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Abstract

Renewable energies, such as solar and wind energy, play a critical role in achieving rapid decarbonization
to limit global warming by replacing fossil energy. However, lack of knowledge on renewable energy
potentials in developing countries is a barrier in making adequate policies to promote these energies.
Thus, we have carried out a spatial and economic analysis of solar and wind energy potential at the
provincial level for the first time in Nepal. Our analysis is built upon the spatial energy modeling
based on technical, geographical, and economic suitability criteria, utilizing open-source geographical
information system platforms. A significant amount of renewable energy could be harnessed in Nepal,
i.e., up to about 47,628 MW and 1,686 MW from solar and wind energy, respectively. Similarly, Nepal
has a co-location potential of about 890 and 267 MW of solar and wind energy. Karnali and Gandaki
provinces have the highest solar and wind energy potential due to a large share of suitable locations
with good resource quality. We estimate the 10" percentile of Levelized cost of electricity generation
of 91 USD/MWh for solar and 46 USD/MWh for wind. Our findings are helpful for the formulation of
resource-specific policies of Nepal at a sub-national level.

Keywords: Solar Energy; Wind Energy; Development Phases; Spatial Analysis; Economic

Analysis; Nepal

1. Introduction

Limiting global warming well below 2 °C requires rapid decarbonization towards net-zero greenhouse
gas (GHG) emissions by 2050 [1]. Renewable energies play a critical role in achieving rapid decarboniza-
tion by replacing fossil energy. Globally, renewable energies, such as solar and wind energy, are rapidly
growing due to their limited environmental impacts compared to fossil energies [2]. Solar and wind en-
ergy systems (also referred to as solar and wind power plants) work in stand-alone or in grid connections
[3], and are applicable in both rural and urban areas. Hence, several studies have investigated solar and

wind energy potential at local [4, 5], national [6], regional [7], and global scales [8].
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With declining installation costs, developing countries are expected to leapfrog directly to solar and
wind energy [9]. An increasing number of studies are investigating the leapfrogging potential of de-
veloping countries. For example, Shiraishi and colleagues [10] highlighted solar energy potential for
Bangladesh, accounting for roof-top solar energy systems in commercial and residential areas, with min-
imal conflicts in the agriculture sector. For India, Deshmukh and colleagues [11] reported an abundant
but unevenly distributed solar and wind energy potential, with co-located solar and wind power plants
meeting a third of the country’s energy demand by 2030. At the local level, the study by Sadeghi and
Karimi [12] identified suitable locations for solar and wind power plants in Tehran so that a stable en-
ergy supply could be ensured. Gerbo and colleagues reported solar power plants installed and generation
capacity in the East Shewa Zone of Ethiopia by identifying suitable locations for grid-connected solar
energy systems [13]. However, few studies have investigated the solar and wind energy potential for
Nepal. These studies have mainly focused on the theoretical national potential, without considering the
geophysical and sub-national variation in the country [14, 15, 16]. Additionally, a study on the overall
economic feasibility of solar and wind energy in the country is also missing.

In developing countries like Nepal, where around 80% of the population still lives in rural areas [17]
with scattered settlements [18], solar and wind energy can become significant contributors to the coun-
try’s energy mix to ensure energy security. Stand-alone energy systems play an essential role in providing
clean energy to all, as envisioned by Sustainable Development Goals (SDGs), i.e., leaving no one behind.
Additionally, prioritizing rural populations for clean energy can also leverage the achievements of SDGs
as a whole [19], which is considered a system of interacting components rather than just a collection of
goals, targets, and indicators [20]. Simultaneously, the promotion of renewable energy also has overall
positive effects on the water-energy-food security nexus [21].

Nepal’s energy mix is still dominated by traditional biomass. For example, 74% of the total primary
energy supply in 2017 (564 petajoules) came from biofuels [22]. Fossil energies, mainly coal and oil, also
substantially contribute to Nepal’s energy mix (i.e., 23%). Only a tiny share (i.e., 3%) of the energy mix
comes from modern renewable sources, mainly hydropower. The contribution of solar and wind energy
is negligible in Nepal’s energy mix, although these renewable energies were introduced in the early 1970s.
Thus, there is also a need to understand the different development phases of solar and wind energy in
Nepal to formulate required plans and policies for accelerating these renewable energies’ adoption. So
far, this understanding is lacking.

In terms of clean energy, hydropower provides around 93% of Nepal’s electricity production of 1,142
MW in 2018, mainly from large hydro-plants [23]. In the same year, only 2% of the electricity came from
solar energy. Nepal’s electricity demand could grow by 6-12 times between 2015 and 2030 under different
economic growth scenarios [24]. This growth in electricity demand also considers the substitution of fossil
energy use across the industry, transport, household, and service sectors. To meet such a rapidly growing
electricity demand, Nepal has focused on using its large hydropower capacity. However, hydroelectricity
energy production, especially from the peaking run of rivers, is affected by seasonal variation of water
flow. Nepal has the potential to produce 79,704 MW of hydroelectricity, generating an average of 569,964
gigawatt-hours (GWh) of energy per year [25]. In additional to hydropower, solar and wind energy can
also contribute to meeting the rapidly growing electricity demand, mainly by providing an optimum

energy mix for a stable supply.
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Our study aims to fill the above-highlighted knowledge gaps in Nepal’s solar energy and wind energy
potential. In it, we focus on understanding the different development phases of solar and wind energy
in the country. This study advances the existing studies by estimating Nepal’s solar and wind energy
potential at a sub-national level. For this, we identify suitable locations for installing solar and wind
power plants in Nepal considering geophysical factors, namely land-use and land cover, altitude, and
slope. For each suitable location, we estimate the installed and annual generation capacity of the
power plants. In terms of solar plants, our study focuses on solar photovoltaic (PV) systems because
concentrated solar thermal plants are only suitable in the tropics. Additionally, we investigate the
economic feasibility of the power plants. Thus, our approach goes beyond the existing studies that
largely focused on estimating theoretical renewable energy potential at the national level. Our findings
are helpful for the formulation of renewable energy plans and policies of the Government of Nepal at

the national and sub-national levels.

2. Data and Method

To fulfill the aim of our research, we carry out both literature and spatial analysis. Our spatial
analysis is based on various open access data (Table S1), adopting the method from Wu and colleagues
[26] (Figure S1). We follow this method based on remotely sensed datasets because of the unavailability
of ground-based meteorological station data for the whole country. With the availability of several data
processing tools, geographical information system (GIS) based energy assessments have been adapted in
several developed and developing countries. Since our data are provided in different spatial resolutions
and projection systems, we resample and reproject all data into 30 m grid size with a Transverse
Mercator Projection system. For resampling, the nearest neighbor interpolation sampling method is
used because of its lower level of complexity. The nearest neighbor interpolation uses pixel replication
as an up-sampling algorithm (i.e., to increase grids of an image) based on the nearby pixel value [27].
We use open-source Python GIS and QGIS Software [28] with grass GIS [29] and Python programming
language for the spatial analysis. The sub-sections below elaborate on the data and method used for

our literature and spatial analyses.

