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Abstract: Nepal possesses a good solar resource, and there has been increasing interest in the use
of photovoltaic systems. About 1.1 million solar home systems, rated at nearly 30 MWp, have been
installed across Nepal. With the introduction of net metering by the Nepal Electricity Authority, an
increase in rooftop photovoltaics (RPV) is expected. However, to inform any policy developments
around increased electricity generation, and the uptake of RPV, there is a need to quantify the potential
of such systems (a situation mirrored in many developing countries). To this end, this study utilized
a hierarchical geospatial technique based on open-source data to estimate the potential output from
RPV in several cities in Nepal (Kathmandu, Pokhara, Butwal, Nepalgunj, and Biratnagar). It was
found that the potential theoretical output of RPV ranged from 637 GWh per annum, in Kathmandu,
to 50 GWh per annum in Butwal. Moreover, the total RPV potential from urban households of Nepal
was estimated to be in the order 6.5 TWh per annum. As such, the findings of this paper can be used
to make informed policy decisions about the future of Nepal’s energy mix.
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1. Introduction

Energy is crucial to the advancement of developing countries, such as Nepal. Without
a reliable and steady supply of energy, economic development would be affected; the
consequences of which would be felt throughout the small nation. Currently, about 69% of
the nation’s energy consumption is met by biomass: firewood and agricultural residues.
A further 25% is derived from fossil fuels, all of which are imported from India, and
the remainder is met using a mix of hydropower and small-scale renewables such as
photovoltaics (PV), biogas and micro-hydro [1].

Despite its reliance on biomass and fossil fuel derived energy sources, Nepal has
relatively low emissions of carbon dioxide per capita. However, this belies the fact that
Nepal is ranked as the fourth most vulnerable nation to the effects of climate change [2].
With an increasing population and economic expansion forecast, the demand for electrical
energy is likely to increase significantly within Nepal. As evidence of this growth, the
Ministry of Energy and Water Resources (2018) aims to increase the annual household use
of electricity from 267 to700 kWh within 5 years, and to 1500 kWh in 10 years. Much of
this increase is due to a desire to place electric cook stoves in all households by 2030 (to
reduce the health and environmental impacts of using open fires). Furthermore, with the
intervention to increase electricity use for cooking, the Water and Energy Commission
Secretariat state that under a Business as Usual (BAU) scenario, the capacity for electricity
generation would need to be 15,000 MW by 2030 and demand would increase to 35,000 MW
by 2040. Assuming a high GDP growth rate (9.2%), the capacity requirement could reach
50,000 MW by 2040 [3].

All these factors make large-scale hydroelectricity a tempting proposition, particularly
when paired with the Nepal’s theoretical potential for such technology, noting that in 2020,
Nepal consumed 7741 GWh of electricity primarily generated from hydropower [4]. In
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gross terms, Nepal has a theoretical hydropower potential of 83,000 MW of which about
42,000 MW are considered economically viable [5]. However, although there is significant
interest and investment in hydropower in Nepal, this needs to be balanced against Nepal’s
relatively small geographic size, 147,516 km2. This means that land has a premium, and
any change in land-use (to large scale hydro dams) would have a significant long-term
environmental and social impacts, as a result of flooding and resettlements [6–8].

That said, it is worth noting that Nepal lies in the sunbelt region, with the country
being between 26◦ N to 30◦ N latitude. Furthermore, the sun shines for about 300 days
a year providing an average of 6.8 sunshine hours per day and an average insolation of
4.7 kWh/m2/day (Figure 1). On this basis an increased use of solar energy technology is a
favorable prospect for Nepal [6] and is also one of the cheapest energy sources currently
available [9]. Now, revisiting the Water and Energy Commission Secretariat’s BAU capacity
of 15,000 MW by 2030; it is worth noting that Australia has delivered nearly 17,000 MW
of generation capacity, in the form of rooftop photovoltaic (RPV) systems, in just over
a decade [10]. As such, the push towards electrification in Nepal could be met, in part,
by the installation of RPV systems. Moreover, RPV systems can be developed rapidly,
and would allow incremental expansion of generation and distribution infrastructure,
unlike delivering a large-scale hydroelectricity power plant. Hence, there appears to be
significant potential for RPV technology in Nepal. However, in considering the expanded
use of RPV in delivering on Nepal’s energy policies, there is a need to understand the
potential for it, particularly in Nepal’s urban areas where the demand for electricity will be
most pronounced.
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In summary, against the backdrop of increasing demand for energy, and the social,
environmental, and capital cost of hydropower, RPV would appear to have significant
merit in Nepal (and other developing countries). Therefore, this work set out to assesses
the potential of RPV in several of Nepal’s major cities: Kathmandu and Pokhara in the
midland valleys, Butwal in the Shiwalik, Nepalgunj in the western Terai, and Biratnagar in
humid Eastern Terai. These five cities in general represent urban cities, includes both terai



