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ABSTRACT:

Solar technologies are viewed as feasible options for reducing greenhouse gas emissions and encouraging long-term adaptation in the
context of climate change and rising energy demand. Solar energy is India's second-largest Renewable Energy (RE) source, and playing
increasingly important role in the country's low-carbon energy portfolio. Jammu and Kashmir and Ladakh are the northernmost states
of India, with elevations ranging from 205 to 8564 meters above the mean sea level. Both states are located just south of the Karakorum
and have a subtropical and cold-arid environment with scarce renewable energy resources. This study is performed to identify the
annual and monthly variation of solar energy potentials for the recent climatological future over the western Himalayan region. The
long-term annual average demonstrated the high efficiency of GHI over Leh and Kargil and low over the Jammu and Kashmir region.
The monthly variation shows greater GHI values between March and October, varying from 225 to 375 W m, and lower from
November to February, less than 220 W m2. The mean ambient 2-m temperature indicates December and January months are bad for
solar energy installations, while June and July are excellent. Overall, the findings show that Ladakh has a remarkable solar energy

potential and is recommendable for further investigation.

1. INTRODUCTION

In the context of rising energy demand, renewable energies are
seen as feasible options for reducing greenhouse gas emissions
and encouraging long-term adaptation. Carbon dioxide emissions
from fossil fuels are dangerously accumulating in the lower
layers of the atmosphere, causing dramatic climate change,
floods, heavy storms, and droughts in many regions
(Mostafaeipour et al., 2011). Pollution and environmental
damages are no longer a problem with renewable energies as they
are with fossil and nuclear energies. Furthermore, because these
resources are limitless, they appear to be viable alternatives to
fossil fuels and nuclear power. The technology to utilise these
resources is still in its infancy, but it is fast evolving. Considering
growing concerns for a sustainable future and energy security
(Kar et al., 2014), clean energy sources are gaining significant
importance across the globe (Sharma et al., 2012), including in
India. Amongst all the clean technologies, solar energy is an
effective renewable energy source that has attracted particular
attention in large-scale electricity production and a variety of
building applications, such as crop and grain drying, greenhouse
heating and lighting, heating and cooling, remote electricity
supply, water pumping, and many other macro and micro-level
applications (Devabhaktuni et al., 2013). Perhaps, if only 0.1%
of the solar energy incident on the earth would be converted to
electrical energy at a 10% efficiency rate, 3000 GW of power
may be generated yearly, which is four times more than the
energy consumed globally (Thirugnanasambandam et al., 2010).
In addition to the previously listed advantages of renewable
energies, solar energy has the following additional advantages: 1.
Land reclamation; 2. Less dependency on the national power grid
network; 3. Better water quality across the country; and 4. Rural
electrification (Tsoutsos et al., 2005). Moreover, India has
immense solar energy potential (Muneer et al., 2005;
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Ramachandra et al., 2011). Nearly 58% of the country receives
yearly average Global insolation of 5 kWh m-2 day*, which could
aid in meeting the country's rising power needs in a decentralised,
efficient, and long-term manner (Ramachandra et al., 2011). In
India, solar PV has a potential of up to 6000 GW, while CSP has
a potential of up to 2500 GW (Mabhtta et al., 2014). As a result,
solar energy has the potential to improve energy supply and
accessibility in even the most remote parts of the country.

This study mainly focuses on Jammu and Kashmir (J & K) and
Ladakh. Both states have enormous potential for the application
of renewable energy initiatives. However, there is a wide gap
between the estimated potential and the cumulative achievements
made so far (Chandrasekar and Kandpal, 2007). According to
India's 2011 census, J&K and Ladakh have experienced rapid
population growth of 23.71% and 25.48%, respectively. As a
result, both states have significant energy demands that are
increasingly difficult to supply through traditional power-
producing methods. The main objective of this study is to identify
the potential sites for solar energy and understand its variation
over the western Himalayan region. The description of solar
potential in India, including the study area, is discussed in Sect.
2. Data and methodology in Sect.3. The simulated results are
discussed in Sect. 4, followed by summaries of the findings in the
last section.

1.1  Solar Energy Potential in India

India has tremendous potential for generating clean electricity
through Renewable Energy Sources (RES) such as hydro, wind
and solar. This potential has been duly recognised and
demonstrates India's awareness of the need to reduce its carbon
footprint as a developing country (Kapoor et al., 2014). The
government of India, intending to promote clean energy,
inaugurated the Jawaharlal Nehru National Solar Mission
(JNNSM) on 11th January 2010 (Sharma et al., 2015), which is
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one of the eight missions under the National Action Plan on
Climate Change (NAPCC-2008). This mission's vision is to
install 22,000 MW power plants both on and off-grid. The solar
radiation incident on India is 4—7 KWh per square metre per day,
with an annual radiation range of 1200-2300 KWh per square
metre (Kumar et al., 2010; MNRE (2006)). It has on an average
of 250-300 bright sunny days and 2300-3200 hours of sunshine
per year (Kumar et al., 2010; Sharma et al., 2012).

