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India's wind sector faces the risk of climate-induced
uncertainty in resources, a glimpse of which was
visible in the monsoon season of 2020.
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This is an excellent topic for analysis

Comments from industry leaders and our partners
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The research is an excellent topic for analysis and study. It is relevant for India considering our
past adverse experiences in areas such as gas generation, coal-fired generation etc.
S. R. Narasimhan, Director of System Operation, POSOCO, New Delhi

As a professional and a system operator, I agree that the findings of the team in this paper are
correct and need further deep-diving into the subject by all stakeholders. It is indeed a fact that
in the peak season of 2020, there was a drastic reduction in wind energy generation. Hence
there is a need for more efforts towards long-term wind forecasting, say three to four months
in advance, so that the likely impact of resources variability be captured well in advance for
an optimised system operation and market operation planning in the Indian Power System.
The planned outages of thermal plants and other resources planning can be readjusted if such
advance forecasting exercises are undertaken using advanced technology by all concerned
stakeholders.

V. K. Shrivastava, former Executive Director, Western Regional Load Despatch Centre

With 38 GW of wind energy installed capacity in India, it is important to focus on improved
forecasting of wind generation and variability. This report highlights a dip in the wind speeds
during the peak wind season of 2020 and analyses the impact on wind power output in different
regions. The report provides detailed comparative data for different regions and should be useful to
anyone interested in wind power in India.
Prof Rangan Banerjee, Head of the Department of Energy Science and Engineering,
IIT Bombay
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Despite an increase in installed capacity,
India witnessed a sharp 24% drop in wind

power generation in the peak season of 2020,
relative to 2019.
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Executive summary

Wind energy has vast potential in India. There has been a steady growth in the Indian
wind industry since 1985, primarily due to favourable policies. Given the growing
importance of wind in India’s energy mix, understanding the subcontinent’s wind resource
characteristics is essential to chart the sector’s future.

Seven states in the southern and western parts of the country host about 95 per cent of

all wind energy installations (MNRE 2021). This concentration is partly because of the
geographic locations of these states, which offer a high number of ‘healthy wind days’ in a
year. Additionally, 56 per cent of the total output of wind energy occurred during the peak
monsoon season between June and September, reflecting the uneven distribution of wind
power generation through the year 2019 (POSOCO 2019f-POSOCO 2019i).

In the peak season of 2020, India experienced a significant resource anomaly that led to a 24
per cent lower energy generation compared to 2019 (POSOCO 2019f-POSOCO 2019i; POSOCO
2020r-POSOCO 2020u). Industry stakeholders are concerned about the unanticipated
variability during peak generation season. In this context, the aim of this report is to
stimulate discussion on how the industry and the government can deal with the variability of
wind resources in India.

The report examines the decline in wind energy generation, outlines the micro and macro
impacts of the resource anomaly that occurred in 2020 and identifies potential solutions. It
also discusses the causes of increasing wind unpredictability in India, as well as its likely
consequences in the long term.

The unexpected resource variability in 2020 had multiple
implications

The peak monsoon season of 2020, when wind power producers usually secure a large portion
of their revenue, saw a dramatic drop in generation. The western and southern regions
experienced a 29 per cent and 17 per cent decline in wind power generation, respectively,
during this period. Although the overall decline in 2020 was only about 5.3 per cent relative to
2019, the unanticipated dip observed across regions and the resultant difficulties in generation
forecasting is concerning. (POSOCO 2019a—POSOCO 2020u).

We undertook a case study to assess the plant-level impact of variability in wind speeds.
For this, we analysed the daily average wind speeds between June—September for two wind
farms located in Jamnagar, Gujarat and Tirunelveli, Tamil Nadu. Results of the investigation

A\

In 2019, 56% of
the total wind
energy generation
occurred during
the peak monsoon
months of June to
September
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showed that Jamnagar experienced a decline in wind speeds relative to 2019 and 2018.
Similarly, Tirunelveli indicated a decline in wind speeds compared to 2018 but no reduction
when compared to 2019.

This drop in generation led system operators to resort to other available balancing resources
in real-time. Between June to August, the western region increased its hydro power by 12

per cent relative to same period in 2019. Similarly, share of coal power increased by 4 per cent
in June and July 2020 relative to the previous two months of the year. In addition, our analysis
of number of ramps in generation across two wind sites in Gujarat and Rajasthan highlight
increased challenges in forecasting. This in turn translated into cost implications under the
deviation settlement mechanism (DSM).

A decline or anomalous pattern in the availability of wind resources can have several
implications for the wind industry and the overall power sector. For wind power producers,
increased unpredictability in wind resources could lead to diminished revenues.

An analysis of the impact of changing wind resource patterns for a 100-MW (megawatt) plant
showed that a 10 per cent reduction in the capacity utilisation factor (CUF) every five years

would result in an internal equity rate of return (IRR) of 13.14 per cent, as against a base case
IRR of 14.97 per cent. This drop in IRR, in turn, translates to an INR 122 crore reduction in the

total revenue. Similarly, a 5 per cent reduction in the CUF every five years would result in an
equity IRR of 14.10 per cent, which would translate to a reduction of INR 61 crore in the total

revenue.

To quantify the impact of increasing variability on wind forecasting, we analysed the number

and magnitudes of positive and negative ramps that occurred in July 2019 and July 2020 at

two wind plant sites in Gujarat and Rajasthan. Both sites have capacities of more than 70 MW.

Unexpected changes in wind resource availability over the life of a plant may have an effect
on long-term power sector planning and could lead to demand and supply imbalances,
increasing the total cost of system balancing.

The various stakeholders and the impact that wind resource variability can have on them are

listed in Table ES1.

Stakeholder

Wind power generators

Investors

Forecasting agencies

Load despatch centres:
SLDCs (State Load
Despatch Centres), RLDCs
(Regional Load Despatch
Centres), and NLDC
(National Load Despatch
Centre)

Central and state power
sector planners

Impact

Loss of revenue and additional DSM charges.

Delays in revenue realisation.

Our analysis shows that a 10 per cent drop in CUF for five years during
the plant life could lower the IRR by 1.83 percentage points.

If such events become more frequent, profit margins can reduce,
which may move the investors out to other more attractive technology
options amidst stiff competition in the RE sector.

Increase in error rates with increasing unpredictability.

Increasing variability and unpredictability would raise the cost of grid
balancing.

An overall increase in the per unit transmission charges borne by
buyers with a decrease in wind power output.

With the addition of higher levels of wind capacity, power systems
and their long-term planning would be more vulnerable to seasonal
variations and changing weather patterns.

1/
/-

Jamnagar, Gujarat,
experienced a
decline in wind
speeds relative to
2019 and 2018

Table ES1
Assessment of
the impact of
wind resource
uncertainty

on various
stakeholders

Source: Authors’ analysis



Impact of changing climatic patterns on wind speeds

Changing climate has ramifications for almost every industry on the planet. Numerous
reports have looked at the effect of extreme climate variability on India’s wind speeds, given
the increasing incidence of extreme weather events and changing climate around the world.

