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Abstract: Power generation using wind has been extensively utilised, with substantial capacity
add-on worldwide, during recent decades. The wind power energy sector is growing, and has turned
into a great source of renewable power production. In the past decades of the 21st century, the
capacity of installed wind energy has almost doubled every three years. This review paper presents
the crucial facets and advancement strategies that were approved and adopted by the Government
of India for intensifying the country’s own power safety, by the appropriate use of existing power
sources. From India’s viewpoint, wind energy is not only utilized for power production but also
to provide power in a more economical way. The particulars of India’s total energy production,
contributions of numerous renewable sources and their demand are also encompassed in this paper.
After an exhaustive review of the literature, detailed facts have been identified about the present
position of wind energy, with an emphasis on government achievements, targets, initiatives, and
various strategic advances in the wind power sector. Wind power potential is discussed, which can
assist renewable power companies to select efficient and productive locations. All analyses carried
out in this paper will be incredibly valuable to future renewable energy investors and researchers.
The current scenario of wind power production in India is also paralleled with that of other globally
prominent countries.

Keywords: wind integration; wind forecasting methods; forecasting errors; cumulative installed
capacity (CIC); renewable energy sources (RES)

1. Introduction

Power is amongst the most crucial elements of infrastructure, essential for welfare and
economic development of any country. Rapid exhaustion of the fossil fuels and tremendous
growth in power demand has forced engineers worldwide to consider the utilisation
of renewable energy sources (RES) [1-3]. The serious consequences of environmental
deterioration have also focused universal attention towards RES. However, the cost of
installation of such RES is higher, but their minimum operational costs and non-polluting
nature is intensifying their use worldwide [4]. Wind power generation is a low-cost and
profusely available resource. Therefore, various nations are beginning to recognise that
wind energy offers a substantial opportunity for future electricity production. Consequently,
installed wind capacity increases by more than 30% every year [5]. The stimulating and
dominating characteristics of wind energy over other resources of energy are the reduction
of greenhouse gases emissions, reduction of dependency on fossil fuels, no global warming,
low operation and maintenance charges, no fuel cost, less set up time, low installation cost,
and appropriate use of wind farm lands because wind turbine towers are tall and only
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inhibit a minor portion of land. Consequently, the land beneath the wind turbine towers
can be used for agricultural purposes [6,7].

During the 1990s, the price of electrical power produced via wind was six times higher
than current prices. Since then, wind power technology has been emerging at a fast rate
among all RES with reference to enhanced installed capacity [8,9]. At the start of 2015,
almost 85% of total global new wind power installation has been accomplished by the top
ten wind energy leading countries, namely, China, US, Germany, India, Spain, UK, Canada,
Italy, France and Denmark. Global new wind energy installations surpassed 90 GW in 2020,
which was 53% growth since 2019, increasing total installed capacity to 742.9 GW. A growth
of about 14% in comparison with the previous year was observed as shown in Figure 1.
The top five marketplaces for new installations were mainly China, US, Brazil, Netherlands
and Germany [10]. These marketplaces jointly comprised almost 81% of wind installations
of the previous year, amounting to about 10% more than in 2019. At the end of 2020 the
cumulative installations of the top five marketplaces was the same. These marketplaces
were China, US, Germany, India and Spain, which collectively led to about 72.9% of the
total wind energy installations as presented in Figure 2.
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Figure 1. Global wind power cumulative capacity (GW) (2006-2019) [7,8].
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Figure 2. Cumulative installed capacity (CIC) of wind power (MW) 2020 [7,11].

Wind power installation began in India in 1990 and has significantly increased over
the past several years. The total installed wind power capacity as at December 2021 was
40.08 GW, being the fourth highest installed wind-power capacity globally [11]. Due to the
reduced price of wind power from onshore wind energy, numerous wind power projects
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have been instigated. The Indian Government’s Ministry of New and Renewable En-
ergy (MNRE) has set a renewable power target of 176 gigawatts by 2022 that involves
60 gigawatts of onshore wind power generation and 100 gigawatts of solar power genera-
tion [12,13]. To date, 40.1 gigawatts of wind power has been installed. In India, the main
producers of wind energy have been Adani Green Energy, Alfanar, SembCorp Green Infra
and Renew Power [13].

Figure 3 shows the CO, emission (billion metric tons) produced by the foremost ten
countries in the year 2020. It is worth noting that the above-mentioned amount of 742.9 GW
of wind power production can reduce carbon dioxide emissions by 1.1 billion tons yearly.
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Figure 3. CO; emission in billion metric tons (as on 27 October 2020) by the foremost countries in
world in the year 2020 [14].

As stated in the latest data of the Global Carbon Project, China, the United States,
India, Russia, and Japan are the five top nations which generate the most carbon dioxide.
Conventional power resources emit approximately half of the total carbon dioxide. Globally,
China is the biggest emitter of CO;, as approximately 58% of the total power supplied in
China is derived from coal alone. Worldwide, India is the third largest emitter of CO,,
although it is still well behind China, the world’s largest emitter, and the United States.
The global emission of CO; totals approximately 33.1 billion metric tons each year [14-16].
However, due to COVID-19 induced lockdowns, the worldwide carbon dioxide emissions
reduced by an estimated 2.4 billion metric tons in 2020. The Government of India is aware
about its adverse impacts and has developed a National Action Plan (NAP) on changing
climate. However, while growing the Indian economy improves the wellbeing level of
individuals, it also upsurges the electricity demand. RES have emerged as the best solution
for upholding the equilibrium between demand and generation of electricity.

In seeking to achieve this, the Government of India has taken numerous initiatives to
augment wind energy utilisation, such as (i) no transportation concerns due to finished
goods and raw material, (ii) no management and administrative problems for promoting
wind energy, (iii) savings from various taxes, (iv) problems associated with sale of energy is
no more because various distribution companies and state electricity boards are ready to buy
the power, and, (v) easy availability of bank loans for installing wind power plants [17,18].
The growth of wind energy creates significant problems in areas such as grid integration,
inter-connections, network stability, and frequency control, etc.

Therefore, for secure, stable and systematic operation of power systems, various
nations have set up new grid codes. The majority of Indian states have gigantic wind power
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scope and other needed provisions for the steady and secure functioning of wind power
plants. For upholding the energy development of any nation, forecasting the potential of
future renewable energy is also necessary. Various techniques are being utilised to analyse
and forecast the pattern of the future growth of wind power, and also the duration of time
for attaining the technical wind power mission [19].

MNRE, Government of India, is outlining policy guidelines and looking towards
the promotion of offshore wind projects. An analysis of the Indian shoreline has been
conducted, which revealed that approximately 6-8% additional wind potential may occur
along the eastern offshore [20]. To select the site, the main steps are to identify several
potential sectors following data collection across a large area. Accurate forecasting of wind
power density is also necessary for selection of the site. Various models such as Weibull
distribution and extreme learning machine have already been implemented and are being
utilised for determining the wind power density [21].

In the last 20 years, the worldwide generation of wind power has been advanced
approximately 15 times. In addition, extensive research has been undertaken to estimate
the future potential and current status of renewable power. Several technologies have been
developed and implemented by many researchers for enhancing the renewable power
potential and technology enhancement behind RESs for improving the system security and
quality of power [22]. In this paper, precise data on the current state of wind energy in
India is presented, with a focus on government activities, accomplishments, aims, policies,
and wind energy development potential. From India’s perspective, efforts are being made
to promote the wind’s potential capabilities.

2. Status of Global Wind Power

During the past few decades, several nations have become conscious of the harmful im-
pacts of global warming. Hence, to reduce the environmental pollution and harmful impact
of greenhouse gases all nations are eager to utilise RES. For the first time, 2015 witnessed
an extraordinary growth of the wind industry as yearly installations traversed the historic
mark of 60 gigawatts. Wind turbines with a capacity of more than 63 gigawatts have been
installed. The earlier record was set in 2014, when more than 51.7 gigawatts of new capacity
was added worldwide [23]. In 2016, 54 gigawatts of wind energy capacity was added
around the world.

The rapid development of, and large capacity addition to, the renewable power-sector
is mainly delivered by hydro, solar and wind power. However, in the majority of nations,
among all the RES, wind farms contribute the most power due to being easily available
and having a low maintenance cost. Figure 4 presents the renewable power contribution
(in TWh) of the foremost six countries in 2020.

At present, the majority of nations have recognised the necessity of renewable energy
and have engaged in innovating for large investment in the renewable power sector, and
intend to grow further. In 2019, global investment was USD 282.2 billion in new RE
capacity, and merely 1% higher than the total of the year before. The highest figure of
USD 315.1 billion was set in the year 2017, while in the year 2020, global investment in RE
capacity increased by 2% to USD 303.5 billion [24].

Figure 5 presents investment flow of RES among developing and developed countries
from 2009 to 2019. The data clearly shows that since 2015, overall investment flows in RE
among emerging nations have outpaced total investments in developed nations. In 2015,
investment in wind power grew by 9% (i.e., USD 107 billion), while solar PV investment
grew by 12% (i.e., USD 148.3 billion) in the same year as compared with 2014. Additionally,
in 2019 investment was USD 152 billion, or 55% of the global total of USD 282.2 billion.

This was the same percentage as in 2018, however it was down from 62% in 2017.
Other developing nations, excluding India and China, invested most in renewable energy
capacity in 2019. This increased by 17% to USD 59.5 billion, more than doubling the
previous year’s figure [25].
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Figure 4. Global top countries in the world with renewable power capacities in 2020 (in TWh). Source:
REN21 (Renewable Energy Policy Network for the 21st Century) [25].
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Figure 5. Flow of investment in renewable energy in the world from 2009 to 2019 (in billion USD).
Source: REN21 (Renewable Energy Policy Network for the 21st Century) [25].

For any energy sector, employment is the major factor; accordingly, the wind power
field has the capability of creating employment that grows each year, in various nations.
Therefore, the renewable energy field demands the majority of people for research and
development, operation, maintenance and expansion. Throughout the world, employment
in the renewable energy field is continuously growing.

In 2019, global employment in RE was calculated at 11.5 million jobs, while in 2018 it
was estimated at 11 million jobs, as shown in Figure 6. Since 2012, global RE employment
has been continuously growing. The biggest employers have been solar PV, wind power,
hydro, and bio-energy industries.

Table 1 displays global existing status of estimated jobs in 2019 in the field of renewable
power. United States and China are consistently working in the RE sector and upheld their
top places for annual investment, capacity add-on and power production from solar and
wind energy [25-27].
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Table 1. Global status of jobs in the renewable energy industry in 2019. Source: Renewable Energy
and Jobs [28]. Where, x = data is available.

Renewable Sources

(Jobs in Thousands) China United States Brazil India European Union World
Wind power 518 120 19 63 292 1165
Solar PV 2214 240 43 204 127 3755
Solar heating/cooling 670 5 44 23.8 36 823
Hydro power 561 22 213 367 78 1957
Geothermal energy 3 9 X X 40.6 99.4
Solid biomass 188 51 X 58 392 764
Liquid biofuels 51 297 839 35 239 2475
CSP 11 5 X X X 29.5
Biogas 145 7 X 85 75 342

Total 4361 756 1158 835 1279 11,409.9

Jobs (millions)

2012

Global Renewable Energy Employment by Technology 2012-2020

Others WWind wHydro wiBio uSolar 418 4.48
371 '
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Figure 6. Global employment in the field of renewable energy (2012-2019). Source: Renewable
Energy and Jobs [28].