Figure 1a depicts the evolution of net energy generation from
solar power from 1981 to 2020. Initially, from 1981 to 1994,

(a)

Net Solar Electricity Generation (MWh)

India has not participated in generating electricity from solar
power. However, after they started focusing and began with 1
MWh from 1995 onwards, it rose to 6134 MWh by the end of the
financial year 2020. The growth rate in the last decade has been
roughly fortyfold, and by 2030, it is expected to reach 746 GW
(Gould, 2015). India's demographics make it a solar-power-
abundant country, with an estimated capacity of 750 GW (MNRE
(2017)). As a result, solar energy will meet the country's overall
energy needs.
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Figure 1. (a) Time series plot for net electricity generation growth from solar energy in India and (b) state-wise estimated solar
potential capacity according to MNRE annual report 2020-21.

Figure 1b illustrates the state-wise estimated solar potential in
India. The states with more than 30 GWp solar power potential
include Andhra Pradesh, Gujrat, Himachal Pradesh, Jammu and
Kashmir, Madhya Pradesh, Maharashtra, and Rajasthan. Besides
all the other states, Jammu and Kashmir and Rajasthan have the
largest capacity with 412.31 and 111.05 GWp, respectively. Goa
and the UTs, on the other hand, have the lowest capacity with
0.88 and 0.79 GWp, respectively. In the early 1980s, India
became the first government in the world to establish a Ministry
of Non-Conventional Energy Resources (Kapoor et al., 2014).
The Ministry of New and Renewable Energy (MNRE) has
devised a plan to establish several solar parks across the country,
each with a capacity for solar projects of at least 500 MW. The
scheme proposes that the Government of India (GOI) will
provide financial support to establish solar parks with the goal of
facilitating the creation of infrastructure required for the

establishment of new solar power projects in terms of land
allocation, transmission and evacuation lines, access roads, water
availability, and other factors in a targeted manner. The Solar
Energy Corporation of India (SECI), a national public sector
business under the MNRE, has been implementing different
schemes to expand the country's solar sector (Akshay Urja.
Newsletter MNRE (2010); MNRE (2015); Sharma et al., 2015).
As per the policy, these solar parks will be constructed in
partnership with State Governments. On behalf of the GOI, the
Solar Energy Corporation of India (SECI) will be the
implementation agency and manage the money made available
under this scheme (Akshay Urja. Newsletter MNRE (2010)).

2. STUDY AREA

Jammu and Kashmir (J & K) and Ladakh are India's north—-most
states, with enormous potential for renewable energy
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development. The states are located just south of the Karakorum
range, with latitudes of 33-37°N and longitudes of 72-80°E. The
altitude varies from 205 to 8564 metres above mean sea level
(amsl) (Fig. 2). The state covers approximately 2.22 lakh square
kilometres, or 6.7% of the country's total geographical area, with
about 30% under cultivation. The J & K state provides a diverse
variety of agro-climatic conditions, allowing for the cultivation
of subtropical (800 m amsl), sub-temperate (801-1500 m amsl),
and temperate (> 1500 m amsl) crops. Ladakh, on the other hand,
is mountains with scant vegetation
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Figure 2. The elevation map of Jammu-Kashmir and Ladakh.

experiences high temperate and cold desert temperature. The
states have a large amount of biomass by-products that can be
used to generate electricity using solar energy, biogas,
gasification technology, and other methods. The Ladakh region
receives roughly 320 days of sunshine per year, making it one of
the top solar cooking locations in the world. The technologies
such as solar thermal systems, which include solar driers, solar
water heaters, stream and dish colours, solar green houses, and
other renewable energy technology, have been encouraged in the
state.

2.1 Data and Methodology

The Global Horizontal Irradiance (GHI), also called surface
incoming shortwave flux (SWGDN), and 2-m temperature
datasets are used from MERRA-2 and ERA5-Land. MERRA
version-2 reanalysis (MERRA-2) is released by NASA's Global
Modelling and Assimilation Office (Gelaro et al., 2017).
MERRA-2 is an upgraded version of MERRA, and is also the
first long-term global reanalysis that can assimilate data from
new microwave instruments and hyperspectral infrared radiation
instruments. MERRA-2 includes various meteorological
variables such as radiation, temperature, relative humidity, and
wind speed. The data is available with a spatial resolution of
0.5°x0.625°, a temporal resolution of 1-hour, and 72 vertical
layers. The European Centre for Medium-Range Weather
forecasts (ECMWF) product ERA5-Land dataset provides a
consistent view of the evolution of land variables over several
decades at an enhanced resolution compared to ERA5. The
dataset covers the globe at surface level with 0.1°x0.1° spatial
resolution and 1-hour temporal resolution. The net electricity
generation growth, estimated solar potential capacity, and
installed solar power capacity dataset is taken from the U.S.
Energy Information Administration (EIA) and MNRE annual
report 2020-21. Both reanalysis datasets are considered on a
surface level and interpolated at 0.05°x0.05° using the linear
interpolation method to match the spatial resolution.

