as 1% - 50% of seasonal 352 
mean generation. Here also drought intensity is defined using Eq. (2). However, the value of 353 
𝑥  varies from 0.01 to 0.5. 354 
 355 
First, we determine the years (from 5000 years) when a particular drought intensity occurred. 356 
We estimate the difference (years) between these occurrences for every drought intensity. 357 
These differences between occurrences are defined as return periods. The return period 358 
calculation is done for three different sources wind, solar, and hybrid (wind:solar = 1:1) and 359 
for two different grid locations. Finally, the mean return periods for different drought 360 
intensities for different energy sources are compared. We have used standard deviation of 361 
means as an indicator of variability or uncertainty associated. The standard deviation of 362 
means can be estimated based on Eq. (3). 363 
 364 
𝜎௠ =

ఙ

√௡
 …Eq. (3) 365 

 366 
𝜎௠ = Standard deviation of mean return period 367 
𝜎 = Standard deviation of return periods for a particular drought intensity 368 
𝑛 = Number of estimation of return periods available for the drought intensity  369 
 370 
4. Results 371 
 372 
4.1 Energy Climatology 373 
 374 
Wind and solar energy resources are not equally distributed all over India. Figure 1A shows 375 
the mean of daily average wind speed, and Figure 1B shows the mean of daily average solar 376 
irradiance over India based on 41 years (1979 to 2019) of ERA5 reanalysis data. The Tibetan 377 
Plateau act as a barrier to the monsoon winds and has low cloud cover and high solar 378 
irradiance (Appendix B). India's southern and western regions have more wind and solar 379 
potential than other onshore locations. We have considered two respective regions from 380 
South India and Rajasthan, identified as rectangles in the Figure, for further analysis. 381 
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 382 
Figure 1A. Long-term mean of daily average wind speed over India; B. Long-term mean of 383 
daily average solar irradiance over India; Data used: ERA5 reanalysis (1979 to 2019). The 384 
regions from Rajasthan and South India for further analysis are indicated with rectangles. 385 
 386 
There is seasonal variation in wind and solar generation. The seasonal variation is larger in 387 
the case of wind. Figure 2 shows that wind generation peaks during monsoon months (May to 388 
October) in both the regions (Rajasthan and South India). Solar generation is influenced by 389 
the seasonal variation of the solar zenith angle, causing it to increase during the summer 390 
months. However, this tendency is interrupted during monsoon months (June-September) 391 
owing to increased cloud cover, and there is a reduction in solar generation during these 392 
months. In this study, we focus on the performance of wind-solar hybrid plants during two 393 
equal periods of the year (May-October: green shaded; November-April: unshaded in Figure 394 
2), mainly based on this seasonal pattern of generation. 395 
 396 
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 397 
Figure 2A. Long-term mean of daily average generation pattern of wind and solar power 398 
based on ERA5 (41 years – 1979 to 2019) in South India region; B. Long-term mean of daily 399 
average generation pattern of wind and solar based on ERA5 (41 years – 1979 to 2019) in 400 
Rajasthan region; We focus on the performance of wind-solar hybrid plants during two 401 
periods of the year, (May to October: green shaded and November to April: unshaded); 402 
 403 
A critical test is to verify whether IMAGE simulations preserve the correlation between 404 
different weather variables. In the present paper, the benefits of hybridization depend on the 405 
correlation between wind speed and downward solar radiance (DSR). Figure 3 plots this 406 
correlation for 40 randomly chosen locations. The value of this correlation coefficient for the 407 
IMAGE simulations closely approximates the corresponding coefficient estimated directly 408 
from ERA5 analysis, showing that this variable is captured by the simulations reasonably 409 
well. The slight positive bias is caused by underestimated negative correlations by IMAGE 410 
compared to ERA5. 411 
 412 
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 413 
Figure 3. Coefficient of correlation between wind speed (m/s) and DSR (W/m2) for 40 test 414 
locations. Vertical axis shows the correlation in IMAGE simulations, while horizontal axis 415 
shows corresponding coefficient from ERA5 analysis (1979-2019); Each point indicates      416 
median values for a location. The vertical bars show the distribution across 100 ensemble 417 
members, having length equal to the input data (41 years); The x = y line is shown in black. 418 
R-square value of the linear model between the coefficient from ERA5 and median 419 
coefficient from IMAGE simulations is 0.99; Bias is 0.01; 420 