In 2019, 11.5 million people were employed in the renewable energy sector. Asia
was the market leader with 63% of all renewable energy jobs. Solar PV was the biggest
employer in the sector with about 3.8 million jobs. Additionally, jobs related to biofuels
followed closely behind, at nearly 2.5 million jobs. Most jobs were in the agricultural sector,
primarily in Thailand, Philippines, Malaysia, Brazil and Colombia. Hydro and wind were
large employees too, creating 1.2 million and 2 million jobs, respectively [25]. Jobs in the
renewable sector are more inclusive and gender-balanced than the fossil-fuels sector, with
women holding 32% of total RE jobs, in contrast to just 21% in fossil fuels. While COVID-19
has certainly hit the renewable job market, stimulus programmes safeguard existing jobs,
create new ones, and keep the world on track towards creating 42 million renewable jobs
by 2050 [28,29].

China is the global leader in the addition of capacities of solar PV, wind, bio-power
and hydro power, while Spain and the United States lead with the highest net addition in
focused geothermal power capacity and solar-thermal power capacity in 2019, as presented
in Table 2. According to the GWEC report, the world’s capacity to produce wind power
increased by 55% percent in 2020.

In 2020, a total of 93 gigawatts of capacity was installed. This record growth in 2020
was motivated by a swell of wind capacity installations in China and the U.S., the two
largest wind energy marketplaces of the world [27]. The two countries accounted for 75% of
new installations and over half the world’s energy capacity. Onshore generation capacity
accounted for 86.9 GW while 6.1 GW was offshore. Presently, the world’s total wind power
capacity is about 743 GW, while in 2019, the world’s cumulative wind power capacity
was 655.9 GW. Germany (8754 MW) was the world’s largest wind power producer at the
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beginning of 20th century, followed by the United States (4258 MW), Spain (3337 MW) and
India (1507 MW), etc., as shown in Table 3. At present, India and China are experiencing
large demand for power because of their large populations. Thus, it is necessary to enhance
electricity production from RE sources to meet their increasing demand. As a result,
numerous countries have established renewable power plants and are deploying cutting-
edge technology to increase production capacity. At the end of 2020, worldwide installed
wind energy capacity reached a huge level of 742,689 MW, while in 2019, capacity was
650,758 MW [26-29]. The top 10 ranked countries generate 611,230 MW of wind power as
shown in Table 3, while the remaining countries produce 15% of global wind power.

Table 2. Worldwide ranking in annual investment/net capacity additions/production (at the end of
2019). Source: Renewable energy policy network for the 21st century (REN21) [25].

Ranking st 2nd 3rd 4th 5th
Renewable energy investment China USA Japan India Chinese Taipei
Wind power capacity China USA UK. India Spain

Solar PV capacity China USA India Japan Vietnam
Concentrating solalj—thermal Israel China South Africa Kuwait France
power capacity
Hydropower capacity Brazil China Lao PD.R. Bhutan Tajikistan
Solar water heating capacity China Turkey India Brazil USA
Geothermal power capacity Turkey Indonesia Kenya Costa Rica Japan
As of the end of 2019, total capacity or generation (changes from 2018 are indicated by bolded countries)
Wind power capacity China USA Germany India Spain
Solar power capacity China USA Japan Germany India
Concentrating solalT—thermal Spain USA Morocco South Africa China
power capacity
Hydropower capacity China Brazil Canada USA Russia
Bio-power capacity China USA Brazil India Germany
Geothermal power capacity USA Indonesia Philippines Turkey New Zealand

Table 3. Wind power installation capacities of the world’s major countries on a year-by-year basis

(MW, in the end of 2020). Source: The wind power; wind farms and wind turbines database [30].

Rank 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th
. United . . .
Country China States Germany  India Spain UK Canada France Italy Brazil
2001 400 4258 8754 1507 3337 474 207 95 682 22
2002 468 4685 12,001 1702 4803 552 236 148 785 24
2003 567 6370 14,609 2110 6202 684 322 248 904 24
2004 764 6725 16,629 3000 8263 888 444 386 1265 24
2005 1266 9149 18,428 4430 10,028 1353 683 757 1718 29
2006 2599 11,603 20,621 6270 11,630 1963 1460 1567 2123 237
2007 5912 16,819 22,247 7850 15,145 2389 1846 2455 2726 247
2008 12,210 25,170 23,903 9587 16,740 3288 2369 3404 3736 339
2009 25,104 35,159 25,777 10,926 19,149 4051 3319 4492 4850 606
2010 41,800 40,200 27,190 13,065 20,623 5204 4008 5970 5797 931
2011 62,364 46,919 29,060 15,880 21,673 6556 5265 6640 6737 1429
2012 75,324 60,007 31,308 18,421 22,796 8445 6200 7564 8124 2508
2013 91,324 61,108 34,660 20,150 22,959 10,531 7698 8254 8551 3399
2014 114,763 65,754 40,468 22,465 22,987 12,440 9694 9296 8663 5962
2015 147,362 74,347 45,192 24,759 22,987 13,614 11,205 10,293 8958 8715
2016 168,730 82,033 50,019 28,279 23,075 14,602 11,898 12,065 9227 10,800
2017 187,730 88,927 56,132 32,879 23,170 18,872 12,239 13,759 9479 12,763
2018 211,392 96,665 59,311 35,129 23,494 20,970 12,816 15,309 9958 14,707
2019 236,320 105,466 61,357 37,506 25,808 23,515 13,413 16,643 10,512 15,452
2020 281,993 117,744 62,184 38,559 27,089 24,665 13,577 17,382 10,839 17,198
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Figure 7 shows the wind power plants instalment rate which is very large in China,
USA, Germany and India, in contrast with the other nations. China has sustained top
position by utilising a moderate working environment, large workforce and modern tech-
nologies in wind energy generation. Recently, the governments of 80 nations have globally
concentrated on power generation activity via wind. As such, 26 nations have generated
above 1 GW of wind power [30].
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Figure 7. Growth of wind power installation capacities of foremost countries in MW (as on
31 December 2020). Source: The wind power; wind farms and wind-turbines database [30].

Worldwide, the biggest wind power plant (as on 20 January 2021) is Jiuquan Wind
Power Base (JWPB) located in Gansu Province, China, with a 20 GW generation capacity.
During the past two to three years, China has maintained its top position in the installation
of the highest number of wind power plants with the highest installed capacity [31-36].

The second biggest wind power plant in the world is situated in the Rajasthan state
of India, which produces 1600 MW of wind energy. The top 10 largest wind power plants
worldwide, their maximum production capabilities, and their corresponding country, is
presented in Table 4 [37,38].

In 2017, the total renewable power capacity reached 2179 GW. However, hydro power
contributed the biggest part of the world RE, with 1152 GW installed capacity. Solar and
wind power contributed a major portion, with capacities amounting to 397 GW and 514 GW,
respectively. Other renewable sources were 500 MW of marine power, 13 GW of geothermal
power and 109 GW of bio-power [32].

In 2018, global renewable production capacity was 2351 GW, where hydropower
contributed the biggest share, with an installed capacity of 1172 GW. Solar and wind power
contributed the major portion, providing capacities of 486 GW and 564 GW respectively.
Other renewable sources were 500 MW of marine power, 13 GW geothermal power, and
115 GW of bio-power [33].

During 2019, worldwide renewable power capacity was 2537 GW, where hydropower
contributed the major portion with a capacity of 1190 GW. Solar and wind power contribu-
tions were 586 GW and 623 GW installed capacities, respectively, while other renewable
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sources such as marine power, geothermal, and bio-power contributed 500 MW, 14 GW
and 124 GW, respectively [34].

Table 4. Top 10 largest wind farms in world (as on 20 January 2021). Source: Global Energy
Observatory [37], Power Technology [38].

World Rank Name of the Wind Farm State Country Capacity
1 Jiuquan Wind Power Base Gansu China 20 GW
2 Jaisalmer Wind Park Rajasthan India 1600 MW
3 Alta Wind Energy Centre California USA 1548 MW
4 Muppandal Wind Farm Tamil Nadu India 1500 MW
5 Shepherds Flat Wind Farm Arlington USA 845 MW
6 Roscoe Wind Farm Texas USA 781.5 MW
7 Horse Hollow Wind Energy Centre Texas USA 735.5 MW
8 Capricorn Ridge Wind Farm Texas USA 662.5 MW
9 Walney Extension Offshore Wind Cumbria UK 659 MW
10 London Array Offshore Wind Farm Kent Essex UK 630 MW
During 2020, global renewable power capacity reached 2799 GW. Hydropower con-
tinued to be the major producer of the global total, with a capacity of 1211 GW. Solar
and wind contributed equally to the remainder, with capacities of 714 GW and 733 GW,
respectively. However, other renewable-sources, namely, marine power, geothermal power
and bio-power capacities were 500 MW, 14 GW and 127 GW, respectively [35]. Renewable
production capacity by various sources of energy from 2017 to 2020 is shown in Figure 8.
100% - 6% 6% 5% 5%
o,
18% 20% 23% 26%
80% -
60% -
40% -
20% A
0% . ; : /

2017 2018 2019 2020

mHydro mWind = Solar ' Others

Figure 8. Renewable production capacity by energy sources (2017-2020). Source: Global Wind
Report [32-35].

Figure 9a,b shows the percentage of new installations of onshore and offshore wind
farms, while Figure 8c,d shows the percentage of total installations of onshore and offshore
wind farms [36].
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Figure 9. (a) New installations onshore (%); (b) New installations offshore (%); (c) Total installations
onshore (%); (d) Total installations offshore (%). Source: Global Wind Report 2021. Source: Global

Wind Report [36].

