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Abstract

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

Keywords

Wind energy-drought, solar energy-drought, wind-solar hybrid energy-drought, weather
generator, benefits of wind-solar hybridization;

Highlight

o Stochastic weather generator (long timeseries) is used for drought analysis.

e Wind-droughts are more intense than solar-droughts over India.

e Wind-solar hybridization reduces drought intensity more effectively in South India
e Incentives for hybrid plants should be region specific.

o Hybrid energy droughts are complementary between regions (south and west India)

Word Count: 7000
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1. Introduction

Worldwide, a large fraction of greenhouse gas emissions come from the energy sector, and
taking into account the contribution from industry and buildings, this constitutes two thirds
of global greenhouse gas emissions (Lamb et al., (2021)). As the single largest source of
greenhouse gas emissions, the sector comprising energy systems contribute 34% of global
emissions (Lamb et al., (2021)). Decarbonization of the energy sector, of which electricity
generation is an important component, is essential to achieve net-zero emissions and carbon
or climate neutrality. Renewable energy installations such as wind and solar power plants are
expected to grow rapidly around the world, increasing the share of renewables in the
electricity grid. As a major economy aspiring to decarbonize its grid, India has set an
ambitious target to increase its non-fossil energy capacity to 500 GW and meet 50 percent of
its energy requirements from renewable energy by 2030 (COP 26) (GOI (2021)). In line with
the earlier COP21 target, India already had plans to install 100GW solar and 60GW wind
capacity by 2022 (Chakravarty and Ahuja (2016)).

Renewables such as weather-dependent wind and solar, due to their intermittency or
variability are non-dispatchable energy sources. This means that renewables cannot provide
other additional and mandatory grid services apart from delivering energy depending on
weather conditions (IPCC (2012), Bremen (2010), Jurasz et al. (2020)). Wind and solar-
droughts or no-generation-days that occur due to weather variability can severely impact the
electricity grid's stability in a renewable-rich grid. Due to lower or no-generation from
renewables, there can be unscheduled long-duration power cuts in a renewable rich grid
system. Brown et al. (2019) highlight the challenge of cold winter wind lulls or no generation
days. On days with cold temperature, calm wind and low solar radiation (‘cold dark wind
lulls’), the imbalance between the demand and supply may become critical (Zeyen et al.
(2021)). Severe grid instability may lead to grid collapse (Kong et al. (2014), Liang (2016),
Ryberg (2019)). The present study is focused on assessing the risk of extreme no generation
events from wind, solar and wind-solar hybrid. We are not explicitly considering power
system reliability.

The wind calms or low-wind speed periods have been analyzed for different regions
worldwide. Deaves and Lines (1998) focus on understanding atmospheric conditions giving
rise to low wind speeds to assess risk for hazardous installations that depend on wind speed
in UK. Poje (1992) analyzes observations to investigate wind persistence in Croatia and
consequences for the potential utilization of wind. More recent literature discusses low wind
events from the perspective of renewable electricity generation. Leahy et al. (2012) analyze
the return period of low levels of wind generation based on 12 sets of station measurement
data from Ireland starting from 1980. They demonstrate that prolonged low wind periods at
any location cannot be inferred from the mean wind speed alone. Handschy et al.(2017) find,
using observations from 9 measurement stations over six years, that the number of low-power
hours per year declines exponentially with the number of uncorrelated wind sites being
aggregated. Their study does not consider the time duration of individual low-wind-power
events. Pryor et al. (2020) explore the variability in wind generation across the United States
based on the ERAS dataset of 40 years. The study highlights the benefits of large balancing
areas and aggregation in reducing wind power variability and limiting the likelihood of wind-
droughts.

Studies have also considered low solar generation events. Low solar generation may occur
due to overcast conditions, persistent low-level clouds, and dust outbreaks. Severe dust
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storms have a critical role in this (Rieger et al. (2017), Kosmopoulos et al.(2017), Masoom et
al. (2021)). Literature show that extreme dust events can result in Global Horizontal
Irradiance attenuation by as much as 40-50% and a much more substantial Direct Normal
Irradiance decrease (80-90%). Such severe dust storms have affected solar generation in
Germany (2014), the eastern Mediterranean region (2015), and the northwestern part of the
Indian subcontinent (2018) in the recent past.

