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Abstract
Advancements in Geographical Information System (GIS), Remote Sensing (RS) technology, 
hydrologic modeling and availability of  wider coverage hydrometeorological data have facilitated 
the use of  GIS and hydrological modelling tools in studies related to hydropower potential. Digital 
Elevation Model (DEM) is the primary data required for these tools. They have become more 
accessible and many are freely available. These DEMs have different resolution and their errors vary 
due to their primary data acquisition techniques and processing methods. However, their effects 
on the hydropower potential assessment are less investigated. This study evaluates the effects of  
6 freely available DEMs: ALOS 12.5 m, SRTM 90 m, SRTM 30 m, ASTER G-DEM version-3 30 
m, AW3D 30 m and Cartosat-1 version-3 30 m on the Gross Run-off-River Hydropower Potential 
(GRHP) assessment, using GIS and hydrological modelling tools. West Rapti River (WRR) basin 
in Nepal was chosen for the case study.

Soil and Water Tool (SWAT) hydrological model, coupled with GIS was used to discretize the 
WRR basin into several sub-basins/streams. Flow at the inlet and outlet of  streams were estimated 
from the SWAT model whereas the topographic head was extracted from the DEMs. The GRHP 
of  the streams were computed using the estimated stream flow and the topographic head for flows 
at 40% to 60% Probability of  Exceedance (PoE). The total potential of  the basin was computed 
by summing up the potential of  all streams. The GRHP of  WRR basin for flows at 40% PoE was 
estimated as 512 MW for ALOS 12.5 m resolution DEM, referred as a base case in this study. The 
GRHP estimated from the remaining DEMs showed the variation of  less than 6% compared to 
the base case. The topographic head was found to be sensitive with respect to the DEM resolution 
and the highest variations were observed in the main river channels. 
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1. Introduction
Nepal is a country with high per capita hydropower potential (Hoes et al., 2017). It receives an average annual 
precipitation of  about 1530 mm spatially varying from below 500 mm to above 5000 mm (Talchabhadel et 
al., 2018). The total run-off  generated is estimated as 225 billion cubic meters annually flowing through 
more than 6000 rivers, from north to south, into Ganges River in India (WECS, 2005). The rugged hill and 
mountains cover more than 80 % of  the land. The topographic elevation of  the country descends from above 
8000 m asl in the north to 60 m asl in the south, within a short stretch of  about 145 to 241 km (Chaudhary, 
2000), providing steep slope to the rivers, favorable for hydropower development. 

Energy is one of  the most important strategic commodities for the socio-economic development of  any 
country (Dhungel, 2016). However, the current hydropower installed capacity in Nepal is only 1,278 MW 
(NEA, 2020), far below it's potential. The energy sector is still dominated by traditional sources of  energy, 
where biofuels and waste contribute 82 % of  the total primary energy supply (Hussain et al., 2019). Lack 
of  natural gas and oil reserves also means that Nepal imports these resources creating economic as well as 
environmental burden (Gunatilake et al., 2020). So, hydropower is readily seen as a more environmentally 
friendly and sustainable alternative to these traditional energy sources and natural fuels in Nepal. Besides, 
hydropower is considered the most advantageous clean source of  renewable energy, which is not affected 
by the fluctuating fuel prices (Singh & Singal, 2017). The Government of  Nepal has also put forward 
ambitious plan for rapid hydropower development within a decade (Bhatt, 2017) to cater the current and 
future electricity demand. So, a reliable hydropower potential assessment is required for formulating the 
hydropower development plans and policies. 

A Gross Run-of-River Hydropower Potential (GRHP) is the theoretical sum of  stream flow energy (Arefiev 
et al., 2015). The studies on assessment of  the hydropower potential in Nepal are gradually increasing. 
Shrestha (1966) first conducted the GRHP study of  Nepal, during his doctoral study. The potential of  the 
country was estimated as 83, 500 MW at mean annual flow, based on the technologies and limited hydro-
meteorological data available at that time. Only river basins larger than 300 km2 were considered in the study 
(Shrestha, 2016) due to the coarse resolution of  the topography data. The advancement in Geographical 
Information System (GIS), Remote Sensing (RS) technology, hydrologic modeling and availability of  wider 
coverage hydrometeorological data have enabled the use of  GIS and hydrological modelling in hydropower 
potential related studies. Arfiev et al., (2015) provides a summary of  their worldwide application in estimation 
of  hydropower potential. Most of  the recent hydropower potential studies in Nepal are also based on these 
methods.