3. Various Achievements and Significant Information Related to Worldwide

Wind Energy

Successes of several nations towards wind-energy production are enumerated as follows:

At the end 2014, 2.5% of worldwide power was delivered by wind;
The most powerful offshore wind turbine in the world is Haliade-X, with 14 megawatts
capacity, a 107 m blade, rotor diameter of 220 m, digital capabilities, and located in

Saint-Nazaire, France;

e  According to the Global Wind Energy Council (GWEC), at the beginning of 2017, more
than 341,000 wind turbines were revolving and generating power;
Since 2020, China and USA have been two outstanding growth markets of wind energy;
In the beginning of 2021, worldwide renewable production capacity reached 2799 GW,
with hydropower contributing the major portion (1211 GW) although wind and solar

are increasing fast;

e  China, already the biggest global marketplace for renewable energy production, added
136 GW in 2020, with the major portion sourced from 49 GW of solar and 72 GW

of wind;

e  The United States installed 29 GW of renewable capacity in 2020, about 80% more than
in 2019, including 14 GW of wind, and around 15 GW of solar;

e The increased share of renewables as a portion of the total energy production is
partially attributable to the net withdrawal of fossil fuel power in North America,
Europe and Turkey, Russia, Georgia, Azerbaijan and Armenia. Total fossil fuel add-on
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dropped to 60 GW in 2020 from 64 GW the previous year, underlining a continued
downward trend of fossil fuel increase;

Wind power growth nearly doubled in 2020 (111 GW) as compared with 2019 (58 GW);
Emissions of carbon and sulphur oxides in 2020 reduced by nearly 7%, the biggest
drop ever, as nations around the globe enforced lockdowns to restrain the spread of
COVID-19. Nearly 743 GW of wind energy capacity could reduce the emission of over
1.1 billion tons of CO; in 2020, globally;

e India installed new wind capacity of 1119 megawatts in 2020. In addition, the re-
newable energy target of 175 gigawatts could be achieved by 2022, which includes
60 gigawatts of onshore wind. The Government of India has also shared its dream
for a long-term renewable energy target of 450 GW by 2030, including a target of
140 gigawatts of wind capacity;

e India, is the fourth largest power consumer following China, the United States, and
the European Union, and the third highest carbon emitter after China and USA;

e  For onshore installations, 2020 was a record year. South America, North America
and the Asia Pacific jointly installed 74 GW of new onshore wind capacity, 76% more
than the previous year. In the offshore market, 6.1 GW was installed globally in 2020,
making 2020 a great year;

e  Asstated in the GWEC report, wind power helped the world reduce emissions of CO,
by more than 637 MT. In addition, 2020 witnessed milestone commitments to carbon
neutrality, with South Africa, Canada, South Korea, Japan and EU each pledging to
achieve net zero by 2050;

e Incorporating China’s net zero intention by 2060 and the United States’ target to reach
net zero by 2050, nations which have planned net zero target now represent two-thirds
of the world economy and 64% of the global greenhouse gases emissions;

e  According to IEA and IRENA, to control global warming worldwide it is necessary
to install at least 180 gigawatts of new wind energy capacity annually to limit global
warming to below 2 °C, and would need to install up to 280 GW annually to construct
pathway yielding net zero by 2050;

e  The Wind Vision Report of the Department of Energy states that wind could potentially
create more than 600,000 jobs by 2050, and help reduce 12.3 gigatons of greenhouse
gases [39,40].

4. Power Scenario in India

For every developing nation, economic projections are crucial, and power is required
to sustain financial progress. Indian GDP in 2020 was about —7.97%, compared with 2019.
It grew to 0.4% in the last three months of 2020, somewhat below market forecasts of
0.5%. The GDP of India increased to USD 2868.93 billion in 2019, from USD 2713.17 billion
in 2018.

Since the beginning of the 21st century, from 2014 to 2018 the yearly average growth
in GDP was 6 to 7%. It indicates that a huge increase in the supply of power would be
desirable to meet the rising demand. India developed 117.9 GW of electricity generation
capacity between April 2015 and February 2021, which included 53.4 GW with RES and
64.5 GW with fossil fuels.

India’s aggregate installed generation capacity, including from conventional and
renewable sources, as at 28 February 2021, was 379.1 GW [41,42].

According to the MNRE, Government of India, at the end of 2021 the total renew-
able power generation was 104,879 MW, where solar contributed 49,347 MW, wind was
40,083 MW, small hydro contribution was 10,610 MW and biomass contribution was
4839 MW, as shown in Figure 10.

If the difference between generation and load remains for an elongated time, the power
system will become voltage unstable and may lead to system blackouts. India’s power grid
is distributed into five regions, i.e., north-eastern, eastern, southern, northern, and western
regions. Amid all five regions, the northern-region has the highest power consumption
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per capita. This region is one of the largest regions and constitutes approximately 30.8% of
country’s total area and 31% of the country’s population, contributing over 26% to the

national GDP.
Small Hydro
RES 10,610 MW Wind
104,879 MW Biomass 4,839 1.2% 40,083 MW
265% MW | 10.2%_
2.7%
|
|
Wind
Hydro Total Installed Nuclear Solar
46512 MW Capacity 6,780 MW )
11.9% 393,389 MW 17% Biomass
) Biogas
Solar
49,347 MW
Thermal 12.5%
235219
MW
59.8%
(a) (b)

Figure 10. (a) Total installed capacity as on 31 December 2021 (Ref: Ministry of Power); (b) RES status
as at 31 December 2021 (Ref: MNRE); Source: Global Wind Report 2021. Source: Ministry of Power,
Central Electricity Authority, Government of India [41].

As per the Ministry of Power data for all regions, the total load demand was 1,291,009 MU
in 2019-2020, while 1,284,443 MU was available, at a deficit rate of 0.5%. During the period
2020-2021, total demand was 1,407,528 MU, while 1,445,085 MU was available, at a deficit
rate of 0.5% [42]. Therefore, it becomes evident that the total power production of India is
augmented at a larger rate due to the execution of several ventures in the renewable field.
Therefore, the gap between generation and load demand is reduced.

India’s peak power supply was 182,533 MU, whereas the peak power demand was
183,804 MU with a 0.7% deficit rate in the fiscal year 2019-2020. The peak demand has now
increased to 199,348 MU, but the peak supply has been 217,507 MU at a 9.1% deficit rate.

From this analysis, it is evident that as the peak power demand grows each year, the
new technologies and increased installation rate of green power curtail the deficit power.
Due to geography and huge population, the north-eastern region has low demand, while
the northern region has high demand.

Table 5 displays the peak demand, peak availability, and electricity deficit in India by
region for the fiscal years 2019-2020 and 2020-2021 [41,43]. The past trends indicate that
with time, power demand is growing, therefore, to achieve consistent functioning of the
power system, a balance in power must be retained.

Table 5. Power scenarios in the financial years 2019-2020 and 20202021 as on 28 February 2021,
Source: Ministry of Power, Central Electricity Authority, Government of India [41].

Energy (MU)
Deficit (%)
Region Demand Availability
2019-2020 2020-2021 2019-2020 2020-2021 2019-2020 2020-2021
Northern 394,851 421,300 389,285 441,030 14 47
Western 388,841 402,799 388,836 416,164 0.0 3.3
Southern 344,535 389,962 344,436 398,373 0.0 22
Eastern 146,191 174,925 145,902 170,464 0.2 —2.6
North-Eastern 16,591 18,542 15,984 19,054 3.7 2.8

All India 1,291,009 1,407,528 1,284,443 1,445,085 0.5 2.7
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As stated in the report of ‘Ministry of Power, Government of India’, seven states
announced 1.909 million un-electrified households (HH) that were identified before March
31, 2019, from which 1.565 million households were electrified up to 31 August 2020 as
shown in Table 6 [44].

Table 6. Households per state that were electrified under Saubhagya since launch of the scheme,
i.e., 11 October 2017 to 31 March 2019. Source: Ministry of Power, Central Electricity Authority,
Government of India [44].

Electrified Households Balance Un-Electrified
Sﬁ;e State Un-EII_IeIfItSrlﬁed From 1 April 2019  From1 April 2020 1 HHs to Be Electrified
' to31 March2020  to31August2020  1°fal  (as on 31 August 2020)
1 Assam 200,000 197,807 0 197,807 2193
2 Chhattisgarh 40,394 29,534 7341 36,875 3519
3 Jharkhand 200,000 131,880 7195 139,075 60,925
4 Karnataka 39,738 26,824 0 26,824 0
5 Manipur 1141 5367 0 5367 0
6 Rajasthan 228,403 212,786 0 212,786 0
7 Uttar Pradesh 1,200,003 788,083 158,135 946,218 253,785
Total 1,909,679 1,392,281 172,671 1,564,952 320,422
As stated by the State Government, all inhabited villages across the country stood
electrified on 28 April 2018. In October 2017, “Pradhan Mantri Sahaj Bijli Har Ghar Yojana—
Saubhagya” was introduced by the Indian government with the objective of supplying
widespread access to power by giving electricity links to every poor household in town
areas, and to each un-electrified home in rural areas, throughout the nation, by March
2019. Additionally, a declaration of electrification of all households was announced by all
states, apart from the left wing extremist (LWE) affected zones of Chhattisgarh. There are
18,734 households on the Saubhagya portal as at 31 March 2019.
Across the nation, about 26.3 million households were electrified by 31 March 2019,
since the commencement of Saubhagya scheme. Table 7 shows the number of electrified
households by state [44].
Table 7. Households, by state, electrified under Saubhagya since launch of the scheme, i.e.,
11 October 2017 to 31 March 2019. Source: Ministry of Power, Central Electricity Authority, Govern-
ment of India [44].
Number of Electrified Number of Electrified
State No. State Households State No. State Households
1 Andhra Pradesh 181,930 16 Meghalaya 199,839
2 Arunachal Pradesh 47,089 17 Mizoram 27,970
3 Assam 1,745,149 18 Nagaland 132,507
4 Bihar 3,259,041 19 Odisha 2,452,444
5 Chhattisgarh 749,397 20 Puducherry 912
6 Gujarat 41,317 21 Punjab 3477
7 Haryana 54,681 22 Rajasthan 1,862,736
8 Himachal Pradesh 12,891 23 Sikkim 14,900
9 Jammu & Kashmir 377,045 24 Tamil Nadu 2170
10 Jharkhand 1,530,708 25 Telangana 515,084
11 Karnataka 356,974 26 Tripura 139,090
12 Ladakh 10,456 27 Uttar Pradesh 7,980,568
13 Madhya Pradesh 1,984,264 28 Uttarakhand 248,751
14 Manipur 102,748 29 West Bengal 732,290
15 Meghalaya 199,839 Total 26,284,350
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The Indian government has the target of producing 175 gigawatts with RES, i.e.,
60 gigawatts from wind energy, 100 gigawatts from solar energy and 15 gigawatts from
small hydro and biomass, by the end of 2022.

Table 8 displays the position of electricity supply status in India, by state, with regard
to requirements, availability and deficit/surplus in the fiscal year 2019-2020. Jammu and
Kashmir have the largest energy deficit of 18.8%; however, it is mostly the states of the
north-eastern region (Arunachal Pradesh, Manipur, Mizoram, Nagaland, Tripura, Assam,
and Meghalaya) which are struggling with power deficit issues [45]. In order to attain
the set target by 2022, Table 9 suggests the potential distribution of the installation of new
renewable energy resources.

Table 8. India’s electricity supply status by state in the fiscal year 20192020, in MU. Source: Ministry
of Power, Central Electricity Authority, Government of India [45].