There have been considerable efforts to study solar wind hybrid systems from the perspective
of complementarity, reliability, design, operation, and optimum size (Takle and Shaw (1979),
Nema et al. (2009), Zhao et al. (2010)). The complementarity of solar and wind would mean
that wind generation is available when solar generation stops or reduces and vice versa. On
the hourly timescale, when taking diurnal variations into account, solar and wind energy
show complementarity since solar power is generated during the day, and high wind
generation generally occurs after sunset. Various studies discuss seasonal complementarity
between wind and solar power in different regions. The pioneering work in this area, Takle
and Shaw (1979), explores the temporal complementarity between solar and wind resources
in Jowa. They show existence of strong complementarity between wind and solar on an
annual basis. However, there is only slight complementarity on a day to day basis. Schindler
et al. (2020), an analysis based in Germany, suggest that wind-solar complementarity
depends on the timescale and is region-specific. Sun et al. (2019), a UK system based study
and Han et al. (2019) also find that correlation or complementarity between wind and solar
generation depends on the season. Based on the hypothesis that wind and solar resources are
complementary to a certain extent, wind-solar hybridization might mitigate combined energy-
droughts.

Combined renewable energy-drought in the context of a renewable-rich electricity system is
an essential topic of investigation. Raynaud et al. (2018) discussed "energy-droughts" for
wind, solar and run-of-the-river hydropower in Europe using 30 years of historical data. The
study found that energy production droughts vary from source to source. They observed that
in Europe, wind power droughts are short but frequent, while hydropower droughts are rare
but long. They found solar power droughts to be very region-specific, with longer droughts in
Northern Europe. Jurasz et al. (2021) discuss the complementarity and 'Resource-Droughts'
of Solar and Wind Energy in Poland based on 40 years of ERAS data. They found that
hybridization reduces the possibilities of joint wind and solar-drought in Poland.

Some studies define energy drought as “lulls”. Location has a strong influence on wind
energy lull length (Pdder et al. (2009)). For example, the difference in the average duration of
an energy lull between a coastal area and inland can be more than twofold. Pimm et al.
(2014) suggest that with high penetration of wind generation, lulls in the wind resource must
be compensated with other generation sources and energy storage. Renewable energy power
plants can use battery storage to ride through “lulls” (Yang et al (2018)), and demand side
management to manage short term renewable energy lulls has also been proposed (Nikolic
(2019)). However, for extreme droughts, which are the focus of the present study, the size of
the storage system would be very large and will also be inefficient as they would be used
rarely. In this work we explore whether extreme drought events can be mitigated by
hybridization of wind and solar.

Ryberg (2019) conclude that hybridization of wind and solar would be beneficial in reducing
the span of “lulls” in Europe. However, most of these studies are based on relatively short
observational datasets of less than 30 years. The different impacts of hybridization on
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renewable energy lulls in India remain unexplored. In this work we use a stochastic weather
generator, IMAGE, to simulate much longer synthetic datasets for a more complete lull
analysis. Thereby, we compare the benefits of hybridization for different regions of India.

Available literature analyzes the observational data that is of limited duration (30 to 40 years)
(Raynaud et al. (2018), Sun et al (2019), Ryberg (2019), Schindler et al, 2020). Pfenninger
(2017) demonstrates considerable inter-annual variability in wind and PV power output. This
further complicates the study of reliability for renewable rich grids and highlights the
necessity of long time-series. The study (Pfenninger (2017)) notes that model results for
renewable rich systems using a single or few years of data are likely unreliable. Therefore,
discussion of low-probability high-impact renewable energy-droughts (in a renewable rich
grid) that have long return periods (in the range of up to 30 years) is limited in the literature.
The present study seeks to complement the existing literature by exploring the risk of wind,
solar, and wind-solar powered energy-droughts based on simulated long time series (5000
years).

While most of the available literature considers a return period of 30 years or less for energy-
droughts, here, we estimate such return periods of various energy sources with much higher
confidence, owing to the use of a weather generator to simulate long time series for the risk
analysis of energy-droughts for the first time. This study is also the first analysis of the
impact of wind-solar hybridization on renewable energy-droughts in India. Further, the
different impacts of wind solar hybridization on renewable energy lulls in various regions
remain unexplored. This paper for the first time compares the benefits of hybridization in two
different regions and shows that the benefits of hybridization are regionally variable. We
investigate if the effect of hybridization is similar across the country's different wind and
solar energy-rich regions.

Low-probability, high-impact weather events, such as wind and solar-droughts or no-
generation-days, are important but difficult to identify based on limited instrumental datasets
and the reanalysis products based on them. This is a research gap in the available literature.
This paper is novel in using a stochastic weather generator to simulate extreme wind and
solar generation events based on long time series (5000 years) to generate many realizations
of drought events and thus estimate the risk of wind, solar, and wind-solar powered energy-
droughts across India.
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2. Data