Jha (2010), using the Catchment Area Ratio (CAR) method to estimate river discharge at ungauged locations 
and the Shuttle Radar Topographic Mission (SRTM) Digital Elevation Model (DEM) resampled at 100 m 
resolution, estimated the total theoretical ROR hydropower potential of  Nepal as 53,836 MW at flow of  40 
% Probability of  Exceedance (PoE) and 80% efficiency. Bajracharya (2015), using Soil Water Assessment 
Tool (SWAT) hydrological model and Advanced Space borne Thermal Emission and Reflection Radiometer 
Global-DEM (ASTER G-DEM) of  30 m resolution, estimated the GRHP of  Nepal as 103,341 MW at mean 
annual flow. The recent study on hydropower potential of  Nepal carried out by WECS, (2019) estimated 
the GRHP as 72,544 MW at 40% PoE, using the Hydrologic Engineering Center-Hydrological Modelling 
System (HEC-HMS) model and ASTER G-DEM of  30 m resolution. Prajapati (2015), using HEC-HMS 
and reclassified DEM of  100 m resolution, estimated the ROR hydropower potential of  Karnali River basin 
as 14,150 MW at 40% PoE, 84% efficiency and 10% seasonal outage and riparian release. Aryal et al. (2018) 
used the SWAT model and SRTM DEM of  90 m resolution to identify the potential sites and estimate the 
total power potential of  the Bagmati River basin at flows of  different PoE.
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The other application of  GIS in hydropower potential study in Nepal include the rapid spotting of  RoR 
hydropower potential location in Bhote Koshi river basin (Kayastha et al., 2018); identification of  the 
hydropower potential sites and sensitivity analysis of  estimated potential under climate change scenarios 
using RS and Snowmelt Runoff  Model (SRM) in Balephi river basin (Kumar et al., 2017); assessment of  
the optimal distribution of  RoR hydropower site, design of  a local grid and verification of  the resilience of  
the grid under climate change scenarios in Dudh Koshi river basin (Bocchiola et al., 2020); identification of  
economically feasible ROR hydropower sites (Magaju et al., 2020).

DEM is the basic data in the hydropower potential studies using GIS based approaches with hydrological 
modelling. The above studies have used different source DEMs. DEM data have become more accessible due 
to the continuous advancement in GIS and RS technology. Moreover, many are freely available and higher 
resolution DEMs are also expected to be available in the public domain in the future. These DEMs have 
different resolution and their errors vary due to their primary data acquisition techniques and processing 
methods (Mukherjee et al., 2012). In the GRHP studies, the DEMs will mainly influence topographic head 
of  the river reaches. The approach of  determining the accuracy of  the DEMs based on the elevation of  the 
field control points (Mukherjee et al., 2012) may not be very effective in these studies, mainly because the 
control points are located in the ridges whereas the hydropower potential has to be evaluated in the river 
flowing in the valleys. The accuracy is also strongly influenced by the morphology of  the terrain (Mukherjee 
et al., 2012). Despite notable contributions from above hydropower potential related studies, there is a scope 
to evaluate the effect of  different source DEMs on hydropower potential assessment. 

This study evaluates the effects of  six publicly available DEMs on estimation of  GRHP, considering only 
the influence in topographic head. The DEM resolution also affect the drainage area and other topographical 
parameters like slope etc., thus influencing flow estimation of  hydrological model. Higher resolution DEMs 
are reported to result in higher stream flows (Chaubey et al., 2005; Li & Wong, 2010; Nazari-Sharabian et al., 
2020). However, the influence of  the DEMs in the hydrological model are not addressed in this study. SWAT 
hydrological model was used to discretize basin and simulate stream flow at different river reaches. SWAT 
was selected because it is a physically-based semi-distributed hydrological model available in a public domain. 
It has been widely used in different watersheds across Nepal to simulate basin hydrology, land-use change, 
climate change impacts, etc. (Pandey et al., 2019, 2020; Pokhrel, 2018; Talchabhadel et al., 2021). SWAT 
integrated with GIS have also been used across the various watershed for the identification of  hydropower 
potential sites and estimation of  basin potential (Ali et al., 2020; Guiamel & Lee, 2020; Kusre et al., 2010; 
Pandey et al., 2015; Sammartano et al., 2019). The GRHP of  the discretized stream reaches were estimated 
based on the difference in elevation derived from the DEM and the discharges at different PoE simulated 
by the SWAT model. The potential is first estimated using ALOS 12.5 m (highest resolution) DEM and 
compared with the results of  the other five DEMs to evaluate their effects on GRHP assessment. We select 
West Rapti River (WRR) basin as a representative catchment in the mid-hills of  Nepal for the case study. 
Although the current study is limited to a single river basin, the approaches and the findings will be applicable 
for other river basins across the country.