2.1. Literature Analysis

We conduct a comprehensive literature analysis to understand the development phases of solar and
wind energy in Nepal. Since there is limited peer-reviewed literature on this topic, our analysis mainly
focuses on the grey literature. We identify this literature by screening the existing data and reports.
Initially, we gathered information on the first solar and wind power plants established in Nepal. Then,
we figure out the key institutions involved in this sector and their establishment years. Afterwards,
we search and collect the related plans and policies of the Government of Nepal. We also look for
implemented solar and wind energy projects initiated by private, government, and non-governmental
organizations. After analyzing the available literature, we categorize the development of solar and wind

energy into four phases.
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2.2. Suitable locations

We identify suitable locations for solar and wind power plants based on the land-use and land cover
map of Nepal [30] (Figure S2). This map is available at a resolution of 30 m in a Transverse Mercator
Projection system. The land-use and land covers are divided into 12 classes. We consider grasslands,
barren lands, and shrublands as suitable locations for the power plants among these classes. In addition
to these land-uses, we also count for built-up areas as suitable locations for solar PV systems.

The slope of a location plays a crucial role in determining accessibility for the installation and
maintenance of the power plants. In Nepal, where most surface areas are hilly and mountainous regions,
steep slopes could be a bottleneck for installation and maintenance. Therefore, we generate a slope map
of the country by using the Digital Elevation Model provided by NASA Shuttle Radar Topographic
Mission in 90 m resolution [31] (Figure S3). Based on Charabi and colleagues [32], we take a location
with a slope equal to or less than 24° as a suitable one. This consideration excludes the highly sloppy
regions with a lot of difficulties in plant installation.

Similarly, the performance and efficiency of solar PV systems depend on the tilt angle and direction
in which it is faced [33]. Generally, south-facing is best suited in Nepal as it is located in Northern
hemisphere. Therefore, we also apply the criteria of south-facing (i.e., aspect degree from 112.5° to
247.5°) to narrow down suitable locations, with the exception of built-up areas (Figure S4).

For wind power plants, the slope of a location drastically affects the wind flow characteristics and
their installed and generation capacities. For steeper slopes, the mean wind velocity reduces to a more
considerable extent [34] due to turbulence in the rough surface [35]. Thus, we use a slope threshold of
20% (i.e., around 12°) to identify suitable locations for wind power plants by taking an average from
the literature that suggests a slope threshold between 10% [36] and 30% [37] (Figure S5).

Around 6,000 rivers and five major river systems crisscross the country and drain into the Ganges
River [38]. The appropriate buffer distance from the river has to be kept for the power plants for safety
and environmental regulation purposes. Therefore, we further narrow down the suitable locations by
considering the buffer distance of 100 m [39] and 500 m [40] for solar and wind power plants, respectively.
For this, we use the inland water data on rivers provided by the ICIMOD (Figure S6). This data has
been created using the topographic zonal map published by the Department of Survey Nepal [41]. In
Nepal, land with an elevation of more than of more than 4,000 m is covered with permanent snow and is
currently difficult to access. Thus, we did not consider such locations suitable for solar and wind power

plant installation.

2.8. Estimation of Solar Energy Potential

We use the solar resource map provided by Solargis [42] to estimate the solar energy potential of
the identified suitable locations (Section 2.2). This map consists of information on solar PV potential
based on global horizontal irradiance (GHI) at a resolution of 250 m globally (Figure S7). We use
GHI as the primary data instead of the other data such as Global Tilt Irradiance data, following
similar previous studies for developing and developed countries. The regions with GHI between 4.1
and 6.8 kWh/(m? - day) are highly recommended locations for solar power plants [43]. Therefore, we
narrow down the identified suitable locations by considering the locations with GHI of more than 4.1

kWh/(m? - day) for our further analysis.
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We estimate the installed capacity of solar PV systems in suitable locations by multiplying their
surface area with land-use efficiency and land-use discount factor (two scenarios). We consider the land-
use efficiency of 30 MW /km? based on the study by Ong and colleagues [44]. The land-use discount
factor refers to the share of land that would not be utilized in the actual plant construction due to
technical (e.g., solar PV spread), financial (e.g., limited budget), environmental (e.g., habitat of rare
species), or social (e.g., land ownership conflicts) considerations. We assume two scenarios of the land-
use discount factor, i.e., no or zero discount factor and 75% discount factor as optimistic and pessimistic
estimates, respectively [11].

We calculate the total annual energy generation capacity in suitable locations based on an average
capacity factor (CF). Here, we assume that all solar PV systems are south-facing fixed-tilt systems, with
their tilt equal to the location’s latitude. The CF depends on the solar irradiance on the tilted surface
of PV panels, which depends on the GHI and the location’s latitude. We establish a statistical model
between annual GHI [in kWh/(m? - day)] and CF for different locations of Nepal (Figure S8), accounting
for the system loss. For this, we randomly select 200 locations that would cover latitudes across the
country. The annual average CFs for those locations are estimated based on solar meteorological data,
namely, global horizontal, direct normal, and diffuse horizontal irradiance, from the National Solar
Radiation Database, using NREL PVWatts calculator [45, 46]. We use a system loss of 14%, considering
a module efficiency of 16% [47], the typical alternating current performance ratio of 88% [48], and an
outage rate of 2% to determine the CF in the simulation. We then estimate CF for the suitable locations
using the statistical model. We have applied the above-described procedure for the suitable locations of
all land-use and land cover classes, with the exception of built-up areas.

We also narrow down the suitable locations for built-up areas by considering an average GHI level of
more than 4.1 kWh/(m? - day). As the grid size of the data is 30 m x 30 m, we only analyze built-up
areas with the surface area greater than or equal to 900 m?. We use equation 1 to estimate the installed

capacity of PV systems in the built-up areas.

Installed Capacity = A x Py X Ry x BFA, x PVA, (MW) (1)

In equation 1, A is the total built-up areas in km?2. Py is the average power density of the rooftop
solar PV system. We assume P; as 150 W/m? considering that the smallest practical residential solar
PV system can exhibit a tangible energy production of 1.5 kW [49, 50]. This system requires an area of
approximately 10 m? [49]. All the buildings or houses are not compatible with rooftop solar PV systems
because they need a strong foundation and roof for installation. In Nepal, 28.26% of the total buildings
or houses are roofed with galvanized sheets, followed by tiles or slates (26.68%), reinforced concrete
cement (22.48%), and thatched or straw roofs (19.03%) [51]. The majority of buildings or houses is for
residential purposes. Hence, we consider the roof available factor (R,) as a share of buildings or houses
with solid foundations and roofs for the solar PV system. We consider R, as 0.507, assuming that the
galvanized and reinforced concrete cement roofs will provide adequate strength and foundation for the
rooftop solar PV system.

The building footprint area ratio (BF A,.) refers to the ratio of the building rooftop area and the

total area of the building plot. The built-up areas consist of different types of infrastructure, where
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residential and commercial buildings have a large share. Therefore, we consider BF A,. value of 0.5 taking
the average infrastructure-wide BFA ratio as suggested by Singh and colleagues [52]. Additionally, the
complete rooftop area cannot be used to install solar PV systems due to several factors such as shading
and rooftops used for other purposes. For considering these factors, we use the PV availability ratio
(PV A,) of 0.4 based on Gutschner and colleagues [53].

We estimate the annual generation capacity of the rooftop solar PV systems based on an average
CF. Similar to other land-use and land cover classes, we determine the CF for the suitable locations by

using the statistical model presented in (Figure S8).