More than 75 per cent of Indian districts are extreme event hotspots, making wind plants
located in these areas highly vulnerable to climate risks (Mohanty 2020).

Typically, climate variables need to be tracked over a long time to understand changing

patterns (Ogwang et al. 2015). An examination of annual average wind speeds at 100 metres in
various wind-rich states of India over 1979-2020, except Tamil Nadu, showed an overall decline
and, hence, a worrisome reality for the Indian wind energy sector (Figures ES3, ES4, and ESs).
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Figure ES1

There is a clear
declining trend

in wind speeds in
Rajasthan between
1979-2020

Source: Authors’ analysis
of the ERA5 data set in
the ECMWF database

Figure ES2

There is a clear
declining trend

in wind speeds

in Gujarat, India's
second-most wind-
rich state

Source: Authors’ analysis
of the ERA5 data set in
the ECMWEF database

Figure ES3

Wind speeds in
Tamil Nadu, India's
top wind power
producing state,
are relatively stable
Source: Authors’ analysis

of the ERA5 data set in
the ECMWEF database
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Explaining wind speed declines in 2020

The seasonal contrast between land—sea temperatures and pressure distribution across
the Indian landmass and the adjacent Indian Ocean determines India’s wind resource
potential. As such, wind power in the country remains largely dependent upon the
monsoons. However, a warmer-than-normal tropical ocean adjacent to Indian landmass in
2020 was the manifestation of what is most likely an anthropogenic or “man-made” effect
on the climate system.

During the pre-monsoon period of 2020, India witnessed meteorological signatures that
indicated a weak monsoon. They included the following deviations:

a) Cooler than normal northern plains in the Indian subcontinent
b) Warmer than normal neighbouring North Indian Ocean

c¢) Wetter than normal pre-monsoon season over India

The anomalies of the pre-monsoon and peak monsoon season fuelled the onset of sub-par
wind fields from June to August over the Indian landmass that were responsible for reducing
energy generation.

Anomalies in the Indian summer monsoon of 2020 paved the way for disrupted wind speed
patterns during the peak season. Figure ES6 summarises various events that led to a decline
in wind speeds over India from a climatological perspective.

[ [ ) [
Increased instances of Figure ES4
western disturbances Cyclonic activity during Anomalies in the
during the pre the pre monsoon -— War_mmg of the North Indian summer
monsoon over North season in the North Indian ocean
and North- Western Indian ocean monsoon of 2020
India disrupted wind
speed pattern
during the peak
[ ) [ season
. Lowering of the land Source: Authors’ analysis
Increased rainfall surface temprature
»activity during the pre > . P >
during the pre

monsoon season
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Recommendations

Several studies and scientific communities are pointing to the increased effects of climate
change in the form of temperature and pressure changes and unusual and extreme weather
events. Wind speeds are highly dependent on climatic variables. Therefore, the wind power
sector could also be prone to these effects, a glimpse of which was visible in India in 2020.
The wind power generation in the peak monsoon season of 2020 reduced sharply due to
the interplay of weather anomalies. At the same time, we observed that towards the end of
the year, wind speeds picked up and compensated for the dip in the monsoon months. An

increase in instantaneous variability will impact system operations. Inter-annual variability,
even though it may be lower, can affect system planning and investments. Both these types of

variability need to be more rigorously and scientifically assessed. It is also essential that we
proactively understand the likelihood and severity of situations similar to 2020 if they are to
be a repeated phenomenon in the future.

To climate-proof the wind energy sector, governments, public sector organisations, and
the industry must invest in deep climatological research, advanced weather and power

forecasting techniques, and the development of cost-effective ancillary support technologies

and services.

Strengthening capacities
and investments in
research and

development (R&D)

Investing in research on
resource variations and
climate modelling is
imperative and needs to be
done immediately.

Adopting new and
improved forecasting

practices

Advanced forecasting tools
help strengthen
decision-making and the
management of
weather-induced
variabilities that can widen
the difference between
energy supply and demand.

Updating resource maps

Publishing resource maps
more frequently can help
mitigate the risk associated
with new investments.

Investments in potent
technologies, market
mechanisms and services
for grid integration

Adopting storage
technologies is one proven
way to effectively integrate
variable renewable energy
(VRE) into the grid.

Improving data
EAETIEYL11114%

Diaggregated generation
data at plant-level is
necessary to conduct
long-term assessments of
climate-induced impacts.

Integrating uncertainty
into planning

Long-term capacity
expansion planning and
demand-supply estimations
should account for changing
wind speeds and patterns
across seasons.

Executive summary XVii

Figure ES5
Interventions
needed to
minimise the
effects of wind
resource variability

Source: Authors’ analysis
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Limitations of the investigation

The study identified key factors that were likely responsible for the weak south-
west monsoon winds that led to the low generation of wind energy during the
initial months of the 2020 monsoon. However, the analysis is not exhaustive

in its coverage of a multitude of events like the ENSO, Atlantic Nino, and IOD,
which can influence monsoon wind fields over the Indian subcontinent through
atmospheric teleconnection.

The meteorological analysis focuses heavily upon two consecutive years (2019
and 2020). It does not represent future or past trends in the wind field over the
Indian subcontinent. We also do not explore the uncertainties surrounding the
scenarios constructed for the IPCC report and their likely downstream impact on
the evolution of the monsoon circulation over India in the years to come. A more
rigorous data analysis with a climatological perspective is necessary to identify
the causes of such varying trends.

The offset observed in the wind speed trend over Tamil Nadu is qualitatively
attributed to the seasonal influence (e.g., north-east monsoon) and regional
forcings (e.g., mountain passes) upon the wind field. Quantitative insights into
this relationship require further research and remain unaddressed in the current
investigation.

The ERA-5 datasets used for this investigation has not been subjected to bias
correction, which largely restricts the insights derived from this study to remain
qualitative in nature.



1. Introduction

Wind energy has great potential in India. Since 1985, the nation’s wind industry has
steadily grown, largely due to favourable policy developments. With a total installed
capacity of 38.6 GW (gigawatt) as of December 2020, India currently has the fourth-highest
wind capacity in the world (MNRE 2021). It constitutes more than 42 per cent of the country’s
total grid-interactive renewable energy (RE) capacity (CEA 2021). The role of wind in the
energy generation mix is expected to grow further, particularly with India’s ambitious targets
of 60 GW by 2022 and estimates of 140 GW by 2030 (GWEC 2020).