 421 
The correlation between wind speed and DSR is critical for understanding the patterns of 422 
generation smoothing achieved by hybridization of wind and solar. The patterns of wind and 423 
solar generation are themselves geographically variable, and seasonally dependent. In regions 424 
and during seasons where wind and solar generation are more negatively or even weakly 425 
correlated, one can expect larger complementarity between wind and solar power and related 426 
benefits of hybridization. This section examines the spatial patterns of association between 427 
wind and solar power generation. 428 
 429 
On the hourly timescale, when taking diurnal variations into account, solar and wind energy 430 
show diurnal complementarity since solar power is generated during the day, and high wind 431 
generation often occurs after sunset at various locations (Lave and Ellis (2016), 432 
Gangopadhyay et al.(2019)). These hourly variations in a day give rise to the negative 433 
correlation between wind and solar generation on the hourly timescale.  434 
 435 
Our paper focuses on understanding the benefits of hybridization on the daily timescale when 436 
considering day-to-day fluctuations in the total daily energy production. In this case, it is not 437 
inevitable that the daily variations of wind and solar power generation be negatively 438 
correlated with each other. In India, the temporal correlation between daily wind and solar 439 
generation exhibits considerable spatial variation. The correlation also changes by season. 440 
Figure 4 shows these results. From 5000 years IMAGE simulation, we estimate that South 441 
India experiences a negative correlation between daily wind and solar generation during the 442 
months of May to October, while Rajasthan has a positive correlation between these two 443 
variables during this period (Figure 4A). This is because, while windy days are cloudier in 444 
South India, in Rajasthan, the opposite occurs during this period, and high wind days are less 445 
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associated with cloud cover (Appendix B). The statistical significance of the correlation is 446 
not discussed here as we focus on the weakly-correlated and negatively correlated regions, 447 
where generation smoothing can occur. The slight negative correlation observed in South 448 
India during November to April contrasts with the behaviour seen over much of India, which 449 
has a positive correlation between wind and solar generation during this period (Figure 4B). 450 
The negative correlation in South India between solar and wind generation is weaker during 451 
November to April compared to May to October season. Therefore, hybridization would be 452 
more beneficial in avoiding droughts from May to October. Moreover, these benefits would 453 
be experienced selectively in some regions, namely those in South India, where the 454 
correlation is either small or negative. 455 
 456 
 457 

 458 
 459 
Figure 4.A.Correlation coefficient between daily average wind and solar generation for May-460 
October; B. Correlation coefficient between daily average wind and solar generation for 461 
November-April over India; The correlations are calculated based on 5000 years of 462 
simulations using the stochastic weather generator IMAGE; The statistical significance of the 463 
correlation is not indicated here as we focus on the uncorrelated and negatively correlated 464 
regions. 465 
 466 
 467 
4.2 Impact of hybridization on seasonal renewable droughts 468 
 469 
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Through analysis of IMAGE simulations, we are able to compare the frequency and severity 470 
of a wide range of energy-droughts in the case of wind, solar, and hybrid power plants. To 471 
begin with, we study the relation between drought intensity and its regularity for these plants 472 
in the two regions and periods described above. Severity is measured by the drought intensity 473 
defined in Eq. (2) of Section 3.5. Regularity, or duration, is measured by the fraction of days 474 
during which the drought of the corresponding intensity occurred.  475 
 476 
Results are shown in Figure 5. For the same drought intensity, the wind-droughts are much 477 
more regular than solar-droughts, as they occur for a larger fraction of days and thus over a 478 
larger duration during the period. This occurs even during the high wind season of May to 479 
October. Consequently, for different intensities of drought, as measured by the shortfall in the 480 
generation, a wind power plant would experience many more such drought days than a solar 481 
plant in any given period. This can pose a considerable challenge for grid integration of wind 482 
power alone.  483 
 484 
Combining wind and solar energy in a hybrid power plant can be expected to help balance 485 