We have used daily average solar irradiance (mean-surface downward short-wave radiation
flux) and wind speed magnitude at 100 m above ground level for 41 years (1979 —2019)
from the ECMWF reanalysis product ERAS (ERAS (2021)) as inputs to the weather
generator. ERAS, a globally complete and consistent reanalysis dataset is created by
combining model simulations with observations from across the world. Hourly estimates of
many atmospheric, ocean, and land-surface quantities are provided by ERAS datasets. ERAS
is considered one of the most reliable reanalysis datasets at high spatiotemporal resolution,
and assimilates a large number of observations globally as well as satellite products during
the past 40 years, providing near global coverage. Therefore, it has been used extensively to
study renewable energy generation (Oluson J, (2018), Gualtieri G, (2021) McKenna et al.,
(2022)). As the hub-heights of various onshore wind turbines are roughly 100 m above
ground level, we have used the wind speed at that height. The ERAS5 dataset has a spatial
resolution of (0.25 x 0.25), and the temporal resolution of the dataset is hourly. The ERAS
data has been upscaled to 1 x 1 degree resolution, prior to serving as input to IMAGE. We
have also used daily average values (across 24 hours) of wind speed and solar irradiance as
inputs to IMAGE. In the paper, we refer to mean surface downward short-wave radiation flux
(SSRD) as downward solar radiation (DSR).

3. Methodology

We select the study regions based on different parameters. One of the criteria used is the
average available energy. Wind-solar day-to-day correlation is used as another parameter.
Two areas with positive and negative correlations are chosen to explore if the impact of
hybridization on renewable energy drought depends on the wind-solar daily correlation. We
use different approaches to estimate the impact of hybridization on combined renewable
energy-droughts based on long-period simulation. ERAS reanalysis data is used as input.
Long-term evaluation of the impact of hybridization needs longer time series of wind and
solar generation. These time series can be generated using IMAGE stochastic weather
generator. The power of using such a generator is to generate long realizations, from which
distributions of rarer events can be obtained. The IMAGE model is not used to forecast wind
speed or solar irradiance. A stochastic weather generator, IMAGE preserves the input
variable statistics and simulates wind speed and solar irradiance considering the correlation
between the input variables.

3.1 IMAGE model Validation

Imperial College Weather Generator (IMAGE) is a massively multi-site, multivariate daily
stochastic weather generator. Sparks et al. (2018) provide more details about the model
including a flow chart. IMAGE captures spatial and temporal correlations between various
weather parameters such as wind speed and solar irradiance while generating simulated long
time series of arbitrary length, based on the statistics of the input datasets. Thus, the generator
can be used to estimate probabilities of rare events such as low wind and solar generation.
Here, we use IMAGE to gain new insights into the possibility of wind, solar, and wind-solar
combined droughts in the long run in a decarbonized grid.

We evaluate whether the statistics of the input data are preserved by IMAGE. Gangopadhyay
et al. (forthcoming) show that IMAGE simulations accurately capture the mean, spatial
correlation and seasonality in wind speed over India. We validated the solar irradiance
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simulated by IMAGE (Appendix A) and found that IMAGE captured the statistics of solar
irradiance reasonably well. The R square value of a linear regression between the mean
downward solar radiance (DSR) of input and simulated output is 0.99, and the bias is small.
We also examine whether the model captures low-probability extreme events. Gangopadhyay
et al. (forthcoming) show that the model could capture the overall trend of return periods for
various wind-drought intensities. Here, we verify that IMAGE can capture the return period
trends of extreme solar irradiance events as well (Appendix A). We found that the
performance of IMAGE was satisfactory for two high solar-resource regions within
Rajasthan and South India. In addition, we verify if IMAGE simulations could estimate the
correlation between two different weather variables, wind speed and solar irradiance, which
affects the benefits of hybridization.

We simulate 5000 years of daily possible wind and solar generation using IMAGE, with
inputs from ERAS reanalysis from 1979 to 2019. We estimate the impacts of hybridization
based on this simulated time series. The benefits of wind-solar hybridization would be more
effective in avoiding wind and solar low energy days if wind and solar outputs are either
weakly correlated or negatively correlated. We evaluate the correlation between wind and
solar generation for grid locations (720 grids) over India during different time periods. The
impact of hybridization on annual and extreme droughts with longer return periods are
estimated for two different grid locations in the Rajasthan region (26N, 71E) and South India
(17N, 76E). Both locations have the highest average wind speed in their respective regions.

3.2 Simulation of power generation

Wind speed from ERAS and predicted by IMAGE is converted to wind generation using a
manufacturer's power curve (Wind turbine model, 2021). Based on the daily average wind
speed, we calculate the total wind energy generated in a day and normalize the generation so
that the maximum generation is 1. The solar irradiance is also converted to daily solar
generation using an energy conversion model. We assume a panel size of 1.65 square meters,
a panel efficiency of 15% (WAAREE, 2021), and a DC to AC conversion efficiency of 75%.
Hybrid power generation is estimated based on wind and solar generation at the
corresponding location. We have used an equal wind and solar mix (1:1) to estimate the
hybrid generation. All the daily generation values (G) are normalised and denoted in the
range from 0 to 1, where 1 indicates the maximum possible generation. For normalization,
the generation time series (365 x 5000 years) for the particular grid locations are divided by
the maximum value for that location.