2.4. Estimation of Wind Potential

We narrow the identified suitable locations for wind energy by considering a threshold for minimum
wind power density (Figure S9). For this, we use data on wind power density at 50 m above ground
level at a 250 m resolution provided by the global wind atlas [54]. We consider a minimum wind power
density of 105 W/m? as the threshold. This threshold is based on a study investigating wind resources
at 16 different sites in Nepal [55].

We estimate the installed capacity for wind power by considering land-use efficiency, land-use discount
factor (two scenarios), and the area of suitable locations that met the threshold criteria. This study
applies a land-use efficiency of 9 MW /km? based on existing literature [11, 56]. Like solar energy, the
two scenarios are no or zero discount factor as the optimistic potential estimate and a 75% discount
factor as a pessimistic potential estimate [11].

For estimating the annual generation capacity, we use the installed capacity and the CF of the
suitable locations. The CF for the particular location has been obtained using the data developed by
Global Wind Atlas (Figure S10). The CF data has been generated for wind turbines (International
Electrotechnical Commission wind class III) of 4.5 MW that at a hub height of 100 m, accounting for
the air density [54]. These turbines are designed for locations having an annual average wind velocity

of 7.5 m/s [57].

2.5. Project Opportunity Areas

We group the identified adjacent and connected suitable locations for solar and wind power plants
into a single area called “Project Opportunity Areas (POAs)” for further analysis. We merge these
adjacent and connected raster cells into a single feature polygon. These POAs represent an appropriate
minimum area of 900 m? for the installation of utility and commercial-scale solar and wind power plants.
We characterize POAs based on different criteria (i.e., elevation, road distance, substation distance,
and installed capacity) for estimating their annual electricity generation capacities and cost. We also
investigate the co-location potential of solar and wind energy by overlapping POAs for solar and wind

power plants. These locations would be suitable for installing solar-wind hybrid energy systems.

2.6. Cost Analysis

We calculate the cost of solar and wind power plants in each POAs based on the Levelized cost
of electricity (LCOE) to understand their economic feasibility. Our LCOE estimates consider the cap-

ital cost of power generation (I.), annual cost of operation and maintenance of power plants (Og.),
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capital cost of transmission lines (7¢), substations (S.), and road construction (R.), annual discount
rate (i), and lifetime of power plants (n) (Table 1). These estimates are based on equations 2— 5.
The total LCOE consists of LCOE for power generation (i.e., LCOEgeneration ), transmission lines (i.e.,
LCOE;pterconnection), and road construction (i.e., LCOE,qq4). We assume that one road will be built
for every 70 MW capacity power plant, a reasonable size commercial-scale solar PV system. The sub-
station cost is considered for both power generation and grid side, accounting for the distance between
the power plant and substation (ds) and the nearest road (d,.). We calculate the distance between the
center of POAs and the nearest substations of voltage level greater than or equal to 132 kV (under con-
struction and existing) to determine the total cost for the interconnection. Similarly, our estimate also
considers the minimum distance between POAs and the road network to calculate the cost for the road
construction. For this, we use data on existing, under construction, or planned roads and substations

from various sources [58, 59] (Figure S11, Figure S12).

I.xig+ O
LOOEgene'r'ation = W (2)
(TC X ds + Sc) X id
LCOEzn erconnection — 3
. £ CF x 8760 Y

(Rc X dT) X id

FOOBrout = CF 5760 x 70 “
Rk
R G, T (5)

Based on the estimated LCOE, we generated supply curves to analyze the amount of solar or wind
energy that would be available at or below a given cost. Following the method of Kline and colleagues
[60], supply curves are developed by plotting the cumulative generation capacity of POAs sorted based
on their LCOE. We plot these curves for solar and wind energy, considering LCOE for power generation
(i.e., LCOEgeneration) and the total LCOE separately. This seperation is because solar and wind power
plants can be stand-alone or connected to the national grid. Since the required policies to promote
solar energy systems can vary for built-up areas and other land-use and land cover classes, we generate

different supply curves accordingly.



251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

Table 1: Parameters used to calculate the Levelized cost of electricity. These parameters con-
sist of the capital cost of power generation (Generation Capital), the annual cost of operation
and maintenance of power plants (Annual Generation Fixed O & M), the capital cost of trans-
mission lines (Transmission interconnection Capital), substations (Substation Capital), and road
construction (Road capital), annual discount rate (Economic Discount Rate), and a lifetime of

power plants (Lifetime years).

Parameters Solar Wind
Generation Capital [USD/kW] (I.) 1,210 1,200
Annual Generation Fixed O & M [USD/kW] (Og.) 10° 15°
Transmission interconnection Capital [USD/MW /km] (T.) 450¢ 450°
Substation Capital [USD/MW] (S.) 70,000¢  70,000¢
Road capital [USD /km] (R.) 60,0004 60,000
Economic Discount Rate (i) 10%P 10%¢
Lifetime years (n) 251 25¢

» Renewable power generation costs in 2018 [61]

b Renewable power generation costs in 2017 [62]

¢ Average of 132 kV, 220 kV, and 400 kV transmission line and substation costs
(63, 11]

4 Design and Appraisal of Rural Transport Infrastructure i.e.,Construction and
Gravelling (average cost per km) [64]

¢ Macroeconomics Indicators of Nepal [65]

f Terms and condition for Tariff determination from Renewable Energy Source

Regulations [66]

As shown in equations 2—4, the LCOE depends on several parameters. Hence, we conduct a sensitiv-
ity analysis to understand the dependency of LCOE on these parameters. Particularly, our sensitivity
analysis considers a set of hypothetical optimistic and pessimistic values of these parameters, includ-
ing other technical (i.e., maximum and minimum CF) and geographical factors (i.e., distance to the
nearest road and substation). Table S2 provides details on these hypothetical values. For each of these
parameters and factors, we estimate LCOE by changing its value to the hypothetical optimistic and
pessimistic ones while keeping the values of other parameters and factors described above. The varia-
tion of parameters that results in an increment of the total LCOE compared to the reference values is
considered the worst case. Similarly, the results with decrements of the total LCOE are considered as
an optimistic case. We estimate the reference values based on parameter values in table 1, an average
road and transmission distance of both cases, and a capacity factor of 15 % (solar energy) and 30 %

(wind energy).

2.7. Estimating potential at national and sub-nation scale
Nepal’s 2015 Constitution has replaced a unitary government with a federal system consisting of
seven provinces. With the implementation of federalism, the formulation of plans and policies of the

energy sector on the provincial level is becoming a crucial issue for Nepal’s sustainable development. As
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the country has been geographically diverse, the potential of different energy resources varies across the
provinces. Therefore, to provide a foundation of renewable energy development at a sub-national level,
we estimate solar and wind energy potential on the provincial and national levels.

About 23 % of Nepal is designated as protected areas [67], where limited human activities are
permitted. Thus, we estimate installed and annual generation capacities of solar and wind power plants
in those areas separately. For this, we used the data on protected and reserved areas from the ITUCN
and UNEP [68] (Figure S13). However, we do not exclude those areas while estimating the installed
and generation capacities on national and province levels. We determined the potential in the protected

areas, also considering their buffer zones.

3. Results

3.1. Solar and wind energy development timeline

We categorize Nepal’s solar and wind energy development into four phases: Introductory phase (1974-
1996), Institutional setup (1996-2000), Home system development (2000-2017), and Upscaling (2017 -
onward) (Figure 1).

