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1 | INTRODUCTION

1.1 |

Global increases in renewable energy are required to
meet carbon mitigation targets. India is increasingly

Renewable energy in India

Hannah C. Bloomfield >*

Abstract

As both the population and economic output of India continue to grow, so
does its demand for electricity. Coupled with an increasing determination to
transition to net zero, India has responded to this rising demand by rapidly
expanding its installed renewable capacity: an increase of 60% in the last
5 years has been driven largely by a quintupling of installed solar capacity. In
this study, we use broad variety of data sources to quantify potential and real-
ized capacity over India from 1979 to 2022. For potential capacity, we identify
spatiotemporal patterns in solar, wind, hydro and wave power. We show that
solar capacity factor is relatively homogeneous across India, except over the
western Himalaya, and is highest during the pre-monsoon. Wind capacity fac-
tor is highest during the summer monsoon, and has high values off the south-
ern coast, along the Western Ghats, and in Gujarat. We argue that wave power
could be a useful source of renewable energy for the Andaman and Nicobar
Islands, which are not connected to the main Indian power grid. Using gridded
estimates of existing installed capacity combined with our historical capacity
factor dataset, we create a simple but effective renewable production model.
We use this model to identify weaknesses in the existing grid—particularly a
lack of complementarity between wind and solar production in north India,
and vulnerability to high-deficit generation in the winter. We discuss potential
avenues for future renewable investment to counter existing seasonality prob-
lems, principally offshore wind and high-altitude solar.

KEYWORDS
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investing in renewables (including wind, solar and
hydro). As of July 2023, India has 179 GW of renewables
installed including 42.8 GW of wind power, 67.1 GW of
solar power and 46.9 GW of large hydropower (Indian
Power Industry, 2023). The potential for further renew-
ables to be built over India is very high for wind power
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(Deshmukh et al., 2017, 2019; Hossain et al., 2016), solar
power (Deshmukh et al., 2017, 2019; Jain et al., 2020;
Mabhtta et al., 2014; Muneer et al., 2005), and hydropower
(Xu et al., 2023). Currently, all of India's wind power gen-
eration is onshore. There are downsides to onshore wind,
including land acquisition issues, turbine noise disrup-
tion and potential disruption to bird migration patterns
(Saidur et al., 2011). Therefore, offshore wind potential
off the coast of India is also being investigated (Hossain
et al., 2016; Kulkarni et al., 2018a), although some of
these factors could still be an issue. New developments in
floating wind farms, which reduce the usual depth
requirements of ~50 m for fixed foundation wind farms
to much larger values, increase the viability of offshore
wind for India (Wu et al., 2019).

Power system modelling simulations show that it is
possible for India to meet its climate mitigation targets by
adopting large shares of renewable generation if it is
complemented by large-scale installation of storage tech-
nologies to meet demands in times of particularly low
renewable generation output (Gulagi et al., 2017, 2020;
Lu et al., 2020; Lugovoy et al., 2021). One of the key chal-
lenges for operating resilient power grids with large pene-
trations of renewables is managing the variability of
weather-dependent renewables (Bloomfield et al., 2016).
Both synoptic conditions and local disturbances can
influence renewable generation outputs (as outlined in
Section 1.3). Managing this variability is an ongoing chal-
lenge for transmission and distribution grid operators.

1.2 | Managing renewable variability

Historically, grid resilience would have been managed
using metered demand and supply time series. However,
with the increasing quantities of renewable generation
now being installed and the rapid electrification of the
heat and transport sectors, historical data are now a poor
proxy to understand real-time grid operations (Bloomfield
et al, 2021). Reanalyses have therefore become a key
meteorological data source to quantify renewable variabil-
ity in regions where metered data sources are sparse.
These gridded optimal combinations of meteorological
observations and a numerical weather prediction model
can be used to produce synthetic demand and renewable
time series for historical periods to characterize variability
(e.g., Bloomfield, Brayshaw, et al, 2022; Dubus
et al., 2022; Pfenninger & Staffell, 2016; Staffell &
Pfenninger, 2016), which then become inputs for power
system modelling simulations. These synthetic renewable
datasets are generally validated on historical observations
(e.g., from the ENTSO-e Transparency Platform for
Europe, https://transparency.entsoe.eu/). However, such

observations are not always available for developing
regions in an easily accessible format (or the renewable
generation may not be built yet), so theoretical generation
profiles are often calculated instead (Bloomfield,
Wainwright, et al., 2022; Dunning et al., 2015).

Previous reanalysis-based work over India has
focused on the seasonal balance of demand and wind
power generation, particularly focusing on the impact of
the Indian monsoon. Dunning et al. (2015) showed that
during active monsoon phases there tends to be lower
temperatures (suggesting a reduced requirement for air
conditioning demand) and strong winds, therefore high
wind power output; whereas monsoon breaks tend to be
associated with higher temperatures (so increased
demand) and reduced wind power generation. The break
phases also are associated with dry spells, so increased
agricultural demand for water pumping (Kulkarni
et al., 2018b). Alongside this, Gopi et al. (2021) showed
that PV plants in southern India experience reduced out-
put during the monsoon period due to increased cloud
cover. The spatiotemporal complementarity of wind and
solar has been highlighted as a potential way to ‘over-
come the monsoon hurdle’ (Gulagi et al., 2020).

On shorter timescales, a particular resilience chal-
lenge to highly renewable systems are multi-day periods
of low renewable generation, often termed wind
droughts, or dunkelflaute if solar generation is also
included. Gangopadhyay et al. (2022) investigated the
potential for these periods of prolonged low wind genera-
tion over India using a stochastic weather generator,
finding that there tend to be dipoles in generation avail-
ability between Rajasthan (northwest India) and south-
ern India. This suggests that regional-scale wind
droughts could be avoided through good interconnection
of neighbouring energy grids.

1.3 | The weather and climate of India
India has a diverse range of climate zones, including
tropical lowlands and coastal hills in the south, arid
regions in the west, mountains across the north and tem-
perate zones in the northeast (Beck et al., 2018). Strad-
dling both the tropics and subtropics, India undergoes
complex annual variations in weather, which could
impact renewable power production. This can broadly be
categorized into four seasons.

Perhaps the most prominent of these is the summer
monsoon, whose onset slowly covers the country from south
to north throughout June, and which then slowly withdraws
in the opposite direction during September (Fasullo &
Webster, 2003). The summer monsoon is at full strength in
July and August, although it is impacted by significant
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intraseasonal variability. The majority of mean and extreme
precipitation in the summer monsoon, as well as its strongest
winds, are associated with the passage of monsoon low-
pressure systems (LPSs; Hunt & Fletcher, 2019; Thomas
et al., 2021). The monsoon is fed by moisture brought to the
subcontinent by the Somali jet, which provides constant, rea-
sonably strong, low-level westerlies to the south and centre
of the peninsula. The resulting widespread precipitation is
also associated with heavy cloud cover.

Following the withdrawal of the summer monsoon,
the subcontinent experiences post-monsoon conditions,
which persist through October and November until the
arrival of the upper-level subtropical jet over northern
India, which marks the start of winter. North Indian
Ocean tropical cyclones are most common during this sea-
son (Mohapatra et al., 2012). The other important feature
of this season is the so-called ‘northeast monsoon’, where
northeasterly winds bring heavy precipitation to southeast
India (Dhar & Rakhecha, 1983; Rajeevan et al., 2012).

The subtropical jet starts to move over north India in
December and is at its strongest during January and
February. It then weakens and withdraws northward
throughout March and April (Schiemann et al., 2009). The
presence of the subtropical jet marks the winter season,
which is characterized by dry conditions across southern
India, while winter storms—known as western
disturbances—impact north India, particularly along the
Himalayas, bringing large-scale cloud cover and precipita-
tion (Dimri et al., 2015; Hunt, Turner, & Shaffrey, 2018).

The period after the withdrawal of the subtropical jet
but before the onset of the summer monsoon is marked
by long spells of clear, dry conditions and weak winds,
particularly in north and central India. This is typically
referred to as the pre-monsoon and reaches its height in
April and May. The majority of heatwaves in India occur
during these months, and so the demand for air condi-
tioning is at its highest (Ratnam et al., 2016).

1.4 | Research outline

This study extends the analysis from the previously dis-
cussed papers to present the first fully open access
reanalysis-based reconstruction of existing renewable
generation in India (code available at https://github.com/
kieranmrhunt/india-renewable and data available at
https://doi.org/10.5281/zenodo.7824872).  Using  this
state-of-the-art dataset, we:

« explore the theoretical potential of renewable genera-
tion across India and propose optimal regions for
future developments;
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« present open access newly validated models of regional
wind and solar PV generation over India, based on
locations of existing renewable plants;

« quantify the spatiotemporal complementarity between
wind and solar power across India;

« highlight key time periods where the present-day
power system may be exposed to resilience chal-
lenges; and

« explore the impact of future wind and solar PV genera-
tion on grid robustness.