3.3 Annual drought definitions

We define annual energy-droughts in terms of shortfalls in simulated energy production.
Considering a daily time-step for the analysis, we define “drought days” by a range of
threshold intensities, as days having from 5% to 50% of the mean generation of that day of
the year (threshold value - E¢,(i))) owing to reduced wind-speed, solar irradiation, or the
combination in case of hybrid plants. We create an index time series (I(i, j)) for each
generation time series. The value of the index is binary (can be 0 or 1). The binary index
(I1(i,))) equals 0 when the daily generation is greater than the threshold) and equals 1 when
lower than the threshold. That is, values of 1 indicate a drought on that day (Eq. (1)). The
threshold (E (1)) varies by day of the year, but is unchanging across years, describing the
corresponding fraction of the climatological average for that day. Previous studies have used
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a similar index series methodology (e.g., Raynaud et al., (2018), Ohlendorf and Schill (2020),
Jurasz et al. (2021)) to compare energy-droughts from different sources.

1(6,j) =1if E(i,j) < Egn(D)
1G,/) = 0if E(i,)) > E(i)...Eq.1

Where Ei, (i) = x X Epeqn(D)
x varies from 0.05 to 0.5,i varies from 1 to 365 and j varies from 1 to 5000

The total duration of drought is estimated based on the total number of days for which the
index time series is equal to 1 in a particular season. We compare the total duration of these
drought days estimated as the percentage of the total number of days in the period of interest
(May-October; November-April) for different sources (wind, solar, and hybrid) over India.
Lastly, we define the drought intensity (DI) as per (Eq. (2)).

DI =1—-x...Eq.(2)
DI = Drought intensity and x varies from 0.05 to 0.5
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3.4 Assessment of correlation between wind and solar generation

Based on IMAGE simulation we estimate correlation between wind and solar generation all
over India during different time periods.

3.5 Extreme droughts with longer return periods

IMAGE simulations have been analyzed to estimate the statistics of low-probability extreme
events that can adversely impact grid operation. We estimate return periods of extreme
droughts, corresponding to several days of continuous drought for wind, solar and hybrid
sources for the two regions, Rajasthan and South India. Here, droughts are identified by
considering the 10-day moving average (or running mean) of generation and defining a
drought as one where this declines below the thresholds defined as 1% - 50% of seasonal
mean generation. Here also drought intensity is defined using Eq. (2). However, the value of
x varies from 0.01 to 0.5.

First, we determine the years (from 5000 years) when a particular drought intensity occurred.
We estimate the difference (years) between these occurrences for every drought intensity.
These differences between occurrences are defined as return periods. The return period
calculation is done for three different sources wind, solar, and hybrid (wind:solar = 1:1) and
for two different grid locations. Finally, the mean return periods for different drought
intensities for different energy sources are compared. We have used standard deviation of
means as an indicator of variability or uncertainty associated. The standard deviation of
means can be estimated based on Eq. (3).

Om = \% ...Eq. 3)

o, = Standard deviation of mean return period
o = Standard deviation of return periods for a particular drought intensity
n = Number of estimation of return periods available for the drought intensity

4. Results
4.1 Energy Climatology

Wind and solar energy resources are not equally distributed all over India. Figure 1A shows
the mean of daily average wind speed, and Figure 1B shows the mean of daily average solar
irradiance over India based on 41 years (1979 to 2019) of ERAS reanalysis data. The Tibetan
Plateau act as a barrier to the monsoon winds and has low cloud cover and high solar
irradiance (Appendix B). India's southern and western regions have more wind and solar
potential than other onshore locations. We have considered two respective regions from
South India and Rajasthan, identified as rectangles in the Figure, for further analysis.
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A Daily average wind speed (m/s) in India

B  Daily average solar irradiance (W/m”2) in India
(ERAS5 (1979 - 2019) based)

(ERA5 (1979 - 2019) based)
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Figure 1A. Long-term mean of daily average wind speed over India; B. Long-term mean of
daily average solar irradiance over India; Data used: ERAS reanalysis (1979 to 2019). The
regions from Rajasthan and South India for further analysis are indicated with rectangles.

There is seasonal variation in wind and solar generation. The seasonal variation is larger in
the case of wind. Figure 2 shows that wind generation peaks during monsoon months (May to
October) in both the regions (Rajasthan and South India). Solar generation is influenced by
the seasonal variation of the solar zenith angle, causing it to increase during the summer
months. However, this tendency is interrupted during monsoon months (June-September)
owing to increased cloud cover, and there is a reduction in solar generation during these
months. In this study, we focus on the performance of wind-solar hybrid plants during two

equal periods of the year (May-October: green shaded; November-April: unshaded in Figure
2), mainly based on this seasonal pattern of generation.