Introductory phase: The introductory phase started when the first solar PV system was intro-
duced by Nepal Telecommunication Center in 1974 to operate its communication transceiver located in
Damauli, Tanahun district [69]. The first wind power plant was installed in 1987 with 20 kW capacity
in Kagbeni in upper Mustang district [70]. In 1988, Nepal Electricity Authority initiated three decen-
tralized electricity supplies from solar PV systems in Simikot, Tatopani, and Gumdadhi with 50, 30,
and 50 kW, respectively began operation in 1989 [69]. To deliver electricity in rural areas, the first solar
home program to electrify a village began in 1994 in Pulimarang village in Tanahun district with solar
PV systems in 64 households [71].

Institutional setup phase: This phase started in 1996 after the formation of the Alternative
Energy Promotion Center (AEPC), an independent institution to promote renewable energy in Nepal
[72]. The establishment of this center stimulated various other renewable energy-related institutions in
the country, both in the public and private sectors. In 1999, the Center for Energy Studies (CES) was
established in the Institute of Engineering, Tribhuvan University, to train and produce highly qualified
renewable energy experts [73]. An association of solar electric manufacturing and trading companies

was registered in 2000 [74].



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

FNTC introduced Solar PV at Damauli SEMEN established } 1st solar-wind hybrid at Dhaubadi

>1st wind turbine at Kagbeni RE subsidy policy ’15‘ ongrid utility scale solar PV at Sundarighat
} Urban Solar Programme

i Issuance of NEPQA
D> Centralized solar PV by NEA Q RE subsidy policy
}SH.S program at RE subsidy development mechanism
Pulimarang

1st Solar mini grid
AEPC established National RE framework

Subsidy began on SHS

18t solar net-metering

CES established National Energy Efficiency Strategy

Solar net-metering guidelines
Guidelines for Development of AE
Connected to Grid

1st commercial solar PV

RE policy
1st SWERA conducted

Q--- - >
1974 8788 90 94 96 99 2000 06 08 10 11 12 15 16 17 18 2020

4 Introductory JJnstitutionaLL Research & Development ‘:‘ Upscaling _

- Phase "~ “Setup Phase Phase - Phase g

Figure 1: Solar and wind energy development timeline of Nepal, which has been categorized into four phases: introductory
(1974-1996), institutional setup (1996-2000), home system development (2000 - 2018) and upscaling phase (2018-onward).
Abbreviations used in the figure are — NTC (Nepal Telecommunications Center), PV (Photovoltaic), NEA (Nepal Elec-
tricity Authority), SHS (Solar Home Systems), AEPC (Alternative Energy Promotion Center), CES (Center for Energy
Studies), SEMEN (Solar Electric Manufacturers Association Nepal), RE (Renewable Energy), NEPQA (Nepal Photovoltaic
Quality Assurance), SWERA (Solar and Wind Energy Resource Assessment), and AE (Alternative Energy).

Research & development phase: This phase was started after the government formulated and
launched programs and guidelines on renewable energy to provide electricity, mainly in rural areas.
The first renewable energy subsidy policy was launched in 2000, updated in 2016 together with the
renewable energy subsidy development mechanism. The technical standard for solar PV systems, called
Nepal Photovoltaic Quality Assurance, was also developed and adopted in 2000 to disseminate Solar
Home Systems (SHS). This standard has been revised periodically (i.e., in 2002, 2005, 2009, 2013, and
2015) [75]. The trend of SHS installation shows a steep rise after 2000 due to these policies and subsidies
provided by the Alternative Energy Promotion Center through the Energy Sector Assistance Program
[76]. The country has faced load shedding up to 16 hrs a day in the dry season during this phase [77, 78].
Hence, the government also formulated policies to encourage SHS in urban areas to address load shedding
problems [79], which also promoted SHS in Nepali cities. In 2008, the first solar and wind energy resource
assessment was conducted in Nepal, providing estimates of its renewable energy potential [14]. In 2017,
the National Renewable Energy framework, National Energy Efficiency Strategy, and Solar net-metering
guidelines were developed. Formulation of the Solar net-metering guidelines opened the door to add the
extra generated electricity from SHS to the national grid.

Upscaling phase: Realising the need and importance of grid-connected renewable energy, the gov-
ernment formulated the guidelines in 2018, which opened the door for commercial electricity generation
from solar, wind, and biogas. As a result, several projects have been developed for installing solar power
plants in Nepal. So far, 14 projects received a license to construct the solar plants in different parts of
the country, with a total installed capacity of 84.5 MW [80]. Similarly, 31 projects received a license
to survey the potential installation locations of solar power plants, with a total installed capacity of
377.6 MW [80]. In June 2020, Nepal’s first commercial solar power plant (25 MW, near Devighat hy-

dropower stations) started producing electricity, connecting 1.25 MW in the grid, with construction still
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in progress [81, 82]. Similarly, another 8.5 MW of electricity was added to the national grid in October
2020 by the private sector-run Butwal Solar Power Project, located in Rupandehi [83].

3.2. Solar and wind energy potential

Out of the total area of Nepal (1,47,523 km?), grasslands, built-up areas, barren lands, and shrublands
cover about 15,353 km?, 544 km?, 12,643 km?, and 3,428 km?, respectively (Table S3). These land-use
and land cover classes share about 21% of the country’s area, which are considered suitable locations
for solar and wind power plants. Karnali province has the highest area of these land-use and land cover
classes at a sub-national level, with a share of 43% of the total provincial area. This province has the
largest area of grassland and barren land that is suitable for installing solar and wind power plants.
Province 2 has the lowest area of these land-use and land cover classes, which is only about 8% of the
total provincial area. This province lies in the lowland region, where agriculture is the dominant land-use
and land cover class. Additionally, this province also has a large number of intermittent rivers. Thus,
suitable locations for solar and wind power plants are limited in this province due to the required buffer

distance to the rivers.

3.2.1. Solar energy potential

Nepal has a total annual solar energy generation capacity of 57,519 GWh with a total installed
capacity of 47,628 MW, considering the land-use discount factor of zero (Table 2). This potential is
about 7.4 times the total energy available in the national grid in 2020 (i.e., about 7,741 GWh) [81].
Nepal’s major solar energy potential is located in the northern Transhimalayan and hilly regions (Figure
Figure 2 top) because of the availability of high solar insolation. Nepal has about 250 km? of suitable
locations for solar power plants, which have a CF greater than 15%, i.e., the average CF required
for utility and commercial-scale solar power plants, and an average daily GHI larger than 5 kWh/m?.
Thus, in terms of utility and commercial-scale solar power plants, Nepal’s annual solar energy generation
capacity is limited to 11,558 GWh, considering the land-use discount factor of zero, which is the only
20% of the total capacity.

Nepal’s solar energy potential varies across its provinces both in terms of generation and installed
capacities (Table 2 and Figure 2 top). Gandaki province has the largest solar energy generation capacity,
but the largest installed capacity is in Karnali province. We observe this variation because the average
CF of Gandaki province is larger than that of Karnali province due to relatively higher global horizontal
irradiance (Figure S7). Bagmati Province has the lowest solar energy generation and installed capacities
because of relatively low resource quality (i.e., a low CF) and steeper slopes, narrowing down the
suitable locations. Interestingly, although Province 2 has the lowest area of land-use and land cover
classes suitable for solar and wind power plants, it has the third-highest solar energy generation and
installed capacities. This province has the majority of suitable locations with a low slope, low altitude,

and south-facing.
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Table 2: Solar energy potential in Nepal’s seven provinces in terms of annual generation and installed capacities, together
with area of the suitable locations. The estimated solar energy potential is presented for two scenarios: zero and 75 % land-
use discount factor, taking 30 MW /km? land-use efficiency. Co-location potential refers to wind energy installed capacity
in the suitable locations for the solar power plants, considering zero land-use discount factor with land-use efficiency of 9

MW /km?.