. o1 pas Surplus/ . T lsts Suplus/
State Requirement Availability Deficit (%) State Requirement Availability Deficit (%)
Chandigarh 1732 1732 0 Tamil Nadu 108,816 108,812 0
Delhi 33,086 33,077 0 Telangana 68,306 68,303 0
Haryana 54,505 54,492 0 Puducherry 2847 2846 0
Himachal 10,424 10,353 0.7 Lakshadweep 46 46 0
Pradesh
UT of J&K .
and Ladakh 20,025 16,259 18.8 Bihar 31,627 31,533 0.3
Punjab 56,776 56,770 0 Damodar Valley 22,429 22,427 0
Corporation
Rajasthan 81,281 81,222 0.1 Jharkhand 8941 8872 0.8
Uttar Pradesh 122,549 121,004 1.3 Odisha 29,692 29,692 0
Uttarakhand 14,472 14,376 0.7 West Bengal 52,948 52,824 0.2
Chhattisgarh 30,111 30,107 0 Sikkim 554 554 0
Gujarat 113,940 113,939 0 Andaman & 346 323 6.7
Nicobar
Madhya 76,172 76,172 0 Assam 9804 9288 53
Pradesh
Maharashtra 155,167 155,166 0 Manipur 924 917 0.7
Daman & Diu 2574 2574 0 Meghalaya 2112 2064 2.3
Dadra& 6528 6528 0 Mizoram 647 643 0.7
Nagar Haveli
Goa 4350 4350 0 Nagaland 814 809 0.7
Andhra .
Pradesh 65,452 65,414 0.1 Tripura 1538 1515 1.5
Karnataka 72,799 72,796 0 All India 1,291,009 1,284,443 0.5
Kerala 26,315 26,265 0.2

Table 10 shows the Indian power production scenario by resource (thermal, nuclear,
hydropower, renewable energy) and sector (central, private and state). In January 2021,
India’s total available energy capacity was 377,260.67 MW, with 94,736.93 MW supplied
by the central sector, 178,895.36 MW by the private sector, and 103,628.39 MW by the state
sector. In India, the private sector leads in power production capacity by utilising their
enormous economic structures, better technology and large workforce.
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Table 9. Potential distribution of renewable energy goals, by state, to be achieved by 2022, Source:
Ministry of New and Renewable Energy (MNRE), Government of India [46].

State I’S(;)viraerr Wind SHP Bll’zr:\lr:is State Ps(:)v{/aerr Wind SHP Bll’zazs
(MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW)
Delhi 2762 — — — Tamil Nadu 8884 11,900 75 649
Haryana 4142 - 25 209 Telangana - 2000 - -
Himachal
Pradesh 776 - 1500 - Puducherry 246 - - -
Jammu & 1155 - 150 - Lakshadwee 4 - - -
Kashmir p
Punjab 4772 50 244 Bihar 2493 — 25 244
. Arunachal
Rajasthan 5762 8600 - - Pradesh 39 - 500 -
Uttar Pradesh 10,697 - 25 3499 Jharkhand 1995 - 10 -
Uttrakhand 900 — 700 197 Odisha 2377 — — —
Chandigarh 153 - - - West Bengal 5336 - 50 -
Chhattisgarh 1783 — 25 — Sikkim 36 — 50 —
Gujarat 8020 8800 25 288 Andaman & 27 - - -
Nicobar
Madhya Pradesh 5675 6200 25 118 Assam 663 - 25 -
Maharashtra 11,926 7600 50 2469 Manipur 105 - - —
Daman & Diu 199 — — — Meghalaya 161 — 50 —
Dadra & Nagar 449 - - - Mizoram 72 - 25 -
Haveli
Goa 358 — — — Nagaland 61 — 15 —
Andhra Pradesh 9834 8100 — 543 Tripura 105 — — —
Karnataka 5697 6200 1500 1420 Other (New - 600 - 120
States)
Kerala 1870 — 100 — All India 99,533 60,000 5000 10,000
Table 10. Power scenarios (MW) by resource and sector, as on 31 March 2021. Source: Central
Electricity Authority, Government of India [45].
Thermal
Sector — - Nuclear  Hydro Renewable Energy Total
Coal Lignite Gas Diesel Total
State 65,661.5 1150.0 7119.86 236.01 74,167.36 0.0 27,069.50 2391.52 103,628.39
Private 74,173.0 1830.0 10,598.74 273.70 86,875.45 0.0 3493.0 88,526.91 178,895.36
Central 60,450.0 3140.0 7237.91 0.0 70,827.91 6780.0 15,496.72 1632.30 94,736.93
Total 200,284 6120.0 24,956.51 509.71 231,870.72  6780.0 46,059.22 92,550.74 377,260.67

The total power produced by RES was 92,550.74 MW at the end of January 2021.
Therefore, it clearly evident from Table 10 that coal is the dominating power resource with
a contribution of 20,028 MW in India, however in recent times RES are quickly encouraging
the addition of maximum green energy production [45].

Table 11 presents all RES contributions to India’s energy scenario at the end of
January 2021. Among all RESs, solar energy sources have produced the most power
(38,794.07 MW) [45]. At March 2021, India’s overall sum of grid-associated renewable
energy production potential reached a milestone of largest energy output from RESs
(92,970.48 MW). It comprised 38,789.15 MW of wind energy (approximately 41.7 percent
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of total renewable power), 39,083.71 MW of solar energy (42 percent of total renewable
power) and 15,097.62 MW from the remaining RESs (16.3 percent of total renewable power),
namely, small hydropower, waste to power and bio-power [47].

Table 11. Break up of power produced from RES (MW) as on 31 March 2021, Source: Central
Electricity Authority, Government of India [45].

Bio-Power
Small Hydro  wind Power . Solar Power Total
Power Biomass Waste to Capacity
Power/Cogen. Energy
4783.06 38,789.15 10,145.92 168.64 39,083.71 92,970.49

The states of West Bengal, Telangana, Sikkim, Mizoram, Jammu and Kashmir, Bihar,
Madhya Pradesh and Tripura have achieved their goal of 100% household electrification.
The states which have almost attained the goal of 100% household electrification are
Gujarat, Andhra Pradesh, Tamil Nadu, Punjab, Kerala and Goa. Many of the states, such
as Arunachal Pradesh, Chhattisgarh, Himachal Pradesh, Maharashtra, Uttarakhand, have
few remaining un-electrified households and are estimated to shortly accomplish the goal
of 100% electrification under the great initiatives of the Government of India, ‘Saubhagya’
and ‘Pradhan Mantri Sahaj Bijli Har Ghar Yojana’, which were announced in September,
2017, with the goal of giving all households 24 hour, 7 days per week access to the electric
supply [48-51].

5. Wind Resources of India

The wind power density at any place is defined as the average annual power available
per square meter of turbine-swept area. Quantitatively, it is measured at different altitudes
above the ground level (AGL) and is expressed in W/ m?. At the site, it specifies the
accessible power which can be transformed into electricity [52]. The wind energy potential
of distinct sites at the various heights of 50 m, 80 m and 100 m above the ground of India,
is presented.

5.1. Wind Power Potential at 50 m Height

In April 2010, the National Institute of Wind Energy (NIWE) assessed India’s wind
power potential (WPP) and issued a wind atlas with a resolution of 5 kilometers for hub
heights of 50, 80, and 100 m. All results and maps were created in collaboration with
the RISO-DTU, Denmark’s National Laboratory for Sustainable Energy, on the basis of
micro- and mesoscale data [53]. NIWE has acquired advanced modelling tactics and re-
considered this analysis in accordance with the directives and guidance of the Ministry
of New and Renewable Energy (MNRE), Government of India, using practical and real-
istic assumptions to measure the wind power potential of 302 gigawatts at a height of
100 m [54]. Wind power potential is classified as 0-100 W/ m?2, 200 W/m?2, 200-250 W /m?,
250-300 W /m?, 300-400 W/m? and 400-500 W /m?2. The states with projected maximum
WPP are Gujrat and Karnataka, having 21.59 gigawatt and 17.5 gigawatt WPP with a
range of 400-500 (W/m?) wind power density. Mostly states have low wind power den-
sity (i.e., 0-100 W/m?), such as Andaman and Nicobar with 0.004 gigawatt WPP. Few
states have moderate wind power density (i.e., 200-250 W/ m?), such as Rajasthan, Ma-
harashtra, Madhya Pradesh, West Bengal, Tamil Nadu, Karnataka, Andhra Pradesh and
Orissa [55-57].

From Table 12, it is evident that most states in India have low wind power density.
Therefore, in such circumstances, wind power production is extremely difficult and neces-
sitates the use of several current technologies for the production of wind power from low
wind density.
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Table 12. India’s wind power potential at 50 m above ground level (gigawatts). Source: NIWE, India [58].

India’s Wind Power India’s Wind Power

State Potential at 50 m AGL (GW) State Potential at 50 m AGL (GW)
Arunachal Pradesh 0.201 Andhra Pradesh 5.394
Madhya Pradesh 0.92 Himachal Pradesh 0.02
Uttarakhand 0.161 Karnataka 8.591
Sikkim 0.098 Kerala 0.79
Orissa 0.91 Maharashtra 5.439
Andaman & Nicobar 0.002 Manipur 0.007
Nagaland 0.003 Meghalaya 0.044
West Bengal 0.022 Uttar Pradesh 0.137
Tamil Nadu 5.374 Jammu & Kashmir 5.311
Rajasthan 5.005 Lakshadweep 0.016
Assam 0.053 Chhattisgarh 0.023
Gujarat 10.609 Total (GW) 49.13
The state-by-state percentage distribution of wind power potential is shown in Figure 11.
It is observed that Gujarat is clearly the leading producer, having 21% of the potential for
wind power followed by Karnataka, Tamil Nadu, Andhra Pradesh, Jammu and Kashmir,
Maharashtra, Rajasthan, Orissa, Madhya Pradesh and Kerala, whereas, a nominal wind
power potential of less than 2% is served by rest of the Indian states, which is collected
from the various states having limited units of wind turbines. As a result, India’s coastline
states have the maximum wind energy potential, except Jammu and Kashmir state which
has 11% of the distribution, primarily because of rising wind speed, high density wind and
high altitude [58].
Gujarat 21.59
Karnataka 17.5
Maharashtra 11.1
Andhra Pradesh 10.98
Tamil Nadu 10.9
Jammu & Kashmir 10.8
Rajasthan 10.2
Madhya Pradesh mss———— ].87
Orissa me———— ] 85
Kerala s 1.61
Arunachal Pradesh == 0.409
Uttarakhand == .33 Sikkim 0.2
Uttar Pradesh m (.28 Assam 0.108
Sikkim = 0.2 Meghalaya 0.09
Assam 1 0.108 Chhattisgarh 0.05
Meghalaya 1 (.09 West Bengal msss—— (.04
Chhattisgarh 1 0.05 Himachal Pradesh messsss— (.04
West Bengal | 0.04 Lakshadweep = (.03
Himachal Pradesh ' 0.04 Nagaland === (.01
Lakshadweep 1 0.03 Manipur === (.01
Nagaland  0.01 Andaman & Nicobar == (004
Manipur 001 0 0.05 01 0.15 0.2
Andaman & Nicobar  0.004
0 5 10 15 20 25

Percentage distribution of wind power potential in different states at 50 m

Figure 11. Percentage distribution of wind power potential in different states at 50 m AGL [58].

5.2. Wind Power Potential at 80 m Height

For assessing the WPP, the Karlsruhe Atmospheric Mesoscale Model (KAMM) which
utilizes a large-scale climatology, is applied. WPP is simulated with KAMM model and
wind, and atlas-files are created. The final wind power density map is replotted after the
wind power density map, developed using actual data, and is coupled with the obtained
mesoscale wind power density map of 80 m. In addition, weightage is only given for
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the area’s topographical factors. Then, each wind power density range of the whole area
is estimated.

On account of several reasons such as water bodies, forest and habitat, etc., the entire
ground surface shielded by the isopleths cannot be expected to be accessible for wind farm
development. Table 13 shows the potential of wind power at 80 m AGL in India. The states
with the largest potential are Gujarat (35.071 GW), Andhra Pradesh (14.497 GW), Tamil
Nadu (14.152 GW) and Karnataka (13.593 GW).

