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Abstract. Understanding the hydrology of the Himalayan region and its response to current and future cli-
mate scenarios is crucial for identifying the region’s future water availability for infrastructural development.
For this, the hydropower potential and the impact of future change on the hydrology of the Bheri River basin
(BRb) and the Marsyangdi River basin (MRb) were analysed. The Glacio-hydrological Degree-Day Model ver-
sion 2.0 (GDM V2.0), developed in the PCRaster dynamic modelling framework, was used to simulate the river
runoff. Geospatial tools and different criteria were used to assess topographic features, identify suitable places
for run-of-river (ROR) hydropower development, and estimate power potential. Eight scenarios with various
combinations of temperature and precipitation changes were used to assess the hydropower potential. Increases
in temperature by 0.5 and 1 °C (assumed for the near-term and mid-term future) and changes in precipitation of
4 10 % and 420 %, respectively, are used to conduct a sensitivity analysis for the hydropower potential. A total
of 116 and 83 suitable sites were identified, and 4242 and 2823 MW power potentials were estimated in the BRb
and the MRb, respectively. All the sensitivity scenarios show an increase in hydropower production, except for
one with a drier scenario and less precipitation. The integration of a geographic information system (GIS) and
a hydrological model helps us to understand the hydrological response to climate variables and its impact on
hydropower in the Himalayan region.

1 Introduction merzeel et al., 2013; Lutz et al., 2014). However, climate

change may alter hydrological variability, affecting the water

Understanding the hydrological characteristics of glacier-
ized catchments is critical for assessing the hydrological dy-
namics of basins. For communities downstream, these ar-
eas provide the majority of the water resources needed for
hydropower, irrigation, water supply, and livelihood. Local
or global climate variability can have a direct impact on
the most efficient use of water resources, particularly hy-
dropower. The variations in climate variables affect the pat-
terns of river runoff, which in turn affects the amount of wa-
ter available for the production of hydroelectric energy (Im-

resource systems that depend on the flow regime. Because
of the complex connection between variations in the cli-
mate, mountainous topography, and hydrological processes
and because of the insufficient data, the potential effects of
changes in the hydroclimate on hydropower generation are
not generally understood, particularly in a Nepalese con-
text. Previously, hydropower infrastructure, design, and oper-
ation were estimated using historical streamflow records as a
source of information (Shrestha et al., 2014). Shrestha (1966)
estimated a total hydropower potential of 83500 MW in
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Nepal, with an economically feasible capacity of 45610 MW
from 114 sites. Additionally, a recent study suggested that
Nepal has a run-of-river (ROR) hydropower potential of
53836 MW with a 40 % dependable flow (Jha, 2010; Prad-
han, 2009; Shrestha, 1966; WECS, 2011).

Numerous modelling techniques have been developed to
enhance comprehension of hydrological dynamics with dif-
ferent levels of complexity. The hydrological model inte-
grated with the geographic information system (GIS) offers a
suitable application for hydropower potential evaluation. The
hydropower capacity can be estimated more effectively with
this integration.

The objective of this study is to assess suitable sites for
hydropower development and its power potential in the Bheri
River and Marsyangdi River basins using an integrated mod-
elling approach.

2 Study area

This study focuses on the two glacierized sub-basins of the
Karnali River and Gandaki River systems, the Bheri River
basin (BRb) and the Marsyangdi River basin (MRb), located
in western Nepal (Fig. 1). The BRb elevation ranges from
227 to 7598 m above sea level (a.s.l.) with a total area of
13688 km?, and it is one of the major tributaries of the Kar-
nali River, the third largest river system in Nepal. About
3.93 % (538.71km?) of the total area of the BRb is glacier-
ized; within that, debris-covered glaciers cover 28.43 km?
(0.02 %). While the MRb is the major tributary of the Gan-
daki River system, elevation ranges from 258 to 7593 ma.s.1.,
with a total area of 4786km?2, where 16.75% (802km?2)
of the basin is covered by debris-free glaciers and 0.59 %
(28km?) is covered by debris-covered glaciers. The higher
regions of the BRb and MRbD lie on the leeward side of moun-
tain ranges (the Dhaulagiri and Annapurna massifs) in the
trans-Himalayan region.