3. RESULTS AND DISCUSSION

Figure 3 shows the state-wise installed solar power capacity.
Besides Rajasthan, Jammu and Kashmir have a tremendous
amount of solar energy potential with 111.05 GWp (Fig. 1b).
However, it is precisely less explored, with an installed capacity
of only 46.87 MW. Therefore, this research aims to better
identify possible sites for near-term climatological futures to
understand solar energy variance in the western Himalayan
region. In Jammu and Kashmir, the mean ambient 2-m
temperature ranges from -6 to 15 °C, whereas in Ladakh, which
receives the greatest GHI in India, the average ambient
temperature ranges from -22 to 5 °C (Fig 4). Low ambient
temperature necessitates a large amount of energy. The same
amount energy is required for power generating (electricity) and
heating, both powered by traditional electricity and provided
mainly by coal, firewood, and LPG.
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Figure 3. State wise installed solar power capacity by 31% January, 2022.
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Figure 4. Monthly distribution of averaged 2m-temperature from 1981 to 2020.

On the other hand, the low ambient temperature is a crucial
element in determining the efficiency of CST systems. Solar
thermal generation can be most efficient when the ambient
temperature is low, and the DNI is high. The Ladakh region has
the most significant number of sunny days in the country, making
it one of the best places for solar cooking, drying, and solar
thermal power generation using trough collectors or CST
technology. The same approaches can be utilised for the process
of heat design to ensure heat flow through HVAC systems.
Advanced DNI provides higher efficiency in solar cooking, solar
water heating systems, and solar greenhouses.

Furthermore, solar radiation can be used to generate power and
heat, either through photovoltaic or thermal systems. The
availability of accurate solar radiation data is critical to the
success of solar energy installations across the country. Solar

radiation data in the form of GHI is a valuable factor in evaluating
photovoltaics' efficiency for flat solar collectors. The GHI is the
total amount of shortwave radiation received from above by a
surface that is horizontal to the ground, and it comprises both
Direct Normal Irradiance (DNI) and Diffuse Horizontal
Irradiance (DHI). Figure 5 shows the averaged GHI for forty
years from 1981 to 2020. The values are greater than 250 W m-2
in eastern and southern Ladakh. However, it is lower than 240 W
m2 in Jammu and Kashmir region. Ladakh's height ranges from
2550 to 7742 metres above mean sea level. It receives 300 days
of sunshine every year, allowing it to provide 20% more energy
due to a thinner atmosphere, lower solar zenith angle, which
reflects less incoming solar radiation, and comparatively long
duration of the day (Homadi, 2016.; Kapoor et al., 2014).
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Figure 5. Spatial variation of yearly averaged GHI from 1981 to 2020.

Likewise, the monthly radiation analysis is also computed
using hourly reanalysis estimations. MERRA-2 obtains the
monthly values for the last four decades to compute the GHI
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radiation maps (Fig. 6). The lowest range (blue colour) of GHI is
115-215 W m-2, whereas the maximum range (red colour) is 295-
375 W m2. December and January are weak months for solar
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energy, whereas June is ideal. Solar radiation varies dramatically
from season to season and month to month. Solar radiation is
directly linked with day length (no of day hours) and the angle

between sun radiation and surface. There is sound horizontal
radiation in summer, which aids photovoltaic electricity
generation. Low ambient temperature combined with
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Figure 6. Spatial distribution of monthly averaged GHI from 1981 to 2020.

a high GHI ensures higher solar panel efficiency and, as a result,
higher solar photovoltaic electricity generation. Solar radiation is
generally good when demand is relatively high during the
summer months. Electricity demand can be met during the winter
months by combining solar photovoltaic and solar thermal
technology. This would ensure that locations like Leh, Kargil,
Kashmir, and parts of Jammu have inadequate energy solutions
at present.

4. CONCLUSION

As concern about a sustainable future and energy security grows,
clean energy sources are becoming increasingly important
worldwide, particularly in India. Solar energy is an effective
renewable energy source for large-scale electricity production
among all the clean energy technologies. As a result, the primary
goal of this research is to identify potential sites for solar energy
in high mountain areas, particularly in Jammu and Kashmir and
Ladakh. The annual and monthly variations in GHI are calculated
using the MERRA-2 reanalysis dataset. In comparison to Jammu
and Kashmir, Ladakh receives much more incoming solar
radiation, particularly in the south and east, and has adequate
potential for solar energy infrastructure. Furthermore, according
to the site location, the months with the most solar radiation are
June and July, while the months with the least are December and
January. Finally, the annual average value of GHI in Leh and
Kargil is more significant than 255 Wm, indicating that they
have the potential for photovoltaic applications and are
recommendable for further investigation.
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