Table 13. Wind power potential in India at 80 m AGL (gigawatts). Source: NIWE, India [58].

Wind Power Potential in Wind Power Potential in

State India at 80 m AGL (GW) State India at 80 m AGL (GW)
Arunachal Pradesh 0.236 Andhra Pradesh 14.497
Madhya Pradesh 2.931 Himachal Pradesh 0.064
Uttarakhand 0.534 Karnataka 13.593
Sikkim 0.098 Kerala 0.837
Orissa 1.384 Maharashtra 5.961
Andaman and Nicobar 0.365 Manipur 0.056
Nagaland 0.016 Meghalaya 0.082
West Bengal 0.022 Uttar Pradesh 1.26
Tamil Nadu 14.152 Jammu and Kashmir 5.685
Rajasthan 5.05 Lakshadweep 0.016
Assam 0.112 Chhattisgarh 0.314
Pondicherry 0.12 Dieu Damn 0.004
Haryana 0.093 Jharkhand 0.091
Sikkim 0.098 Total (GW) 102.788
Gujarat 35.071
Figure 12 presents the percentage distribution of the potential wind power in distinct
states at 80 m above ground level. When compared with the 50 m AGL data, it is found
that Jammu and Kashmir at 80 m and 50 m AGL exhibits a potential share of around
6% and around 11%, respectively, which is an exception of the coastal areas as mentioned
previously. Moreover, Gujarat at 80 m and 50 m AGL exhibits around 34% and around
21% potential, respectively, leading the coastal states [58].
Gujarat 341
Andhra Pradesh 14.1
Tamil Nadu 13.8
Karnataka 132
Maharashtra 58
Jammu & Kashmir se——— 5 53
Rajasthan =————— 4 9]
Madhya Pradesh se— ) 85
Orissa == ] 35
Uttar Pradesh s ]23
Kerala === (.81
Uttarakhand == (.52
Andaman & Nicobar = (.36 Bihar 0.14
Chhattisgarh = (.31 Pondicherry 0.12
Arunachal Pradesh = (.23 Assam 0.11
Bihar = 0.14 Sikkim 0.1
Pondicherry : 0.12 Jharkhand 0.09
Assam 1 0.11 Haryana 0.09
Sikkim 1 0.1 Meghalaya 0.08
Jharkhand 1 0.09 Himachal Pradesh 0.06
Haryana ' 0.09 Manipur 0.05
Meghalaya 1 0.08 West Bengal s ()2
Himachal Pradesh 1 0.06 Nagaland ==———— (.02
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Figure 12. Percentage distribution of wind power potential in different states at 80 m AGL [58].
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5.3. Wind Power Potential at 100 m Height

The validated and improved meso-macro coupled wind flow model was used by
NIWE to estimate potential at a high spatial resolution of 500 m. The outcomes revealed
that Maharashtra, Tamil Nadu, Andhra Pradesh, Gujarat and Telangana are the maximum
potential states. The current potential evaluation was carried out with the use of an
advanced meso-micro coupled computational wind flow model and the corroboration of
approximately 1300 real measurements sourced from every corner of India [58,59].

Additionally, the analysis included a land availability assessment utilizing National
Remote Sensing Centre (NRSC) 56 m resolution ‘Land use land cover’ (LULC) data, and
Advanced Wide Field Sensor (AWIFS) at 1:250 K scale and with a 6 MW /km? consideration.

The incompetent features of a wind-farm site were omitted from the wind potential
map by using a suitable buffer/set-off. Furthermore, airports, protected area, railways
and roads, etc., were excluded. In the map, land with elevation beyond 1500 m and slope
above 20 m were also omitted. The features of land were grouped as wasteland (Rank 1),
cultivable land (Rank 2) and forest land (Rank 3). A substantial weight of 80% for Rank 1,
30% for Rank 2, and 5% for Rank 3, has been assumed for the assessment as shown in
Table 14. The maps were formed in capacity utilization factor (%CUF) scale and a %CUF
above 20% was determined for assessment of potential [57].

Table 14. Wind power potential in India at 100 m AGL (GW). Source: NIWE [58].

Rank 1: Waste Land

Rank 2: Cultivable Land Rank 3: Forest Land Total Potential at

State Potential at 100 m AGL Potential at 100 m AGL Potential at 100 m AGL 100 m AGL
Lakshadweep 0.0035 0.0034 0.00077 0.00767
Madhya Pradesh 2.21639 8.25855 0.00893 10.48388
Kerala 0.33363 1.10256 0.26438 1.69956
Maharashtra 31.15476 13.74743 0.49215 45.39434
Orissa 1.6662 1.26706 0.16022 3.09347
Andaman and Nicobar 0.00412 0.00343 0.00088 0.00843
Andhra Pradesh 22.5255 20.5381 1.165 44.2286
West Bengal 0.00003 0.00204 0.00001 0.00208
Tamil Nadu 11.25148 22.15334 0.39482 33.79965
Rajasthan 15.41491 3.34262 0.01296 18.77049
Goa 0 0.00008 0.00076 0.00084
Chhattisgarh 0.00324 0.05703 0.01631 0.07759
Telangana 0.88743 3.34752 0.00934 4.24429
Karnataka 15.20236 39.80259 0.8524 55.85736
Puducherry 0.06943 0.079 0.0044 0.15283
Gujarat 52.28759 32.03783 0.10509 84.43133
Total (GW) 153.0206 145.7426 3.48842 302.2524

Figure 13 depicts India’s wind power potential map at 100 m above ground level. It is
clearly evident from the map that Gujarat state has the maximum predicted wind potential,
followed by Tamil Nadu, Andhra Pradesh, Maharashtra and Karnataka [58].
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Figure 13. Map showing wind power density at 100 m AGL [58].

6. Installed Wind Power Capacity in India

India’s wind power growth is phenomenal, which exhibits the achievement of the
regulations and policies adopted by State and Union governments over time. The hard
work of the wind power industry has led the nation to attain the milestone of more
than 37 gigawatts. Seven states of India, located around the southern-western coast area,
supplemented with significant wind power potential, constitute far above 99% of the total
installed capacity [59].

It is seen that, as of 31 January 2021, the cumulative installed capacity of Karnataka
is the largest with 15,387.98 MW, followed by Tamil Nadu, Gujarat and Maharashtra,
with installed capacities of 14890 MW, 12442.85 MW and 10266.87 MW, respectively. With
Rajasthan and Andhra Pradesh added to the list, the count improved to nine states. Table 15
presents installed capacity of wind power (in megawatts), by year and state, from fiscal
year 20102011 to fiscal year 2019-2020. Figure 14 shows the percentage of the installed
capacity of wind turbines by state in India from fiscal year 2019-2020. It is noted that the
goal is to achieve 60 gigawatts by 2022.

Furthermore, Tamil Nadu leads the other states in wind energy installation capacity,
accounting for 25% of the total. Maharashtra, Rajasthan, Karnataka, Gujarat, and Andhra
Pradesh, on the other hand, have installed more than 93%of the total. Wind power ac-
counts for 99.54% of total installed capacity in the primary seven states. Nearly 40% of
installations are concentrated in Tamil Nadu and Gujarat, demonstrating that they have
developed highly competent wind power policies, while other states that are lagging have
started to develop their policies progressively in order to attract investors for wind power
installations [60].



Energies 2022, 15, 2291 21 of 39
Table 15. Installed wind power capacity (in MW) by year and state, as at 31 March 2019. Source;
Indian Wind Energy Association (IWEA) [60] (as at 31 March 2020).
Stat 2010- 2011- 2012- 2013- 2014 2015- 2016- 2017- 2018 2019-
ate 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Andhra Pradesh 55.4 54.1 202.2 298.50 166.30 400.10 2187.45 348.10 123.50 2.00
Maharashtra 239.1 4165 288.6 1074.50 273.45 207.85 117.55 12.60 10.20 206.20
Karnataka 254.1 206.7 201.7 183.00 230.50 230.90 882.30 857.00 86.50 95.70
Tamil Nadu 997.4 1083.5 174.6 107.38 124.45 158.80 247.57 335.64 723.82 335.44
Rajasthan 436.7 545.7 615.4 98.80 267.70 685.50 287.70 16.00 2.00 00.102
Kerala 74 0.0 0.0 0.0 0.0 8.40 8.00 1.00 0.00 10.00
Guijarat 312.8 789.9 208.3 279.80 126.90 392.40 1392.0 272.80 459.65 1468.45
Telangana - - - - - 77.70 23.10 0.00 27.30 00.00
Madhya Pradesh 465 100.5 9.6 37.40 143.90 1261.4 356.70 22.10 0.00 0.004
Others 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 0.01
Total 2349.2 3196.7 1700.4 2079.4 23332 3423.05 5502.37 1865.24 148097  2117.79
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Installed capacity of wind turbine by state (%)
Figure 14. Percentage of installed capacity of wind turbine by state, in India (2019-2020) [60].

Figure 15 presents the cumulative installed capacities of wind turbines in megawatts
during the fifteen years from fiscal year 2005-2006 to fiscal year 2019-2020. As presented in
Figure 14, more than 50% of installations occurred in the past nine years. The improved
installation of wind turbines over this duration in India shows the achievement of the
government policies and efforts. In the fiscal year 2005-2006, installed wind capacity was
only 5351.9 MW, and in the fiscal year 2019-2020 it reached 37,744.1 MW, and is anticipated
to reach 60 gigawatts by 2022 [61].

A comparison by state of cumulative installed capacities and estimated potential
in megawatts for the financial year 2019-2020 is given in Table 16. In the financial year
2017-2018, the installed capacity is only 37,744.1 GW, however, the estimated potential is
3,022,524 MW, which means the wind source has not been fully utilised.
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Figure 15. Cumulative installed capacities (MW) of wind turbines from fiscal year 2005-2006 to fiscal
year 2019-2020 [60].

Table 16. Comparison of cumulative installed capacities and estimated potential in (MW), by state.
Source: Indian Wind Energy Association [60] (as on 31 January.2021).

State Cumulative Installed Capacities Estimated Potential in MW
MW (as at 31 January 2021) above 100 m AGL

Andhra Pradesh 8762.09 44228.6
Maharashtra 10,266.87 45,393.4

Karnataka 15,387.98 55,857.36

Tamil Nadu 14,890.62 33,799.65

Rajasthan 9869 18,770.49
Kerala 484.54 1699.56

Gujarat 12,442.85 84,431.33
Telangana 4361.23 424429

Madhya Pradesh 5200.57 10,483.88
Others 10,884.99 3343.84

Total 92,550.74 302,252.4

In the west coast area, annual wind speeds of 3-5 m/s are common. The southern
coast and western coast regions have high wind speed, i.e., above 5 m/s in the monsoon
season (June to September). As a result, with an average annual high-speed wind, the
west coastal states are good places for harvesting wind. According to the Indian Energy
Outlook 2016 report, International Renewable Energy Agency (IRENA), India’s wind power
potential could be expanded up to 185 gigawatts, an eight-fold growth over fifteen years
from the financial year 2014-2015 [62]. Therefore, this would need an investment of USD
42,000 million before 2030. GWEC estimated the nation would have between 111 gigawatts
and 163 gigawatts of installed capacity by 2030.