Energies 2023, 16, 747 3 of 13

and hilly cities and can also be representative as it includes from eastern cities, central cities
to western cities of the countries. All other urban cities have similar conditions for instance
house type, roof areas, insolation, etc. Thus, these five cities are broadly representative of
the national urban cities where installation of Rooftop PV systems is possible.

In this regard, the study aims to highlight the potential for the increased use of
photovoltaics in Nepal, focusing on the potential for RPV, using open-source data. It is
hoped that the results of this study, and the methods employed, can be used to make
informed policy decisions regarding renewable energy use in Nepal, and other developing
countries more broadly.

2. Method

The estimation of RPV potential involves two major steps: estimating the rooftop area
(for RPV) of the city in concern and determining the solar insolation on the study area. To
this end, several studies have proposed and utilized different methods to calculate RPV
potential. In their study, Boz et al. demonstrated an automated ArcGIS model that used
LiDAR (Light Detection and Ranging) data to undertake an assessment of RPV systems
in the city of Philadelphia [12]. Similarly, Kodysh et al. used LiDAR data and radiation
maps obtained from a hemispherical view-shed algorithm to estimate solar radiation on
multiple buildings in Knox County, Tennessee [13]. They concluded that their method
worked effectively to obtain building rooftop solar radiation maps and argue their method
was more accurate than using regional irradiation averages.

Brito et al. estimated the 3D solar potential of Lisbon [14], using Digital Surface Models
(DSM) obtained from LiDAR implemented in ArcGIS and the SOL Algorithm (SOL is an
open-source library for scalable online learning algorithms) described by Redweik et al. [15].
In doing this, the authors did not limit their study to RPV, but also examined facades, which
delivered a 15% increase in solar potential. More recently, Jurasz et al. also used LiDAR
generated Digital Elevation Models (DEM) of buildings to analyze the potential of RPV in
Wroclaw, Poland [16], with a view to establishing the potential self-sufficiency of the city.
They found a potential RPV capacity of 850 MWp, or 2.9 MWp per km2 of the city’s area,
and concluded that over 1/3 of the city-wide energy demand could be met by this.

To estimate RPV potential, Castellanos et al. suggested that the existing methodologies
could be divided into three categories: low-, medium- and high-level, based on their spatial
resolution and results [17]. Low-level methods use aggregated homogeneous datasets
without using geospatial techniques. A low-level technique would assume the irradiation
incident throughout the city to be homogeneous and rely on statistical datasets. As an
example, Kurdgelashvili et al. developed a low-level model for PV systems that used
building statistics such as the floor area, number of floors, and the total number of buildings
in a given area [18]. This was paired with assumptions (rules-of-thumb) for roof tilt, roof
top orientation, and shading in a ‘matrix’ model. Similarly, Lehmann and Peter established
a relation between the population density and the roof and facade area of residential and
non-residential buildings to obtain the potential output of solar installations [19].

Medium-level techniques combine statistical data with spatially resolved data acquired
through Geographical Information Systems (GIS) and LiDAR [17]. Khan et al. and Singh
and Banerjee both applied medium-level techniques using GIS and remote sensing to assess
RPV [20,21]. In their study, Singh and Banerjee proposed the use of a ‘building footprint area
ratio’ for various types of land use along with a coefficient of photovoltaic-available roof
area [21]. Khan and Arsalan also utilized a medium-level method to estimate the potential for
RPV in Lahore [22]. They used Google satellite imagery and a ‘feature extraction’ algorithm
to determine the rooftop area of a sample administrative division, which they then used to
extrapolate the total rooftop area to Lahore and subsequently the RPV.