This article is organized as follows. Section 2 out-
lines the datasets used in the study (including hydro-
meteorological and energy-sector data). Following this,
methods to create renewable capacity factors are
described (Section 2.3) and applied to the existing
Indian renewable energy fleet (Section 2.4) followed by
some model verification (Section 2.5). The results start
by outlining the theoretical capacity of the renewable
generation (Section 3). In the remainder of the article,
the focus is on some useful applications including the
wind-solar complementarity (Section 4.1), extreme gen-
eration times (Section 4.2) and mechanisms to improve
grid robustness (Section 4.3). The article concludes with
a discussion of key findings and avenues for future
work (Section 5).

2 | DATA AND METHODS

2.1 | Hydrometeorological data

211 | ERAS

ERAS5 is the fifth generation atmospheric reanalysis of
global climate produced by the Copernicus Climate
Change Service at the European Centre for Medium-
Range Weather Forecasts (Hersbach et al., 2020). Data
from ERAS5 (available from https://cds.climate.
copernicus.eu/cdsapp#!/home) cover the entire globe
at a horizontal resolution of ~25km and resolve the
atmosphere on 137 levels from the ground up to
80 km in altitude. It covers from January 1940 until
present at hourly frequency. We use single-level
data (https://doi.org/10.24381/cds.adbb2d47) to investi-
gate fields closely related to renewable power genera-
tion: 100-m winds, 2-m temperature, downward
shortwave radiation at the surface and selected ocean
wave fields. ERA5 is commonly used as a tool for
energy-meteorology analysis due to the limited length
of observational records from existing renewable
facilities.
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GloFAS

212 |

The worldwide Global Flood Awareness System
(GloFAS; Harrigan et al., 2020), created collaboratively
by the European Commission and the European Centre
for Medium-Range Weather Forecasts, is a global hydro-
logical forecasting and monitoring system that is not con-
strained by administrative or political boundaries. It
combines cutting-edge meteorological predictions with a
hydrological model, and due to its continental scale set-
up, it can deliver information on upstream river condi-
tions as well as continental and global overviews to
downstream nations. Hydrological data from GloFAS are
freely available from the Copernicus Climate Data Store
(https://cds.climate.copernicus.eu/#!/home). In this arti-
cle, we use GloFAS-ERAS5 (Zsoter et al., 2019), a global
modelled dataset of daily river discharge created by forc-
ing the hydrological model with the ERAS5 reanalysis
(https://doi.org/10.24381/cds.a4fdd6b9). This co-occurrence
with the ERAS5 reanalysis is key when considering the
complementarity of existing and potential renewable gen-
eration. These data are global, have daily frequency and a
resolution of 0.1° x 0.1°.

2.2 | Renewable installation and
generation data

2.2.1 | OpenStreetMap

OpenStreetMap (OpenStreetMap contributors, 2017)
(OSM) is a collaborative project to create a free, editable
map of the world. It allows users to view, edit and add
data, and has a large user community that contributes
data on a wide range of topics, including location names,
road networks and points of interest. It is a popular
choice for many users because it is open and accessible.
However, the quality and completeness of the data can
vary because it relies on the contributions of volunteers.
In this study, we use OSM data for a brief qualitative
analysis of the locations of renewable power installations
across India. Sample code for extracting location data is
given in the Appendix.

2.2.2 | Central electricity authority

We used two sets of Central Electrical Authority (CEA)
data in this study. The first is a report, published in
March 2020, which is now archived at https://cea.nic.in/
old/reports/others/planning/rpm/Plant-wise\%20details\%
200f\%20RE\%20Installed\%20Capacity-merged.pdf. This
1958-page PDF document contains information on all

solar, wind and small hydro installations across India,
merged from individual state reports. Each entry gives
the name of the installation owner, the installed capacity,
the date of installation and some location information.
This ranges in detail from a street address to a district
name. To extract these data, which are stored in tables
of varying structure and depth, we wrote a Python script
using the tabula and geopy libraries, implementing the
Nominatim API for Open Street Maps to convert
addresses and district names to longitudes and latitudes.
We used these data to estimate the geospatial distribu-
tion of installed renewable capacity across India. We
provide this parsing script in our repository.

We also used summary large hydro data from CEA to
complete Table B1. These data are available from https://
cea.nic.in/installed-capacity-report/?lang=en.

223 | The wind power database

Information about existing and planned wind farms are
also available from the Wind Power database (available
to purchase from thewindpower.net). Amongst many var-
iables, this includes location, total power, hub-heights
and details of the installed capacity of turbines. A version
of the database used in this study is taken from October
2021. This has 33 GW of wind power generation available
over 914 sites across India. This database is systematically
verified and updated twice a year at a minimum and is
commonly used by the energy-meteorology community.
The global coverage of this dataset and need for manual
verification of new entries may be why it reports lower
values than the approximately 42 GW identified in the
CEA datasets (see Table 1).

2.24 | Satellite-derived solar installations
The geospatial estimate of installed solar capacity over
India comes from Kruitwagen et al. (2021). They imple-
mented an image segmentation algorithm based on a
convolutional neural network and applied it to high-
resolution satellite imagery to create a global catalogue
of photovoltaic (PV) cell locations. They identified
68,661 units globally, with a total generating capacity of
432 + 76 GW. Their dataset is valid as of 30 September
2018, at which point they estimated the installed PV solar
capacity over India to be about 31 GW. This includes pri-
vate and domestic PV installations, which are not neces-
sarily connected to the grid and is thus higher than the
CEA estimate for the same date (24 GW; see Figure 1).
Data were downloaded from https://zenodo.org/record/
5005868.
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7824872.

Data description Figure/Table
Installed capacity by type in each state Table B1
All-India installed capacity by type Figure 1
Present-day installation locations Figure 2

Gridded 1° x 1° estimate of installed wind/
solar capacity

Figures 3a and 4a

Gridded 1° x 1° estimate of installed wind Figure 3b

Gridded 1° x 1° estimate of installed solar Figure 4b

Reported daily wind/solar/hydro production Figures 5 and S5

Modelled ‘historical’ production

Hourly wind capacity factor Figure 6
Hourly solar capacity factor Figure 7
Recommended locations for new wind/solar Figure 11
installations
60
50 1
large hydro(+4.7%)
2 wind (+28%)
E‘ 40 //_//
©
©
Qo
S
2 30
<
©
@
k=
20 A

biomass (+29%)

O N —
small hydro (+12%)

2017 2018 2019 2020 2021 2022

FIGURE 1 Installed capacity of different types of renewable
energy over India. For each type, the values in brackets indicate the
growth over the last 5 years (i.e., between October 2017 and
October 2022). Large hydro describes installations with nominal
power output exceeding 25 MW. Data from the CEA.

22,5 | Grid-India

Grid-India, formerly known as POSOCO (Power System
Operation Corporation Ltd), is a corporation owned by
the Indian Ministry of Power, responsible for monitoring

Figures 5, 10, S6a,b

Science and Technology for Weather and Climate

Summary of the data released with this article, available from the dedicated repository: https://doi.org/10.5281/zenodo.

Dates

File name valid
installed-by-state-oct2022.csv Oct 2022
tabulated-installed-by-date.csv 2017-2023
OSM_[hydropower,wind_turbine,solar] Mar 2022

_installations.geojson
CEA_1x1_gridded_installed_[wind,solar]_cap.nc =~ May 2021
TWP_1x1_gridded_installed_wind_cap.nc May 2021
K21_1x1_gridded_installed_solar_cap.nc Sep 2018
POSOCO_reported_[wind,solar,hydro] 2012-2023

_MU_daily.csv
modelled-historical-[daily,hourly]- 1979-2022

renewable_output.nc
wind_capacity_factor.zip 1979-2022
solar_capacity_factor.zip 1979-2022

areas-for-exploration.nc -

supply to and demand from the Indian national energy
grid. As part of their remit, they publish monthly reports
(https://posoco.in/en/reports/monthly-reports/) on regional
energy production by type (for both renewables and non-
renewables). We scraped these reports to extract the daily
average production for wind, solar and hydro for each of
the five regions defined by the grid authorities (north,
northeast, south, east and west).