Zero land-use discount factor 75% land-use discount factor Co-location potential
Provinces (‘::; Generation Capacity Installed Capacity —Generation Capacity Installed Capacity —with wind energy
(1000 MWh) (MW) (1000 MWh) (MW) (MW)

Province 1 200.7 6,647 6,195 1,662 1,549 18

Province 2 254.9 8,894 7,817 2,223 1,954 4

Bagmati 121.8 4,100 3,706 1,025 926 6

Gandaki 263.4 11,321 7,960 2,830 1,990 137

Province 5 243.2 8,839 7,338 2,210 1,834 20

Karnali 287.4 10,660 8,661 2,665 2,165 61

Sudurpashim  191.6 7,059 5,952 1,765 1,488 20

Total 1,563.3 57,519 47,628 14,380 11,907 267

Nepal has the built-up areas of 543 km? (Table S3). However, only about 10% of this area is suitable
for rooftop solar PV systems, resulting in a total installed capacity of about 8,100 MW. We estimate
the total annual solar energy generation capacity of about 9,600 GWh in the country. At a sub-national
level, the potential for rooftop solar PV systems varies across the provinces (Figure S14). Bagmati
province has the highest generation capacity because around 40% of Nepal’s built-up areas is located in
this province. Moreover, Bagmati province also has the highest population density in the country, with
a total population of around 5 million people [84]. Due to the lowest share of built-up areas, Karnali

Province has the lowest potential for rooftop solar PV systems.
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Figure 2: Spatial distribution of solar (top) and wind (bottom) energy potential in seven provinces of Nepal in installed
capacities. Only locations with minimum installed capacities of 0.03 MW and 0.01 MW for solar and wind energy are
plotted. These installed capacities are based on zero land-use discount factor with land efficiency of 30 MW /km? for solar
and 9 MW /km? for wind. For solar and wind energy, suitable locations with a high energy potential are observed in
the northern part of Gandaki province, while southern lowland regions have relatively low potential. Bagmati province

contains the most concentrated built-up areas.

3.2.2. Wind energy potential

Nepal’s wind energy potential is lower than its solar energy potential. The country has a total annual
wind energy generation capacity of 3,788 GWh with a total installed capacity of 1,686 MW, considering
the land-use discount factor of zero (Table 3). Nepal has about 145 km? of suitable locations for wind
power plants. About 55 km? of these locations has a wind power density of more than 300 W/m?. These
locations with a high wind power density mostly lie in the northern hilly region of the country (Figure
S9). Similarly, around 50 km? of suitable locations have a CF of more than 30% that is required for
utility and commercial-scale wind power plants.

Nepal’s wind energy potential also varies across its provinces, with a large share of the potential
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concentrated in Gandaki province (Table 3 and Figure 2 bottom). This province has a majority of
locations with CF greater than 30%, although several locations with suitable land-use and land cover
classes need to be narrowed due to their elevation of greater than 4000 m. Gandaki and Karnali
provinces possess about 80% of the country’s wind energy potential. These provinces consist of places
(e.g., Manang, Mustang, and Tansen) with a high wind power density (i.e., greater than 105 W/m?)
(Figure S9). Additionally, they have locations with relatively high wind speeds with altitudes below
4,000 m and an appropriate slope for wind power plant installation (Figure S5). Because of a low wind

power density and a low share of suitable locations, Province 2 has the least wind energy potential.

Table 3: Wind energy potential in Nepal’s seven provinces in terms of annual generation and installed capacities, together
with areas of suitable locations. The estimated wind energy potential is shown for two scenarios: zero and 75% land-use
discount factor, taking 9 MW /km? land-use efficiency. Co-location potential refers to solar energy installed capacity in
the suitable locations for the wind power plants, considering zero land-use discount factor with land-use efficiency of 30

MW /km?.

Zero land-use discount factor 75% land-use discount factor Co-location potential
Provinces (i:jj) Generation Capacity Installed Capacity Generation Capacity Installed Capacity —with solar
(1000 MWh) (MW) (1000 MWh) (MW) (MW)
Province 1 11.9 163 109 41 27 59
Province 2 0.7 13 7 3 2 13
Bagmati 2.5 28 24 7 6 21
Gandaki 91.0 2,945 1,137 736 284 458
Province 5 5.7 91 54 23 14 68
Karnali 21.9 380 245 95 61 203
Sudurpashim  10.8 168 111 42 28 68
Total 144.5 3,788 1,686 947 422 890

3.8. Project opportunity areas (POAs)

We identify about 6,600 POAs for solar that have a CF greater than 15 % and 990 POAs for wind
power plants with a CF greater than 30 % across the country. For solar energy, the largest POA has
an area of 15.1 km?. 12.2 km? is the largest area of the POAs for wind energy. Considering a land-use
discount factor of zero, only about 10% of the POAs would accommodate solar power plants of an
installed capacity greater than 1 MW. Among these POAs, only 980 POAs have a CF greater than 15
%. Similarly, wind power plants of an installed capacity greater than 1 MW could be developed only in
about 149 POAs, considering the land-use discount factor of zero. Only 66 of these POAs have a CF
greater than 30 %.

The POAs are spatially distributed across the country. We characterize each POA based on its
average elevation, LCOE, installed capacity, and resource quality (i.e., global horizontal irradiance for
solar energy and wind power density for wind energy) (Figure 3). This characterization shows that most
POAs lie in higher elevation regions because of better resource quality, increasing the CF and reducing

LCOE.
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Figure 3: Characteristics of the project opportunity areas (POAs) concerning resource quality (i.e., global horizontal
irradiance for solar energy and wind power density for wind energy), installed capacity, elevation and total Levelized cost
of electricity (LCOE) of solar energy (top), having capacity factor greater than 15 %, and wind energy (bottom), having
capacity factor greater than 30 %. The bubbles show the sizes of POAs in terms of installed capacity, considering the
land-use discount factor of zero. In the figure, the maximum installed capacity of solar and wind is 454 MW and 94 MW,

respectively.

3.8.1. Distance to roads and substations

For solar power plants, about 75% of the POAs lie under 20 km distance from the nearest road and
70% of the POAs under 20 km distance from the nearest substation. Within this distance from both
infrastructures, about 3,300 GWh of solar energy can be generated annually, considering a land-use
discount factor of zero. However, most POAs with the CF greater than 15 % are about 53 km far from
the road and 28 km far the substation networks. Looking at the cumulative installed capacity with
normalized substation and road distance, we see that most POAs for solar energy are near to or within
the country’s existing road network (Figure S15). This finding is good news for the development of solar
power plants in Nepal because installing power plants in the POAs far from roads and substations would
increase the overall cost.