Finally, high-level techniques use advanced methods for rooftop digitization and their
insolation calculations. In doing this, they also account for the aspect and shading of
buildings, and their roofs and facades, to determine their suitability for RPV [17].
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Based on these categories, it is obvious that estimates of RPV potential derived from
high-level methods and their advanced algorithms to calculate rooftop area and insolation
present the ideal scenario. However, high level methods are extremely resource intensive,
both computationally and in terms of the detailed geographic data they require. In Nepal,
and many other developing countries, the lack of LiDAR images of cities completely rules
out using high level methods to estimate their RPV. Given this data scarcity, it is apparent
that a medium-level technique is the best option for estimating the RPV of cities in Nepal.

Therefore, to realize a medium-level estimate of the RPV in Nepal, this work sought
to leverage ‘open-source’ data, and data readily available in the public domain. Such
an approach for energy studies and modeling increases the transparency of the model.
Non-transparent models and data, especially for urban energy systems, hinders public
participation, limits scientific evaluation, and impedes discussions and public debate [23,24].
As such, there are significant benefits to be gained in the utilization of this approach.

In achieving this, the process consisted of two independent methods, firstly, Rooftop
Area Estimation and secondly, Solar Insolation Estimation as illustrated in Figure 2.
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2.1. Rooftop Area Estimation

The first step towards determining the RPV potential for Nepal’s cities was to deter-
mine the roof area available for such systems. To achieve this, two sampling methods were
applied to determine the rooftop area. In the first instance, a satellite image of a small area
of Kathmandu was examined and the roofs present were manually digitized using QGIS
(a free and open-source GIS application) to determine their area, as shown in Figure 3. In
this area, 32 residences were identified, and the occupants were surveyed to determine
both the accuracy of the OpenStreetMap, manual digitization and the average roof area per
inhabitant. This mirrors the approach used by Singh and Banerjee and Khan and Arsalan
to estimate and validate rooftop area [21,22].

In the second instance, QGIS was used to query the OpenStreetMap database [25] for
building tags. In doing this it was assumed that roof area associated with the building
tags was of the same extent as the digitized buildings, as shown in Figure 4. Subsequently,
through use of Nepal’s census data of average number of family in each household, it was
possible to determine an average roof area per capita, that could be cross correlated with
that of the small sample area to ensure a degree of validation.
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2.2. Solar Insolation Estimation

The second step towards estimating the RPV potential of the cities was to determine
the available solar radiation. Insolation data can be obtained remotely from satellites and
remote sensing, or by geospatial algorithms to simulate the position of the sun in the sky,
combined with open access solar databases. However, a challenge to the use of satellite
derived solar radiation measurements is their poor spatial resolution (often in the order of
tens of square kilometers), which makes them poorly suited to the study of small areas [26].
This fact is exacerbated for sparsely populated areas and developing countries. Bearing
this in mind, this work sought to avoid the use of poor spatial resolution satellite solar
radiation data by adopting a geospatial approach.

Given that solar irradiation is affected by the surrounding topography, and hills with
northerly aspects receive less irradiation than hills with southerly aspects (in the Northern
Hemisphere), it was necessary to account for these effects. Hence, for each city in the
study area, it was necessary to account for its topography. As such Digital Elevation
Models (DEMs) for each city were extracted from the United States Geological Survey’s
(USGS) EarthExplorer database [27]. Unlike satellite solar radiation data, which often
have a resolution in the order of kilometers, the USGS DEMs have a resolution of 30 m,
meaning that radiation can be mapped at a much finer resolution. To achieve the fine
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resolution estimation necessary for RPV analysis, it was necessary to pair the DEM with an
appropriate algorithm for calculating the incident solar radiation.

In this study, the solar radiation was calculated in a Geographic Information System
(ARCGIS) using the hemispherical viewshed algorithm developed by Hetric et. al. and
which was extended by Fu and Rich [28,29]. This algorithm uses DEM as its primary data
source. Simulation period and time-step can be entered manually. Data like latitude of the
study area is read by the algorithm from the DEM itself. Table 1 lists the values that have
been entered in Area Solar Radiation tool for this study.

Table 1. Parameters for area solar radiation tool [29] (Default values used unless otherwise stated).