10
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A Rajasthan: Wind and solar generation pattern B South India: Wind and solar generation pattern
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Figure 2A. Long-term mean of daily average generation pattern of wind and solar power
based on ERAS (41 years — 1979 to 2019) in South India region; B. Long-term mean of daily
average generation pattern of wind and solar based on ERAS (41 years — 1979 to 2019) in
Rajasthan region; We focus on the performance of wind-solar hybrid plants during two
periods of the year, (May to October: green shaded and November to April: unshaded);

A critical test is to verify whether IMAGE simulations preserve the correlation between
different weather variables. In the present paper, the benefits of hybridization depend on the
correlation between wind speed and downward solar radiance (DSR). Figure 3 plots this
correlation for 40 randomly chosen locations. The value of this correlation coefficient for the
IMAGE simulations closely approximates the corresponding coefficient estimated directly
from ERAS analysis, showing that this variable is captured by the simulations reasonably
well. The slight positive bias is caused by underestimated negative correlations by IMAGE
compared to ERAS.

11
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Figure 3. Coefficient of correlation between wind speed (m/s) and DSR (W/m?) for 40 test
locations. Vertical axis shows the correlation in IMAGE simulations, while horizontal axis
shows corresponding coefficient from ERAS analysis (1979-2019); Each point indicates
median values for a location. The vertical bars show the distribution across 100 ensemble
members, having length equal to the input data (41 years); The x =y line is shown in black.
R-square value of the linear model between the coefficient from ERAS and median
coefficient from IMAGE simulations is 0.99; Bias is 0.01;

The correlation between wind speed and DSR is critical for understanding the patterns of
generation smoothing achieved by hybridization of wind and solar. The patterns of wind and
solar generation are themselves geographically variable, and seasonally dependent. In regions
and during seasons where wind and solar generation are more negatively or even weakly
correlated, one can expect larger complementarity between wind and solar power and related
benefits of hybridization. This section examines the spatial patterns of association between
wind and solar power generation.

On the hourly timescale, when taking diurnal variations into account, solar and wind energy
show diurnal complementarity since solar power is generated during the day, and high wind
generation often occurs after sunset at various locations (Lave and Ellis (2016),
Gangopadhyay et al.(2019)). These hourly variations in a day give rise to the negative
correlation between wind and solar generation on the hourly timescale.

Our paper focuses on understanding the benefits of hybridization on the daily timescale when
considering day-to-day fluctuations in the total daily energy production. In this case, it is not
inevitable that the daily variations of wind and solar power generation be negatively
correlated with each other. In India, the temporal correlation between daily wind and solar
generation exhibits considerable spatial variation. The correlation also changes by season.
Figure 4 shows these results. From 5000 years IMAGE simulation, we estimate that South
India experiences a negative correlation between daily wind and solar generation during the
months of May to October, while Rajasthan has a positive correlation between these two
variables during this period (Figure 4A). This is because, while windy days are cloudier in
South India, in Rajasthan, the opposite occurs during this period, and high wind days are less

12
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associated with cloud cover (Appendix B). The statistical significance of the correlation is
not discussed here as we focus on the weakly-correlated and negatively correlated regions,
where generation smoothing can occur. The slight negative correlation observed in South
India during November to April contrasts with the behaviour seen over much of India, which
has a positive correlation between wind and solar generation during this period (Figure 4B).
The negative correlation in South India between solar and wind generation is weaker during
November to April compared to May to October season. Therefore, hybridization would be
more beneficial in avoiding droughts from May to October. Moreover, these benefits would

be experienced selectively in some regions, namely those in South India, where the
correlation is either small or negative.
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Figure 4.A.Correlation coefficient between daily average wind and solar generation for May-
October; B. Correlation coefficient between daily average wind and solar generation for
November-April over India; The correlations are calculated based on 5000 years of
simulations using the stochastic weather generator IMAGE; The statistical significance of the

correlation is not indicated here as we focus on the uncorrelated and negatively correlated
regions.

4.2 Impact of hybridization on seasonal renewable droughts
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Through analysis of IMAGE simulations, we are able to compare the frequency and severity
of a wide range of energy-droughts in the case of wind, solar, and hybrid power plants. To
begin with, we study the relation between drought intensity and its regularity for these plants
in the two regions and periods described above. Severity is measured by the drought intensity
defined in Eq. (2) of Section 3.5. Regularity, or duration, is measured by the fraction of days
during which the drought of the corresponding intensity occurred.

Results are shown in Figure 5. For the same drought intensity, the wind-droughts are much
more regular than solar-droughts, as they occur for a larger fraction of days and thus over a
larger duration during the period. This occurs even during the high wind season of May to
October. Consequently, for different intensities of drought, as measured by the shortfall in the
generation, a wind power plant would experience many more such drought days than a solar
plant in any given period. This can pose a considerable challenge for grid integration of wind
power alone.