Given the growing importance of wind energy in India’s power generation, it is critical

to understand the characteristics of wind resources in the subcontinent and factor this
information into the sector’s planning and development. There are two crucial characteristics
of wind availability in India that need to be considered. First, seven states in the southern
and western parts of the country account for around 95 per cent of India’s wind energy
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capacity (MNRE 2021). This concentration is primarily due to their geographical locations,
due to which they experience a large number of ‘healthy wind days’ in a year. Tamil Nadu
has the highest wind energy capacity, at 9.2 GW, followed by Gujarat, Maharashtra, and
Karnataka, which have installed capacities of 7.2 GW, 4.8 GW, and 4.7 GW, respectively (MNRE
2021). Second, India’s wind energy generation is distributed unevenly through the year, with
56 per cent of the total wind energy production occurring during the peak monsoon season
between June to September 2019 (POSOCO 2019f—~POSOCO 2019i). Additionally, wind energy
is the primary source of clean energy during the monsoon as solar energy generation is
relatively low at this time because of cloud cover (Matuszko 2012).!

These two characteristics of wind energy have played a critical role in the RE sector’s
development in India. This also affects the power sector, from short- and long-term power
procurement planning by distribution companies to long-term capacity expansion plans at
the national level.

1.1 The role of wind forecasting in integrating variable
renewable energy

The geographical and temporal variations in wind resource availability impact how wind
energy is integrated into the electricity grid. Electricity transmission and distribution
networks require a real-time balancing of power injected into and drawn from the grid.
Real-time balancing is mandatory to maintain the grid’s stability at a predefined frequency
of 50 hertz (Hz). Balancing the grid by matching supply and demand at all times can only be
achieved with accurate predictions of demand and corresponding scheduling of supply.

To accommodate intermittent renewable sources of generation in the grid, forecasting is
essential for the grid operator to balance the grid. Forecasting for this purpose involves
multiple time frames. Short-term forecasts are of primary interest for grid operators. Day-
ahead and intra-day forecasts bases are used for daily power planning and dispatch.
Thus, accurate forecasting reduces the uncertainty associated with power generated by
uncontrollable sources of energy.

Renewable energy forecasting

Wind and solar power generation patterns are entirely dependent on weather
phenomena, namely, wind fields, solar insolation, and cloud movements. As
such, forecasting wind and solar power generation require an understanding of
weather variables. The second layer in forecasting wind and solar generation is
based on mathematical modelling of the physical characteristics of generation
plants to formulate a method of converting weather variables into power
generation patterns, considering the relationships between the weather and
power outputs. Further improvements in forecasting accuracy may be achieved
through the use of data-driven statistical methods.

1 During the peak monsoon season, solar panels may harness less energy from solar irradiation than usual due to
the constant interference of rain clouds throughout the Indian subcontinent.



1.2 Rationale and objective

India experienced a significant resource anomaly in 2020 that led to a 24 per cent reduction in
wind energy generation in June, July, August, and September (JJAS) as compared to the same
months in 2019 (POSOCO 2019f-POSOCO 2019i; POSOCO 2020r-POSOCO 2020u). Gujarat,

for instance, had a monthly average wind speed of 18.8 kmph (kilometre per hour) in July —
the slowest in 42 years. Meanwhile, the overall decline in 2020 compared to 2019 was only
around 5.3 per cent. This means that the wind power generation in 2020 was only marginally
lower than in 2019. However, it is essential to note that the decline during the peak season
had disproportionate implications for wind power producers and system operators in wind-
rich states. Additionally, there has been a historical decline in wind speeds in the Indian
subcontinent since 1979 (Jaswal 2013). Annual average wind speeds have reduced at a rate

of 0.88 kmph with every decade; the sharpest declines occurred in June (-1.33 kmph with
every decade) and July (-1.27 kmph with every decade). Such resource anomalies can pose
forecasting challenges, thus affecting the wind sector value chain.

This report aims to catalyse discussions on tackling wind resource variability in India. It is
an attempt to understand the factors leading to the resource anomaly in 2020, highlight the
associated impacts across stakeholders, and identify risk-proofing strategies for the sector.

Introduction

—

There has been a
historical decline
in wind speeds
in the Indian
subcontinent
since 1979
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2. A sudden drop in wind power generation
during the peak season of 2020

he peak monsoon season of 2020 — when wind power producers typically amass a large

proportion of their revenue — experienced a steep decline in wind energy generation. The
overall wind energy generated in the months between June and September was 24 per cent
lower compared to the same period the previous year. The most significant decline occurred
in July when the wind power output was only 6,967 million units (MU), 40 per cent lower
than the 2019 output.?3

The decline in wind power generation evidently concerned stakeholders, as the industry
had not anticipated this sharp fall. This marks the first noticeable drop in wind speeds over
India due to unforeseen circumstances in recent years. 2020 saw the greatest decline in wind
energy generation during the peak season in three years despite increments in installed
capacity (Sreeram 2019).

We undertake regional and plant-level analysis to assess the extent and impact of reduced
wind generation.

2.1 A decline in generation across regions

The western region of India has the highest concentration of wind installed capacity at 15,062
MW as of 31 March 2020 (MNRE 2021). Figure 1 shows the daily capacity utilisation factor
(CUF) during the peak season of 2020 in a year-over-year (y-0-y) analysis of the western
region. There was a 29 per cent decline in power generation in the western region in 2020
compared to 2019 (POSOCO 2019f—~POSOCO 20191; POSOCO 2020r-POSOCO 2020u).

Methodology

We first extracted the daily generation data from the POSOCO data portal to
identify the daily CUF of the wind turbine generators (WTGs) in the western
region during the specified months. These data were then divided by the total
installed capacity in the western region and further divided by 24 to give us the
daily CUF.

2 Authors' analysis of Earthmetry data.
3 Adjusted for 1.3 GW of capacity addition between the years.

PG

July 2020 saw the
steepest decline

in wind power
generation - 40 per
cent lower than
that in July 2019
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The southern region, which includes Tamil Nadu, the most prominent wind power producing
state in India, experienced a 7 per cent decline in wind power generation during the peak
season in 2020 compared to 2019.

Figure 3 shows CUFs* for a sample set of wind power plants in 2020 as compared to 2019. As

the plots show, monthly generation at all sample sites varied similarly in 2019 and 2020 up
until the monsoon months, where there is a clear decline in generation for the latter year. The
site in Rajasthan recorded marginally increased generation in the months leading up to the
monsoons; this may be explained by increased wind flow in the region during the pre-monsoon
months, owing to cyclonic activity. This case in Rajasthan also highlights the variability in
impacts across sites — a few regions in the country were not affected much or at all.

4 Calculated as the total wind energy generation in the given month divided by the maximum possible annual
energy generation. This is done to highlight the differences between 2019 and 2020 as well as those between
months.
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As the peak monsoon months from June to September usually produce high wind power
output due to the many ‘healthy wind days’, power producers tend to rely on the season for
a good power yield and a significant proportion of their annual revenue recovery. Installed
wind power capacity is projected to increase 5-fold by 2035. Such abrupt declines during the
peak monsoon season could have even greater implications for the sector if their occurrence
becomes more frequent.