Parameter Value Parameter Value

DEM Resolution 30 m Slope Aspect Input DEM

Latitude 27.70 Time Configuration * Whole Year with Monthly
Interval (2020)

Sky Size 200 Calculation
Directions 32

Day Interval Hour 14 Hour Interval 0.5

Zenith Division 8 Azimuth Number 8

Diffuse Proportion 0.3 Diffuse Model Type Uniform Sky

Z-units 0.0001 Transmittivity 0.5
* own input value.

2.3. Estimating the RPV Potential

The final stage of the method involves combining the rooftop area and solar insolation
estimations. For such an exercise, Izquierdo et al. (2008) proposed that a three-level
hierarchy: (i) physical potential, (ii) geographical potential, and (iii) technical potential,
be used to assess the RPV potential of any site. Izquierdo et al. also recommended two
additional levels; economic potential and a social potential to enable researchers to check if
RPV are an economically feasible and socially acceptable source of energy in the region of
interest, though these were not undertaken as part of this study [30].

In simple terms, the physical potential area for RPV installations is the total rooftop
area in the study areas, i.e., the cities considered. The physical potential is then obtained by
taking the product of the rooftop area and the daily insolation incident on the rooftop. In
this respect, the physical potential does not consider the roof use, its orientation, or its aspect.
Rather, it calculates the total energy incident on the total rooftop area of the study area.

Of course, not all the area with physical potential would or could be used to install
RPV. The orientation of the roof, style of the roof (flat or pitched), accessibility structures
and shading, reduce the available area that is realistically suited to RPV. Now in high-
level studies, using full three-dimensional models of their study region, these issues are
addressed in the model itself. However, medium-level studies, such as the current work,
must rely on ‘available-roof-area’ (ARA) coefficients (a fraction of the roof area) to account
for the reduction in the rooftop area by such obstacles. Table 2 shows some of the typical
ARAs used in other similar studies.

Table 2. ARA coefficients used in the literature.

Study Year Location ARA

Pillai & Banerjee [31] 2007 Pune, India 0.30

Izquierdo et al. [30] 2008 Spain 0.22–0.43

Wiginton et al. [32] 2010 Ontario, Canada 0.3

Singh & Banerjee [21] 2015 Mumbai, India 0.28

Mishra et al. [33] 2020 Uttarakhand, India 0.25
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Given that there have been no studies to assess the ARA in Nepali cities, this study
used an ARA of 0.25. Although this choice may appear somewhat arbitrary, the value was
chosen with reference to [33]. They estimated the RPV potential in Uttarakhand State in
India, a region that has similar terrain and urban characteristics to Nepal.

Thus, having defined the physical potential of a given site, the geographic potential
(on a monthly average basis) can be obtained for any point on the DEM using Equation (1).

Eavg = Aroo f × n × I × D (1)

where, Eavg is the monthly average solar energy in kWh, Aroof is the roof area in the study
area in m2, n is the ARA coefficient, I is the daily average irradiation in kWh/m2 found
from the ‘Area Solar Radiation’ algorithm and D is the number of days in the month.

The final step in quantifying the RPV of the cities is the determination of the technical
generation potential. This primarily depends on the PV array and considers the array effi-
ciency, performance ratio and other losses [33–35]. In this respect, the technical generation
potential of RPV was calculated for any site in the city using Equation (2).

Etech = Eavg × r × PR × ηTH (2)

where Etech is the technical generation potential in kWh, r is solar array efficiency (assumed
as 20%) [36,37], PR is a performance ratio that includes cabling, and dust on panel losses
and was taken to be 0.75 as suggested by Mishra et al. and finally, ηTH is a temperature and
irradiance loss coefficient taken to be 0.9 [33,38].

3. Results
3.1. Validation of the Rooftop Area

Before undertaking the full RPV analysis, it was important that the estimation of the
rooftop area was representative of reality. Now as noted in the method, a small section of
a city was analyzed and surveyed to determine the per capita roof area. In Table 3, it is
apparent that there was a slight difference between the roof area from the OpenStreetMap,
manual digitization of the satellite images, and that from the household survey; however,
the results appear to be in quite good agreement.

Table 3. Rooftop area per person from different methods.