2. Materials and Methods 

2.1 Study Area

The WRR basin, with a catchment area of  about 6380 km2 is located in the southwestern parts of  Nepal. The 
basin is bounded within 27°45′10″ to 28° 35′35״ latitudes and 81°40′10″ to 83°10′55″ longitudes. The river 
originates from the middle mountains of  Nepal and descends south from the rugged highlands as shown in 
Fig. 1. The river is named WRR after the confluence of  Madi River with Jhimruk River. Jhimruk and Madi, 
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the major tributaries, are both rain-fed rivers; therefore, monsoon rainfall and groundwater discharge are the 
main contributors to the runoff  (Talchabhadel & Sharma, 2014). 

Figure 1: Location of  a network of  hydro-meteorological stations across the West Rapti River (WRR) 
basin. The shaded area is the topography of  the WRR basin. Inset at the top left shows the location of  the 

WRR basin in the country’s map. 

The length of  the main river is 260 km from the origin to the basin outlet. The southern part of  the basin, 
mostly below 500 m above sea level (asl), is dominated by low land, representing about 34 % of  the total basin 
area. The basin is wide at its headwater areas and narrow at the lower part. A diverse climate is observed 
in the basin due to the variation in elevation ranging from 70 m to 3,609 m asl. The upper part of  the basin 
has a temperate climate, whereas the lower part has a tropical climate (Karki et al., 2016). The temperature 
along the basin varies from 45°C in the summer in the lower part and falls below 3°C during winter in the 
upper part of  the basin. The basin receives mean annual precipitation of  1577 mm of  which more than 80 % 
occurs during monsoon season (June to September). Since only 1 % of  the basin area lies above 3000 m asl, 
snowmelt contribution to the streamflow can be neglected (see Fig 2.). Therefore, base flow is an important 
contributor to the river discharge in the non-monsoon season.

Jhimruk hydropower plant, with an install capacity of  12.5 MW, is the only operational hydropower project 
in the basin. Eight RoR hydropower projects, with total estimated installed capacity of  about 20 MW, are 
currently under study (DoED, 2021). Two storage projects, Upper Jhimruk and Madi Khola with an installed 
capacity of  100 MW and 156 MW, respectively, are also under study. Similarly, Madi-Dang Diversion project 
and Naumure multipurpose project with installed capacity of  377 MW and 256 MW, respectively, are planned 
for development.
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2.2 Digital Elevation Model (DEM)

Six DEMs of  the study area are freely available in the public domain. These DEMs include SRTM (30 m 
and 90 m resolution)1, ASTER GDEM version-3 30 m resolution2, AW3D 30 m resolution3, Advanced Land 
Observing Satellite (ALOS) 12.54 m resolution and Cartosat-1 version-3 30 m resolution5. DEM is a crucial 
input unit for the hydrological models since its resolution affects computation time and model prediction 
by affecting watershed characteristics such as area, shape, length and slope (Nazari-Sharabian et al., 2020). 
The delineated watershed and predicted stream network are progressively less accurate as DEM resolution 
decreases (Chaubey et al., 2005). A large error in the delineated watershed area can yield a large error 
in model prediction since the runoff  generated is directly influenced by the watershed area. Therefore, to 
minimize the error in streamflow simulation ALOS DEM, freely available DEM of  highest resolution, was 
used for the hydrological modelling. The hypsometric distribution of  the basin area is presented in Fig. 2.

Figure 2: Hypsometric division of  the study area

Most of  the basin area, about 35 %, lies within the elevation band of  1000 to 2000 m asl, zone-III. Less than 
1 % of  the basin area lies above 3000 m asl.

2.3 Hydro-Meteorological Data

Daily observed hydro-meteorological data were collected from the Department of  Hydrology and Metrology 
(DHM) of  the Government of  Nepal. The daily precipitation data from 16 rain gauge stations and temperature 
(minimum and maximum) data from five climatic stations were used as model input for the period from 1990 
to 2009. Location of  hydro-meteorological stations in the study area is shown in Fig. 1. Daily discharge data 
for three hydrologic stations: Nayagaon (upstream), Bagasoti (mid-stream) and Jalkundi (downstream) were 
only available for the period from 1993 to 2009. The drainage area at these stations is 1960 km², 3841 km², 
and 5143 km², respectively. Jalkundi hydrologic station is located about 73 km downstream from Bagasoti, 
whereas Nayagaon hydrologic station is located about 56 km upstream from Bagasoti. 

1  https://portal.opentopography.org/datasets
2  https://search.earthdata.nasa.gov/search
3  https://www.eorc.jaxa.jp/ALOS/en/aw3d30/
4  https://search.asf.alaska.edu/
5  https://bhuvan-app3.nrsc.gov.in/data/download/ 
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2.4 Land Use/Cover Map

The land cover map of  Nepal for the year 2010 at a spatial resolution of  30 m. prepared by the International 
Center for Integrated Mountain Development (ICIMOD, 2010), was used to represent the landcover map of  
the study area. Seven land use classes were identified for the study area. The land use map of  WRR basin is 
presented in Fig. 3. 