2.3 | Capacity factors

2.3.1 | Wind turbine capacity factor

Wind power capacity factors are generated using a physi-
cal model. To calculate wind power generation, it is nec-
essary to make assumptions about the type of wind
turbines installed, as different turbines respond differ-
ently at different wind speeds and the ‘most suitable’ tur-
bine is usually selected as part of the wind farm
commissioning process. In this study, hourly gridded
100-m wind speeds from the ERAS5 reanalysis (Hersbach
et al., 2020) are passed through representative power
curves. Here, three representative power curves are con-
sidered, representing type 1, 2 and 3 wind turbines in the
International Electrotechnical Commission wind speed
classification (International Electrotechnical Commission,
2005), as used in Lled6 et al. (2019). The details of these
are given in the supplement of Bloomfield et al. (2020). In
each grid box, the annual mean capacity factors are
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assessed over the ERAS period (1979-2020) and the type
of turbine that maximizes the wind power production is
chosen to represent that grid square. Figure S1 shows
that the type 2 wind turbine was most appropriate for
representing wind generation over most of India. How-
ever, further offshore, type 1 wind turbines become
more prevalent due to the increased average wind
speeds.

The power curves represent the relationship between
hub-height wind speed and capacity factor (CF), which is
calculated as

_ Generation(Uo,?)
~ Max. Generation(Ugo,t)’

CF(Usg0,t) (1)

where Uy is the gridded 100-m wind speed and ¢ is time.
Generation is the hourly output of a wind turbine
(in MW) and Max. generation is the rated output of a tur-
bine (in MW). CF values range between 0 and 1. The
gridded wind power CF can then be weighted by the
installed capacity in each grid box as a fraction of
the national total and aggregated to give a country-
aggregate or regions CF time series. This method per-
forms well over Europe with an average R* of 0.92 and
RMSE of 10% (Bloomfield et al., 2020). See Section 2.5 for
Indian verification.

2.3.2 | Solar panel capacity factor

To estimate solar capacity factor, we follow Bloomfield
et al. (2020), using a solar PV model based on the empiri-
cal formulation of Evans and Florschuetz (1977), but
adapted to reflect newer solar PV technologies using
methods from Bett and Thornton (2016). The meteorolog-
ical inputs are grid-point 2-m-temperature and incoming
surface solar shortwave irradiance (G), from which
gridded solar power capacity factor is calculated as

G(r)
Gref ’

CF(G,T,t) =n(T(t)) (2)

where G(t) is the incoming (i.e., downward) shortwave
radiation at the surface, Gy =1000 Wm 2, T(t) is the
environmental 2-m temperature (with which the PV cell
is assumed to be in equilibrium) and # is the relative effi-
ciency, given by

’7([) = nref(l _:Bref(T(t> - Tref))’ (3)

where 7,es = 0.9, e =0.042 and Tyt = 25 C. Bloomfield
et al. (2020) reported that the model performs well over
Europe, with an average daily R* of 0.93 with 3.2% error

for countries where data were available at high enough
quality for validation from power grid observations. See
Section 2.5 for Indian verification.

2.4 | Existing installed renewable
capacity

In this section, we aim to provide reliable estimates of
the geospatial distributions of the installation densities
and capacities of renewable power installations in India.
By comparing estimates from different sources acquired
using different methods, we can quantify how reliable
the estimates are. In the following section, we then use
these estimates to build and verify a simple production
model.

We start with the OSM dataset, as shown in Figure 2.
Aside from the advantages and disadvantages mentioned
in Section 2.2.1, one disadvantage of using this dataset is
that entries for renewable power installations, such as
wind farms and hydroelectric plants, very rarely have
capacity information available for India. Regardless, it is
still useful to discuss installation density as it is closely
related to capacity density and will provide a helpful
comparison.

The OSM dataset indicates that wind turbines and
wind farms are currently concentrated along the west
coast, particularly in the Rann of Kutch (western Gujarat
and western Rajasthan) and along the southern part of
the Western Ghats. There are very few installations along
the east coast, despite the good wind capacity factor in
that region (Section 3.1).

Solar power installations are more evenly spread
across India, with much of the south having some cover-
age. This is a result of the increasing affordability of
installing solar panels, which has led to many rooftops
being fitted with them (see Table B1). Larger
concentrations generally reflect low-altitude areas with
higher capacity factors, such as southeast and northwest
India.

Hydroelectric power plants are scattered across the
subcontinent, but the highest concentrations are found
along the Himalayas, particularly in Nepal, which
depends heavily on hydropower (International Hydro-
power Association, 2022). There are also many installa-
tions along the Western Ghats, which has a particularly
high number of older dammed reservoirs (Hunt &
Menon, 2019). However, there are very few hydroelectric
installations in Arunachal Pradesh, despite its high suit-
ability. In subsequent sections, we have not sought to
produce a gridded estimate of installed hydropower
capacity because while there are satellite-derived cata-
logues of dams and reservoirs (e.g., Mulligan et al., 2020;
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FIGURE 2
large and small) from labelled objects in Open Street Map data.

Wang et al., 2022), there is little information on whether
they are used for water storage or power generation, and
even less information on what the capacities are. Precise
quantification of the capacity density of these installa-
tions is therefore left for future work.

241 | Wind

We will now estimate the density of installed wind and
solar capacity using information from various sources
and quantify the associated uncertainty. The gridded esti-
mates of installed density will allow us to analyse the reli-
ability of the current renewable network and make
evidence-based recommendations for improvements later
in the article.

The sources for installed wind capacity are the CEA
(Section 2.2.2), the Wind Power (TWP) (Section 2.2.3)
and the MNRE (Table B1). We resample the point-based
data from the CEA and TWP to a 1° x 1° grid. MNRE
provides state totals, which we convert to the same units
as the gridded data by dividing through by the state areas.
The choice of resolution is effectively a compromise
between avoiding too coarse a resolution that variability
in underlying weather conditions is not well captured
and too fine a resolution that small uncertainties in
installation locations drive large uncertainties in gridded
capacity density. A resolution of 1° is appropriate for both
wind and solar, whose precursor weather conditions typi-
cally vary over spatial scales larger than this (Figures S2
and S3).

The results, shown in Figure 3, indicate that the
gridded CEA and TWP data are in close agreement,

Installation density [units (100 km)~2]

Installation density [units (100 km)~2]

Estimated density (units per 10,000 km~?) of installed (a) wind turbines, (b) solar panels and (c) hydropower plants (both

sharing consensus on the locations of hot spots and dead
zones, as well as the overall distribution. As they come
from independent sources, their agreement is encourag-
ing, although we note there still could be unreported
farms in both. This is confirmed by comparison with the
MNRE state totals (Figure 3) and similarity with the
OSM installation density (Figure 2a).

Installed wind capacity is mostly concentrated along
the western edge of the Indian peninsula, with higher
densities along the Western Ghats, along the coast and in
the Rann of Kutch. The two largest wind farms in India,
the Muppandal Wind Farm in Tamil Nadu on the very
southern tip of India and the Jaisalmer Wind Park in far
western Rajasthan, respectively the third and sixth largest
in the world at present and the only two in India with
stated capacity exceeding 1 GW, are visible in both data-
sets but are more pronounced in the TWP data. There is
no installed wind capacity in any of the northern or east-
ern states. There is also no installed offshore wind capac-
ity and only very sparse installed capacity along the
eastern coast, despite both regions having very high
capacity factors.

242 | Solar

Estimates of installed solar capacity density (Figure 4) are
taken from the same sources as for wind, except we
replace data from TWP with data from Kruitwagen et al.
(2021) (Section 2.2.4). The two gridded point-source data-
sets are not in as good agreement as for wind, with the
satellite-based dataset estimating a broader overall cover-
age. However, the two do agree on higher densities on
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Estimates of installed capacity (GW per 1° gridbox) for wind turbines, using data from (a) the Central Electricity Authority,

(b) thewindpower.net and (c) the Ministry of New & Renewable Energy. MNRE data (see Table B1) are provided at the state level and have
here been converted to the same density units used in (a) and (b). State boundaries of India are marked.
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FIGURE 4 Estimates of installed capacity (GW per 1° gridbox) for solar panels, using data from (a) the Central Electricity Authority,
(b) Kruitwagen et al. (2021), and (c) the Ministry of New & Renewable Energy. MNRE data (see Table B1) are provided at state level and
have been converted to the same density units used in (a) and (b). State boundaries of India are marked.

the eastern slopes of the Western Ghats and in the north-
western states. Comparison with the MNRE state totals
and the OSM installation density (Figure 2b) confirms
the importance of these two regions and suggests that
both gridded datasets have a reasonably high accuracy.
Due to the relative ease of installation, solar produc-
tion of some magnitude can be found in every Indian
state. However, there is almost no installed capacity at
higher altitudes (>2000 m), despite the potential advan-
tages in regions such as Ladakh, which remains relatively
cloudless during the monsoon. Given the slight diver-
gence between the two gridded estimates of installed
capacity for both wind and solar, we used an average of
CEA and TWP as our estimate for installed wind capacity
and an average of CEA and satellite-derived as our esti-
mate for installed solar capacity. The disagreements are
minor, so we have confidence in both estimates, but will
test their robustness more rigorously in the next section.