2.2 Wind resource decline: the primary cause of reduced
generation in 2020
To understand the short-term decline in power generation, we undertook a case study

focused on Gujarat and Tamil Nadu. We chose the two states based on their contribution to
the total installed capacity of wind in India and geographical locations.



A sudden drop in wind power generation during the peak season of 2020

In Gujarat, we looked at daily average wind speeds at 100 metres in the Jamnagar district.°
Jamnagar currently houses 10 per cent of Gujarat’s installed wind power capacity. Similarly,
we chose the Tirunelveli district in Tamil Nadu as it accounts for 16.5 per cent of the existing
installed wind energy capacity in the state.

The wind speed analysis for Jamnagar and Tirunelveli between June and September for 2018,
2019, and 2020 shows a decline in wind speeds in 2020 compared to previous years.”® Figures
4 and 5 illustrate the wind speed—duration curves from June to September for Jamnagar

and Tirunelveli. In 2020, Jamnagar experienced a decline in wind speeds compared to 2019
and 2018. Similarly, Tirunelveli indicated decline in wind speeds compared to 2018 but no
reduction when compared to 2019. Thus, there is a declining pattern in wind speeds for both
cases in 2020 compared to the previous three years.
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Estimations of wind speeds across India (Figure 6) also show reductions in average wind
speeds over large parts of the country spanning RE-rich regions. Depressed wind flow over
water bodies surrounding the country’s peninsular region also indicates an overall decline in
wind fields in 2020.

6 To reduce the chances of inaccurate assessment of changes in average wind speeds, we picked one district each
in Gujarat and Tamil Nadu instead of examining data sets for the entirety of either state.

7  The analysis compares wind speeds during the peak monsoon season from 2017 to 2020, but does not attempt
to define a 'trend.

8 The wind speed curves have been created using daily average data for visualisation. The same may also be
created using wind speed data with higher granularity.
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The observed wind speed decline clarifies that the primary reason for the reduced wind

energy output in 2020 was a decrease in wind resource.

Figure 6A
Reduced wind
speed over the
Indian peninsula
in 2020 compared
to 2019

Source: Authors’ analysis

Figure 6B

Wind movement
intensity

declined in the
neighbouring
water bodies of
India in July 2020
compared to 2019

Source: Authors’ analysis

Figure 6C

Poor development
of monsoon
circulation reduced
wind speeds in July
2020 compared

to 2019

Source: Authors’ analysis



Explaining the wind speed decline in 2020
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he seasonal contrast between land—sea temperatures and pressure distribution across

water bodies surrounding the Indian peninsula determines India’s wind resource
potential. Thus, the wind energy generation in the country remains largely dependent upon
monsoon winds (Saha et al. 1979).

The difference between the land and sea temperatures that develop during the pre-monsoon
season (March, April, and May) drives moisture-carrying winds from the neighbouring oceans
to the Indian subcontinent. This temperature contrast leads to the intensification of the
pressure differential that extends across the Indian mainland and the adjacent ocean. This
strengthens the monsoon circulation that brings rain-bearing clouds on the south-west winds
(Ratnam et al. 2009).

Strong winds, originating from the Mascarene High (a high-pressure area located between
20°S-40°S and 45°E—100°E) in the South Indian Ocean, turn north-easterly as they cross the
equator to reach the Indian subcontinent as summer monsoon winds around late May or
early June. Warming of the Indian Ocean implies a decrease in the temperature contrast that



12

Assessing and Planning for Variability in India's Wind Resource

drives the monsoon winds across the land, which in turn dampens the wind speed over the
subcontinent (Roxy et al. 2015; Gao et al. 2018; Vidya et al. 2020).

According to our review of the scientific literature, the pressure gradient between the land
and sea was strongly correlated with wind-based electricity generation potential during
spring and summer in 2020. This timeline aligns with the occurrence of the Indian summer
monsoon under normal conditions (Vidya et al. 2020).

3.1 Understanding what happened: The anomalous
monsoon in 2020

In 2020, what was probably an artificial influence on the climate system manifested as a

warmer than normal tropical ocean surrounding the Indian subcontinent. The meteorological

signatures of the pre-monsoon season in 2020 indicated a weak monsoon.

a) Cooler than usual northern plains of the Indian subcontinent

Most of the northern Indian mainland was marginally cooler (by ~1° C) in 2020 compared to
both the 1971-2000 monthly climatology and 2019 (Figure 7). The 2020 pre-monsoon season
was at its coolest since 1997. This also co-existed with a warmer than normal neighbouring
ocean surface temperature (by ~1° C). This, in turn, compounded into a minimising effect
on the land-sea thermal contrast, which is a critical ingredient for roping moisture-carrying
winds towards the Indian mainland.
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b) Warmer than normal neighbouring North Indian Ocean

The presence of a warmer than normal ocean surface (i.e., the North Indian Ocean
comprising the Arabian Sea and Bay of Bengal) next to India facilitated the formation of
cyclones towards the tail end of the pre-monsoon season in 2020. In the Bay of Bengal,
Cyclone Amphan (which made landfall in mid-May 2020) had wind speeds of close to 175
kmph and inundated the coastal regions of West Bengal. In the Arabian Sea, the formation
and sustenance of Cyclone Nisarga were likely responsible for pulling the monsoon into the
Indian subcontinent. This, in turn, facilitated a timely onset (i.e., on 1 June 2020) despite

Figure 7
Near-surface
temperature
during April 2020
was lower than

in 2019

Source: Authors’ analysis
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weak monsoon winds (which formed due to a reduced land-sea temperature gradient as per
Figure 8). Except for the timely onset, the 2020 south-west monsoon circulation was unable
to sustain its traction post the dissipation of Cyclone Nisarga.
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The frequent western disturbances during the pre-monsoon season and the cyclonic activity
towards its tail end likely contributed to the excessive rainfall of March to May 2020 across
India. These occurrences may have led to the lowering of land surface temperatures across
the Indian mainland and, in turn, a weaker monsoon circulation and subdued wind speeds
at the wind turbine height (Kumar, Naidu, and Prasanna 2020).

c) Wetter than normal pre-monsoon season in India

The pre-monsoon season also included excessive rainfall between March and May 2020;

354 heavy rainfall events had above 64.5 mm of rainfall in March and April alone (Sangomla
2020). There were similar heavy rainfall episodes reported in 2019 across Iran, Pakistan, and
Afghanistan (Agarwal 2020). The jump in rainfall received during the pre-monsoon season
may be attributed to the increase in incidences of western disturbances over northern India.®

9  Western disturbances are extra-tropical storms that originate in the Mediterranean region and are usually
harbingers of dust storms as they travel to India on subtropical jet streams.