The total installed capacity of grid-interactive renewable electricity, which was
78,316.44 MW in 2019, improved by 11.19% to 87,077.68 MW in 2020. In 2020, installed
wind power capacity contributed around 43.3% of total renewable energy production
capacity, followed by solar power, including rooftop solar (39.8%), and biomass power
(11.2%) [63]. At 28 February 2021, the country had an installed renewable energy capacity of
92,970 MW, of which the contribution of wind was 41.7%, solar 42.03%, bio-mass 11.1% and
small hydro 5.14% [61]. Figure 16 presents cumulative installed capacity of grid interactive
renewable power by type in megawatts.

Table 17 indicates the wind power capacity addition targets and achievements. It is
worth mentioning that in the financial years 2015-2016 and 20162017, it exceeded the
target. On the other hand, the target was not accomplished in financial year 2017-2018



Energies 2022, 15, 2291

23 of 39

because of low wind. In financial year 2017-2018, the addition of only 1865.24 MW was a
significant drop from the 5502.37 MW capacity.

38,789
Wind Power 37,743.8
626

39,084
Solar Power 34,627.8
28,180.7
10,314
Bio-Power 9778.3
9778.3
4783

Small Hydro Power 4683.2
4593.2
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Figure 16. Cumulative installed capacity of grid-interactive renewable power by type (in MW).
Source: Ministry of New and Renewable Energy [64].

Table 17. Capacity additions; target and achievements (MW) from 2010-2020. Source: India Energy
Outlook [65].

Financial Year Target (MW) Achievement (MW)
20102011 - 2349.25
2011-2012 2400 3196.66
2012-2013 2500 1700.3
2013-2014 2500 2078.88
2014-2015 2000 2311.78
2015-2016 2400 3423.05
20162017 4000 5502.37
2017-2018 4000 1865.24
2018-2019 4000 1480.97
2019-2020 3000 2117.78

Capacity additions until 2017 (i.e., 32.27 GW) were via feed in tariff (FiT) method.
Later, the tariff scheme was moved from feed in tariff (FiT) to bidding route, which has
marginally decelerated the installation of projects. Currently, in India, wind power projects
are installed on the basis of commercial viability via a tariff-based competitive bidding
mechanism. For the purpose of delivering enough capacity to the developers, regular bids
for wind energy projects are being allotted [65]. The implementation of projects and status
of bids are being monitored regularly.

As of 31 January 2021, the capacity addition based on wind was extensively ob-
served in Tamil Nadu which contributed 14,890.62 megawatts, Andhra Pradesh con-
tributed 8762.09 megawatts, Gujarat contributed 12,442.85 megawatts, Rajasthan con-
tributed 9869 megawatts and Maharashtra contributed 10,266.87 megawatts. Due to this,
production capacity based on wind has improved to 92,550.74 megawatts. By compari-
son, as of 31 July 2020, Tamil Nadu had contributed 9317.34 megawatts, Andhra Pradesh
4092.45 megawatts, Gujarat 7721.92 megawatts, Rajasthan 4299.72 megawatts and Maha-
rashtra added 5000 megawatts. Therefore, the wind-based production capacity improved
to 38,789 megawatts in 2021, which was 37,743.8 MW in 2020. In addition, from 2006 to
2015, the contribution of wind industry was 1.5 gigawatts and 3 gigawatts per year [60].
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7. Electricity Production from Wind in India

The Central Electricity Authority (CEA) of the nation has initiated the yearly collection
of electricity production from wind energy (MU) data, from 2014 to 2020, as shown in
Table 18.

Table 18. Yearly electricity generation from wind energy (MU), from 2014 to 2020. Source: MNRE [66].

S. No. Year Wind (MU)
1 2014-2015 33,768
2 2015-2016 33,029
3 2016-2017 46,004
4 2017-2018 5178.1
5 2018-2019 62,043
6 2019-2020 64,647

Table 19 presents the monthly quantum of electrical power generated via wind from
financial year 2014-2015 to 2020-2021. It is worth noting that most electricity was generated
in the months of June to September, which are also the months with maximum wind speed,
as revealed in Figure 17. The wind energy contribution to the overall renewable energy
generation throughout the financial years 2014-2015, 2015-2016, 2016-2017, 2017-2018,
2018-2019, 2019-2020 and 2020-2021 was 55%, 50%, 56%, and 53%, respectively [66].

Table 19. The monthly quantum of energy produced from wind energy (MU) during financial years
2014-2015 to 2020-2021. Source: Central Electricity Authority [67].

Month 2014-2015 2015-2016 2016-2017 2017-2018 2018-2019 2019-2020 2020-2021
April 1449 1832 2232 3590 3323 3707 3474
May 2112 2674 4133 4983 4451 6604 6238
June 4976 3947 5845 7229 8337 8781 7896
July 6273 6592 6978 9858 11,365 11,344 6967
August 5011 5113 6819 7512 11,772 9704 9646
September 3605 3221 5596 3897 6093 5478 4852
October 2708 2023 3608 2874 2820 2111 3990
November 1820 1531 1864 2436 2181 2724 3305
December 1504 1498 1780 3100 2789 3949 3816
January 1327 1056 2308 2008 2852 3320 3562
February 1520 1649 2486 2273 3094 3519 —
March 1464 1893 2356 2024 2966 3406 -
Total 33,768 MU 33,029 MU 46,004 MU 51,784.1 MU 62,043 MU 64,647 MU 53,746 MU
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Figure 17. The monthly wind power generation (MU) during financial years 2014-2015, 2015-2016,
2016-2017,2017-2018, 2018-2019, 2019-2020 and 2020-2021. Source: Central Electricity Authority [67].
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8. Wind Power-Based Companies in India

The top ten ranked companies in the world contributed 43 gigawatts, equivalent
to approximately 25,400 turbines and serving 76% of the international market. Vestas is
the global leader with 9.6 GW, followed by Siemens Gamesa Renewable Energy (SGRE)
and General Electric (GE), as shown in Figure 18 [68]. In the global top 20 rank, Suzlon,
an Indian manufacturer, is also mentioned as having contributed 1.1 gigawatts of wind
generation capacity [69,70].
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Figure 18. Top 10 wind turbine manufacturers in the world in 2020, with cumulative installed capacity
(GW) [70].

9. Onshore Wind Power Generation Facilities in India

In India, several wind power plants were installed by state government and central
government, and the rest were developed under the private sector [71,72]. Most wind
power plants have been developed in Maharashtra, Tamil Nadu, Karnataka, Rajasthan,
Odisha and Madhya Pradesh, as shown in Table 20. India’s biggest onshore wind power
plant ‘Muppandal wind power plant” which is located in Tamil Nadu, has a capacity of
1500 MW [73].

Table 20. Status of India’s largest onshore wind power plants (as on 28 February 2021). Source: Wind
Power in India [73].

Name Capacity (MW) Owner/Operator Location State
Muppandal Wind Farm 1500 Muppandal Wind Kanyakumari Tamil Nadu
Jaisalmer Wind Park 1064 Suzlon Energy Jaisalmer Rajasthan
Brahmanvel windfarm 528 Parakh Agro Industries Dhule Maharashtra
Kayathar 300 Siemens Gamesa, ReNew Power Tutcorin Tamilnadu
Dhalgaon windfarm 278 Gadre Marine Exports Sangli Maharashtra
Vankusawade Wind Park 259 Suzlon Energy Ltd. Satara District. Maharashtra
Vaspet 144 ReNew Power Vaspet Maharashtra
Tuljapur 126 Siemens Gamesa, ReNew Power Osmanabad Maharashtra
Beluguppa Wind Park 100.8 Orange Renewable Beluguppa Andhra Pradesh
Mamatkheda Wind Park 100.5 Orange Renewable Mamatkheda Madhya Pradesh
Anantapur Wind Park 100 Orange Renewable Nimbagallu Andhra Pradesh
Damanjodi Wind Power Plant 99 Suzlon Energy Ltd. Damanjodi Odisha
Jath 84 ReNew Power Jath Maharashtra
Welturi 75 ReNew Power Welturi Maharashtra
Acci . Tuppadahalli Energy India Pvt . _
cciona Tuppadahalli 56.1 Ltd Chitradurga District Karnataka
Dangiri Wind Farm 54 Oil India Ltd. Jaiselmer Rajasthan
Bercha Wind Park 50 Orange Renewable Ratlam Madhya Pradesh
Cape Comorin 33 Aban Loyd Chiles Offshore Ltd. Kanyakumari Tamil Nadu
Kayathar Subhash 30 Subhash Ltd. Kayathar Tamil Nadu
Jasdan 25 NTPC Ltd. Jasdan Gujarat
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10. Offshore Wind Power Production Facilities in India

In 2015, the National Offshore Wind Power Policy was approved by MNRE, Govern-
ment of India [74,75]. Under this policy, resource assessment was carried out in the coastal
areas of Gujrat and Tamil Nadu [76-78]. For the development and promotion of offshore
projects in Exclusive Economic Zones (EEZ), the National Institute of Wind Energy (NIWE)
was announced [79,80] as the Nodal Agency.

NIWE is also an information partner in the promotion of offshore wind power in India,
an initiative of GWEC for beginning and enhancing offshore wind power [81,82]. A pre-
feasibility test was carried out by considering the wind power plant capacities of 504 MW
and 150 MW for designing a wind plant in Tamil Nadu. A most important outcome of this
analysis was identification of the south-western and southern coastal areas of Tamil Nadu
which have better resources for offshore wind farm development than the coastal areas of
Gujarat [83]. Additionally, on 7 August 2018, India’s foremost, 1 gigawatt offshore wind
power project was developed in Gujarat, that can be ascribed to several causes involving
state government participation and enthusiastic policy implementation [84].

11. Wind Power Institutions and Organizations in India

To promote wind power, the Government of India has signed memorandum of un-
derstandings with distinct educational institutes and organizations. The details of such
institutes and organizations pertaining to wind energy are discussed as follows.

11.1. Ministry of New and Renewable Energy (MNRE)

‘MNRE’, Government of India, handles every issue related to renewable power. The
main motive of ‘MNRE’ is to deploy and develop new and green power to supplement the
power needs of the country. In recent times, the role of MNRE has been increasing with the
rising concern for the nation’s security. The development of MNRE was as follows:

In 1991, the Commission for Additional Sources of Energy (CASE) was developed;
In 1982, ‘CASE’ was renamed as ‘Department of Non-Conventional Energy Sources
(DNES)’;

e In 1992, ‘DNES’ was renamed as ‘Ministry of Non-Conventional Energy Sources
(MNES)’;

e In2006,'MNES’ was renamed as ‘Ministry of New and Renewable Energy (MNRE)’ [46].

11.2. National Institute of Wind Energy (NIWE)

In 1998, the ‘NIWE’, previously recognized as the Centre for Wind Energy Technology,
was established in Chennai, as an autonomous research and development institution by
MNRE, Government of India. The main role of NIWE is to deliver facilities, and strive
to discover comprehensive solutions for problems and development in the wind power
sector via research. Indian Renewable Energy Development Agency Limited (IREDAL) is a
publicly limited government institution developed as a non-banking financial company in
1987 involved in developing, encouraging and extending financial assistance for setting
up projects relating to MNRE. This institution was built as a “Mini Ratna” (Category 1)
Government institution in 1956 under “4A section Companies Act’ [85].