Figure 2 also shows an estimate of hydropower plant
density (Figure 2c). These are largely concentrated in oro-
graphic regions, particularly the central Himalaya, but
are also found along many major rivers. See the
Supplementary Material for a more in-depth discussion
of hydropower potential in India.

2.5 | Renewable production model
verification

To confirm the accuracy of both our capacity factor and
gridded installation capacity datasets, we combine them
to estimate daily renewable power generation over India
between January 2020 and October 2022 (Figure 5). Such
a model has additional benefits; for example, later in this
article, we use it to identify deficit and surplus produc-
tion days and to identify strategies to reduce production
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seasonality. We construct the modelled daily
production time series (thick blue lines in Figure 5) by
taking the full capacity factor datasets (hourly frequency,
0.25° x 0.25°), converting them to daily frequency by tak-
ing the diurnal mean, and then compute a normalized
weighted average in space using our earlier gridded esti-
mates of installation capacity as the weights. The final
step is then to multiply the daily time series of the
weighted mean capacity factor by the monthly published
installed capacity figures (Figure 1) to account for
changes in installed capacity over time.

This relatively simple method provides accurate
models whose outputs closely resemble the daily produc-
tion data provided in Grid-India reports. The linear regres-
sion coefficient between the modelled and actual wind
production is 0.922. For solar production, it is 0.951. Both
models consistently capture short surges and troughs in
production. Combined, this gives us confidence to use the
model to identify weaknesses and potential improvements
in India’s renewable grid structure. As mentioned earlier,
we do not model hydropower due to lack of installed
capacity information (Section 2.4) and due to the large
uncertainties introduced by human intervention.

For the interested reader, the full time series of
Grid-India daily production data, running from 2012 to
2022, is given in Figure S5.
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3 | POTENTIAL CAPACITY

31 | Wind

To assess regions suitable for wind turbines, we compute
wind capacity factor for the turbines described in
Section 2.3.1. We show the seasonal and spatial patterns
in Figure 6.

Wind capacity factor is typically much higher over
the surface of the ocean than over land, and is much
higher during the summer monsoon than in any other
season. Exceptions to the monsoon maximum include
the Tibetan Plateau (largest capacity factor in the winter)
and a small band along the Himalayan foothills (largest
capacity factor during the pre-monsoon). For context, in
Europe, regions experiencing annual mean capacity fac-
tors above 0.3 are considered the most cost-effective sites
for wind power generation (Boretti & Castelletto, 2020).

There are three regions of interest over land where
wind capacity factor is markedly higher than elsewhere:
the Rann of Kutch, the Tibetan Plateau and the
Western Ghats (including northern Sri Lanka). The
Western Ghats have particularly high wind speeds during
the monsoon as the strong monsoonal westerlies
described above are often strong enough to flow over
them (Phadtare et al., 2022).
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computed for each of the three turbine models described in Section 2.3.1 with the largest of the three (for each grid point) is shown here.
The large panel on the left shows the annual mean as well as the state boundaries within India. The four smaller panels on the right show

seasonal means of the same field.

The Rann of Kutch (spanning from northern Gujarat
to southeastern Pakistan) comprises vast areas of flat salt
marshes, meaning that stronger offshore winds can travel
relatively undisturbed after making landfall here, particu-
larly when they are orientated perpendicular to the coast,
as during the pre-monsoon and monsoon seasons. Like
most of the subcontinent, the Rann of Kutch has its high-
est wind capacity factor during the summer monsoon;
however, it maintains a relatively good baseline of gener-
ation across the year, and, due to the passage of western
disturbances, is almost the only place in India to have a
capacity factor larger than 0.2 during the winter months.

While the Western Ghats have some of the highest
values of wind capacity factor (exceeding 0.6 during the
monsoon), wind energy production here would be highly
seasonal, meaning turbines would produce very little
energy for two thirds of the year.

Despite its complex orography, the Tibetan Plateau,
to the north of India, also records notably high wind
power capacity factors. These occur outside of the sum-
mer monsoon, when the subtropical jet spends most of
its time over the Plateau (Schiemann et al., 2009), sup-
porting mesoscale storms known as Tibetan Plateau vor-
tices (Curio et al., 2019; Hunt, Curio, et al.,, 2018).
Outside of the summer monsoon, the Tibetan Plateau is
the biggest potential source of wind energy; however,

except for a very small region in east Ladakh, it lies
entirely outside of India and would not, therefore, help
the Indian grid offset the monsoon maximum. One
region that could be considered for this, however, is a
band along the base of the central Himalayan foothills, to
the south of Nepal, which has a high wind capacity factor
during the pre-monsoon. The pre-monsoon is perhaps
the most important season for reliable energy generation,
as this is when fatal heatwaves predominantly occur (Rao
et al., 2021).

It is also worth noting the importance of the climato-
logical angle between wind and mountain ranges. There
is almost no wind capacity in the Himalayas and their
foothills, where the strongest winds run parallel to the
mountain ranges. In contrast, the Western Ghats—where
the strongest winds flow perpendicular to the range—
have a very high capacity factor.

As is the case globally, wind speeds in the boundary
layer are generally much larger over the ocean than over
land due to increased friction over the latter. Frictional
drag is a local response, and so because offshore winds
often flow either towards or parallel to the coasts of
India, there are many areas where 100-m wind speed is
quite high very near to the coastline. As in northern
Europe, therefore, India could benefit considerably
from harnessing offshore wind energy, particularly
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with new developments in floating wind farm technol-
ogy, which reduce requirements of shallow sea-beds.
This results in many regions of offshore interest,
although these must be confined to being relatively
near the coast, to avoid the bathymetry becoming too
deep to build turbines.

Most places along the coast have relatively high wind
capacity factors—indeed they are mostly higher than the
best values over any Indian land. The highest annual
values, exceeding 0.4, are to be found off the coast of
Gujarat and east central India (Andhra Pradesh and Odi-
sha). If we again want to diversify to locations with good
production potential outside of the monsoon, installa-
tions should be spread across the west coast of central
and northern India (high in winter); the east coast of
north India (i.e.,, Odisha and West Bengal; high in the
pre-monsoon), where weak barrier flow westerlies along
the Himalayan orography interact with the developing
monsoonal jet; and the east coast of southern India
(i.e., Tamil Nadu and Andhra Pradesh; high in the post-
monsoon) when the so-called ‘northeast’ or ‘winter’
monsoon is established.

The one region that stands out as particularly excel-
lent for offshore wind production is the Gulf of Mannar,
which has a wind capacity factor greater than 0.4 in
each season, with an annual average of over 0.6. This
makes it among the most productive regions in the tro-
pics, alongside the Gulf of Mexico (Canul-Reyes
et al.,, 2022). Winds here are channelled between the
orography at the southern end of the Western Ghats in
southwest India and the Central Highlands of
Sri Lanka, and maintain a consistently high speed all
year round.

When setting up the model to represent the existing
wind farm fleet, we note that wind production
(Figure 5a) has a strong seasonality, ranging from an
average of about 5 GW during the winter and pre-
monsoon to about 12 GW during the monsoon. There is
very large day-to-day variability in wind production,
much more so than for solar or hydropower, but this is
consistent with renewable production in other countries
(Bloomfield, Brayshaw, et al., 2022; Bloomfield,
Wainwright, et al.,, 2022; Pfenninger & Staffell, 2016;
Staffell & Pfenninger, 2016). This means that, for exam-
ple, during the 2021 monsoon, mean daily output for the
whole of India ranged from 3.1 GW (22 August) to 22.5
GW (27 July). Figure 5 also shows a regional breakdown
of reported daily production. Modelling on the sub-
national level is left for future work, but we include the
published numbers here for the reader's interest. As
expected from the results discussed in Section 2.4, the
majority of the contribution comes from the southern
and western parts of India.

Science and Technology for Weather and Climate

3.2 | Solar

The climatological annual mean of downward shortwave
radiation at the surface (Figure S3) varies considerably
across India, ranging from 125 W m ™2 in the northeast to
271 W m™? in the northwest. Surface shortwave radiation
is generally quite low over much of the country because
despite its position near the equator, India often has con-
siderable cloud cover, which we will discuss shortly.

The similarity between the energy source (shortwave
radiation at the surface) and capacity factor (Figure 7) is
not as high for solar as it was for wind energy. This
is because the efficiency of solar panels is inversely pro-
portional to temperature (Equation 3). This scaling is
problematic in northwest India, where regions with very
high annual shortwave radiation (primarily Gujarat and
Rajasthan) have only middling solar capacity factors on
account of their hot climate, as 2-m temperature there
can exceed 45°C in the pre-monsoon (Figure S4). In addi-
tion, solar capacity factors are generally much lower than
those for to wind because solar panels can only generate
power during daylight hours.