Figure 8

Land sea thermal
contrast in

April 2020 was
lower than the
normal average
during the same
period between
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Source: Authors’ analysis
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The increase in western disturbance incidences likely channelled moisture from its origin
to western and northern India. Its subsequent interaction with the warm air over the
Indian subcontinent probably led to the formation of thunderstorms and increased rainfall
responsible for making the 2020 pre-monsoon season wetter than normal.

Deviations/anomalies Normal conditions 2020

Cooler than normal 28-31° C 26-31° C

northern plains of the Indian

subcontinent (cooler by 1.5-2° C)
Warmer than normal 29-30°C 30-31°C

neighbouring North Indian

Ocean (warmer by 0.5-1° C)

1-8 mm; more widespread, with
North India receiving additional
precipitation of approximately
3 mm (relative to a typical April
month)

Wetter than normal pre-
monsoon season over India

<5 mm; less widespread;
localised to the coasts,
Himalayas, and the Western
Ghats

Note: The 1979-2019 April climatology serves as the benchmark for normal conditions.

The complex interplay between the land and sea is summarised in Figure 9. The warm Indian
Ocean (responsible for spawning cyclones) coupled with the cold northern Indian landmass
(owing to rainfall associated with western disturbances) contributed to the decrease in the
land-ocean thermal contrast, which eventually resulted in the depletion of the monsoon
circulation strength. This, in turn, fuelled the onset of sub-par wind fields over the Indian
landmass, which were responsible for the reduction in energy generation from June to
September.

Increased instances of
western disturbances
during the pre
monsoon over North
and North- Western
India

Cyclonic activity during .
pre monsoon season in ¥ Il 617 0 e

the North Indian ocean lngler ez

l

Lowering of the land
— 5 surface temprature

during the pre

monsoon season

Increased rainfall
activity during the pre
monsoon season

—

Y

Poor intensification of

monsoon circulation
leading to subdued
wind speed following
the onset of monsoon

—

Diminishing the land-

ocean thermal contrast |
prior to the monsoon
onset

Table 1

Identifying
anomalies in the
physical conditions
of the 2020 Indian
summer monsoon

Source: Authors’ analysis
of the ECMWF database

Figure 9
Anomalies in the
Indian summer
monsoon of 2020
disrupted wind
speed pattern
during the peak
season

Source: Authors’ analysis



4. The impact of changing climatic patterns
on wind speeds: a long-term assessment

Image: iStock

limate change has various implications for the functioning of almost every industry in the

world. Given the rising rate of extreme weather events and changing climate worldwide,
various studies have attempted to explore the impact of climate change on wind speeds in
India. (Gao et al. 2018) simulated complex climatic models to analyse wind speed variations
over the Indian subcontinent during a period of 37 years. The results indicated a gradual
decline in wind speeds, especially over the western states of India. Further, the changes in
wind speed patterns were mainly attributed to anomalies in the Indian summer monsoon
due to modulating trends in the sea surface temperatures of the sea surrounding the Indian
subcontinent. The current research, which analyses wind speed data over 40 years, similarly
indicates a decline in wind speeds.
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4.1 Assessment of historical wind speeds

Typically, climatic variables are studied over a long time to observe changing climatic
patterns (Ogwang et al. 2015).

Average wind speed data for Gujarat, Rajasthan, and Tamil Nadu were analysed monthly
from 1979 till 2019. Figures 10 and 11 display a declining trend in wind speeds over Gujarat
and Rajasthan. Contrarily, Tamil Nadu demonstrated a rising trend in the wind for the
same period (see Figure 12). The results of the long-term analysis agreed with those of a
recent study conducted by the Ministry of Earth Sciences, which forecasted an increase in

wind speeds over the southern peninsula as an indirect impact of climate change in India
(Krishnan et al. 2020).

Methodology

We extracted wind speeds at 100 metres for 40 years (1979-2019) from

the ECMWF database. This was part of the ERAS fifth-generation ECMWF
reanalysis of global climate and weather for the past seven decades. The data
were extracted at a resolution of 0.25 degrees x 0.25 degrees and were readily
available at monthly averages. Hence, the authors conducted the analysis using
the average monthly wind speeds in the specified geographical locations.
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Figure 10

There is a clear
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Source: Authors’ analysis

of the ERA5 data set in
the ECMWF database

Figure 11

There is a clear
declining trend

in wind speeds

in Gujarat, India's
second-most wind-
rich state

Source: Authors’ analysis
of the ERA5 data set in
the ECMWEF database
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In our analysis, trends in Tamil Nadu consistently stood in stark contrast to the dips in wind

speed observed in the rest of the country’s wind-rich states. This could be attributed to the
following factors:

1. The seasonal predominance of the north-east monsoons in the state: Tamil Nadu is
one of the few states in the country that benefits from the north-east monsoon wind field
that typically spans October to December. This factor likely mitigates the dip in the wind
speeds in places such as Muppandal, Kayathar and Poolavadi (where there is at least 8.2 GW
installed capacity for wind as of 21 June 2019), which are usually rich in wind resource.*

2. Presence of mountain passes: Tamil Nadu has multiple mountain passes, which include
the Aralvaimozhi pass, Sengottai pass, Cumbam pass, and Palghat pass. The presence
of mountain passes channels and accentuates the flow of wind to downstream districts
(Coimbatore, Tirupur, and Dindigul). Likewise, Muppandal near the Aralvaimozhi pass has
the largest installed wind capacity in Tamil Nadu to capitalise on this natural funnelling of
the wind field (Department of Environment, Government of Tamil Nadu 2020).

We observed mean annual wind speeds of over 15 kmph only in Gujarat and southern Tamil
Nadu. Although state-level trends show that wind-rich states have better wind speeds than
other states in India, average wind speeds have been dropping every decade in these states
since 1979. Average annual wind speeds all over the country are currently falling at a rate of
9.2 per cent per decade. Average annual wind speeds declined by 49 per cent from 1961 to
2008, indicating the effects of a changing climate on the wind power sector (Jaswal 2013). The
highest decrease in monthly wind speeds occurred in June and July, both of which are part of
the peak monsoon season in India.

4.2 The difference in land-sea temperatures and their
impact on wind speeds

Warm oceans serve as incubators for cyclonic systems. Increases in sea surface temperatures are
likely driven by anthropogenic influences on the climate system. These effects can exacerbate
the formation, severity, and frequency of cyclones. The increase in sea surface temperature in
2019 in the Indian Ocean was approximately 1°C higher than what it was in 1951 (Portner et al.
2019). This surpasses the global rise in temperature of 0.7°C in 1951—-2015; during this period,
there was also a decline in rainfall during the monsoon season (Krishnan et al. 2020).

A chapter within the recent Intergovernmental Panel on Climate Change (IPCC) report titled
“IPCC Special Report on the Ocean and Cryosphere in a Changing Climate” highlights that an
increase in the frequency and intensity of extreme events such as marine heat waves is ‘very
likely’ in the coming decades (Portner et al. 2019).