Method Rooftop Area per Person (sqm)

Manual Digitization 19.2

Household Survey 21.5

OpenStreetMap 20.8

Extending to a much wider area, using the OpenStreetMap data for the five cities,
the total rooftop area and per capita rooftop area were determined as shown in Table 4.
From this, it is apparent that the rooftop area per person corresponds well with the small-
scale study. Moreover, the average across the cities corresponds to that of the manual
digitization and household survey, suggesting the use of the OpenStreetMap data is broadly
representative of the ‘situation on the ground’.
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Table 4. City and rooftop area.

City Population * Total Rooftop Area
(Million m2) Rooftop Area per Person (m2)

Kathmandu 682,751 14.40 21.09
Pokhara 529,842 9.97 18.82

Biratnagar 225,396 4.11 18.23
Butwal 57,220 1.31 22.89

Nepalgunj 122,236 2.52 20.62
Average Rooftop Area per person 20.3

* Based on 4.6 persons/household [39].

3.2. Potential for RPV

Having ascertained the roof area in each of the five cities, it was possible to then
determine the technical generation potential based on the daily irradiation for each month.
Figure 5 provides an insight into the role that topology plays in the radiation received at
various locations within the five cities studied. Nepalgunj and Biratnagar exhibit a uniform
insolation profile due to their relative flatness. However, Butwal experiences slightly more
variation due to the terrain in its northern extent and Pokhara demonstrates the most
variability due to its numerous hills.
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The result of this is borne out across the year, as shown in Table 5. From this, it is
apparent that Kathmandu has the highest annual RPV potential, approximately 636 GWh.
The reasons for this are twofold, it has the largest population, and so the largest rooftop area,
and secondly, it has a relatively high level of incident solar energy, as shown in Figure 5.
Similarly, Butwal has the lowest annual RPV potential due its low rooftop area.

The daily average insolation of the studied cities is shown in Figure 6. It indicates that
Kathmandu has the highest insolation throughout the year, whereas other four cities have
nearly the same daily average insolation.
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Table 5. Technical generation potential of rooftop photovoltaics in Nepal’s urban centers.

Month/City Biratnagar
GWh

Nepalgunj
GWh

Kathmandu
GWh

Pokhara
GWh

Butwal
GWh

January 10.09 5.8 40.7 24.8 3.2

February 12.1 7.2 36.5 22.4 3.9

March 18.1 10.9 54.2 33.5 5.8

April 21.5 13.1 64.2 39.9 6.8

May 24.5 15.2 73.6 45.9 7.8

June 24.4 15.2 73.5 45.9 7.7

July 24.9 15.4 74.8 46.7 7.9

August 23.1 14.2 69.2 43.1 7.3

September 19.4 11.7 58.0 36.0 6.2

October 14.2 8.5 42.8 26.3 4.5

November 10.4 6.1 31.5 19.2 3.3

December 9.1 5.2 27.6 16.7 2.9

Total (GWh) 211.9 96.0 636.0 394.0 67.3

Per Capita (MWh) 0.9 1.1 1.2 1.0 1.2
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Figure 6. Average daily insolation pattern in selected cities of Nepal.

Considering the results further, the average per capita technical potential for RPV
of the five cities is approximately 1.1 MWh per year. With an increasing trend towards
urbanization, one could expect the use of RPV to rise in the foreseeable future provided
appropriate policies are put in place. Given the urban population of Nepal in 2020 is
5,995,190 [40], this could deliver up to 6.5 TWh of electrical energy to Nepal’s energy mix.

4. Discussion

The current annual per capita electric energy consumption in Nepal is 267 kWh [41].
However, the Ministry of Energy Water Resource and Irrigation of Nepal has set targets
to increase per capita electricity consumption to 1500 kWh by 2030 [42]. From the results,
it is more than apparent that RPV has significant potential in Nepal. In fact, PV systems
are already gaining popularity in Nepal. A total capacity of about 60 MWp of off-grid
solar PV systems have been installed, and an additional 20.8 MW have been connected
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to the national grid [43]. In addition, the Department of Electricity Development (DoED)
has provided construction licenses for 19 projects with a total capacity of 117.97 MW, and
survey licenses to install larger grid-connected solar PV plants at 26 different locations with
a total capacity of 623.9 MW.