As a result, solar capacity factor varies vary little
across India, where it almost invariably falls between
0.18 and 0.22. It is only significantly less than this in the
perpetually cloudy northeastern states, particularly along
the foothills of the eastern Himalaya, and only signifi-
cantly more along the western Himalaya and Ladakh in
northern India. In fact, Ladakh and Uttarakhand are the
only two states where solar capacity factor exceeds 0.3 in
any season, because they are cool and largely cloud-free
during the pre-monsoon and monsoon seasons. However,
these regions are at a high altitude and have complex ter-
rain, which makes installation and maintenance of
panels challenging—the latter being particularly impor-
tant here due to considerable snowfall during the winter.
These same problems also hold for the Tibetan Plateau.

However, we can leverage the fact that solar capacity
is relatively uniform across India to explore strategies
that distribute power generation over as much of the
annual cycle as possible. Even before we consider this,
there are two advantages to implementing solar: first,
solar capacity is weakest during the monsoon season
when wind capacity factor is by far at its highest, mean-
ing the two complement each other to an extent; second,
solar capacity factor is highest during the pre-monsoon,
which, as we discussed earlier, is the hottest part of the
year and thus sees the greatest power demand. The low
values during the summer monsoon are due to wide-
spread heavy cloud cover, both from convection within
the monsoon as well as the larger, more organized mon-
soon LPSs. Low values of solar capacity factor over north
India and much of Pakistan during the winter and post-
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Mean hourly solar capacity factor over India and the surrounding region from 1979 to 2020. The large panel on the left

shows the annual mean as well as the state boundaries within India. The four smaller panels on the right show seasonal means of the same

field.

monsoon seasons are caused by western disturbances,
which are associated with extended periods of heavy
cloud cover, particularly from cirrus clouds (Rao &
Rao, 1971). Similarly, low values over south and south-
east India are due to heavy cloud cover and rainfall asso-
ciated with the northwest winter monsoon.

During the monsoon, the northwest (e.g., Rajasthan)
has the highest solar capacity factor as it sits largely out-
side of the monsoon trough and is thus less cloudy than
the rest of the subcontinent. During the post-monsoon,
solar capacity factor is generally poor throughout the sub-
continent, because not only does the sun have a lower
zenith angle, but much of India remains cloudy after the
withdrawal of the monsoon. The best regions in the post-
monsoon are the far north (Ladakh and Jammu and Kash-
mir) and parts of the central west (e.g., Maharashtra, Guja-
rat and Madhya Pradesh), both of which have less cloud
cover than the rest of the country. In winter, the south is
largely cloud-free and so despite the lower solar zenith
angle, states like Kerala and Karnataka have reasonably
high solar capacity factors. During the pre-monsoon,
despite the high temperatures, the northwest (e.g., Gujarat
and Rajasthan) remains the best region.

When setting up the model to represent the existing
solar farm developments across the continent (Figure 5b),
we see considerably less variability in solar power than in

wind power, though still as much as 20% difference on
consecutive days. Existing solar production peaks during
the pre-monsoon (March to May), in agreement with the
analysis in this section. As with wind, the majority of solar
production comes from the southern part of India; how-
ever, the contribution from the northern region has
increased significantly in the last year with increasing
investment in solar capacity there.

3.3 | Summary

In the previous subsections, we discussed the seasonal
and spatial variability of wind and solar capacity factors.
Complementary, though more simplistic, analysis for
hydropower, wave power and biomass is given in
Supplementary Sections 3-5, respectively. Given the
breadth of material covered, we briefly summarize and
inter-compare the major production areas in Figure 8.
We only consider the annual mean capacity factor or
energy density, as solutions to diversify against seasonal-
ity are discussed in the complementarity section later.
We require that offshore wind installations are within
250 km of the coast for maintenance and ease of connec-
tion to the grid (Kucuksari et al., 2019). Given the wide
range of floating and anchored turbines now available
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FIGURE 8 Map showing the 40° N 1~ <
optimal regions for the development of
new renewable energy installations over [
India and the surrounding region.
Regions are marked as follows. Offshore
wind (blue hatching): within 250 km of
the coast, over the ocean and with
mean wind capacity factor above the
80th percentile (~0.4). Onshore wind
(red hatching): over land, surface
elevation less than 2000 m, with mean
wind capacity factor above the 85th
percentile (~0.2). Solar (yellow): over
land, surface elevation less than

3000 m, with mean solar capacity factor
above the 70th percentile (~0.2). High-
altitude solar (orange): over land,

surface elevation greater than 3000 m,
with mean solar capacity factor above
the 90th percentile (~0.25). Wave
(grey): mean wave energy flux above
the 75th percentile (~15 kW m™?).
Biomass (green): land type must be
crop, grass, shrub or herbaceous with at
least 50% tree cover in at least one
neighbouring 500-m grid box. Large
hydro (blue circles): the 35 locations
with highest maximum theoretical
hydraulic power, not within 150 km of

N> B

[XX] Offshore wind
. X3 Onshore wind
: Solar :
High-altitude solar
B Wave
I Biomass 3
® Large hydro

each other. 70°E

(Micallef & Rezaeiha, 2021), we do not impose a bathym-
etry limit here as in Figure 6, but note that the suitable
locations off the coasts of Gujarat and Tamil Nadu have
an ocean depth less than 200 m.

We differentiate between low-altitude and high-
altitude solar to reflect the challenges associated with
installing and maintaining the latter, while recognizing
that these locations have some of the highest solar capac-
ity factors in the subcontinent. Our findings are listed
below.

« The best locations for offshore wind are found off the
coast of Gujarat, in the Gulf of Mannar, and along
much of the southeast coast of India. In many places,
these regions conveniently extend very close to the
coast, where the bathymetry would be shallow enough
to allow them to be built on the seafloor (Canul-Reyes
et al., 2022).

 The best locations for onshore wind are found over the
Rann of Kutch (i.e., western Gujarat and western Rajas-
than) and along the peaks of the Western Ghats. A
number of very good coastal locations also emerge at
this threshold, including much of the long coastlines of

80°E 90° E

Tamil Nadu and Andhra Pradesh. The Andaman and
Nicobar Islands also have high wind capacity factor due
to their location in the opening of the Bay of Bengal.
The best low-altitude locations for solar are in the
northwest (Gujarat and Rajasthan) and south (mostly
over Tamil Nadu and Karnataka) of India. These loca-
tions are often co-located with good locations for
onshore wind, but as we have seen, the locations are
usually associated with different seasons and weather
patterns.

High-altitude solar generally has higher capacity fac-
tors than low altitude, but comes with installation and
maintenance challenges. The best locations are in
Ladakh and Himachal Pradesh, as they contain the
only relatively cloud-free regions during the summer
monsoon.

The best locations for large hydro (see Supplementary -
Section S2.1) are largely concentrated along the Hima-
layas, with a few sites in the Godavari and Krishna
basins in east India. Of particular interest, Arunachal
Pradesh has some of the best locations for large hydro,
although it currently only accounts for 1% of India's
installed capacity (see Table B1).
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» Wave energy (see Supplementary Section S2.2) is only
really useful for the Andaman and Nicobar Islands;
elsewhere, the potential is not high enough near the
coast to be tapped without complex infrastructure
changes. However, it does have potential to be very
helpful for the Andaman and Nicobar Islands, as they
are not connected to the main Indian grid and so need
to produce their own energy.

« There are good opportunities for growing tree biomass
(see Supplementary Section S2.3) in the north (particu-
larly Uttar Pradesh, as well as parts of Bihar and Pun-
jab) with small suitable regions in the south (mainly in
Andhra Pradesh). For an explanation on how poten-
tially productive regions for tree biomass are identified,
see Section 1 of the Supplementary Material.

4 | APPLICATIONS

In this section, we explore the implications of the analy-
sis so far—specifically the variability of solar and wind
capacity factors and installation density—using our
renewable production models to identify present vulnera-
bilities in the renewable grid and strategies for remedying
them. These vulnerabilities are determined subject to
three optimization criteria:

1. Maximizing local complementarity, thereby reducing
the need for long transmission lines or storage solu-
tions within the grid.

2. Reducing production seasonality, thereby reducing
the need to fill long periods of extreme deficit produc-
tion each year with fossil fuels.

3. Maximizing the gain in production per unit density of
new installed capacity.

‘We now discuss each of these in turn.

41 | Maximizing local complementarity

Firstly, we look at local complementarity. We use the
complementarity coefficient, defined for each grid point
as —r, where r is the linear correlation coefficient
between the full wind and solar capacity factor daily
mean time series, as this is highlighted as the metric most
commonly used in the literature (Jurasz et al., 2020).
Therefore, where the two time series are inversely
correlated—and seasonal surpluses in one compensate
for seasonal deficits in the other—the complementarity
coefficient tends to 1. Similarly, where the two capacity
factor time series are well correlated and thus seasonal
deficits and surpluses tend to occur at the same times of

year (which is undesirable), the complementarity coeffi-
cient tends towards —1.