10 Based on an analysis of the Genesis Ray database.

Figure 12

Wind speeds in
Tamil Nadu, India's
top wind power
producing state,
are relatively stable
Authors’ analysis of the

ERA5 data set in the
ECMWEF database
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As warmer oceans with high specific heat capacity are likely to become common, the land-
sea thermal gradient will primarily be dictated by the land surface temperature of the Indian
mainland. As such, the signature features of the Indian monsoons, such as their onset and
spatio-temporal distribution, are expected to remain volatile and respond to a confluence

of myriad factors. These factors include the surface temperature of the Indian subcontinent

during the pre-monsoon season, the incidence of western disturbances in northern India and

cyclonic activity in the North Indian Ocean, especially during the pre-monsoon season.

The lower specific heat capacity of the landmass makes the evolution of the monsoon more
unpredictable as the land surface temperature responds with minimal latency to rainfall
associated with events like western disturbances over northern India. Therefore, a cooler
and wetter pre-monsoon season is capable of weakening the monsoon winds. In contrast,
a warmer, drier pre-monsoon period is more likely to encourage the south-west monsoon
winds to mature and attain their full climatological strength.

The inter-annual comparison of 2020 with 2019 offers insights into the complex interplay of
land and ocean and a repository of critical weather parameters (e.g., the land-sea thermal
contrast, incidence of western disturbances and associated rainfall in northern India, and
cyclonic activity in the North Indian Ocean) that ought to be monitored closely both prior
to and during the onset of the summer monsoon in India. If the present trend of warming
oceans continues, the dampening of the cross-equatorial wind field is likely to lead to the
weakening of the monsoon current over the Arabian Sea (owing to the incapacitation of
the Mascarene High in the South Indian Ocean). Therefore, a critical understanding of the

interplay (and realistic replication via mathematical models) between land and ocean (along

with quantifying their capability to modify atmospheric circulation) remains indispensable
to the development and refinement of predictive capabilities that can provide insights into
similar incidences and their impacts with sufficient lead time.

D
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5. Implications of variability in wind resource

e: iStock

ue to an increased possibility of a higher wind resource variability, we analyse the multi-
fold impact the phenomenon can have on the wind energy sector and the power sector.

5.1 Impact of resource variability on wind power
producers

The renewable energy market in India is becoming more competitive — power producers bid
to offer the lowest price possible for electricity. To achieve low wind tariffs, power producers
rely on maximising generation during the peak season, when most revenue recovery
happens.
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High inter-annual variability of wind could ultimately impact expected revenues for power
generators in the industry. As IPPs (independent power producers) within the sector compete
to produce the lowest power tariffs during power auctions, anomalies in generation output
could impact profitability. A decline in monthly power generation can further result in a
lower internal rate of return (IRR) for investors. With pre-existing challenges like curtailment,
areduction in wind resources could create turmoil within the industry.

Additionally, with rising variability, the deviation settlement mechanism (DSM) charges that
IPPs have to pay for inaccurate forecasts will increase. This could impact cash flows and
diminish revenues from wind projects.

To understand the impact of declining resources across two key geographies, we conducted
two case studies. We used real-time conditions and provisions and a scenario-based
approach to acknowledge a range of possible outcomes.

The first case study highlights the impact an anomalous wind pattern can have on the

equity IRR of a wind project located in Gujarat. Wind power production in Gujarat declined
by almost 12 per cent in 2020 compared to 2019." To forecast variations in the equity IRR,

we considered three scenarios depicting varying declines in the CUF and frequency of
occurrence over the 25-year life of the plant. We assumed no variations in the working capital
of the plant during its lifetime.

Case study: Impact on equity IRR

Methodology

To assess the impact of the decline in wind resources in India, we chose a site

in Gujarat with a discovered tariff of INR 2.8 per kWh as per the power purchase

agreement (PPA) (Prasad 2020). We assumed a plant size of 100 MW. We varied

the CUF of the plant to analyse the change in equity IRR* and the decline in net
revenue over 25 years, which is concurrent to the average life of a wind project.

To assess the decline in the CUF by a certain percentage for a single year during
the plant's life, we assumed that the decrease in the CUF would occur during the
thirteenth year of operation.

We built three scenarios to conduct a sensitivity analysis:

= D I
N N N

A decrease in CUF for a A decrease in CUF A decrease in CUF for
single year during the every five years in the all 25 years of the life of
entire life of the plant. life of the plant. the plant.

11 Authors' analysis of Earthmetry data. The data analysed were extracted on a daily basis between 1 January to
30 September for both 2019 and 2020.
12 The post-tax equity IRR has been analysed in the entire case study.
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Implications of variability in wind resource

In the financial model developed for the IRR analysis, we considered inputs and assumptions
as defined by CERC’s (Central Electricity Regulatory Commission) tariff determination order for
2019—-20 (CERC 2019). We determined a base case scenario considering ‘normal’ wind power
generation equivalent to that in 2019.3* To arrive at a levelised cost of INR 2.8 per unit (same
as the PPA tariff), we used a CUF of 37.4 per cent as the base case CUF. The base case IRR thus
calculated was 14.97 per cent over 25 years.

The equity IRR for a 12 per cent reduction in CUF for a single year was 14.62 per cent, a
decrease from 14.97 per cent, the base case IRR value. This represents a revenue loss of
INR 29 crore for a 100 MW plant in 2020.

Figure 13 presents the decline in equity IRR with varying degrees of decline in the CUF from
the base case CUF. Figure 14 illustrates the corresponding reduction in revenue realisation for
a 100 MW plant with the same parameters as assumed for the equity IRR analysis.
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The five-year scenario can be considered a more realistic depiction of the impact of wind
resource variability. Our analysis shows that a 10 per cent reduction in the CUF every five
years would result in an equity IRR of 13.14 per cent against the base case equity IRR of 14.97
per cent. This, in turn, translates into a decline of INR 122 crore in the total revenue. Similarly,
a 5 per cent reduction in the CUF every five years would result in an equity IRR of 14.10 per
cent, which would imply a fall of INR 61 crore in the total revenue. Likewise, a 15 per cent

13 We used a debt equity ratio of 80:20 along with a realistic interest rate of 8.5 per cent
14 Useful life is 25 years; the power plant costs 6 crores per MW; system size considered is 100 MW.
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drop in the CUF every five years would result in an equity IRR of 12.06 per cent, which would
mean a decrease in the total revenue of INR 184 crore. In all these cases, we considered a 100-
MW plant and applied an identical drop in equity IRR to calculate the total revenue loss.®

This analysis highlights the financial impact of a decline in wind generation on the industry.
Though we do see a decline in the IRR and total revenues, the IRR remains positive in almost
all scenarios. Additional DSM charges on account of inaccurate forecasts could further

add to losses. Additional cost implications could arise due to increased system balancing
requirements.