Combining wind and solar energy in a hybrid power plant can be expected to help balance
such wind energy-droughts. We have used an equal wind and solar mix (1:1) to estimate the
hybrid generation. The detailed analysis for South India during May to October (high wind
season) is included in Appendix C. For the South India location increasing the proportion of
solar in the mix increases the return periods for given drought intensity. When the solar
contribution becomes much larger than the wind the return periods decrease again. Hence, it
would be possible to find an optimal mix of wind and solar for any location to reduce the risk
of hybrid energy droughts.

In general, where the correlation between wind and solar generation is either negligible or
more negative, such benefits can be expected to be present. This is indeed confirmed by the
results shown in Figure 5, which includes calculations for a hypothetical hybrid plant with an
equal combination of wind and solar capacities. The circles in Figure 5 indicate the means,
while the vertical lines show the confidence interval (25th-75th percentile estimates) of
drought days each season during the 5000-year period.

While hybridization generally does not mitigate the total number of energy-drought days in
Rajasthan, there are clear benefits to hybridization in South India from May to October
(Figure 5B). This is consistent with the observation in Figure 4 that South India experiences a
negative correlation between wind and solar generation during these months. As a result,
whereas solar power experiences moderate droughts compared to wind, hybridization helps
in reducing the total number of energy-drought days in South India even compared to solar
power for these moderate droughts with intensities in the range of 0.5 - 0.65, where the
benefits of hybridization in Rajasthan are absent.

Solar drought is very rare during November to April. However, wind power generation
experiences frequent droughts, which are, in fact, slightly more regular during this period
compared to the other months (Figure 5C, D). Despite this, during November to April, for
South India, the hybrid combination of wind and solar performs better than solar alone for
moderate drought intensities around 0.5 (Figure 5D). Overall, this suggests that in South
India, hybrid plants outperform not only wind plants but also solar plants in terms of having
fewer total number of drought days for the same drought intensity. In contrast, in Rajasthan,
the general benefits of hybridization over installing solar plants for energy-drought mitigation
are not apparent, except for a slight benefit for higher intensity droughts in May-October
(Figure 5A).
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Figure 5A. Total duration of drought as fraction of total number of days in the season (184)
from different sources over Rajasthan (May to October); B. Total duration of drought as
percentage of total number of days in the season (184) from different sources over South
India (May to October); C. Total duration of drought as percentage of total number of days in
the season (181) from different sources over Rajasthan (November to April); D. Total
duration of drought as percentage of total number of days in the season (181) from different
sources over South India (November to April); “combo-1:1" refers to wind & solar hybrid
plants, with equal wind and solar generating capacities. The circles indicate the mean while
the vertical lines show the distribution of return periods (25" to 75™ percentile). The vertical
bars also indicate the related uncertainty of the findings.

4.3 Impact of hybridization on Extreme droughts

We define extreme drought as the periods when the moving average, or rolling mean, of 10
days generation is below the specified threshold (0.01 to 0.5 of the seasonal daily mean
generation). These are rare events, with return periods of many years to decades. Obtaining
an adequate sample size to estimate their statistics requires long-period simulations, and
simulations from weather generators such as IMAGE must play a vital role in understanding
these extreme events. From the sensitivity study of IMAGE (Appendix A), using input time-
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series of different lengths, we find that return periods up to 30 years can be well captured for
both the regions for the period May to October. For the period November to April, solar
droughts are very rare with return periods longer than typical plant lifetimes. Therefore, we
consider the May to October period to analyse the impact of hybridization on return periods
of energy droughts. For a particular drought intensity, the recurrence of successive drought
events simulated by IMAGE is a Poisson process with corresponding return periods
following an exponential distribution (Appendix A), so mean return periods are estimated by
fitting this distribution.

Figure 6 shows return periods (y-axis) of various drought intensities (x-axis) from wind, solar
and hybrid plants for Rajasthan (Figure 6A) and South India (Figure 6B) for May-October.
As expected, extreme wind-droughts have much shorter return periods than solar and hybrid
droughts. Larger return periods correspond to rarer events, and in South India, hybrid plants
have larger return periods than solar for the same drought intensity. In contrast, from May to
October, Rajasthan has longer return periods for solar plants compared to hybrid plants for
extreme drought situations, of moderate intensity, and it is only for higher intensity droughts
that the benefits become apparent. For each drought intensity, return periods are variable. In
Figure 6, the circles indicate the mean return periods (based on fitting an exponential
distribution) while the vertical lines show the standard deviation of the mean, indicating the
uncertainty in the estimates of the mean. Clearly, the mean return periods are significantly
different for solar and hybrid generation.