such wind energy-droughts. We have used an equal wind and solar mix (1:1) to estimate the 486 
hybrid generation. The detailed analysis for South India during May to October (high wind 487 
season) is included in Appendix C. For the South India location increasing the proportion of 488 
solar in the mix increases the return periods for given drought intensity. When the solar 489 
contribution becomes much larger than the wind the return periods decrease again. Hence, it 490 
would be possible to find an optimal mix of wind and solar for any location to reduce the risk 491 
of hybrid energy droughts. 492 
 493 
In general, where the correlation between wind and solar generation is either negligible or 494 
more negative, such benefits can be expected to be present. This is indeed confirmed by the 495 
results shown in Figure 5, which includes calculations for a hypothetical hybrid plant with an 496 
equal combination of wind and solar capacities. The circles in Figure 5 indicate the means, 497 
while the vertical lines show the confidence interval (25th-75th percentile estimates) of 498 
drought days each season during the 5000-year period. 499 
 500 
While hybridization generally does not mitigate the total number of energy-drought days in 501 
Rajasthan, there are clear benefits to hybridization in South India from May to October 502 
(Figure 5B). This is consistent with the observation in Figure 4 that South India experiences a 503 
negative correlation between wind and solar generation during these months. As a result, 504 
whereas solar power experiences moderate droughts compared to wind, hybridization helps 505 
in reducing the total number of energy-drought days in South India even compared to solar 506 
power for these moderate droughts with intensities in the range of 0.5 - 0.65, where the 507 
benefits of hybridization in Rajasthan are absent.  508 
 509 
Solar drought is very rare during November to April. However, wind power generation 510 
experiences frequent droughts, which are, in fact, slightly more regular during this period 511 
compared to the other months (Figure 5C, D). Despite this, during November to April, for 512 
South India, the hybrid combination of wind and solar performs better than solar alone for 513 
moderate drought intensities around 0.5 (Figure 5D). Overall, this suggests that in South 514 
India, hybrid plants outperform not only wind plants but also solar plants in terms of having 515 
fewer total number of drought days for the same drought intensity. In contrast, in Rajasthan, 516 
the general benefits of hybridization over installing solar plants for energy-drought mitigation 517 
are not apparent, except for a slight benefit for higher intensity droughts in May-October 518 
(Figure 5A). 519 
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  520 

 521 
 522 
Figure 5A. Total duration of drought as fraction of total number of days in the season (184) 523 
from different sources over Rajasthan (May to October); B. Total duration of drought as 524 
percentage of total number of days in the season (184) from different sources over South 525 
India (May to October); C. Total duration of drought as percentage of total number of days in 526 
the season (181) from different sources over Rajasthan (November to April); D. Total 527 
duration of drought as percentage of total number of days in the season (181) from different 528 
sources over South India (November to April); “combo-1:1” refers to wind & solar hybrid 529 
plants, with equal wind and solar generating capacities. The circles indicate the mean while 530 
the vertical lines show the distribution of return periods (25th to 75th percentile). The vertical 531 
bars also indicate the related uncertainty of the findings. 532 
 533 
4.3 Impact of hybridization on Extreme droughts 534 
 535 
We define extreme drought as the periods when the moving average, or rolling mean, of 10 536 
days generation is below the specified threshold (0.01 to 0.5 of the seasonal daily mean 537 
generation). These are rare events, with return periods of many years to decades. Obtaining 538 
an adequate sample size to estimate their statistics requires long-period simulations, and 539 
simulations from weather generators such as IMAGE must play a vital role in understanding 540 
these extreme events. From the sensitivity study of IMAGE (Appendix A), using input time-541 
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series of different lengths, we find that return periods up to 30 years can be well captured for 542 
both the regions for the period May to October. For the period November to April, solar 543 
droughts are very rare with return periods longer than typical plant lifetimes. Therefore, we 544 
consider the May to October period to analyse the impact of hybridization on return periods 545 