Figure 3: Land use/Land cover map of  West Rapti River basin

The land use is dominated by forest which accounts for 62 % of  the total basin area. The agricultural land 
covers 32 % of  the basin area. Whereas, human settlement occupies only 0.04 % of  the basin area.

2.5 Soil Map

The Soil and Terrain Database (SOTER) for Nepal at a spatial resolution of  1:1 million (Dijkshoorn & 
Hunting, 2009), prepared by the International Soil Reference and Information Centre (ISRC), was used to 
develop the soil map of  the study area. The soil map of  the study area is presented in Fig. 4. 

Eleven soil units have been identified in the study area. Eutric Cambisols and Dystric Regosols are dominant 
soil units in the upper and lower part of  the basin, respectively. Eutric cambisols are characterized by loamy 
texture with a medium rate of  water transmission and Dystric Regosols are characterized by sandy loam 
texture with a high rate of  water transmission.
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Figure 4: Soil map of  the study area

2.6 Methodology

The topographic head and availability of  flow are the primary elements required for the hydropower potential 
estimation. The hydropower potential is calculated using Eq. 1. GRHP is estimated at 100% efficiency (Arefiev 
et al., 2015).

P = 𝜌 x 𝗀 x 𝑄 x H   (1)      

Where,

P power (kW)

𝜌 the density of  water (kg/m³)

g acceleration due to gravity (m/s2)

Q river discharge (m³/s)
H topographic head (m)

The overall methodology adopted in this study is present in Fig. 5. SWAT hydrological model was used to 
simulate the streamflow and SWAT-CUP was used for sensitivity analysis, calibration and validation. The 
topographic elevation of  the inlet and outlet points were extracted from the ALOS 12.5 DEM, as a base 
case. A program was developed used to process the GIS data, assess topographic head, developed FDCs and 
estimate the hydropower potential of  stream reaches at different PoEs. Finally, topographic heads were from 
five more DEMs GRHPs were computed accordingly. The GRHPs were then compared with the base case to 
study the effects of  DEMs on estimation of  the GRHP.

2.6.1. Hydrological modeling using SWAT

The SWAT is a conceptual, semi-distributed, physically-based hydrologic model developed by the United 
States Department of  Agriculture (USDA). It was developed to assess the impact of  management on water 
supplies, nonpoint source pollution in watersheds and large river basins (Arnold et al., 1998). It can simulate 
surface runoff, percolation, sediment transport, groundwater and reservoir storage. 
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Figure 5: Methodology for the assessment of  GRHP

SWAT model first discretizes the watershed into the numbers of  sub-basins, connected through a stream 
network. These sub-basins are further divided into Hydrological Response Units (HRUs). HRUs are the 
smallest units in SWAT model that are comprised of  the distinct combination of  land use, topography and 
soil characteristics in a watershed. Runoffs generated from each HRUs within a sub-basin are aggregated and 
routed to the main outlet of  the watershed.

SWAT model comprises of  two phases: land phase and routing phase. The quality of  flow, sediment, pesticide 
and nutrient loading to the main channel is controlled through the land phase. The movement of  water, 
sediment and nutrient to the watershed outlet is controlled through the routing phase (Neitsch et al., 2011). 
The land phase of  the hydrological cycle in SWAT is simulated based on a water balance equation that 
accounts for precipitation, runoff, evapotranspiration, permeation and return flow components.

Where,

SWt final water content (mm)
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SW0
initial water content (mm)

t time (days)

Rday daily precipitation (mm)
Qsurf daily surface runoff  (mm)
Ea daily evapotranspiration (mm)
Wseep the daily permeation (mm)
Qgw daily return flow (mm)

SWAT uses the GIS interface for running the model. In this study, we used ArcSWAT2012 as an interface of  
ArcGIS v. 10.5 to setup the model for WRR basin. A drainage threshold area (DTA) of  3000 ha was defined 
to generate a river network. The basin was delineated into 97 sub-basins, presented in Fig. 6. Generally, 
threshold areas of  1000 ha to 10,000 ha have been adopted to delineate the watershed for hydropower potential 
assessment in Nepal (Bajracharya, 2015; Kayastha et al., 2018; WECS, 2019). The drainage threshold area has 
no significant effect on streamflow (Jha et al., 2004, Bhatta et al., 2019). Smaller threshold value can represent 
more spatial variability of  elevation for hydropower potential assessment. However, it would increase the 
computational time significantly and the simulations would not be feasible with the available computational 
resources for this study.