The steep slopes and high potential water energy due to
the mountainous landscapes in both basins offer opportuni-
ties for developing hydropower projects. As of 2023, the De-
partment of Electricity Development (DOED), a government
agency in Nepal, has granted licenses for 56 hydropower
projects in the MRb. These projects have a combined ca-
pacity to generate 2007 MW of electricity. Of these, four
hydropower projects in the MRb have a capacity of more
than 100 MW of electricity production. In the BRb, 33 hy-
dropower projects have a combined electricity generation
capacity of 3934 MW. Notably, 10 of these projects have
a capacity exceeding 100 MW. The basin’s main rivers, the
Marsyangdi and Bheri, have significant hydropower projects
because of their consistently high runoff throughout the year.
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3 Input data

3.1 Meteorological and hydrological data

Input data such as daily air temperature, precipitation, and
discharge data were obtained from the Department of Hy-
drology and Meteorology (DHM), Government of Nepal, for
the hydrological analysis. The meteorological data with max-
imum and minimum air temperatures as well as the amount
of precipitation were recorded at eight and six stations, re-
spectively, at varying elevations within the basin boundary
(Table 1). Daily discharge data from the hydrological stations
at Samaijighat at an elevation of 500 ma.s.1. and Bimalnagar
at an elevation of 354 m a.s.1. were used for the BRb and the
MRD, respectively. The available observed time series mete-
orological data were used as a forcing dataset for calibrating
and validating the hydrological model simulations.

3.2 Spatial data

For the hydrological modelling, Environmental Systems Re-
search Institute (ESRI) Land Use Land Cover (LULC) de-
rived from 10 m resolution Sentinel-2 imagery is obtained
from ESRI (https://livingatlas.arcgis.com/landcoverexplorer,
last access: November 2022) (Karra et al., 2021) for the
land cover information. Ten different class definitions from
the ESRI LULC dataset are modified and reclassified with
similar topographic features and surface runoff behaviour
to create eight land classes for a similar range of rainfall-
runoff coefficients. Similarly to this, the Shuttle Radar To-
pography Mission (SRTM) 1 arcsec global digital elevation
model (DEM) with 30 m spatial resolution is obtained from
the USGS (https://earthexplorer.usgs.gov, last access: Jan-
vary 2023) and serves as the grid and elevation data for
the hydrological model and hydropower potential. Randolph
Glacier Inventory Version 6.0 (RGI v6.0) (Arendt et al.,
2017) glacier outlines are used for the glacier information
and for reclassifying land classes.

3.3 Climate sensitivity

This study considered various scenarios to simulate the po-
tential effects of climate variation on the basins’ hydrol-
ogy. These scenarios were based on changing the temper-
ature and precipitation inputs to the hydrological model
following various assumptions about greenhouse gas emis-
sions and their effects. In the Ganga basin, Mishra et
al. (2020) projected that temperatures will change by ap-
proximately 0.55+0.27 °C in the near future (NF) and by
1.37 £ 0.42 °C in the mid-future (MF), while precipitation is
expected to change by about 6.95 &+ 7.78 % in the NF and by
15.05 £ 11.3 % in the MF under the SSP245 scenarios.

To represent the NF and MF scenarios, the temperature is
increased by 0.5 and 1 °C, respectively. For drier and wetter
conditions, precipitation input values are changed by adding
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Figure 1. Locations of the Marsyangdi River and Bheri River basins in Nepal (Nepal is in the inset). The black line indicates the Nepalese
political boundary, the points indicate the hydropower project’s potential sites, and the colour ramp indicates its power potential. The green
triangle and yellow points represent the hydrological and climatological stations of the Department of Hydrology and Meteorology (DHM)
in the MRb and BRb. Background: © OpenStreetMap contributors 2024. Distributed under the Open Data Commons Open Database License

(ODbL) v1.0.

Table 1. List of the climatological and hydrological stations in the study area.

Basin Station (ma.s.l.), type Hydrological  Year
station
Bheri River Dunai (2098), precipitation®; Mainagau (1913), precipitation; Samaijighat 2004-2017
Rukumkot (1568), precipitation; Musikot (1412), climatology;
Jagarkot (1240), climatology; Chaurjhar (863), climatology™;
Surkhet (720), synoptic
Marsyangdi River  Phugau (4100), precipitation; Manangbhot (3420), climatology; Bimalnagar 2004-2010

Chame (2680), climatology*; Taal (1670), precipitation;
Faleni (1278), precipitation; Khudibazar (823), climatology™

* Reference station for the respective basins.

and subtracting 10 % and 20 %, respectively, from the base-
line values. These temperature and precipitation changes pro-
duced eight different climate scenarios (Table 2), which are
used as forcing data for the hydrological model and to simu-
late future hydropower potential.