Thus, over South India, hybridization has larger benefits for reducing the intensity of wind
and solar-droughts. The benefits are apparent for a wide range of drought intensities, both
small to moderate droughts that typically recur more often within the lifetime of an individual
plant and the rarer high-intensity droughts. In contrast, in another wind-rich state, Rajasthan,
the benefits of hybridization are not so clear from the standpoint of energy-drought
mitigation. Even, during May to October, the high wind months, the return periods of solar
power droughts are similar to those of the combined wind-solar-drought, especially for the
more moderate intensities. Overall, hybridization will probably have smaller benefits for
reducing energy-droughts in Rajasthan for annual as well as extreme droughts. In this region,
renewable energy-droughts are best mitigated by reliance on solar power, together with other
measures.
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Figure 6A. Return periods of extreme energy-droughts (years when the running mean of 10
days generation is below the corresponding threshold given by drought intensity on the
horizontal axis) for Rajasthan (May to October); B. Return periods of extreme energy-
droughts for South India (May to October); The circles indicate the mean (based on fitting an
exponential distribution) while the vertical lines show the standard deviation of the mean,
indicating the uncertainty of estimating the mean.

These basic findings suggest that hybridization in select regions can reduce the possibility of
combined drought and make them rarer. Furthermore, these benefits are region-specific.
When these rare droughts do occur, they must be managed. Further calculations show that
when these rare droughts occur, other regions continue to generate electricity. For example,
we show that for the days when one of the regions (South India or Rajasthan) has a renewable
energy-drought, the other region has only a 10% probability of having a similar drought
(Figure 7). It can also be noted in Figure 7 that hybrid droughts (with 25% of rated generation
or less) are much more confined geographically, as compared to drought events from either
wind or solar power. This is another advantage of hybridization since hybrid energy-droughts
can be more easily balanced by a combination of wind and solar energy from other regions.

Further analysis shows that even in the case of the installation of only solar plants in
Rajasthan, the hybrid droughts in South India can be balanced by this means in case the two
regional grids were connected to each other and moreover did not face transmission
bottlenecks. During periods when there is a wind-solar hybrid drought in a simulated hybrid
plant in South India, on average, a simulated solar plant in Rajasthan continues to generate
80% of its rated generation. Thus, hybridization creates advantages not only through within-
region complementarities through the small or negative correlation between wind speed and
solar irradiation but also because there are greater possibilities for balancing the resulting
droughts from outside the region.
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Figure 7. Complementary nature of drought phenomena for wind, solar, and hybrid plants in
India; Fraction of days different regions face energy-drought while the region marked with
white boxes (Rajasthan and South India) face energy-drought; Wind, solar, and combined
drought is defined as less than 1%, 50% and 25% of maximum generations from respective
sources; A, B, C. Wind, solar and Combined droughts (as fraction of days) when Rajasthan
has drought; D, E, F. Wind, solar and Combined droughts (as fraction of days) when South
India has drought;

4.4 Effects of hybrid plants on overall generation

Wind and solar hybrid plants have clear benefits for mitigating annual as well as extreme
energy-droughts. At the same time, it is essential to investigate the consequences of
hybridization for the overall performance of the generation profile in comparison to wind and
solar plants. Figure 8 shows the plots of these generation profiles, as measured by the
cumulative distribution function (CDF) for wind, solar and hybrid plants, on the horizontal
axis indicating energy generation and the vertical axis showing cumulative probability. These
generation profiles illustrate a crucial difference between wind and solar in India, with wind
generation having a much more cumulative probability of low generation across seasons.
Hybridization helps in reducing this probability of low generation, thus improving the
performance for all combinations. In South India, from May to October, the hybrid plants
marginally outperform even solar plants with a smaller cumulative probability of very low
generation of 0.25 or less (Figure 8B). In the middle of the distribution, however, solar
generation has clear advantages. In contrast for Rajasthan, the generation profile is clearly
favourable for solar plants.
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Figure 8.Cumulative distribution function (CDF) of wind, solar and 1:1 hybrid generation at
A. Rajasthan from May to October; B. South India from May to October; C. Rajasthan from
November to April; D. South India from November to April;

5. Discussion

We have shown that a multi-site multivariate stochastic weather generator can give useful
insight into the challenge of energy-droughts and quantify the benefits of hybridization.

The analysis of this paper shows that wind energy-droughts are much more frequent than
solar energy-droughts of comparable intensity, and therefore solar power is an advantageous
renewable energy choice for India from the perspective of mitigating energy-droughts. The
hybridization of wind and solar makes renewable energy-droughts rarer. There have been
considerable efforts to study solar wind hybrid systems from the perspective of
complementarity on hourly and seasonal basis. However, discussion on day-to-day
complementarity is scarce in the literature. The manuscript explores the benefits of
hybridization in terms of reduced renewable energy droughts for regions having negative
correlation or complementarity of wind-solar (South India) in comparison with positively
correlated regions (Rajasthan). Hybrid plants have advantages in South India as compared to
not only wind but also solar power plants, for mitigating energy-droughts.