Sub-basins were further divided into 951 HRUs by defining the threshold area of  10 % for each land use, 
soil class and slope. The threshold value of  5 % to 10 % is commonly used in HRU definition, to eliminate 
the smaller HRUs and increase the computational efficiency of  the model (Masih et al., 2011; Meng et al., 
2010; Srinivasan et al., 2010; Starks & Moriasi, 2009). Sixty-five stream reaches with inlet and outlet points 
were identified in WRR basin. The flow rates were simulated both at the inlet and outlet ends of  each stream 
reaches. Hydropower potential was then estimated at each of  these streams.

Daily weather data were fed into the model in the form of  precipitation data collected from 15 rain gauge 
stations and minimum and maximum temperature data from 5 climatic stations, as shown in Fig. 6. Soil 
Conservation Service (SCS) curve number method - which is the function of  soil permeability, land use and 
antecedent soil water condition - was selected to estimate surface runoff  (Neitsch et al., 2011). The Hargreaves 
method - which requires air temperature only - was used to estimate Potential Evapotranspiration (PET). 
was used to estimate potential evapotranspiration (PET) which requires air temperature only. A variable 
storage method was adopted to route flow in the channels.

2.6.2. Model calibration and validation

Once the model is built and run, calibration and validation were performed, using an independent observed 
dataset, to check the reliability of  the model output. Model calibration is the process of  tweaking the 
parameters within the realistic range for maximizing the objective function by minimizing the variation 
between simulated and observed data. Validation is the final step, in which the model is re-run using the same 
parameters and their ranges used in calibration but with different observed data set. In this study, calibration 
and validation were performed, following the protocol suggested by Abbaspour et al., (2015; 2017).

The first step in the model calibration and validation is determining the most sensitive parameters for 
the watershed. Sensitivity analysis, calibration and validation were performed in SWAT Calibration and 
Uncertainty Program (SWAT-CUP) using Sequential Uncertainty Fitting (SUFI2) algorithm. SWAT-
CUP offers two types of  sensitive analysis: local and global. In this study, a global sensitivity analysis was 
performed to rank the sensitive parameters for the watershed.
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Figure 6: West Rapti basin delineated in SWAT model along with river network and hydro-meteorological 
stations

The model was calibrated and validated at three hydrological stations: Nayagaon, Bagasoti and Jalkundi. 
The observed discharge data at these stations were split into three distinct periods: warmup, calibration and 
validation periods, i.e., from 1990-1992, 1993-2002, and 2003-2009, respectively. Twenty-one parameters were 
selected for sensitivity analysis based on the review of  the previous studies conducted in the mountainous 
region of  Nepal (Devkota & Gyawali, 2015; Dhami et al., 2018; Mishra et al., 2018; Pokhrel, 2018; S. Shrestha 
et al., 2018; Talchabhadel et al., 2021). After sensitivity analysis, the model was calibrated and validated using 
the most sensitive parameters. The performance of  the model was evaluated using the statistical indicators: 
Nash-Sutcliffe Efficiency (NSE), Percentage Bias (PBIAS) and Coefficient of  Determination (R2). Relative 
Nash-Sutcliff  Efficiency (NSE) was also checked to evaluate an over or under prediction of  low flows. Details 
about these indicators can be found in Gupta et al. (1999), Krause et al. (2005) and Moriasi et al. (2007).

2.6.3 Flow duration curve (FDC)

A FDC is a graphical representation of  the recorded historical variation of  stream flows at the monitoring 
station, such that the percentage of  a time-specific flow equaled or exceeded over the historical period (Vogel 
& Fennessey, 1994). The FDC has been widely used in many hydrological studies related to hydropower 
engineering, flood control, irrigation, water-quality management (Vogel & Fennessey, 1995); design of  RoR 
power plant (Liucci et al., 2014); hydropower generation, river and reservoir sedimentation, water allocation 
(Castellarin et al., 2004). 

The shape of  the FDC exhibits hydro-meteorological characteristics of  the watershed. It can be developed 
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for daily, weekly, monthly and seasonal at the hydrological station. The lower part of  FDCs are highly 
sensitive to the specific period of  record, therefore a median annual FDC for a hypothetical year was preferred 
(Vogel & Fennessey, 1994). The median annual FDC is derived as a median value of  streamflow across the n 
years of  record for each probability of  exceedance and is less sensitive to the hydrological extremes. In this 
study, FDCs were developed at upstream and downstream ends of  each stream reach, to determine flows at 
different PoEs.