For wind power plants, about 44% and 50% of the POAs lie under 20 km distance from the nearest
road and the nearest substation (Figure S16). Within this distance from both infrastructures, about 175
GWh of wind energy can be generated annually, considering the land-use discount factor of zero. Most
POAs with a high resource quality (i.e., a wind power density of greater than 300 W/m?) lie far from

the road and substations due to Transhimalayan and hilly regions with high resource quality but with
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poor road and substation networks. Similarly, most POAs having a CF greater than 30 % are around 60
km and 43 km far from the road and substation networks. This finding shows that wind energy POAs
are relatively far from the road and substation networks than those for Nepal’s solar energy POAs.

At sub-national scale, most POAs with a long road distance (i.e., an average distance of solar and
wind POAs from the nearest road is about 48 km) are in Karnali Province. This province has a poor
road network that would result in a high cost for installing solar and wind power plants. Interestingly,
Province 2, located in the lowland region, has the abundant road and substation networks required for
the power plants, resulting in lower costs compared to other provinces (Figure 15 and Figure 16 ). In
this province, the average distance of solar energy POAs from the nearest road and substation is only
about 4 km and 14 km, respectively. Additionally, power plant construction is relatively easy in this
province due to its flat topography. In the past few years, the construction of several new hydropower
plants with planned substations has increased the national grid accessibility in many regions across the
country. This increased accessibility would promote the installation of solar and wind power plants
across Nepal. For example, Province 1 consists of several planned substations (e.g., Arun substation
hub, Damak substation, and Inaurwa substation) [85], which provides an optimistic future for on-grid

solar and wind power plants in the province.

3.8.2. Protected Areas

Since about 23% of Nepal’s area is covered with protected areas, a large share of POAs is located in
these areas and their buffer zones. Specifically, 509 km? out of 1,563 km? of solar energy POAs and 93
km? out of 144 km? of wind energy POAs lies in Nepal’s protected areas and their buffer zones. In other
words, the power plants need to be installed in these locations to harness around 37% and 78% of the
country’s total solar and wind energy generation capacities. Within the protected areas, the maximum
solar and wind energy potential is found in the Annapurna Conservation Area, i.e., 11% of the total solar
and 63% of the total wind energy installed capacities, generating about 8,498 GWh and 2,816 GWh of
electricity annually. Since specific regulations need to be followed for any infrastructure development in
the protected areas and their buffer zones, installing solar and wind power plants would be a challenge
in these locations. Thus, the federal and provincial governments should maintain a delicate balance in
biodiversity conservation and provision of energy security while developing solar and wind power plants

in the protected areas and their buffer zones.

3.8.8. Co-location potential

About 30 km? of the POAs are suitable for both solar and wind power plants. The solar and wind
energy potential of these POAs are also known as co-location potentials. These POAs have a total
installed capacity of 267 MW and 890 MW of solar and wind energy, respectively (using zero land-use
discount factor). In other words, these locations are suitable for hybrid solar and wind power plants. In
terms of generation capacity, 1,247 GWh of solar energy and 567 GWh of wind energy can be harnessed
from these locations annually. These suitable POAs for both solar and wind power plants are mostly

located in the northern part of Gandaki province as it consists of 50% or 15.27 km? of these locations.
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3.8.4. Levelized cost of electricity (LCOE)

About 10% of the total solar energy POAs generates more than 1,214 GWh of energy per year, which
has a total LCOE below 120 USD/MWHh, considering zero land-use discount factor (Figure 4). For wind
energy, around 37% of POAs has a total LCOE below 80 USD/MWh, which would generate more than
2,800 GWh of energy annually (zero land-use discount factor). Interestingly, most POAs with a low
LCOE are located in the high altitude region as power density increases considerably (Figure 3). Solar
PV systems seem more expensive than wind power plants in terms of generation capacity because of the
low CF of solar PV systems compared to wind power plants. For example, about 3,146 GWh of wind
energy can be generated annually at the total LCOE of 91 USD/MWh and below, near the starting
LCOE for solar energy. However, the total LCOE for wind energy escalates quickly with minor changes
in energy generation. Additionally, due to the modular design, less maintenance requirements, and ease
of installation relative to wind power plants, solar PV systems can be rapidly promoted to meet the
country’s energy demand. Moreover, rooftop solar PV systems in built-up areas are the most expensive
option, although their LCOE does not consist of roads and interconnections. This high cost is associated
with the low CF in the built-up areas, i.e., an average value of 13.6 %. Besides, stand-lone systems in
built-up areas require storage, which would increase the LCOE further. Both for solar and wind energy,
a large share of the total LCOE comes from generation costs. The costs for interconnection and roads

are on average about 8.9 USD/MWh and 8.8 USD/MWHh for solar and wind energy, respectively.
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Figure 4: Supply curves of solar (top) and wind (bottom) energy based on the Levelized cost of electricity generation
(LCOE) and generation capacity of the project opportunity areas (POAs). These curves are developed by plotting the
cumulative generation capacity of POAs sorted based on the total LCOE (blue line) and the LCOE for power generation
(green line) separately. For solar energy, the curve for built-up areas is also plotted (pink line). The estimated 10t and

90*h percentile of LCOE are 91-138 USD per MWh for solar energy and 46-86 USD per MWh for wind energy.
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Figure 5: Sensitivity of estimated the Levelized cost of electricity (LCOE) for solar (top) and wind (bottom) energy for
pessimistic and optimistic cases. The pessimistic case shows an increase in the total LCOE compared to the reference
values due to the variation of parameters. Similarly, the optimistic case represent a decrease in the total LCOE. The
reference values of LCOE are 121.46 USD/MWh and 62.21 USD/MWh for solar and wind energy, respectively, which are
based on parameter values in Table 1, an average road and transmission distances of both cases, and the capacity factor

of 15 % (solar energy) and 30 % (wind energy).

Looking at the sensitivity of the total LCOE, our analysis highlighted that it is more sensitive to the
economic discount rate, generation capital, and the CF than other parameters and factors (Figure 5).
The discount rate depicts the financial or interest rates available in a region. Hence, changes in the
interest rates could affect the country’s adoption of solar and wind energy. A low-interest rate would
make solar and wind power plants cheaper, resulting in promotion on solar and wind energy, and vice
versa. The generation of capital depends on technological advancements. Therefore, declining generation
capital costs due to advancements in solar and wind energy technologies would further encourage solar
and wind power plants.

Similarly, the CF depends on the resource quality of the location and technology used. A large-
scale environmental degradation, including climate change, could negatively impact the resource quality,
reducing the CF, whereas technological advancements could increase it. Therefore, nature conservation,
including climate change mitigation, would help to promote solar and wind energy by maintaining the
current resource quality. Interestingly, the total LCOE is less sensitive to the availability of road and

substation networks. However, these infrastructures would be a bottleneck for solar and wind energy
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development because of the substantial time required for their construction in developing countries like
Nepal. Nevertheless, the road and substantiation networks are also promoted by other infrastructure
development within the country, including hydropower. Thus, the appropriate prioritization of POAs
based on high resource quality and distance to existing infrastructure would be a starting point for

installing utility and commercial-scale solar and wind power plants in Nepal.