The key objectives of the Indian Renewable Energy Development Agency Limited are:

(1) To provide economic assistance to specified schemes and projects for producing electric
power through new and renewable sources and conserving power via power efficiency;

(2) To contribute effective and efficient finance in renewable energy and energy efficiency/
conservation projects;

(3) IREDA increases its market shares by utilizing innovative financing in the sector of
renewable power;

(4) Through continual improvement of processes, systems and resources, better service
efficiency is provided to customers [13].
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11.3. India Wind Power Association (IWPA)

In 1998, the IWPA was developed as a nonprofit organization. Presently, this organiza-
tion has 1570 members. The national workplace of this organization is situated in Chennai
and has branches at Mumbai, Jaipur, Hyderabad, Delhi, Bengaluru and Ahmedabad.

This organization has worked constantly in the direction of removing the hurdles
for growth of wind energy. This association runs jointly with several national industries
such as Central Electricity Authority of India (CEA), Centre for Wind Energy Technology
(CWET), World Wind Energy Association, State Nodal Agencies, State Electricity Regulatory
Commissions, Confederation of India Industry, MNRE, Ministry of Environment, IREDA
and Ministry of Power [86].

11.4. CLP India Private Limited

With the objective of delivering social, economic and environmentally valuable re-
newable power sources, CLP India was started in 2002. This is one of the largest wind
power organizations in India, with over 1000 MW of wind generating installations. Wind
is an integral sector of CLP India’s renewable portfolio, with projects in six states. Cur-
rently, 925 MW of the total projects are operational. In the year 2006, its initial project was
accomplished in Khandke, India [87].

11.5. National Offshore Wind Energy Authority (NOWA)

MNRE, Government of India, established the National Offshore Wind Energy Au-
thority (NOWA) in 2015. It is responsible for the nation’s offshore wind power projects.
According to the study of Scottish development, the international coastline of Kanyakumari
and Rameshwaram individually have 1 gigawatt wind power capacity in Tamil Nadu. The
overall capacity of offshore wind power in India is around 349.8 gigawatts. Europe ranks
at first place for the highest installation of offshore wind energy with 4995 megawatts,
followed by China with 390 megawatts, and Japan with 25 megawatts [88].

11.6. Indian Wind Energy Association (INWEA)

INWEA was developed in 2020 to work as an independent body representing the
interests of investors in the Indian wind energy sector, including manufacturers of wind
turbine systems, components, and developers, etc. The organization was formed by
individuals in the wind power sector in India and a group of experienced companies. The
association has 400 members across India.

INWEA is also a member of various national and international industries such as
ASSOCHAM, FICCI, CII, WWEA and EWEA. It also works in close collaboration with
policy makers. developers and financial institutions. This organization also works to
enable the industry to optimally utilize wind energy resources and to spread awareness
about the benefits of wind energy. In view of the growing concern for ‘climate change’, the
organization contributes effectively towards the nation’s mission for clean power, being
affordable along with power security. The major aim is to establish a sustainable path for
the nation’s social and economic development [89].

12. Govt. of India’s Actions, Policies and Programs for Encouraging Wind Power

In the history of the Indian wind market, the time period from 1994 t01996 is known
as the period of the ‘wind rush’, because wind markets saw a remarkable improvement
as private investment increased during this period. The Government of India started
several incentives to tremendously drive the addition of wind capacity, through tax rebates,
financial help and subsidies, etc. for supporting market players. In lowering the prices of
wind power equipment via large scale manufacturing of equipment, the government has
announced new policies through the Make in India scheme.

The Indian government made a number of initiatives in recent years, including Na-
tional Electricity Policy 2005, National Rural Electrification Policy 2006, National Tarrif
Policy, and Electricity Act 2003, etc. These initiatives in the wind power field show im-
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proved financial incentives, a steady market growth, opportunities in offshore wind power
and lowering renewable energy prices [90].

The particulars of the regulatory acts enacted by the state and central governments to
enhance clean power are listed as follows.

12.1. Electricity Act 2003

The Electricity Act, 2003 was enacted with effect from 10 June 2003. This act covers
crucial matters involving transmission and distribution, sales and utility to promote elec-
tricity through renewable energies. The following are some of the points included in the
2003 Electricity Act:

(1) To deliver improved methods to uplift power via generation and co-generation via
RES by giving improved techniques for the integration of grid and trading power to
customers, and to mention the terms of service for determining the tariff [91];

(2) To encourage the utilization of RES through distinct sections of ‘Electricity Act 2003,
the State Commission will have to produce power, grid integration and construct a
competitive electricity market in which the sale and purchase of electric power can be
accomplished by the RES and also encourage co-generation;

(38) To encourage the generation and co-generation of electrical power from RES.

12.2. National Electricity Policy 2005

National Electricity Policy was set up in discussion with, and taking into consideration,
the opinions of the CEA, CERC, state governments and other stakeholders. The main aim of
this policy is to set regulations for faster growth of the power field, delivering power supply
to all regions and protection of the interest of stakeholders and consumers by considering
the availability of power resources, energy security issues, economics of generation using
distinct resources, and the technology available to exploit these resources [92,93].

12.3. National Rural Electrification Polices (NREP), 2006

In 2006 ‘NREP’ Policy was announced by the Ministry of Power, Government of India,
for allowing standalone power systems utilizing renewable power. The major objective of
NREP is to deliver reliable and sustainable quality of electricity at an appropriate price to
all local users. In addition, where grid supply is not possible, off-grid solutions such as a
standalone power system can be used to bring electricity to isolated rural locations [94,95].

12.4. Nationl Tariff Policy 2006

The ‘National Tariff Policy was declared in 2006, to expand the utilization of RES under
section '86-1-¢” of the ‘Electricity Act 2003’. According to the policy, a suitable commission
will set a definite percentage of tariffs having a minimal rate of power purchase from
RES, taking into account the accessibility of the RES in the particular area and impacts on
production prices. The tariffs, which will be determined by SERC, will reflect the amount
of power purchased [96,97].

12.5. State Level Initiatives

There are several independent state level polices apart from the national policies,
whereby wind energy can be promoted as RES. As per the regulations (as of 31 August 2016)
of CERC and SERC, they have concluded the electric power cost for their individual
states [98]. Therefore, based upon the tariff orders issued by SERC for the financial year
2020-2021, CERC has determined the APPC at the national level to be at Rs 3.85 per unit
for the year 2021-2022 [99].

12.6. Mechanism of Renewable Energy Certificates (REC)

To encourage renewable power in the electricity market, the REC mechanism is very
effective and profitable. In India, the REC mechanism was constituted in 2010 by CERC,
under the Electricity ACT (2003). REC acts as a tracking or accounting mechanism for
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wind, solar and other green energies as they flow into the power grid. Since electric power
produced from RES is indistinguishable from that generated by any other RES, some
form of tracking is needed. This accounting and returning power to the grid is essential
since electricity is tough and costly to store in batteries [100-102]. Thus, additionally
produced renewable power, which is unused by producer, is fed back into the electric
grid for utilization by other customers. Hence, the provider of renewable power will then
obtain a REC. CERC registers and regulates to produce one renewable energy certificates
for 1 MW hour of electricity produced [103-105]. Various traders, sellers and buyers joined
in the Renewable Energy Certificates trading process, and data regarding this are presented
in Table 21.

Table 21. Numbers of buyers, sellers and number of Renewable Energy Certificates trading on Power
Exchanges. Source: Central Electricity Regulatory Commission [106].

Financial Year Number of Buyers Number of Total Transacted
of RECs Sellers of RECs RECs
2011-2012 397 197 1,015,274
2012-2013 802 683 2,589,814
20132014 1083 1044 2,748,694
2014-2015 821 1378 3,061,922
2015-2016 1332 1512 4,955,153
20162017 1760 1588 6,487,739
2017-2018 1172 1600 16,184,151

13. Barriers to the Direction of the Growth of Wind Power

To achieve the maximum share of the everyday power requirements of the Indian
market, 302 GW of wind power potential is adequate. However, the exploration of resources
of wind remains a tough assignment as social, financial and environmental issues set a
boundary to the growth mission. Hence, growth of wind power imposes a few barriers
and limitations, which can be described as follows.

13.1. Environmental Barriers

Wind power is perceived as a clean source of power, although it has a few harmful
effects on the climate too. Therefore, it is forever essential to analyze the worst-case scenario
in order to minimize this damage. Environmental issues related to wind farms comprise
the following sub points.

13.1.1. Impacts on Wildlife

Generation of wind energy has been the cause of the death of birds hitting the wind
turbines, other parts of the wind plant and transmission lines. Other difficulties encountered
by wild species include breeding, nesting and habitat loss. Based on much research, it
has been concluded that wind farm location does not contribute sizably to an increase in
the death rate of birds. Thus, it is necessary to minimize the adverse impacts on birds or
animals, to enhance the wind power penetration. With proper planning and design of wind
turbines, it is possible to reduce the impact on the wild species. From much research, it
has been found that turbines which have tighter turbine spacing, shorter rotor diameter
and lower hub heights, leads to death of a larger number of birds. In recent times, turbines
built with tubular-steel towers are secure and generate more power than the prop-style
turbines [107]. In USA, avian radars are utilised to identify birds within the zone. The radar
system will stop wind turbines instantly if there is any chance of birds flying past, and
start the turbines again after the birds have safely passed through the wind farm without
harm [108].
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13.1.2. Noise Impact

In implementing wind power, noise pollution is the most serious environmental
problem. If a large number of wind turbines are present, the greater the level of noise in
the wind farm will occur. The noise produced by a turbine is classified as a mechanical
type and aerodynamic type. Mechanical noise is created because of the movable parts,
for example, bearing, generator and gearbox, etc. [109]. Lack of preventive maintenance,
improper design, and wear and tear may increase the level of mechanical noise. Regular
maintenance, proper designing, and selection of the wind turbine can all help to reduce
noise. It may also be minimised by utilising acoustic insulation curtains and anti-vibration
support footings [110,111]. Aerodynamic noise is created due to the interaction of turbine
blades with the field of the airflow, and it rises with the speed of the rotor. When turbine
interacts with atmospheric turbulence, a “‘whooshing’ sound is produced [112-114]. This
noise can be reduced by careful design of the wind turbine.

13.1.3. Visual Problems

Shadow flickering caused by revolving blades and sunray reflection from the turbine
can be inconvenient for people living nearby [115]. It was analysed that operational wind
turbines create low visual impacts compared with stationary wind turbines. This problem
can be reduced by coating the turbine with a less reflective material and optimising the
smoothness of the rotor-blade surface [116].