2.6.4 Assessment of  topographic head

The WRR basin was first discretized into a network of  sub-basins, river streams and outlet points (shown 
in Fig. 6.). Each sub-basin is drained by a river stream to an outlet. Both stream and outlet point were 
represented by unique IDs with the linkage to the sub-basin. A river reach was defined as segment of  a river 
staring from the upstream confluence and ending at the downstream confluence. The upstream confluence 
point was assumed as headworks and the downstream confluence was assumed as the powerhouse of  a 
theoretical hydropower project (Hall et al., 2004). To estimate the topographic head along the river reach, 
DEM was overlayed with the river network and sub-basin outlets that were generated during the watershed 
delineation process. Then raster values were extracted at each sub-basin. Topographic heads for each stream 
reach within each sub-basin outlets were calculated as a difference in raster values between upstream and 
downstream sub-basin outlets (Hall et al., 2004). Assessment of  the head was started at the main outlet 
of  the basin and progressed towards the upstream till the final outlet. Topographic heads were separately 
computed for DEMs: SRTM 90 m, SRTM 30 m, ASTER GDEM version-3 30 m, ALOS 12.5 m, AW3D 30 
m and Cartosat-1 version-3 30 m.

2.6.5 Estimation of  Gross Run-of-River Hydropower Potential (GRHP)

The GRHP was calculated for each stream reaches within each sub-basin having an inlet and outlet using 
the topographic heads and flow rates - simulated by the SWAT model. The total GRHP of  the basin was 
calculated by summing the GRHP of  all the stream reaches. The hydropower potential of  a stream reach 
is the sum of  potential due to discharge entering the stream and half  of  the potential due to the discharge 
entering the stream from the local catchment (Arefiev et al., 2015; Hall et al., 2004).

Where,

G hydropower potential of  a stream (kW)

K the constant term (equals to 1 for GRHP)

Qi
flow rate entering the stream reach (m3/s)

Qo flow rate leaving the stream reach (m3/s)
H Elevation difference between inlet and outlet (m)

The gross hydropower potential of  WRR basin was calculated as:

Where,

GRHP total gross hydropower potential of  the basin (kW)
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K the constant term (equals to 1 for GRHP)

Gi
gross hydropower potential of  ith stream reach (kW)

n number of  reaches

3. Result and Discussion

3.1 Performance Evaluation of  SWAT Model

Among the 21 selected parameters, 12 were identified as the most sensitive parameters (p-value <0.05), 
for the study area, presented in Table 1. ALPHA_BNK, CH_K2, and LAT_TTIME were identified as the 
most sensitive parameters for WRR basin. The base flow alpha factor for bank storage (ALPHA_BNK) 
was the most sensitive parameter and reveals that bank storage was a dominant process in the study area. 
Bank storage contributes flow to the adjacent unsaturated zone during high flow, thereby reducing the peak 
discharge and maintain the baseflow by releasing storage as the floodplain gradually lowered (Whiting & 
Pomeranets, 1997). Bank storage supplies the flow to the main channel or reaches within a sub-basin. The 
effective hydraulic conductivity in the main channel alluvium (CH_K2) affects the channel transmission 
losses. In SWAT, transmission losses are categorized into bank storage and deep aquifer storage. Bank 
storage contributes to stream reach as a return flow whereas deep storage contributes to streamflow outside 
the watershed and is considered as lost from the system (Arnold et al., 1993). Lateral flow travel time (LAT_
TTIME) is the function of  hill slope length and saturated hydraulic conductivity. Lag in the release of  lateral 
flow from the soil profile results in a smooth streamflow hydrograph. 

Table 1: Twelve most sensitive parameters and their calibrated range

Rank
Parameter 
Name

Description p-value
Lower 
bound

Upper 
bound

Fitted
Value

1 ALPHA_BNK
Baseflow alpha factor for bank storage 
(days)

0.00 0 0.7 0.44

2 CH_K2
Effective hydraulic conductivity in main 
channel (mm/hr)

0.00 0 240 10.20

3 LAT_TTIME Lateral flow travel time (days) 0.00 0 85 20.61

4 CN2
SCS runoff  curve number for moisture 
condition II (-)

0.00 35 98 varies

5 CH_N2 Manning's "n" value for main channel (m1/3/s) 0.00 0 0.18 0.15
6 SLSUBBSN Average slope length (m) 0.00 10 80 10.87

7 SOL_K (1)
Saturated hydraulic conductivity for first 
soil (mm/hr)

0.00 0 2000 varies

8 SOL_BD (1)
Moisture bulk density for first soil layer 
(gm/cm3)

0.00 0.9 2.5 varies

9 GW_DELAY Ground water delay time (days) 0.00 240 500 485.75

10 GWQMN
Threshold water level in shallow aquifer 
for base flow (mm)

0.00 0 2999 532.44

11 CANMX Maximum canopy storage (mm) 0.01 0.6 66 42.29
12 ALPHA_BF Base flow alpha factor (days) 0.04 0 0.7 0.58
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Table 2: Performance rating of  SWAT model

Performance Indicators
Calibration Validation
Nayagaon Bagasoti Jalkundi Nayagaon Bagasoti Jalkundi