Figure 9 shows a map of the complementarity coeffi-
cient for wind and solar capacity factors across India and
the surrounding region. We also highlight the annual
cycle and variability of the two capacity factors for eight
large Indian cities in different regions. In general, com-
plementarity is positive in the south—particularly in the
southwest and south central parts of the peninsula—and
negative in the north. This agrees with previous results of
Nyenah et al. (2022) who only used ERA5 data from 2011
to 2020 to assess global renewable complementarity.

The reason for the positive complementarity in the
south can be seen in the annual cycles at Trivandrum
(complementarity coefficient over the full dataset of
0.37), Mumbai (0.69) and Hyderabad (0.53). Here, wind
speed and solar radiation are inversely correlated during
the monsoon, which is associated with strong near-
surface winds and very cloudy conditions in this region,
and outside of the monsoon, during which weak
near-surface winds and clear sky conditions dominate.
Chennai is an exception because it is on the leeward side
of the Western Ghats, so it is often slightly drier (and so
less cloudy) during the summer monsoon and consider-
ably less windy than the west coast. Northern cities, for
example, Delhi (—0.66) and Jodhpur (—0.40), diverge
from this pattern. Even though they have a similar
annual cycle of solar radiation, they are less windy dur-
ing the monsoon because they are often further in land
and usually sit inside the monsoon trough, where lower-
tropospheric winds are climatologically much weaker.
This means both wind and solar capacity factors are nor-
mally highest in the pre-monsoon (as shown in Sec-
tions 3.1 and 3.2).

The main implication of this is that transition to a
highly renewable-based grid would be easier in the south,
where wind and solar complement each other, than in the
north where they co-vary over the annual cycle. Thus,
where grid development is limited by transmission or stor-
age constraints, our complementarity analysis dictates that
increasing renewable capacity in the south and centre of
India would have higher benefits to local cities and towns
than equivalent development in the north. We note that
this study does not consider land use constraints for the
wind and solar PV generation, which may significantly
impact this co-location potential (Deshmukh et al., 2019).

4.2 | Extreme surplus and deficit
generation

We now consider the Indian grid as a whole, assuming
that transmission attenuation is negligible. What would
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fields, 1979-2020.

the historical vulnerabilities of this grid be, if it were
comprised of present-day wind and solar installations?
We consider extremes, that is, days where renewable pro-
duction would be highly deficit (below the 1st percentile)
or highly surplus (above the 99th percentile). We identify
such days by taking the present-day installed capacity
estimates of wind and solar, computed in Section 2.4 and
verified in Section 2.5. We then subject them to historical
weather conditions from 1979 to 2022 and take a
weighted mean (as in Section 2.5) to create an estimate
for the total renewable generation (excluding hydro-
power) that would have occurred had the current
installed capacity been in place for the last 40 years.

Figure 10 shows the locations of these deficit (yellow)
and surplus (grey) days as a function of the annual cycle,
against a background of the full time series of production.
The full time series has the expected seasonality, albeit
with substantial day-to-day variability, peaking at an
average of about 25 GW during the pre-monsoon and
monsoon, with much lower values (averaging 10-15 GW)
in the rest of the year.

All surplus days occur between May 1 and August
9, that is, between the late pre-monsoon/early develop-
ment of the monsoon onset and the height of the mon-
soon. Only a few surplus days occur in isolation, many
are in consecutive sequences, or clusters, of three or four.

The longest cluster (late June 1984) has nine consecutive
surplus days. This persistence is useful because it offers
predictability, meaning the grid can prepare in advance
for an incoming surplus of renewable energy, and also
provides an opportunity to refill depleted storage facili-
ties. Identifying the weather patterns responsible for both
isolated and clustered surplus days is left for future work.
By definition, surplus days occur at a rate of 3.7 per year
and have a negative trend of 0.06 days per year (or 1 day
per 16 years) over the length of the dataset, but this is not
significant at the 95% confidence level (p =0.15).

Deficit days are more spread out, ranging from
August 5 to February 3, although the majority occur in
November and December. This is despite the consider-
able day-to-day variability within the monsoon itself.
Like surplus days, most deficit days occur in clusters,
ranging from 2 to 7 days in length (the longest occurring
in early November 2010), although there are many bro-
ken clusters of greater length. Again, the presence of
clusters offers potential predictability, especially if the
responsible weather regimes are understood, and hence
the opportunity for mitigation. There is an insignificant
positive trend (p=0.8) in deficit days of about 0.01 days
per year.

Decomposing these into contributions from solar and
wind production (Figure S6), we find that extreme

85U80| 7 SUOWIWOD 3AIEaID 3|qedljdde au Aq pausench a1e Sajolie O ‘8N JO S8|n1 10} AfeiqiT8UIUO AB]1/MW UO (SUOIPUOD-PUR-SWB}WO0D" A3 | 1M Afe.q 1l juo//:SANU) SUORIPUOD Pue Swie | 81 8S *[7202/90/ET] Uo ArigiTauluO A8|IM ‘S8 1 AQ 96TZ 1BW/200T OT/I0p/L00 A8 | 1M Aelq 1 jeul U0 'S1aWL// Sty Woj papeojumod ‘€ ‘720z ‘080869%T



16 of 24 HUNT and BLOOMFIELD

Meteorological Applications

Science and Technology for Weather and Climate

EIRMets

© T lluI
2020 @ ; l LI
© I : L] 35
2015 % iam® s
\J L d Q
2010 ... o " -30;
- e ol -21.'3
2005 so
ool % st
(L1 o>
2000 I @ a©
| ‘ .'.o 052
1995 . ‘o “‘og B 28
s I. (@) [ I. 8V
@ e =
1990 % Y i’ ) i'} 155
‘ Lol @ ..' [} m ke
1985 o I 1
| ..u.‘. i el i "rﬁr, 10
s o' ! ! ®
1980 : T o \ L
~ ~ ~ 22 22 > ~ > >
< > X Ky
& NN P R &S &

FIGURE 10

Total wind and solar production if the present-day installed capacity were exposed to historical meteorological conditions.

For each day (1979-2022), current wind and solar installation densities are multiplied by their respective mean daily capacity factors and
summed to give an average output for India. Grey circles mark surplus production days (greater than 99th percentile) and yellow circles

mark deficit production days (less than 1st percentile).

deficient wind days, which almost all occur from October
to December, have increased insignificantly since 1979
(0.04 days per year, p=0.29), whereas extreme surplus
days, which all occur during the summer monsoon have
insignificantly decreased during the same period
(0.06 days per year, p =0.07). Extreme surplus solar days,
occurring predominantly in April and May, have seen an
insignificant decrease since 1979 (0.04days per year),
which may be in part due to increasing pre-monsoon
temperatures reducing solar panel efficiency. Extreme
deficit solar days, occurring mostly in July and August,
have significantly increased (p=0.01) at a rate of
0.12 days per year. Determining the causes of these trends
is left for future research.

The key result here is that the renewable grid, as cur-
rently installed, is vulnerable to some particular type of
weather prominent in November, which can result in
very low production, sometimes for several weeks at a
time. Again, we leave investigation of the responsible
weather conditions for future work, but it will be key to
understand these weather conditions for the operation of
highly renewable future Indian energy grids. In the fol-
lowing analysis, we explore potential ways to make the
Indian renewable grid more resilient to post-monsoon
and winter weather.

4.3 | Improving grid robustness

Finally, we investigate where new solar and wind instal-
lations should be focused to optimize production, espe-
cially in the low-production winter months. In Figure 11,

we consider three such strategies: offshore wind, winter-
focused onshore wind and winter-focused solar. For com-
parison, we also include the present-day installed wind
and solar capacities, all shown as a mean annual cycle if
the grid element were exposed to weather conditions
from 1979 to 2020 (as in Section 4.2).

For the proposed winter-focused onshore wind, we
identify the ten 1° x 1° grid boxes over Indian land
with the highest mean wind capacity factor between
October 1 and December 31 1979-2020. Most of these
are along the Pakistan border in western Gujarat and
Rajasthan (i.e., the Rann of Kutch), with several in
northeast Ladakh (which is impacted in the winter
months by western disturbances) and coastal south
Tamil Nadu (where the northeast winter monsoon
winds hit the coast). These locations are consistent
with wind capacity factor hotspots in the post-
monsoon and winter seasons in Figure 6. If wind
farms were to be installed at a density of 2 GW per
grid box (which is slightly less than the present-day
density over the Western Ghats, see Figure 3), that is,
to a total installed capacity of 20 GW, the mean
annual cycle of their total output would be given by
the solid blue line in the left panel of Figure 11. Pro-
duction during the winter and pre-monsoon
(November through early May) is comparable to that
produced by the existing installed wind, whose
installed capacity is more than twice as high. This dis-
tribution therefore represents a plausible pathway to
reducing the strong seasonality of onshore wind
power in India. It also helps to increase the comple-
mentarity with solar PV shown in in Figure 10.
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FIGURE 11

Mean annual cycle of the output of existing solar (dotted orange) and existing wind (dotted blue) installations if they were

exposed to historical weather conditions from 1979 to 2020. We also show the annual cycle of output, computed in the same way, for three
proposed installations (marked on the map, lower right): 20 GW of offshore wind (grey) and 20 GW of onshore wind (blue) and solar (red),
each seeking to maximize output during the post-monsoon and winter months. Proposed installations have a density of 2 GW per 1° x 1°

grid box, distributed equally over an area equal to 10 such grid boxes.