13.2. Technical Issues

e Due to the lack of wind energy R&D institutions, technological challenges occur.
Recent wind turbines are capable, however when it comes to a wind farm, the presence
of other wind turbines has a negative impact on the performance of individual turbines.
As a result, a wind plant’s overall wind-harvesting efficiency is lower than what could
be attained if all the turbines were separately and individually functioning [117,118];

e  Grid stability and connectivity of wind farms have been encouraged via many schemes
or policies countrywide. However, sometimes it is impossible for the grid to store
the power produced from the turbine, when the level of penetration is extremely
large [119]. Because of this factor, some wind farms are kept idle when power produc-
tion is large;

e  Tamil Nadu state, in south India, has been the country’s main wind installer since
2016-2019, with 9.3 gigawatts of cumulative wind installations, and a 25% share of
the total installed capacity in India as at 2020. This was accomplished via employing
appropriate scheduling in addition to forecasting methods. Hence, regular metering
of wind monitoring stations is required to be arranged in order to avoid problems
occurring on account of the intermittent nature of wind [120].

13.3. Financial Issues

e  The initial investment in wind generating projects is substantial, and a risk factor is
always there, raising doubts about the project’s guaranteed success [121]. Because of
non-uniform inflation and interest rates, debt and equity issues arise. Distribution
companies can sometimes create a barrier by delaying payments that are already due;

e  Despite wind power development being an economical choice, because of irregular
funding during the initial phase, it may not be gainful to harness the wind power. The
internal rate of return (IRR) and net present value (NPV) are two essential factors that
are utilized for determining the feasibility of the project investment. A model has been
designed by Petkovic [122,123] for the optimal and economical design of a wind farm
by analyzing the relations between the turbines, wind regimes and varying prices.

13.4. Socio-Economic Issues

e  Socio-economic barriers are the major obstacle to developing wind power. Sometimes
a wind project may face public displeasure if a historically essential site is being
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employed for a wind farm. Sometimes the expenditure related to the transportation
facility is also associated while developing a wind firm.

e  Sometimes difficulties appear because of the lack of mutual understanding between
the investors, and uneven profit distribution and policy uncertainty have negative
impacts on wind power development programs [124].

14. Concerns Related to Wind Power Development in India

There are important concerns related to development of wind power in developing
country such as India [125,126], as follows.

For wind power plant installation, the availability of land is a major concern;
Potential land is needed by developers/manufacturers;

Buying of land and recognition is expensive and takes substantial time to process;
Inadequate electricity tariff at low PLF locations;

In several places in India, such as in western India, achieving the clearance of forest
land is a difficult task;

The price of electricity must be same throughout the state;

For captive generation, wheeling and banking are not permitted;

As per CERC guidelines, states must revise the cost of electricity;

For producing power, building infrastructure and providing transmission facilities of
that power to the grid;

Industries are not yet fully prepared to implement forecasting and scheduling systems;
For manufacturers or developers, the direct acquisition of private land is not allowed;
The real potential of various states is still unidentified, and it must be determined by
long term planning in the sector of wind power development;

e  Various wind farms in India were unplugged from the grid during the peak windy
season, resulting in massive electricity waste;

The time it takes to obtain several approvals and clearances is considerable;

The complete installation price of the wind plant must be carried by the designer.

All the briefly outlined stated challenges and issues above, are very essential for the
development of wind farms in India. Several missions, policies, schemes and initiatives re-
lated to wind power are motivated and promoted continuously by the Indian Government.

15. Target and Achievements in Wind Power in India

Unceasing power demand due to rising population and an accelerated economy make
India passionate for electrical energy. Despite substantial capacity addition over the past
21 years, the supply of power fights to keep up with the power requirement. Due to scarcity,
electrical power is not accessible to a large portion of the population [127].

The modern power scenario, when the world is facing ecological, climate change and
other environmental problems such as forest fires, floods, and record rainfall levels which
are happening globally, is very alarming. We must act now to preserve the 1.5 °C warming
limit in place and avoid more severe effects. The first part of the International Panel on
Climate Change (IPCC) targets the limiting of global warming to below 1.50 °C above
pre-industrial levels, based on 14,000 scientific articles studied by 234 experts. This may
be achieved within next two decades, resulting in an increased frequency and severity of
extreme weather, nearly entirely attributable to human activities. If the world wants to keep
global warming below 2° degrees Celsius, swift action is required, including a shift away
from fossil fuels. India has vowed, among other measures, to cut the emission intensity of
Indian GDP by 30 to 35% below 2005 levels by 2030 and to increase the non-fossil share of
energy production to 40% by 2030.

Recently, India and the U.S. launched a clean energy financial initiative popularly
known as Climate Action and Financial Mobilization Dialogue (CAMFD), which motivates
technologies and investment in renewable power projects. CAMFD is a section of the
India-US Green Energy Agenda 2030, which was unveiled by US President Joe Biden and
Prime Minister Narendra Modi during the April 2021 Leader’s Summit. The U.S. special



Energies 2022, 15, 2291

32 of 39

envoy, John Kerry, praised India’s commitment to promote green energy and setting a
goal of 450 GW of renewable power by 2030, while emphasizing the importance of all
Paris Agreement signatories committing to a net zero emission objective by 2050. At the
26th Conference of Parties (COP 26) in Glasgow, held on 1 November 2021, the leaders
of the world stepped up the heat and resorted to end-of-the-world rhetoric in an attempt
to inject new urgency into the sputtering international climate negotiations. The United
Nations Framework Convention on Climate change (UNFCC) and the leaders of the world,
including the leaders of Germany, United Kingdom, United States, Canada, France, Leyen,
Chaina, and Bangladesh, pledged to save humanity, committing to net zero carbon emission.
The Indian Prime Minister made the following five pledges to be fulfilled by 2030:

(a) India’s non-fossil energy capacity will be increased to 500 GW;

(b) India will meet 50% of its energy needs with renewable energy;

(c) India expects to eliminate total emission of carbon by 1 billion tons;
(d) India’s economy will reduce its carbon intensity by up to 45%;

(e) India will achieve its goal of net zero carbon emissions.

The Government of India has decided to invest EUR 10.4 billion into the wind energy
sector every year until 2030, in order to partly meet the above-mentioned targets. A few
significant successes are outlined below [128-134].

o In 2014, the National Wind Energy Mission (NWEM) was declared, that announced a
long-term plan for the sector of wind power, and delivers added security to power policy;

e InIndia, there has been a plan in place for the past few years to consider harnessing
the tremendous offshore wind potential. Although there is not much development
expected in the near future, after 2022 this could add remarkably to the wind energy.
To reach the target of 175 GW by the end of 2022, transmission line tenders of USD
5 billion were launched by the Indian Government in June 2019;

e  Wind power installed capacity has increased up to 1.7 times during the last 5 years, as
at 28 February 2021. India now has 38.78 GW of installed capacity, the fourth biggest
national installation worldwide;

In financial year 2019-2020, 64.639 billion units were produced from wind energy;
The wind power sector in India is dominated by states such as Tamil Nadu, Madhya
Pradesh, Maharashtra, Kerala, Gujarat, Karnataka, Rajasthan, Telangana and Andhra
Pradesh. Gujarat has the most wind power capacity installed, with 5766.78 MW,
followed by Tamil Nadu with 4397.61 MW.

o  Asat 28 April 2018, the electrification of 100 percent villages was attained under the
Deen Dayal Upadhyaya Gram Jyoti Yojana.

e  As per the Union Budget 20212022, the installed capacity of 139 GW was augmented.
In the last six years, 14.1 million circuit kilometers of transmission lines were built, and
280 million households were electrified. In Tamil Nadu, the energy deficit was reduced
to 0.7% in the financial year 2019-2020, from 4.2% in the financial year 2014-2015, and
the lowest-ever wind price of 3.51106 million/unit was attained;

e Asat December 2020, over 2.3 million energy-efficient fans, 1140 million LED tube
lights, over 36,690 million LED bulbs have been mounted across the nation, saving
about 47.65 billion units every year;

e India scored sixth in rank among nations making substantial investment on renewable
power, assigning USD 90 billion between 2010 and 2020.

After an exhaustive review of the literature, detailed facts about the present position
of wind energy have been identified in the wind power sector, with an emphasis on
government achievements, targets, initiatives, and various strategic advances. In order to
accentuate the potential capability of wind, numerous efforts have been made. The Indian
Government has set a goal of potential power production utilizing RES by 2022, and to
achieve this target, the government has introduced several polices and schemes related
to the sources of renewable power. At this time, the nation is starved with regard to the
socio-economic technologies associated with renewable power. In this paper, wind power
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potential is discussed that can assist renewable power companies in selecting efficient
and productive locations. All of the analyses that were carried out in this paper will be
incredibly valuable to future renewable energy investors. Additionally, this comprehensive
study is presented to clarify possible doubts regarding the wind power systems of India.

16. Conclusions

Presently, India is finally defeating the tremendous challenge of the shortage of elec-
tricity, which may lead to lesser utilization of fossil fuels and greater utilization of RES.
The Indian Government has taken a number of significant steps to encourage wind power,
to build India a vast wind potential nation. The success of initiatives taken by the In-
dian Government to encourage wind power projects can be observed with the trend of
exponentially growing annual capacity additions. India also plays a significant role in
enhancing opportunities for employment, besides minimizing power shortages and carbon
emissions. In recent years, several new policies have been introduced in India in the wind
power sector that appear to be a sturdy agent in the remarkable development of the wind
power markets. In various countries, wind power policies include several benefits such
as subsidies, tax exemption, attractive financing options such as lower interest rates, and
the involvement of research institutes, etc. Additionally, in several countries (including
India), the idea of the Renewable Energy Certificate (REC) has been initiated. Additionally,
renewable power is the best choice for Indian villages that are unable to receive power
supply. It also assessed that up to 400,000 megawatts of power could be required by 2022.
Therefore, India needs to utilize all existing RESs in order to reach the country’s electricity
needs. Presently, India has been included among the top five nations worldwide for the
creation of job opportunities in the field of renewable power, installations and capacity
additions. Wind power development can be a major tool for reducing import dependence
and production cost, and maximizing power security.

India has significant wind power potential, and it could be one of the leading sources
of power in the near future. For effective execution of various policies, socio-economic,
environmental, financial and technical hurdles, along with uncertainties in policy matters,
are required to be overcome. In addition, offshore wind projects are the most efficient
method of utilizing wind energy in India. However, in India, offshore wind generation
remained undeveloped until 2015, and little progress has been made in this area. Therefore,
resource assessment and strong policies to commercialize offshore projects must be taken
into consideration. The Indian Government has a target of achieving a wind power capacity
of up to 60 gigawatts by 2022. However, according to former trends, the annual capacity
addition is not above 4 gigawatts; however it requires almost 6 gigawatts annual capacity
addition to achieve the target of 60 gigawatts. This can only be achievable with the superior
integration of infrastructure, technology and management in the power sector. Promoting
research and development activities, and developing financially stable institutional centers
of research in every windy state, could be beneficial. Additionally, regular inspections
and monitoring of existing projects should be executed more frequently. To achieve de-
sired targets, the re-powering of projects and an initiative that can assist in achieving the
intended goal, an independent policy framework is required. Even while new initiatives
implemented by Indian government have long-term consequences, they must be carefully
analyzed, and policy execution must be ensured by the government in order to achieve
the goal of 60 gigawatts by 2022. A well-connected grid network, devoted research centers,
modifications in policies and energy prices with ongoing market trends, effective policy
implementations and attractive incentives for projects can set wind power markets of India
ahead of the other leading nations.
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