Nash-Sutcliffe Efficiency (NSE) 0.70 0.61 0.71 0.67 0.64 0.63
Relative NSE rel 0.68 0.75 0.74 0.69 0. 78 0.52
Percentage Bias (PBIAS) 12.5 6.9 -8.1 -1.7 11.7 12.1
Coefficient of  Determination (R²) 0.71 0.63 0.71 0.68 0.69 0.70

Figure 7: Observed and simulated daily streamflow hydrograph at three discharge monitoring stations, 
Nayagaon (upstream), Bagasoti (midstream) and Jalkundi (downstream) for calibration and validation.
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The model’s performance during calibration and validation period at three hydrologic stations is graphically 
presented in Fig. 7. The simulated daily streamflow at three hydrologic stations was consistent with observed 
stream flow and daily rainfall. The performance rating of  SWAT model is shown in Table 2. The statistical 
indicators show that the model’s performance is within the acceptable range as suggested by (Moriasi et al., 
2007). Nash-Sutcliffe Efficiency (NSE) and Coefficient of  Determination (R²) greater than 0.5, Percentage 
Bias (PBIAS) within ±15 % were observed during calibration and validation period at three hydrological 
stations indicating good prediction capability of  the model. Relative Nash-Sutcliffe Efficiency (NSErel) >0.5 
during both calibration and validation period indicates well simulation of  low flows at all the hydrologic 
stations. PBIAS around 12% at upstream, 6% at midstream in calibration and 11% at midstream, 12% at 
downstream in validation show the model underestimated the daily streamflow at respective hydrological 
stations, for the both periods. Similarly, negative PBIAS at downstream during calibration and upstream 
during validation indicates that on average 8% and 2% of  the simulated daily discharge data are overestimated. 
Calibration result is better than validation in terms of  NSE. This is because the calibration period includes 
most of  the wet years and calibrated parameters are conditioned on the high flows. Overall, the model 
exhibits satisfactory performance throughout the simulation period from 1993 to 2009. 

It is observed that the high flows for the year 2000 at Bagasoti station do not correspond to precipitation 
pattern observed in the basin and the model heavily underestimated the flow. The authors deem that there is 
an error in discharge data observed at Bagasoti station during this period.

3.2 Flow Duration Curve

The flow duration curve at three hydrologic stations is presented in Fig. 8. The graphical representation of  
FDC shows that the model underestimated the high flow regimes (PoE <10%) and low flow regimes (PoE 
>60%) at all hydrological stations. However, the model gradually overestimated the flow at midstream and 
downstream for PoE 10-30 %. The model slightly overestimated the flow for PoE 30-40 % at midstream and 
downstream. However, the model well reproduced the flow for PoE 40-60 % at all hydrological stations. This 
range has been considered for the assessment of  hydropower potential of  the basin. Run-of-river hydropower 
project is expected to operate efficiently right across these flow rates for reliable energy generation. In Nepal, 
RoR hydropower projects are designed at 40% PoE (DoED, 2018).

3.3 Gross Run-off-River Hydropower Potential (GRHP) estimation

Ninety-seven stream reaches with a minimum drainage area of  9 km2 were identified within WRR basin, out 
of  which 65 stream reaches with inlet and outlet were analyzed for the assessment of  GRHP. The assessment 
was first carried out for ALOS 12.5 m DEM, which is referred as the base case. GRHP was estimated at 
the identified locations based on topographic head and FDC at different levels of  PoE: Q40, Q45, Q50, 
Q55 and Q60 resulting in a total power potential of  WRR basin of  about 512, 363, 291, 247 and 216 MW, 
respectively, for the base case. The power potentials estimated at different PoE are shown in Table 3. The 
estimated GRHP at 40% PoE were classified into three categories based on the Department of  Electricity 
Development (DoED, 2018) guidelines, shown in Table 4 and their spatial locations are presented in Fig. 9. 
Twenty different HPP sites, with a capacity in the range from 10 MW to 50 MW, contribute to about 61 % 
of  total basin potential.

The stream reaches were further classified into first order, second order, third order and fourth-order streams 
(Strahler, 1952). The spatial location of  identified hydropower potential sites along with stream reaches is 
shown in Fig. 9. The attributes of  identified streams with estimated potentials are shown in Table 3. The 
shorter streams of  second order with an average bed slope of  2.11 % were characterized as the steeper 
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streams. They consist of  19 hydropower potential sites that contribute to about 13 % of  total basin potential 
for flows at 40 % - 60 % PoE. The steeper stream provides more available heads and results in higher power 
potential for a given discharge (Kusre et al., 2010). However, the longest stream of  fourth-order with a 
relatively low bed slope of  0.27 % contributes more than 50 % of  the total basin potential.