For the proposed winter-focused solar, we follow the
same method as above. We impose no additional crite-
rion for altitude, as we did in Figure 8. All except one of
the ten optimal grid boxes are along the western Hima-
laya: in Ladakh, Himachal Pradesh and Uttarakhand.
This is hardly surprising, because this is the sunniest
region in India in each of the four seasons (Figure 7).
There is also a single grid box highlighted on the west
coast of Maharashtra, far enough north to avoid cloudi-
ness associated with the northeast monsoon and far
enough south to retain a reasonable solar zenith angle in
the winter. This set-up provides slightly more production
per installed unit of capacity than the present-day
installed solar. Gaining more than this is difficult given
the homogeneity of solar capacity factor over India
(Figure 7). The seasonality is also very slightly reduced as
clouds associated with the summer monsoon seldom pen-
etrate as far as eastern Ladakh, nor to the high altitudes
of the western Himalaya. However, the gains in each case
are small, and probably not worth the logistic complexi-
ties of installing and maintaining high-altitude solar
panel installations. In short, seasonal shortfalls in
solar production cannot be fixed by redistributing solar
panels, rather we must rely on complementarity with
wind power.

For the proposed offshore wind, we use a slightly dif-
ferent method to the two cases above. First, we drop the
winter constraint, instead finding grid boxes that maxi-
mize mean capacity factor over the whole year. Second,
we apply offshore criteria: that the grid boxes must be
over the ocean, but must also be within 250 km of the
coastline. This latter restriction largely keeps the bathym-
etry from being too deep to permit installation, and
ensures that the required length of transmission is not
too large (Kucuksari et al., 2019). Eight of the ten most
optimal grid boxes are in the Gulf of Mannar, with one of
the remaining two located just on the other side of the
Palk Strait. This is unsurprising in the context of
Figure 6, where we saw that this region has by far the
highest climatological wind power generation of any-
where in the subcontinent. These winds are particularly
strong in both the summer and northeast winter mon-
soons. The remaining optimal grid box, situated off the
coast of Andhra Pradesh, receives strong winds during
the monsoon as well as the pre- and post-monsoon sea-
sons. These offshore regions are in fact so productive—
with an annual mean capacity factor often exceeding
50%—that this proposed 20 GW installation would pro-
duce an average output of 10.4 GW, about 20% higher
than the existing present-day installed wind (whose
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installed capacity is over 40 GW). Therefore, there is
clearly a benefit to investing in offshore wind, notwith-
standing the increased cost over onshore installation, as
many other countries in particularly windy areas of the
planet have already done (e.g., the United Kingdom;
Drew et al., 2015). The other key benefit of this proposed
offshore wind installation is that it can take advantage of
the winter northeast monsoon, resulting in very high pro-
duction in December, January and much of February.
With solar then able to compensate for weaker produc-
tion in November and March, this is possibly the only
realistic solution to reduce the seasonality of renewable
energy production in India.

We note that this is a simplistic and purely meteorolog-
ical analysis, and we do not take into account installation
or transmission costs, population density or current land
use. Readers should also be aware that limitations in the
ERAS input data (biases and relatively coarse resolution)
will lead to uncertainty in the results presented here.

5 | DISCUSSION AND
CONCLUSIONS

In this article, we presented a complete inventory of
potential and realized renewable energy capacity over
India. This was broadly separated into three main tasks:
quantifying the spatial distribution of existing renewable
energy capacity; estimating historical renewable capacity
factors; combining these into a model to identify
strengths and weaknesses of the existing grid; and to pro-
pose solutions to the latter going forward.

5.1 | Potential capacity

We used data from ERAS5 and various land use datasets
to quantify the most potentially productive regions for
each type of renewable:

« The best location for offshore wind is found in the Gulf
of Mannar, on the southern tip of the Indian penin-
sula. It has such a high annual mean wind capacity
factor that it is one of the best locations in the tropics
for an offshore wind installation. Other good locations
are off the coast of Gujarat and along the southeast
coast of India. The highest wind capacity factor in each
of these locations occurs during the summer monsoon
(July-August). These locations are all sufficiently close
to the coast that they could support either fixed foun-
dation or floating wind turbines.

+ The best locations for onshore wind are found over the
Rann of Kutch (i.e., western Gujarat and western

Rajasthan) and along the peaks of the Western Ghats.
Wind capacity factor peaks during the monsoon for
almost all locations over peninsula India, although it
extends into the pre-monsoon (April-May) for the
Rann of Kutch.

« Mean solar capacity factor varies little over most of
India. However, the best low-altitude (<3000 m) loca-
tions for solar are in the northwest (Gujarat and Rajas-
than) and south (mostly over Tamil Nadu and
Karnataka). Solar capacity factor is highest during the
pre-monsoon for all of India, except some parts of the
southwest (e.g., Kerala), where it peaks during winter
(January-February).

« High-altitude locations (>3000 m) generally have
higher solar capacity factors than low-altitude loca-
tions, although installations in these regions can be
difficult to maintain. The best locations are in Ladakh
and Himachal Pradesh, which benefit from being
cloud free during both the pre-monsoon and monsoon.

« Wave energy potential is typically weak near the
Indian coasts. An important exception to this is
the Andaman and Nicobar Islands, for whom it could
be beneficial as they are not connected to the main
Indian power grid. Wave energy potential is largest, by
far, during the summer monsoon.

« A qualitative examination of large hydropower poten-
tial showed that most of the best locations are located
along the Himalayas, given the large head available
there. This includes Arunachal Pradesh, which cur-
rently has very little installed hydropower capacity.
Other potential areas of interest included the Godavari
(namely Odisha) and Krishna (Telangana and Andhra
Pradesh) river basins. Similar analysis of small
(i.e., run of river) hydropower potential identified trib-
utaries of the Ganges and Brahmaputra as good loca-
tions. Potential hydropower production is highest
during the monsoon for virtually the entire
subcontinent.

The focus of this analysis has been understanding
renewable potential and variability using the ERAS rea-
nalysis. ERA5 has previously been found to be the best
performing reanalysis over India when compared with
buoy data from the open ocean, but near-surface wind
speed is notably more poorly represented than tempera-
ture or sea level pressure (Luo et al., 2022). The open
ocean is significantly less challenging for the reanalysis
than a region of complex orography, such as the Western
Ghats, where the majority of the Indian wind farms are
located. Previous studies have highlighted ERA5's issues
over orography (Bloomfield et al., 2020) and the potential
need for calibration to a product such as the Global Wind
Atlas (Davis et al., 2023) or for regional high-resolution
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reanalysis (e.g., the Indian Monsoon Data Assimilation
Analysis [IMDAA]; Ashrit et al., 2020). Very little is pro-
vided on the verification of surface radiation fields over
India. However, there is information about precipitation.

In this study, we chose to use an uncorrected ERAS5
to demonstrate the methodology and to allow us to freely
discuss the complementarity between renewables
(Figure 9 and related analysis) without worries that the
correction of wind speed had impacted the relationship
between near-surface winds and surface solar radiation.
However, it is still possible that biases in ERA5 wind
speeds could impact the complementarity of renewables
seen in Figure 9. This could be particularly problematic
for proposed wind farms in mountainous regions.

5.2 | Installed capacity

We used a combination of catalogue data, satellite data
and OpenStreetMap data to estimate the existing spatial
capacity density of wind and solar installations. We then
verified our results using state-wide totals published by
the Ministry for New and Renewable Energy. All sources
were generally in agreement.

5.3 | Modelling grid resilience

We combined historical capacity factor time series with
gridded estimates of installed capacity to produce a
model for simulating renewable energy production over
India. We used this model for two key purposes: first, to
identify periods of deficit and surplus renewable produc-
tion were the present-day grid exposed to historical
weather conditions; and second, to establish potential
regions for new renewable installations that might help
to address identified weaknesses in the existing grid. Our
model performed well over a testing period (January
2020 to October 2022), with simulated daily mean wind
and solar production having correlation coefficients of
0.922 and 0.951, respectively, with published values.
However, our simple model does not represent changes
in the spatial distribution of installed capacity, and so its
skill is weakened as a result.