4. Discussion

4.1. Possibility of solar and wind power plants

Our study highlights that Nepal has an abundant resource of solar energy (i.e., up to 47,628 MW)
and a relatively lower potential for wind energy (i.e., up to 1,686 MW) compared to that of other
developing countries (e.g., Bangladesh [10] and India [11]). These estimates are greater than the solar
and wind energy potentials reported by Windsor and colleagues [14] because of the use of high-resolution
datasets and our consideration of stand-alone energy systems. They estimated 2100 MW and 489 MW
for grid-connected solar and wind energy across the country, using low-resolution datasets (i.e., 10 km
spatial resolution). For solar energy, we estimate that the country’s total annual generation capacity
of 96,00 GWh is located within its built-up areas, which is similar to the value reported by Gautam
and colleagues [86]. However, Nepal has only harnessed a small fraction of these resources. Since the
country’s solar energy potential is about 10% of its hydropower potential [25], the possibility of solar
PV systems contributing substantially to the national grid cannot be ignored in Nepal’s future energy
security. Although having a low potential, wind energy also has the advantage of ensuring energy security
in high altitude rural areas that are not connected to the national grid via stand-alone systems.

Nepal’s most suitable locations for solar and wind energy lie in Transhimalayan and hilly regions that
are the least developed and remote areas of the country. Harnessing these resources can be an excellent
opportunity for these areas for their economic development. However, most of these areas need to tramp
over through the steep regions with a high geographical gradient, challenging installing power plants,
transmission lines, and substations, and transporting required equipment. Apart from Transhimalayan
and hilly regions, the suitable locations in the lowland region mostly lie near the main river and stream
areas. Although we consider buffer regions to narrow down the suitable locations, these water bodies
could be a potential risk for power plants, more for solar than wind ones, during the rainy season due

to flooding.

4.2. Economics viability for solar and wind energy

Our findings also provide a basis to understand the economic viability of solar and wind energy, which
is missing in the existing literature. We present that the cost of solar energy remains almost constant
for an extensive range of energy generation capacity due to its wide spatial availability. However, solar
power plants are more expensive than wind power plants due to their relatively low average capacity
factor. Solar and wind energy systems are currently not cost-competitive with hydropower in Nepal
due to hydropower’s lower cost. The current power purchasing rate of hydropower in the country is
about 70 USD/MWHh in the dry season [87] with an average LCOE of about 50 USD/MWh in South
Asia [61]. This LCOE is lower than the estimated 10'® and 90" percentile of LCOE for solar energy
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(91-138 USD/MWh) and wind energy (46-86 USD/MWh) for Nepal. Therefore, appropriate subsidies
and policies are needed to make solar and wind energy competitive with hydropower.

Globally, the generation costs of solar and wind energy are declining year by year, i.e., around 90%
since 2009 in solar PV module and 60% for wind turbines [61]. This decrease in the LCOE has resulted in
an increase in solar and wind energy installation rates throughout Nepal in recent years. For example,
1.64 MW of solar energy has been connected to the national grid, and solar power plants of a total
capacity of 60.5 MW are under construction [81]. The cumulative number of SHS systems promoted
across the country are 410,430 with a total installed capacity of 9.91 MW [88]. Though no stand-alone
or grid-connected wind power plant have been installed, wind-solar hybrid systems have generated 563
kW of electricity in the country [89]. Moreover, the National Planning Commission has the target to
install 481 solar power plants (1 MW installed capacity) and one wind power plant (0.2 MW installed
capacity) in the country by 2022 to provide clean energy to remote areas that are not connected to
the national grid [90]. With technological advances, economies of scale, and market dynamics, the cost
of solar and wind power plants will continue to decline while the price of solar and wind energy will
also decrease in the future. These changes will further promote solar and wind energy in the country.
Nevertheless, the economics of solar and wind generation depends on several factors, including location
and government policies [91].

Similarly, the marginal economic value of both wind and solar energy decreases as their share of overall
energy generation increases [92]. Additionally, renewable energy based on stand-alone or grid-connected
microgrids and distributed generation could optimize the overall cost of electricity. Moreover, location-
specific strategies for the energy sector have to be developed and implemented to ensure improved energy
and economic balance. For instance, wind power plants need to be promoted in locations suitable for
wind energy. This strategy would promote the efficient use of local resources, increasing employment,

and improving the life of local people.

4.3. Infrastructure Development

Our study also highlights the link between infrastructure development and the promotion of solar
and wind energy in Nepal. On the one hand, appropriate infrastructure, mainly road and substation
networks, is needed to encourage solar and wind power plants. On the other hand, the development
of solar and wind energy in remote locations would also improve infrastructure accessibility, including
roads, interconnection, and the internet. About 30% of Nepal’s total road length is earthen type [93],
which is affected during the rainy season. Most of Nepal’s transmission network comprises 132 kV voltage
level (i.e., 2,819 circuit km), with only 153 circuit km of 400/220 kV lines [94]. The road accessibility
in higher altitude locations is relatively low and still challenging for route development, especially in
Karnali Province. Only about half of the rural population in Nepal lives within 2 kilometers of a road in
good or fair condition [95]. However, the good news is that more than 900 MW of hydropower plants are
under construction, and more than 2,000 MW has been planned in Nepal [85]. The suitable locations
for solar and wind power plants in the vicinity of under construction or planned hydropower plants can
be prioritized. This prioritization would help to develop energy corridors in different locations of the
country. Furthermore, the energy cost can be reduced as they will share common road and substation

networks.
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4.4. Energy Planning

Our findings also contribute to sound energy planning in Nepal, promoting an optimum energy mix.
Currently, hydropower contributes most of Nepal’s electricity. However, electricity generation fluctuates
seasonally because most power plants are of the Run-Of-River and Peaking Run-Of-River types, causing
severe power shortages during winter [96]. The county is still relying on 240 MW to 550 MW of imported
electricity to meet its demand [81]. Therefore, sound strategies for an appropriate energy mix have to
be followed for a better, reliable, and more stable supply of electricity in the country. For example,
commercial solar power plants can be a solution because they can be constructed in a shorter time than
hydropower plants. Additionally, the seasonal fluctuation of solar and wind energy in potential sites is
relatively low in Nepal. The average seasonal fluctuation in wind speed (which defines the power) for
some of the suitable locations of Nepal like Jumla, Kagbeni, Nagarkot and so on is not more than +30%
[65]. Similarly, the average solar power fluctuation is not more than 33% in different suitable locations
in the country [97, 98]. Additionally, major rural areas of the country can be electrified without a direct
connection to the national grid by realizing solar and wind energy-based micro-grids.

While considering solar and wind energy, the requirement of energy storage for integrating solar and
wind power plants into the country’s energy planning cannot be ignored, mainly for stand-alone systems.
Energy storage systems provide regulation and reserve capacity, and hence, alleviate the negative impacts
of solar and wind energy because of their diurnal patterns [99]. In the national grid, the operation of
major hydro projects (Peaking Run-Of-River and storage) can be synchronized with the diurnal patterns
of solar and wind energy to ensure a stable electricity supply.

In the context of cities and urban areas, solar energy potential in the built-up areas can be utilized
to supply electricity to houses and provide surplus electricity to the national grid. With the declining
cost of rooftop solar PV systems, the increasing cost of fossil fuel, and promoting policies such as
solar net-meeting, solar PV systems could be an excellent alternative to conventional energy sources
for households. Commercial small-scale PV systems in urban areas reduce the stress on the grid and

convert households from electricity consumers to producers.