of energy droughts. For a particular drought intensity, the recurrence of successive drought 546 
events simulated by IMAGE is a Poisson process with corresponding return periods 547 
following an exponential distribution (Appendix A), so mean return periods are estimated by 548 
fitting this distribution. 549 
 550 
Figure 6 shows return periods (y-axis) of various drought intensities (x-axis) from wind, solar 551 
and hybrid plants for Rajasthan (Figure 6A) and South India (Figure 6B) for May-October. 552 
As expected, extreme wind-droughts have much shorter return periods than solar and hybrid 553 
droughts. Larger return periods correspond to rarer events, and in South India, hybrid plants 554 
have larger return periods than solar for the same drought intensity. In contrast, from May to 555 
October, Rajasthan has longer return periods for solar plants compared to hybrid plants for 556 
extreme drought situations, of moderate intensity, and it is only for higher intensity droughts 557 
that the benefits become apparent. For each drought intensity, return periods are variable. In 558 
Figure 6, the circles indicate the mean return periods (based on fitting an exponential 559 
distribution) while the vertical lines show the standard deviation of the mean, indicating the 560 
uncertainty in the estimates of the mean. Clearly, the mean return periods are significantly 561 
different for solar and hybrid generation. 562 
 563 
Thus, over South India, hybridization has larger benefits for reducing the intensity of wind 564 
and solar-droughts. The benefits are apparent for a wide range of drought intensities, both 565 
small to moderate droughts that typically recur more often within the lifetime of an individual 566 
plant and the rarer high-intensity droughts. In contrast, in another wind-rich state, Rajasthan, 567 
the benefits of hybridization are not so clear from the standpoint of energy-drought 568 
mitigation. Even, during May to October, the high wind months, the return periods of solar 569 
power droughts are similar to those of the combined wind-solar-drought, especially for the 570 
more moderate intensities. Overall, hybridization will probably have smaller benefits for 571 
reducing energy-droughts in Rajasthan for annual as well as extreme droughts. In this region, 572 
renewable energy-droughts are best mitigated by reliance on solar power, together with other 573 
measures. 574 
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 575 

 576 
Figure 6A. Return periods of extreme energy-droughts (years when the running mean of 10 577 
days generation is below the corresponding threshold given by drought intensity on the 578 
horizontal axis) for Rajasthan (May to October); B. Return periods of extreme energy-579 
droughts for South India (May to October); The circles indicate the mean (based on fitting an 580 
exponential distribution) while the vertical lines show the standard deviation of the mean,  581 
indicating the uncertainty of estimating the mean. 582 
 583 
These basic findings suggest that hybridization in select regions can reduce the possibility of 584 
combined drought and make them rarer. Furthermore, these benefits are region-specific. 585 
When these rare droughts do occur, they must be managed. Further calculations show that 586 
when these rare droughts occur, other regions continue to generate electricity. For example, 587 
we show that for the days when one of the regions (South India or Rajasthan) has a renewable 588 
energy-drought, the other region has only a 10% probability of having a similar drought 589 
(Figure 7). It can also be noted in Figure 7 that hybrid droughts (with 25% of rated generation 590 
or less) are much more confined geographically, as compared to drought events from either 591 
wind or solar power. This is another advantage of hybridization since hybrid energy-droughts 592 
can be more easily balanced by a combination of wind and solar energy from other regions. 593 
 594 
Further analysis shows that even in the case of the installation of only solar plants in 595 
Rajasthan, the hybrid droughts in South India can be balanced by this means in case the two 596 
regional grids were connected to each other and moreover did not face transmission 597 
bottlenecks. During periods when there is a wind-solar hybrid drought in a simulated hybrid 598 
plant in South India, on average, a simulated solar plant in Rajasthan continues to generate 599 
80% of its rated generation. Thus, hybridization creates advantages not only through within-600 
region complementarities through the small or negative correlation between wind speed and 601 
solar irradiation but also because there are greater possibilities for balancing the resulting 602 
droughts from outside the region. 603 
 604 
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 605 

 606 
 607 
Figure 7. Complementary nature of drought phenomena for wind, solar, and hybrid plants in 608 