By subjecting the present-day renewable grid to his-
torical weather conditions (1979-2020), we demonstrated
that there is a strong seasonality, with mean production
during the monsoon reaching about 30 GW compared
with 10-15 GW during the winter. Production during the
monsoon is primarily wind-driven and is thus highly var-
iable. Extreme deficit days (where grid production is
below the first percentile) typically occur during
November and December, and often happen
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consecutively in clusters that can be over a week long,
offering some predictability.

Extreme surplus days (production greater than the
99th percentile) typically occur between late May and
early August, and similarly are often found in clusters.
Neither extreme surplus nor extreme deficit days have
significant trends in frequency over this period, so
although both wind (increase in deficit) and solar
(increase in deficit and decrease in surplus) have signifi-
cant trends individually, the current arrangement of the
renewable grid is somewhat shielded from the recent
effects of climate change.

In the final part of this study, we used the model to
identify regions where new wind and solar installations
should be located to maximize the following: offshore
wind production, onshore wind production during winter
and solar production during winter. We showed that
20 GW of offshore wind installed capacity, located pri-
marily in the Gulf of Mannar, would produce approxi-
mately the same amount of power as the existing onshore
wind installations, which total a nominal capacity of over
40 GW. We also showed that winter-focused solar and
onshore wind installations, designed to mitigate the
strong seasonality in production exhibited by the existing
renewable grid, should be primarily located in Ladakh/
Himachal Pradesh and Rajasthan/Ladakh, respectively.

This study supports relevant work investigating the
predictability of weather-dependent energy system com-
ponents. At short lead-times methods are being devel-
oped to nowecast solar PV generation using satellite data
(Masoom et al., 2020). At sub-seasonal to seasonal time-
scales, although there is limited model skill, predictability
is highest over the southern regions of the country
(Das & Baidya Roy, 2021) where our study has
highlighted the largest renewable complementarity.

54 | Open data

Table 1 gives a summary of the data produced by this
study. All other data are available from sources stated,
for example, in Section 2 or in figure captions. Code used
to produce the data and figures in this article is available
at https://github.com/kieranmrhunt/india-renewable.

5.5 | Future work

We did not assess any long-term trends present in the
reanalysis data (e.g., the potential for steady wind speed
decline in the monsoon season; Gao et al., 2018). Nor did
we assess the potential impacts of climate change on
wind and solar PV generation over India (e.g., those

5U80| 7 SUOWIWOD 3AIEaID 3|qeoljdde au Aq pausench a1e Sajolie O ‘8N Jo Sa|nJ 10} AfeiqiT8UUO AB]1/M UO (SUORIPUOD-PUR-SWB}WO0D" A3 | 1M Afe.q 1 Ul |uO//:SANU) SUORIPUOD PUe Swie | 81 88S *[7202/90/ET] Uo ArigTauluO A8|IM ‘S8 L AQ 96TZ 1BW/Z00T OT/I0p/L00 A8 | M AreIq 1 jeul U0 'SiaWLY// Sty Woj papeojumoq ‘€ ‘720z ‘080869+T


https://github.com/kieranmrhunt/india-renewable

20 of 24 Meteorological Applications

HUNT and BLOOMFIELD

Science and Technology for Weather and Climate

discussed in Zakari et al., 2022), which would provide
useful extensions of the wind and solar capacity datasets
developed in Section 3 to understand whether the trends
seen in extreme wind/solar days in Figure 10 are a result
of inter-annual variability, or the impact of climate
change. There is also a clear need to identify the weather
patterns responsible for these extreme days, and to
understand its potential predictability from days to
months ahead.

In addition to understanding the impact of climate
change, another important consideration for future work
is the evolution of energy demand (e.g., scenarios
described in Barbar et al., 2021), which will grow sub-
stantially through India's decarbonization.
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To extract the location data of renewable installations from OSM, we used scripts of the following format on Overpass

Turbo (https://overpass-turbo.eu/):

[out : json] [ timeout :250];

// gather results

(

// query part for : *“” generator : source“=wind”
node [“generator : source’=“wind”] ({{ bbox }}) ;

2

way [“ generator : source”=“wind ”] ({{ bbox }}) ;
relation [“generator : source“=“wind ] ({{ bbox }}) ;
)i

//printresults

out body ;

>;

out skel gt ;

APPENDIX B: STATE-WISE INSTALLED RENEWABLE POWER CAPACITY

TABLE B1 Installed renewable power capacity in Indian states and territories as of 30 October 2022.

Small Large

Biomass hydro hydro Wind Solar Total
State/territory (MW) (MW) (MW) (MW) (MW) MW)
Andaman and 5.25 29.91 35.16

Nicobar
Andhra Pradesh 566.04 162.11 1673.60 4096.65 4506.66 11,005.06
Arunachal Pradesh 133.11 544.55 11.23 688.89
Assam 2.00 34.11 522.08 147.92 706.11
Bihar 126.02 70.70 110.00 190.76 497.48
Chandigarh 101.71 57.84 159.55
Chhatisgarh 275.00 76.00 233.00 798.34 1382.34
Dadar and Nagar 5.46 5.46
Haveli

Daman and Diu 41.01 41.01
Delhi 59.00 723.09 211.12 993.21
Goa 0.34 0.05 2.00 26.40 28.79
Gujarat 110.73 89.39 772.00 9798.52 8045.58 18,816.22
Haryana 258.88 73.50 2324.62 954.65 3611.65
Himachal Pradesh ~ 10.20 960.71 3248.88 87.35 4307.14
Jammu & Kashmir 144.68 2321.88 48.56 2515.12
Jharkhand 4.30 4.05 191.00 93.58 292.93
Karnataka 1902.15 1280.73 3631.60 5268.15 7859.38 19,942.01
Kerala 2.50 266.52 1864.15 62.50 653.97 2849.64
Ladakh 39.64 7.80 47.44

Solar
(% on grid)
99.10

98.04
49.96
93.62
88.84
98.60
51.56
100.00

100.00
99.31
99.55
99.46
69.61
65.72
50.43
57.98
99.61
96.83

100.00

Solar
(% rooftop)

15.49

3.64
77.36
24.18
18.03
88.88
11.46
54.40

75.25
95.73
96.39
24.46
60.00
33.64
89.83
64.89

4.88
54.76
23.08

(Continues)
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TABLE B1 (Continued)

Small Large
Biomass hydro hydro Wind Solar Total Solar Solar
State/territory (MW) (MW) (MW) (MW) (MW) (MW) (% on grid) (% rooftop)
Lakshwadeep 3.27 3.27 22.94 0.00
Madhya Pradesh 131.75 99.71 3223.66 2844.29 2762.14 9061.55 97.04 8.26
Maharashtra 2636.42 381.08 3331.84 5012.83 3391.63 14,753.80 97.05 36.53
Manipur 5.45 87.24 12.28 104.97 51.79 100.00
Meghalaya 13.80 32.53 417.38 4.15 467.86 5.06 100.00
Mizoram 41.47 97.94 8.01 147.42 20.72 93.98
Nagaland 31.67 66.33 3.04 101.04 32.89 100.00
Odisha 59.22 115.63 2163.22 452.67 2790.74 93.94 5.09
Pondicherry 35.53 35.53 99.49 97.74
Punjab 498.94 176.10 3818.28 1127.07 5620.39 93.28 21.19
Rajasthan 125.08 23.85 1941.93 4576.82 15,283.66 21,951.34 96.87 5.64
Sikkim 55.11 633.00 4.68 692.79 58.97 100.00
Tamil Nadu 1042.70 123.05 2178.20 9873.92 6233.36 19,451.23 99.04 5.97
Telangana 219.74 90.87 2479.93 128.10 4637.39 7556.03 99.81 5.79
Tripura 16.01 68.49 16.26 100.76 57.87 46.87
Uttar Pradesh 2192.89 49.10 3424.03 2264.78 7930.80 94.06 12.15
Uttarakhand 139.44 218.82 2095.89 575.45 3029.60 97.51 46.82
West Bengal 323.70 98.50 1396.00 176.03 1994.23 92.62 32.53
All-India total 10,700.84 4899.50 45,687.52 41,661.78 60,768.92 163,718.56 96.61 12.80

Note: Blank spaces indicate no installed capacity. Bold values indicate installed capacity for a given state is in the top five. Large hydro data are from Central
Electricity Authority, all other data are from the Ministry of New and Renewable Energy. CEA data do not distinguish between Jammu & Kashmir and
Ladakh, and so the total large hydro capacity for the two regions is entered only under Jammu & Kashmir. MNRE data are available from https://mnre.gov.in/
img/documents/uploads/file_s-1665464058867.pdf. See Section 2.2.2 for information on CEA data.
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