Energy-drought is only one of many factors for evaluating the optimal energy mix and

electricity capacity planning within a country. Factors such as total electricity supply,
avoiding over-generation or surplus power, balancing generation with demand, limiting fuel

19



658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707

import costs, minimizing per capita emissions from the life cycle of energy generation,
managing the demand for land, and minimizing total energy and electricity systems costs also
need to be considered when evaluating various energy mix options (Saraswat and Digalwar
(2021), Laha et al. (2020)). Rose et al. (2020) argue that wind resources are better correlated
than solar resources with the seasons and times of day when energy demand is high.
However, they agree that wind resources experience very high seasonal variability.
Increasing wind capacity typically involves concomitant investments in gas generators and
storage to provide continuous power supply during periods of low wind speed.

It is vital to examine the kind of policy changes required to incentivise the installation of
wind-solar hybrid plants, especially in those regions where the possibility of combined
drought reduction exists. The drought mitigation impacts of wind-solar hybridization remains
unexplored in the literature. Based on our analysis, it would be beneficial to encourage the
strategic installation of hybrid plants to mitigate renewable energy-droughts. In a deeply
decarbonized electricity grid, renewable energy-drought is an important and growing
challenge.

In addition, policy framework needs to be established to assist in strengthening of grid
interconnections across India. These would result in balancing regional-scale extreme
renewable energy-droughts. India has five grid regions, and they have limited
interconnections. Inter-regional grids need to be strengthened to mitigate regional-scale
renewable energy-droughts in a renewable-rich grid, and inter-regional energy trade needs to
be encouraged.

6. Conclusion

This study for the first time use a weather generator to simulate long time series for exploring
the risk of wind, solar, and wind-solar energy-droughts. Low-probability, high-impact
weather events, such as wind and solar-droughts or no-generation-days, are important for
future electricity grids that would be renewable rich. However, it is difficult to identify these
drought events based on the limited historical datasets. While the available literature
considers a return period of 30 years or less for energy-droughts, the small sample size of
some of these drought events makes estimating their statistics difficult. Using long-period
simulations from a weather generator, we estimate average return periods of various energy
sources in the range of 30 years with much higher confidence.

Two different grid locations from renewable-rich areas of India (Rajasthan, South India) are
used for detailed analysis. The calculations are done for two different time periods May to
October and November to April. We found that the temporal correlation between daily wind
and solar generation exhibits considerable spatial and seasonal variation over India. From
5000 years of IMAGE simulation, we estimate that South India experiences a negative
correlation between daily wind and solar generation during much of the year, while Rajasthan
has a positive correlation between these two variables. We find that hybridization would be
more beneficial in avoiding droughts during May to October. Moreover, these benefits would
be experienced selectively in some regions, namely those in South India, where the
correlation is either small or negative.

We consider the impact of hybridization on annual as well as extreme droughts with longer

return periods in this paper. For the same drought intensity, wind-droughts are much more
frequent than solar-droughts, as they occur for a larger fraction of days and thus over a larger
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duration. This occurs even during the high wind season of May to October. Consequently, for
different intensities of drought, as measured by the shortfall in the generation, a wind power
plant would experience many more such drought days than a solar plant in any given period.
This can pose a considerable challenge for grid integration of wind power alone.

Combining wind and solar energy in a hybrid power plant can be expected to contribute to
balancing such wind energy-droughts. While hybridization generally does not mitigate the
total number of energy-drought days in Rajasthan, there are clear benefits to hybridization in
South India during May to October, as compared to solar power installations alone. For the
droughts with return periods in the range of 20 to 30 years there is a reduction of 4 to 6% in
the drought intensity by hybridization compared to solar in South India during May to
October.

Extreme wind-droughts have much shorter return periods compared to solar as well as hybrid
droughts. For wind, drought with 10-year return period or 10-year drought would correspond
to an average generation of less than 0.1% of annual mean generation for consecutive 10
days. Whereas, for solar and hybrid plant, a 10-year drought would correspond to an average
generation of less than 38% and 41% of the annual mean generation for consecutive 10 days
in South India. Larger return periods correspond to rarer events, and in South India, it is
evident that hybrid plants have larger return periods than even solar for the same drought
intensity.

Thus, the analysis suggests clear advantages of two-fold policy intervention. Firstly, to
incentivise the installation of solar-wind hybrid plants on a region-specific basis, depending
on the specific advantages. Secondly, to mitigate renewable energy-drought at the country
level through strengthening of the national grid and promote inter-regional renewable energy
trade.
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