India; Fraction of days different regions face energy-drought while the region marked with 609 
white boxes (Rajasthan and South India) face energy-drought; Wind, solar, and combined 610 
drought is defined as less than 1%, 50% and 25% of maximum generations from respective 611 
sources; A, B, C. Wind, solar and Combined droughts (as fraction of days) when Rajasthan 612 
has drought; D, E, F. Wind, solar and Combined droughts (as fraction of days) when South 613 
India has drought;  614 
 615 
4.4 Effects of hybrid plants on overall generation 616 
 617 
Wind and solar hybrid plants have clear benefits for mitigating annual as well as extreme 618 
energy-droughts. At the same time, it is essential to investigate the consequences of 619 
hybridization for the overall performance of the generation profile in comparison to wind and 620 
solar plants. Figure 8 shows the plots of these generation profiles, as measured by the 621 
cumulative distribution function (CDF) for wind, solar and hybrid plants, on the horizontal 622 
axis indicating energy generation and the vertical axis showing cumulative probability. These 623 
generation profiles illustrate a crucial difference between wind and solar in India, with wind 624 
generation having a much more cumulative probability of low generation across seasons. 625 
Hybridization helps in reducing this probability of low generation, thus improving the 626 
performance for all combinations. In South India, from May to October, the hybrid plants 627 
marginally outperform even solar plants with a smaller cumulative probability of very low 628 
generation of 0.25 or less (Figure 8B). In the middle of the distribution, however, solar 629 
generation has clear advantages. In contrast for Rajasthan, the generation profile is clearly 630 
favourable for solar plants. 631 
 632 
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 633 

 634 
Figure 8.Cumulative distribution function (CDF) of wind, solar and 1:1 hybrid generation at 635 
A. Rajasthan from May to October; B. South India from May to October; C. Rajasthan from 636 
November to April; D. South India from November to April; 637 
 638 
5.   Discussion 639 
 640 
We have shown that a multi-site multivariate stochastic weather generator can give useful 641 
insight into the challenge of energy-droughts and quantify the benefits of hybridization.  642 
The analysis of this paper shows that wind energy-droughts are much more frequent than 643 
solar energy-droughts of comparable intensity, and therefore solar power is an advantageous 644 
renewable energy choice for India from the perspective of mitigating energy-droughts. The 645 
hybridization of wind and solar makes renewable energy-droughts rarer. There have been 646 
considerable efforts to study solar wind hybrid systems from the perspective of 647 
complementarity on hourly and seasonal basis. However, discussion on day-to-day 648 
complementarity is scarce in the literature. The manuscript explores the benefits of 649 
hybridization in terms of reduced renewable energy droughts for regions having negative 650 
correlation or complementarity of wind-solar (South India) in comparison with positively 651 
correlated regions (Rajasthan). Hybrid plants have advantages in South India as compared to 652 
not only wind but also solar power plants, for mitigating energy-droughts. 653 
 654 
Energy-drought is only one of many factors for evaluating the optimal energy mix and 655 
electricity capacity planning within a country. Factors such as total electricity supply, 656 
avoiding over-generation or surplus power, balancing generation with demand, limiting fuel 657 
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import costs, minimizing per capita emissions from the life cycle of energy generation, 658 
managing the demand for land, and minimizing total energy and electricity systems costs also 659 
need to be considered when evaluating various energy mix options (Saraswat and Digalwar 660 
(2021), Laha et al. (2020)). Rose et al. (2020) argue that wind resources are better correlated 661 
than solar resources with the seasons and times of day when energy demand is high. 662 
However, they agree that wind resources experience very high seasonal variability. 663 
Increasing wind capacity typically involves concomitant investments in gas generators and 664 
storage to provide continuous power supply during periods of low wind speed.  665 
 666 
It is vital to examine the kind of policy changes required to incentivise the installation of 667 
wind-solar hybrid plants, especially in those regions where the possibility of combined 668 
drought reduction exists. The drought mitigation impacts of wind-solar hybridization remains 669 
unexplored in the literature. Based on our analysis, it would be beneficial to encourage the 670 