4 Methodology

4.1 Glacio-hydrological model

The Glacio-hydrological Degree-Day Model version 2.0
(GDM V.2) is applied in this study to estimate the discharge
of the rivers. It is a distributed glacio-hydrological model

https://doi.org/10.5194/piahs-387-53-2024

developed in the PCRaster modelling framework that can
estimate the contributions from snowmelt, ice melt, rain,
and baseflow to the river discharge from the glacierized
basins (Kayastha et al., 2020; Kayastha and Kayastha, 2019;
Khadka et al., 2020; Yang et al., 2022). GDM incorporates
a variety of hydrological processes, including groundwa-
ter hydrological processes, cryospheric processes, rainfall
runoff, and evapotranspiration. The melt module in GDM
uses the degree-day approach, a simplified version of the
intricate procedure (Braithwaite and Olesen, 1989) for esti-
mating glacier ice melt and snowmelt with the least amount
of data needed (Kayastha et al., 2005; Pradhananga et al.,
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Table 2. Climate scenarios with the combinations of climate vari-
ables to project the future hydropower potential.

Combination of climate variables*  Scenario
+1°C+10% S1
+1°C+20% S2
+1°C—10% S3
+1°C—-20% S4
+0.5°C+10% S5
4+0.5°C+20% S6
+0.5°C—-10% S7
4+0.5°C —-20% S8

* Temperature (°C) and precipitation (%).

2014). This approach calculated the melts from debris-free,
debris-covered and snow above the glaciers as well as snow.

In this study, the 30 m DEM and 10 m LULC were resam-
pled to a 180 m grid, and then GDM was forced for hydro-
logical simulation in both basins. The meteorological data
are pre-processed to force the model for the simulation. The
daily precipitation is distributed on the resampled grid using
the inversed distance weighting (IDW) approach to interpo-
late precipitation from the meteorological stations to the grid
points. The elevation-dependent temperature distribution in
the basin is derived by calculating the monthly temperature
lapse rate between the reference stations and the highest-
elevation station (x in Table 1). An environmental lapse rate
(—6°Ckm™") is used to distribute temperature above the
higher elevation to the rest of the grids.

The threshold temperature determines whether the pre-
cipitation is in the form of snow or rain in the grids. The
melts from the debris-free and debris-covered glaciers and
snow are calculated with the degree-day factor from each
grid. Different sets of degree-day factors are applied for each
month, covering the range of estimated degree-day factors
determined by various glaciers in the Nepalese Himalayas.
For the snowmelt and ice-melt processes, two distinct sets of
degree-day factors are used; lower factors are applied at ele-
vations below 5000 m, and high factors are applied at eleva-
tions above 5000 m. The model accounts for seasonal vari-
ations in melting rates, with higher rates in non-monsoon
months (reflected by higher degree-day factors) and lower
rates during the monsoon.

The daily time series of observed and simulated discharges
are compared to determine the model’s performance effi-
ciency using the Nash—Sutcliffe efficiency (NSE) and volume
difference (VD) indices (Kayastha et al., 2020). The NSE in-
dex plays a crucial role in assessing model accuracy in this
study. A value exceeding 0.7, coupled with a volume differ-
ence within +10 %, indicates high accuracy and certainty.
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4.2 Identification of hydropower sites and potential
estimation

The geospatial tools in Quantum Geographic Information
System (QGIS) are used to identify potential sites for hy-
dropower projects. The pre-processing steps for the hydro-
logical analysis, such as filling voids, flow directions, and
accumulation, were performed for the stream networks and
watersheds. The third order of the stream hierarchy with the
Strahler methods was evaluated as a potential location for hy-
dropower development, ensuring a consistent water flow. A
minimum distance of 7 km between the two consecutive hy-
dropower plants is considered to provide adequate space for
civil works and environmental considerations, such as reser-
voirs, powerhouses, and environmental flows. For the steep-
ness, high gradient, and altitude, an elevation below 4000 m
is considered feasible for hydropower project development.
The gross head of the stream segments is extracted using the
DEM at the initial and final points. In this study, 70 % of the
gross head is considered the net or effective head, which will
be used for potential estimation. The head greater than 20 m
is only considered in this study. The run-of-river hydropower
potential is calculated with the following relationship (Eq. 1):

p-g-0-h

PMW) = 25

, 6]

where p is the density of water (1000kgm™3), g is the
gravitational acceleration (9.81 ms~2), Q is the discharge
(m3s~1), and & is the net or effective head (m).

The daily runoff at potential sites from the hydrological
model is further examined to determine the dependable flow.
For a potential hydropower site, the flow exceedance or de-
sign discharge is considered at the 40th percentile of depend-
able flow (Q4p), which is calculated using the flow duration
curve (FDC).