4.5. Policy Implications

Our study also contributes to developing sound policies for the promotion of solar and wind energy
in Nepal. Our solar and wind energy development timeline shows that Nepal’s policies mainly focus on
small-scale solar and wind energy systems over the last few decades. These policies need to be updated
to wider solar and wind energy adoption in the country at a utility and commercial scale. However, the
lack of adequate information on the spatial and economical distribution of renewable energy resources in
developing countries is a barrier to policymaking. Our study provides new insights into Nepal’s spatial
distribution and economics of solar and wind energy to overcome this barrier. Based on our findings,
several policies to balance energy accessibility and energy economy can be formulated.

First, Nepal needs to develop adequate plans and policies to utilize its solar and wind energy based on
utility and commercial-scale power plants, going beyond small-scale systems. However, these plans and
policies can vary sub-nationally based on location-specific solar and wind energy potential. For example,
Gandaki province may prioritize installing solar-wind hybrid energy systems to harness its co-location

potential. Due to a large share of built-up areas, promoting solar-net metering would be adequate in
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Bagmati province, reflected in Nepal’s ‘Every home, energy home’ policy [100]. Similarly, large-scale
plants can be promoted in Karnali province because it has many suitable locations. Additionally, the
current and planned hydropower corridors can also be prioritized for solar and wind power plants to use
their road and substation networks.

Second, the cost of solar and wind power plants is higher than hydropower plants in Nepal. This
cost competitiveness is a bottleneck in a wider-scale adoption of utility and commercial-scale solar
and wind power plants. For these renewable energies, Nepal provides subsidies for small-scale home
and institutional systems but not commercial-scale plants. To attract the private sector in solar and
wind energy generation, Nepal needs to establish appropriate incentives, including tax offsetting policies
for utility and commercial-scale solar and wind power plants. Similarly, the policies on international
investment need to be reviewed to ease the administrative work for foreign investors in the renewable
energy sector.

Third, appropriate plans and policies are also needed to stimulate and promote solar and wind energy
research in the country. For example, our analysis is based on global datasets and despite being it is
high-resolution data, proper ground validation of this data is missing. Thus, Nepal needs to generate
national high-resolution data on solar and wind energy by measuring and monitoring these resources at
different locations in the country. Such national high-resolution ground validated data would be crucial
to estimate Nepal’s solar and wind energy potential more accurately.

Fourth, the existing or planned substation may not have adequate capacity to integrate the power
generation from nearby solar and wind plants. So appropriate planning is needed for the up-gradation
and expansion of existing substations and transmission systems.

Fifth, relative cost-effectiveness, social equability, environmental impacts, and investment modalities
need to be considered at while formulating policies to promote the energy sector. This holistic approach
would help to mobilize resources and ensure required processes are implemented to achieve the SDGs as
a whole, going beyond SDG 7 — clean and affordable energy. In the post-COVID-19 Era, the promotion

of renewable energies would play a vital role in the socio-economic recovery of the country [101].

4.6. Limitations

Our estimates of solar and wind energy potential also consist of a few limitations. The first limitation
is associated with the data and methods we have applied in our study. For example, the accuracy of our
estimates could be improved by using high-resolution data, which is a significant problem for remote
sensing-based studies in developing countries. However, we make use of the highest resolution data
available for Nepal. We have resampled some raster data to match with other data using the nearby
sampling method, which also has added some uncertainties in the study. However, this uncertainty and
error still share a very low significance in the study.

Second, this study has not considered the geological constraints such as flood zone and earthquake
fault zones. The land-use discount factor may not be uniform throughout the country because of land
conflicts and geological deformities such as erosion zones, flooding zones, fault zones, military and airport
zones. Thus, our study can be advanced further by following a multi-criteria analysis to identify priorities
for solar and wind energy for Nepal, as done for other countries [10, 11, 12, 13]. Nevertheless, our study

considers two land-use discount factors with a pessimistic scenario of 75%. Additionally, we narrow
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down our suitable locations, considering a 500 m buffer to rivers.

Third, we consider a linear regression model between the CF and average global horizontal irradiance
in the POAs. However, this relation could also be non-linear. Nevertheless, our linear model also has
a high r-squared value of 0.95. Additionally, our analysis could have also used data on Global Tilt
Irridance instead of GHI to simply the study. Nevertheless, applied correlation between the CF and
global horizontal irradiance, considering the appropriate tilt angle and slope exclusion, would also give
similar results. Further, it is possible to install solar PV in the direction other than south-facing.
However, the performance would drastically reduces with changes in facing angle (similar to azimuth
angle) relative to southern part [102, 33] for Nepal. Hence, possibility of installation of solar PV other
than southern region has been ignored, which would result in slight underestimation of the solar energy
potential. Nevertheless, these locations would have a higher overall cost due to their lower generation
capacity.

Similarly, we estimate the solar energy potential considering fixed tilted solar PV systems and the
wind energy potential for International Electromechanical Commission class III wind power plants.
These considerations provide conservative estimates of solar and wind energy in Nepal, which could
be higher if tracking solar PV systems or higher class wind power plants are considered. Additionally,
installing a 4.5 MW wind turbine would be a challenge in most locations in Nepal due to a need to
transport the long wind blades in mountain roads. Thus, it might be better to estimate the wind energy
potential based on lower capacity turbines. However, the global wind atlas does not provide CF's for
smaller turbines. There are two implications of assuming a large wind turbine in our analysis. It ignores
the energy that could be generated in the suitable areas for lower capacity wind turbines. Next, it may
overestimate energy potential of suitable location of a high capacity wind turbine because of a need to
replace it with a lower capacity one during installation due to difficulties in transportation of the long
wind blades. Hence, appropriate ground based data has to be analysed before implementation of wind
turbines in the suitable sites, choosing the adequate capacity wind turbines.

Fourth, since 42% and 35% of Nepal’s total land area is covered by hilly and mountainous regions
[103], a terrain factor has to be used to determine the actual path length of transmission and road length.
However, we have considered the minimum distance in our estimates, which needs to be improved to
account for the terrain’s effect on the road and transmission network construction. Nevertheless, our
study is the first to consider these factors while investigating the economic feasibility of solar and wind
energy in Nepal.

Fifth, the costs incurred due to variability and uncertainty of renewable energy generation are not
included in our analysis. The actual generation cost is more likely to be site-specific to its ground
measurements and geography. Nevertheless, we provide the first estimate that can provide a sound basis

for further studies.

5. Conclusion

In summary, we provide estimates of the spatial and economic potential of solar and wind energy
in Nepal at the province level for the first time. Our findings highlight that the upper mid-northern

part (mountain region) and eastern lowland of the country have a vast potential for solar and wind
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energy due to higher solar radiance and wind speed. Many identified suitable solar and wind energy
locations are also nearby existing and under-construction substations and hydropower. Looking at the
cost, we found that solar power plants are more expensive than wind power plants. However, the
suitable locations for wind energy are limited and also concentrated in high altitude areas. As federal
and provincial governments are planning to generate electricity from solar and wind energy and private
companies are showing interest to invest, the results revealed by this study will be helpful for planners,
decision-makers, and entrepreneurs. However, further research is needed to improve the accuracy of our
estimates by using high resolution ground-validated and bias-corrected datasets, considering multiple
criteria to narrow down suitable locations, and accounting for different classes of wind turbines and
different types of solar PV systems. Future research needs to investigate strategies for the optimum
energy mix for solar, wind, and hydro energy systems to meet Nepal’s future energy demand, ensuring

reliable and stable electricity supply.
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