strategic installation of hybrid plants to mitigate renewable energy-droughts. In a deeply 671 
decarbonized electricity grid, renewable energy-drought is an important and growing 672 
challenge.  673 
 674 
In addition, policy framework needs to be established to assist in strengthening of grid 675 
interconnections across India. These would result in balancing regional-scale extreme 676 
renewable energy-droughts. India has five grid regions, and they have limited 677 
interconnections. Inter-regional grids need to be strengthened to mitigate regional-scale 678 
renewable energy-droughts in a renewable-rich grid, and inter-regional energy trade needs to 679 
be encouraged. 680 
 681 
6. Conclusion 682 
 683 
This study for the first time use a weather generator to simulate long time series for exploring 684 
the risk of wind, solar, and wind-solar energy-droughts. Low-probability, high-impact 685 
weather events, such as wind and solar-droughts or no-generation-days, are important for 686 
future electricity grids that would be renewable rich. However, it is difficult to identify these 687 
drought events based on the limited historical datasets. While the available literature 688 
considers a return period of 30 years or less for energy-droughts, the small sample size of 689 
some of these drought events makes estimating their statistics difficult. Using long-period 690 
simulations from a weather generator, we estimate average return periods of various energy 691 
sources in the range of 30 years with much higher confidence. 692 
 693 
Two different grid locations from renewable-rich areas of India (Rajasthan, South India) are 694 
used for detailed analysis. The calculations are done for two different time periods May to 695 
October and November to April. We found that the temporal correlation between daily wind 696 
and solar generation exhibits considerable spatial and seasonal variation over India. From 697 
5000 years of IMAGE simulation, we estimate that South India experiences a negative 698 
correlation between daily wind and solar generation during much of the year, while Rajasthan 699 
has a positive correlation between these two variables. We find that hybridization would be 700 
more beneficial in avoiding droughts during May to October. Moreover, these benefits would 701 
be experienced selectively in some regions, namely those in South India, where the 702 
correlation is either small or negative.  703 
 704 
We consider the impact of hybridization on annual as well as extreme droughts with longer 705 
return periods in this paper. For the same drought intensity, wind-droughts are much more 706 
frequent than solar-droughts, as they occur for a larger fraction of days and thus over a larger 707 
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duration. This occurs even during the high wind season of May to October. Consequently, for 708 
different intensities of drought, as measured by the shortfall in the generation, a wind power 709 
plant would experience many more such drought days than a solar plant in any given period. 710 
This can pose a considerable challenge for grid integration of wind power alone.  711 
 712 
Combining wind and solar energy in a hybrid power plant can be expected to contribute to 713 
balancing such wind energy-droughts. While hybridization generally does not mitigate the 714 
total number of energy-drought days in Rajasthan, there are clear benefits to hybridization in 715 
South India during May to October, as compared to solar power installations alone. For the 716 
droughts with return periods in the range of 20 to 30 years there is a reduction of 4 to 6% in 717 
the drought intensity by hybridization compared to solar in South India during May to 718 
October. 719 
 720 
Extreme wind-droughts have much shorter return periods compared to solar as well as hybrid 721 
droughts. For wind, drought with 10-year return period or 10-year drought would correspond 722 
to an average generation of less than 0.1% of annual mean generation for consecutive 10 723 
days. Whereas, for solar and hybrid plant, a 10-year drought would correspond to an average 724 
generation of less than 38% and 41% of the annual mean generation for consecutive 10 days 725 
in South India. Larger return periods correspond to rarer events, and in South India, it is 726 
evident that hybrid plants have larger return periods than even solar for the same drought 727 
intensity.  728 
 729 
Thus, the analysis suggests clear advantages of two-fold policy intervention. Firstly, to 730 
incentivise the installation of solar-wind hybrid plants on a region-specific basis, depending 731 
on the specific advantages. Secondly, to mitigate renewable energy-drought at the country 732 
level through strengthening of the national grid and promote inter-regional renewable energy 733 
trade. 734 
 735 
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