5 Results and discussion

5.1 Calibration and validation

The model’s performance is first evaluated in two river basins
by comparing the simulated discharge to the observed dis-
charge in the specific period: from 2004 to 2017 in the BRb
and from 2004 to 2010 in the MRb, using observed dis-
charge data from the hydrological station in the basin shown
in Fig. 2a and b, respectively. In the BRb, the model’s per-
formance is evaluated using 13-year runoff data from the
hydrological station at Samaijighat. The model is validated
from 2011 to 2017 and calibrated for 6 years from 2004
to 2010. Similarly, the MRb made use of 7 years of runoff
data from the Bimalnagar hydrological station. Three years
(2008-2010) of observed runoff are used for validation and
4 years (2004-2007) for calibration in the MRb. The NSE
and VD metrics of the model’s performance indices are used
to assess the model’s performance. In the BRb and the MRb,
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Figure 2. The comparison of observed and simulated runoff hydro-
graphs during calibration and validation in (a) the BRb and (b) the
MRb.

the NSEs for the calibration period are 0.82 and 0.81, and the
VDs are 4.3 and —5.8, respectively. The NSE for the valida-
tion period for the BRbis 0.71, with a VD of —5.3. Similarly,
these are 0.7 and 10.6 in the MRb for the validation period.
The runoff calibration and validation performance in both of
the basins are considered good.

5.2 Suitable sites and hydropower potential

The geospatial analysis identified possible locations for hy-
dropower development in the BRb and the MRb. Overall, 116
potential sites in the BRb and 83 sites in the MRb were iden-
tified. Potential sites in the BRb have a catchment area rang-
ing from 17.95 to 865.2km?, while in the MRb this varies
from 14.93 to 316.57 km?. Similarly, in the BRb, the net or
effective head varies from 21 to 827 m, whereas in the MRb
it varies from 23 to 1034 m.

The gross hydropower potential at each appropriate loca-
tion was determined using the runoff from the hydrological
model simulation. The Q49 from the FDC, the net or effec-
tive head, was used to determine the hydropower potential
at each appropriate location. According to current climate
estimates, the BRb has a gross hydropower production ca-
pacity of 4142 MW at 40 % flow exceedance compared to
2823 MW for the MRb. Jha (2010) estimated a 4140 MW ca-
pacity in the BRb and a 3251 MW capacity in the MRDb using
the hydropower model. Similarly, Bajracharya (2015) esti-
mated total potentials of 7755 MW in the BRb and 8257 MW
in the MRD using the mean annual flow and 30 % of the de-
pendable flow. WECS (2019) reported higher potentials of
4614 MW in the MRb and 7993 MW in the BRb, which were
estimated between the sub-basin level and the adjacent river
confluence. This study adopts the concept of cascading, or
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Figure 3. This figure shows the relative change in hydropower po-
tential (%) from the present climate condition and the total power
potential (MW) above the bars in various climate sensitivities.

sequential development, of hydropower projects along rivers
and uses the same water flow multiple times to produce elec-
tricity.

Although there were only 5 out of 83 potential sites in the
MRDb, out of 116, 15 potential sites were found to be able to
produce more than 100 MW in the BRb. Small hydropower,
defined as less than 10 MW, is categorized as 35 in the MRb
and as 55 in the BRb. A sensitivity analysis of climate vari-
ables revealed that the potential for hydropower increases in
all the settings, except for the extremely dry scenario (S8)
(Fig. 3).

6 Conclusion

An integrated approach is used to evaluate hydropower po-
tential and locate potential run-of-river hydropower loca-
tions in Nepal’s two river basins. As the methodological
framework, the GIS and GDM are integrated. The observed
daily runoff is used to calibrate and validate the hydrological
model at daily time steps, and the NSE and VD indices are
used to assess the model’s performance. The geospatial cri-
teria and tools in the GIS are used to identify possible loca-
tions for hydropower development in the future: 116 and 83
suitable sites are identified in the BRb and MRb, with total
hydropower production capacities of 4142 and 2823 MW, re-
spectively. The sensitivity of the hydropower potential is as-
sessed by varying the temperature and precipitation relative
to the baseline data. Hydropower production will increase in
all the sensitivity scenarios, except for one in which precip-
itation decreases by 20 %. Hydropower developers, planners
of water resources, and legislators can maximize the use of
water resources in the Himalayan basin with the help of these
findings. Moreover, the study offers insights that can guide
future academic investigations into key factors influencing
hydropower potential.

Code and data availability. The code for the glacio-hydrological
model as well as the data supporting the findings of this study are
available from the corresponding author on request.
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