In addition, the wind sector is already dealing with other risks such as curtailments, PPA
renegotiations, and delayed payments by distribution companies. All these factors and
associated implications can have compounded effect.

Case study: Impact on power forecasting

Methodology

We selected two wind generation sites in Gujarat and Rajasthan to assess the
impact of the decline in the generation on wind power forecasting. With July as
the reference month, we compared corresponding patterns in 2019 and 2020.

The ease of predicting wind patterns is influenced by the number and magnitude
of positive and negative ramps that occur in a given period. Hence, we employed
the number of ramps as an indicator of predictability for the sites during the

two periods and collated forecast accuracies using the root mean squared error
(RMSE) metric. This metric is widely accepted as a global standard,; it has strong
correlations with DSM charges as per the forecasting and scheduling regulations
adopted in India.

The power forecasting models that agencies use to predict future generation values rely on a
base of numerical weather predictions (NWP), which are projections of weather parameters
generated by atmospheric simulation models. These NWP values are used to estimate
generation by converting wind into power values by considering the physical characteristics
of WTGs. The accuracy of weather to power conversions is, in many instances, enhanced by
machine learning (ML) techniques that utilise historical data sets to learn error patterns and
site-specific characteristics, such as wake effects and WTG performance deterioration. Most
power forecasting models deployed in the industry use a combination of NWP data, weather
to power conversions, and associated ML-based error corrections. Different models may be
deployed for various forecast ‘horizons’ (i.e., time frames). Shorter horizons such as 1 hour
ahead are generally more accurate than longer ones, such as 24 hours in advance due to the
availability of more recent data in the former case, which allows for better estimates.

As the decline in generation in 2020 was most pronounced in the northern and western
states, we selected two sites in Gujarat and Rajasthan for study. Both sites have capacities
of more than 70 MW. As the following charts (Figures 15 and 16) indicate, both sites show a
decline in total generation in July 2020 as against July 2019.

15 The base case CUF considered in this case study represents one of the best wind sites in the country. Most
project sites across wind-rich states may typically yield an annual average CUF in the range of 20-32 per cent
as per CERC's generic tariff orders. Therefore, a similar impact analysis can be done for other sites considering
lower base case CUFs. It is possible that projects on these sites operate on thin margins, and therefore may be
relatively more impacted if anomalous weather events become more frequent in the future.

—
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Implications of variability in wind resource

The plots for the two sites also illustrate an increased number of ramps (both positive and
negative) in generation in 2020 as compared with 2019. Such ramps pose a challenge to
forecasting as they are driven by highly localised weather phenomena. As the regulatory
framework in India requires forecasts to be applicable about 45-60 minutes from the time of
issuance, the challenge is exacerbated since many ramps are short-lived and, consequently,
cannot be captured in projections.

Gujarat sample generation - July Figure 15

1001 2919 Wind generation

in Gujarat declined

4

I M W
W “*\ J W’L@

20

s B
==}
S—
i
—_——

W (r | , J‘l significantly in

\‘ M

Normalised power generation
5 8 B
N
(=]
~N
=]
e
—
—
e ———

\

Hours

Rajasthan sample generation - July

‘1 |
L |
)‘, Iq J MJ wﬁﬂwm m j\ WK h\J M L

600 700

July 2020

Source: Authors’ analysis

Figure 16

2019 Rajasthan's wind
: A e | s
s 0 | W”‘u i ]
= W W | =
) HY Wy
2 w Wi Hﬁ ‘JW
. ”ul L f "/J | WU ML ISW LLM LW

300 400
Hours

Note: Graphs in figures 15 and 16 must not be recreated without prior consent from REConnect Energy Solutions

To quantify the impact on power forecasting, the ramps (both positive and negative) are
listed in Table 2 according to incremental generation percentage brackets. These ramps in
generation are observed in 15-minute blocks, i.e., a ramp instance indicates a change in
generation by a certain percentage of total capacity in a 15-minute period. In Gujarat, there
were 23 instances of a 20 per cent increase in generation within 15 minutes in 2019, whereas,
in 2020, there were 42 such occurrences. Similarly, in Gujarat and Rajasthan, the number of
ramps increased significantly in July 2020, leading to a greater unpredictability for these sites
and hence larger DSM impacts.
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The penalties for generators under the forecasting and scheduling regulations follow a
formulaic approach — deviations are calculated as percentage differences between forecasted
or scheduled generation values and actual metered generation values against a base of the
available. The higher generation deviations incur larger financial penalties. The curve of
financial penalties as a function of deviation forms a rough approximation of the root mean
square error (RMSE) metric.

Ramp (percentage)®* 2019 2020 2019 2020
10 132 185 29 117
20 23 42 4 29

30 8 20 0 6

40 5 9 0 2

50 1 6 0 0

60 0 1 0 0

We created simulations of forecasts for July 2019 and July 2020 to quantify the change
inaccuracies (Table 3).

2019 2020 2019 2020
NRMSE (percentage) 13.7 14.6 10.3 117

In Gujarat, the change in forecast accuracy reflects a 15 per cent rise in DSM charges as per
the simulations, and in Rajasthan, an increase of 63 per cent.”

We carried out simulations using common sources of data and methods to maintain
consistency across assessment periods. The numbers indicate possible impacts on DSM
but do not represent actual implications for generators, which may vary depending on a
multitude of factors.

5.2 Impact of resource variability on the power sector

Integrating VRE resources like wind power into the grid has long been a challenge across the
world. Given India’s high RE deployment ambitions, increased variability in wind resource
can further aggravate grid integration challenges.

In the short term, anomalous wind patterns may impact grid balancing. DSM regulations
applicable in states aim to restrict deviations between the forecasted and actual generation
of variable RE. Accurate wind forecasting could mitigate grid integration challenges to some
extent. However, unexpected variations in resource availability, like what happened in 2020,
can increase forecasting errors, thus contributing to real-time complexities in grid balancing.
For example, relative to 2019, the western region countered the unanticipated drop in wind
power by increasing the hydropower generation by 12 per cent between June to August 2020.
Also, the share of coal power in the region increased by 4 per cent in June and July 2020 in
comparison to the previous two months of the year (Agarwal 2021).

16 Both positive and negative ramps have an adverse impact on short-term forecasting accuracy. In the analysis,
both cases have been considered in conjunction.

17 We estimated DSM numbers based on hindcast simulations for the given periods and using state-specific
forecasting and scheduling regulations to calculate financial impacts.

Table 2
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Source: Authors’ analysis

Table 3

Increased change
inaccuracies in
forecasts for July
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Source: Authors’ analysis
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Implications of variability in wind resource

In the long term, increased variability can impact power system planning. Future capacity
and infrastructure expansion plans rely on demand and supply projections. These
projections account for certain levels and patterns of wind resource availability based on
existing data measurements. However, instantaneous and inter-annual variations could
impact long-term power sector planning and lead to demand and supply imbalances, thus
increasing the overall cost of generating and supplying electricity.