A challenge presented by the systems under construction and proposed for con-
struction is that they are ground mounted, but do not appear to consider the viability of
agrivoltaics. Consequently, the poor deployment of such systems, at scale, may lead to
debates over land use for agriculture or energy like those encountered with hydropower, if
appropriate policy directions are not put in place. Such an outcome would be extremely
counterproductive, as according to IRENA [44], the Levelized Cost of Electricity (LCOE)
from residential PV systems is between USD 0.055/kW and USD 0.236/kWh as of 2020, a
decline of between 49% and 82% over the last decade. Furthermore, this price is expected
to decrease, and could conceivably pass the LCOE of large-scale hydropower in regions
with favorable solar conditions (e.g., sunbelt countries such as Nepal). Viewed in this
context, RPV could potentially circumvent issues around land-use, but still deliver the cost
advantages, and flexible deployment that solar technology offers.

To date, however, only a fraction of the total urban RPV potential has been develop
in Nepal. Two of the principal bottlenecks in the technology’s uptake are the lack of net-
metering infrastructure and equitable policy for residential users. Although net-metering
was introduced in 2017, adoption has not been as fast as anticipated despite regulations
that allow the electricity utility to buy energy from consumers at Rs 7.30/kWh (~USD
62/MWh). While anecdotal evidence suggests that the national utility company is generally
reluctant to connect solar rooftop to the national grid, one of the barriers to entry appears
to be the utility setting a minimum solar capacity in an attempt to maintain a 230V system
voltage level. In addition to this minimum installation capacity, the owner of the RPV must
guarantee the integration of electricity from RPV to the national grid is within set standards
and minimum power factor. It is conjectured that these factors, and the cost associated with
them, have been major contributors to the lack of adoption of net-metering and RPV. In the
broader context, they also appear to be the result of the lack of a policy framework around
distributed energy generation, such as RPV, and an over-zealous regulatory environment
that has the potential to stifle Nepal’s energy transition.

Going forward, it is apparent that RPV can be a major contributor to this goal, although
the policy and regulatory environment in Nepal would benefit from a review, to see how
barriers to RPV’s entry can be removed. Although the use of RPV alone cannot guarantee
a self-sufficient city, RPV can contribute to more than 60% of the targeted demand in
2030. Despite the government plans to produce 88% from hydropower and 12% from
‘modern’ renewables [45], the dramatic cost reduction of RPV would appear to provide
some significant advantages in terms of cost, flexibility, and synergies with the existing
hydropower infrastructure, that should be further explored.

5. Conclusions

Nepal’s energy mix, like many developing nations, is dominated by traditional energy
sources that are unlikely to be sustainable in meeting future energy demand projections.
With the effects of climate change likely to have a significant impact on Nepal, there is a
need to examine renewable energy technologies to address these challenges, and to have
an appropriate policy framework to support them.

Although there has been a significant push for large-scale hydropower, this technol-
ogy can have significant social and environmental impacts, and would require significant
upfront investment in distribution infrastructure. As such, this study assessed the potential
for RPV in several of Nepal’s urban centers. The deployment of RPV would allow infras-
tructural improvements to be met in a phased manner that is synergistic with a phased
growth profile. Using publicly available geospatial data and techniques, it was found that
the average annual technical generation potential from RPV in urban centers is 1.1 MWh
per capita. Of the cities studied, Kathmandu has the highest RPV technical generation
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potential, about 636 GWh per annum, due to the large rooftop area and solar insolation
levels. On this basis, there appears to be significant scope for RPV in Nepal.

However, it was also noted that although the introduction of net-metering for RPV
has started, there appear to be some barriers to its uptake. In particular: anecdotal evidence
suggests that there is a reluctance from the utility to have RPV connected to the grid.
Furthermore, it appears that minimum generation requirements, in the name of voltage
stability, may present a challenge to residential households. Finally, when paired with
regulations relating to power quality, that the user is responsible for maintaining, it is clear
how RPV may be put in the ‘too-hard basket’

Despite these factors, RPV has significant potential to assist Nepal in meeting its energy
goals. However, this must be addressed by the relevant authorities working together with
university researchers and the private sector to develop a robust policy and regulatory
framework that recognize the role such technologies will play.
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