Evidently, changing wind patterns and variations in the availability and intensity of wind
over a long period of time can have cascading impacts. Wind resource uncertainty is likely to
impact various stakeholders in the sector (Table 4).

Stakeholder

Wind power generators

Investors

Forecasting agencies

Load despatch centres:
SLDCs (State Load Despatch
Centres), RLDCs (Regional
Load Despatch Centres),
and NLDC (National Load
Despatch Centre)

Central and state power
sector planners

Impact

Loss of revenue and additional DSM charges. Table 4

- . . . Assessment of
Negative impact on cash flow with delays in revenue realisation. .
the impact of
Our scenario analysis shows that IRR could be lower by 1.83
percentage points with a 10 per cent drop in CUF every 5 years in the

25-year life of the plant. uncertainty
on various

wind resource

Greater risk perception and higher return on investment

expectations can lead to higher tariffs for wind power. stakeholders

Source: Authors’ analysis
Rise in error rates with increasing unpredictability.

More variability and unpredictability would increase grid balancing.

An overall increase in per unit transmission charges borne by the
buyers with a decrease in wind power output.

With the addition of higher levels of wind capacity, the power
systems and their long-term planning would be more vulnerable to
seasonal variations and changing weather patterns.
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6. Recommendations

D ue to the interplay of weather anomalies, wind power production in the peak monsoon
season of 2020 decreased dramatically. In the 2019 monsoons, wind power in India’s
western and southern regions fell by 23 per cent and 7 per cent, respectively. As the
monsoons receded, wind speeds picked up and compensated for the dip in generation

during the peak season. A net decline of 5.3 per cent was witnessed in 2020 compared to 2019.

However, similar instances in the future and declining wind speed patterns can complicate
power system operations and increase investor risks within the wind energy sector. To
mitigate such effects, stakeholders must invest in extensive research in the field of climate
risks, weather predictions and power forecasting.

Our study of weather anomalies in 2020 and historical assessment of wind speeds and
weather patterns indicate that uncertainty and variability associated with wind in the Indian
subcontinent are likely to increase in the coming decades. However, understanding the likely
frequencies and intensities of such anomalous events would require an in-depth historical
assessment of climatological variables and their correlation with wind speeds.

Timely strategies can mitigate resource variability risks and help the industry adapt better.
Some strategies that can help address the resource variability issue are as follows:

Strengthening capacities and investments in R&D: Investing in research on resource
variations and climate modelling is imperative and needs to be done immediately. The
National Institute of Wind Energy (NIWE) may consider adopting innovative methodologies
that allow for the measurement of long-term wind speeds and direction using reference
stations deployed in major wind pockets across the country. Additionally, it is essential

to invest in forecasting capabilities to predict extreme climate shocks that could damage
infrastructure.

Updating resource maps: Publishing resource maps more frequently can help mitigate the
risk associated with new investments. We recommend setting up a national wind resource
monitoring centre, which the NIWE can lead in collaboration with the Indian Meteorological
Department (IMD) and the Indian Space Research Organisation (ISRO).

Improving data availability: Non-availability of disintegrated plant-level data limits the
scope of rigorous and long-term historical assessments of the likely interplay between
climatic variables and wind speed distributions. Evolving a professionally-managed
architecture for data collection, management and sharing can equip energy and climate
science researchers to assess local impacts and project the likelihood of occurance of such
phenemena in the future.
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Adopting new and improved forecasting practices: Attempts to investigate the reliability
of sub-seasonal to seasonal forecasts, particularly of anomalous wind speeds (e.g., dips in
generation owing to lower than usual wind speeds), showed that they exhibited fair skill
(with FairRPSS* skill score greater than or equal to 0.35) at capturing the incoming wind
drought (in January—March 2015 in the USA) at multiple lead times (one, two, and three
months ahead) (Soret et al. 2019; Ferro 2013). Despite the deficiency in capturing the actual
values of wind speeds during the first quarter of 2015, the ensemble forecasts did point to
lower than normal wind speeds, thereby enabling more accurate projections. Therefore,
such forecasting tools can anticipate anomalous wind events; they help strengthen decision-
making and the management of weather-induced variabilities that can widen the gap
between energy supply and demand.

Better grid balancing and integration: In the long term, better grid balancing and
integration practices are necessary to manage weather anomalies effectively. Adopting
storage technologies is one proven way to integrate VRE into the grid effectively. Detailed
assessments of the costs and benefits of integrating storage at various levels can help identify
optimum mechanisms for storage deployment. Furthermore, a transition to market-based
platforms for the procurement of power and balancing resources could further reduce the
impact of resource variability on system operations.

Integrating uncertainty into planning: Power sector planning and regulations should
factor in the increasing uncertainty in resource availability. Long-term capacity expansion
planning and demand-supply estimations should account for changing wind speeds and
patterns across seasons. Advanced techniques and tools are necessary for the Indian power
sector to achieve high levels of VRE integration and to accommodate multiple demand and
supply scenarios.

18 FairRPSS (fair ranked probability skill score) is an index that quantifies the forecast skill of ensemble predictions
within the context of categorical events. Negative scores indicate poor predictive skill for the ensemble whereas
positive scores point towards an improvement against climatology. Sampling uncertainty was accounted for in
the study.
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Annexure

Section 1: Cooler northern plains of India in April 2020

The pre-monsoon season was observed to be cooler than normal. Temperature drops were
seen in various regions of the nation. Our analysis resulted in thermal images that show an
anomaly in temperatures in the northern plains.

The spatial plots depict near-surface temperatures for April 2020, the average near-surface
temperature in April from 1971-2000 and a plot that describes the difference between the two
aforementioned data plots. We concluded that a significant difference in land temperatures
was witnessed in April 2020 where land temperatures were much cooler than expected.
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Section 2: Warmer North Indian Ocean in April 2020

Sea surface temperatures are the primary drivers of monsoons in India. We see how sea
surface temperatures in April 2020 were above the average value in 2020.

The spatial plots depict sea-surface temperatures for April 2020, average sea surface
temperature in April from 1971-2000 and a plot that describes the difference between the
two aforementioned data plots. We concluded that a significant difference in sea surface
temperatures was witnessed in April 2020 where sea temperatures were much warmer than
expected.
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Section 3: Pre-monsoon season with widespread
precipitation in April 2020

India saw a cooler than average pre-monsoon season due to a rise in rainfall from March-
June 2020.

The spatial plots depict pan India precipitation values for April 2020, average precipitation
values in April from 1971-2000 and a plot that describes the difference between the two
aforementioned data plots. We concluded that rise in precipitation during April 2020 drove
land temperatures to drop over Northern Indian landmass. This has further been proven in
Section 1 of the annexure.
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Figure A5
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