Figure 8: Flow duration curve (daily) at three hydrological stations: Nayagaon (top), Bagasoti (middle) and 
Jalkundi (bottom). Insert at top right in each plot shows the stretched FDC for 10-60% PoE.
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Table 3: Stream features and estimated GRHP at different level of  PoE

Stream 
Order
(Strahler)

Stream 
length
(Km)

Average 
bed 
slope 
(%)

No. of  
potential 
sites

Average 
spacing 
between 
two HPP 
sites (km)

GRHP at different PoE (MW)

Q40 Q45 Q50 Q55 Q60

1 106.44 1.90 11 9.68 28.46 21.05 16.74 14.13 12.24
2 153.86 2.11 19 8.10 68.26 50.72 40.23 33.07 28.86
3 140.98 1.36 14 10.07 143.83 104.53 85.38 74.08 64.10
4 243.11 0.27 21 11.58 271.3 186.88 148.74 125.56 110.94
Total GRHP 511.85 363.18 291.08 246.83 216.15

Table 4: Classification of  estimated hydropower projects at Q40 in West Rapti Basin

Hydropower Projects based on production 
capacity (MW)

No. of  sites Total Power (MW) % Power

≤1 4 1.01 0.20
>1	and	≤10 41 196.31 38.35
>10	and	≤50 20 314.52 61.45

Total 65 511.84

Figure 9: Spatial location of  hydropower potential sites at Q40 in study area
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This is because a higher-order stream is associated with greater discharge (Costa, 1987), thus contributing 
to higher potential. The overall spacing between the identified HPP sites ranges from 8.10 km to 11.58 km 
along the river stream. The HPP sites are closely spaced along the steeper stream because of  denser stream 
network.

Only WECS (2019), among the hydropower potential studies carried out in Nepal, reports the potential of  
WRR basin separately. The WECS study estimated the GRHP of  the basin as 595 MW and 745 MW for 
flow at 40 % PoE, using the flow estimated by empirical method and HEC-HMS hydrological modelling, 
respectively. These figures are 12 % and 45.5%, respectively, higher than the potential estimated in this study 
for the same PoE. The WECS study used a DTA of  1000 ha for sub basin discretization. The smaller DTA 
results in more sub-basins. So, more hydropower potential sites are mainly added in the first order streams 
which ultimately resulted in increased power potential. The higher difference between the GRHPs estimated 
for WRR basin, reported in the WECS (2019) study indicates that the GRHP estimation is very sensitive to 
the method of  computing discharges to the river reaches within the basin.

3.4 Effects of  Source DEM on Gross ROR Hydropower Potential

Five publicly availably DEMs from different sources: ASTER-GDEM version - 3 30 m, AW3D 30 m, 
Cartosat-I version - 3 30 m, SRTM 30 m and SRTM 90 m were used to study their effects on GRHP 
assessment. The above nomenclature refers to the name of  the DEM followed by its resolution. The basins 
were delineated with the same DTA of  3000 ha and topographic head were computed for river reaches 
derived from the DEMs. Stream flow simulated by SWAT model, in the base case, was then used for the 
estimation of  the GRHP.

The GRHP was estimated for each DEMs for flows at 40%, 45%, 50%, 55% and 60% PoEs (shown in Table 
5). It is observed that SRTM 90 m and the AW3D 30 m DEMs resulted in the highest and the lowest 
hydropower potential, respectively. The results from SRTM 90 m and AW3D 30 m are about 5 % higher 
and 3% lower than the base case, respectively. The potential estimated by ASTER G-DEM version - 3 and 
Cartosat-1 version - 3 30 m are very similar to the base case and vary by less than 1%. Whereas, the potential 
estimated by SRTM 30 m is about 2% lower than the base case.

Table 5: Estimated hydropower potentials using different digital elevation models

Digital Elevation 
Model

Horizontal
Resolution (m)

Hydropower Potential (MW)

Q40 Q45 Q50 Q55 Q60

ALOS 12.5 511.84 363.18 291.08 246.83 216.15

ASTER GDEM 
version - 3

30 514.61 364.87 292.96 248.37 217.63

AW3D 30 497.90 353.36 283.49 240.58 210.61

Cartosat-1 version - 3 30 513.08 364.40 292.16 247.86 217.02

SRTM 30 502.53 356.75 286.02 242.63 212.40

SRTM 90 539.28 383.11 307.22 260.75 228.47
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The comparison between the topographic heads of  stream reaches computed using different DEMs and the 
base case is shown in Fig. 10. The SRTM 90 m is most scattered whereas SRTM 30 m is least scattered from 
the equal value line. The maximum scatter for the 30 m resolution DEMs was observed for river reaches 
of  stream order 4 followed by river reaches of  stream order 2 (shown in Fig 11). River reaches of  stream 
order 1 were least scattered. However, for SRTM 90 m DEM, scatteredness of  the river reaches increased 
consistently with the increase in stream order (shown in Fig. 12). On an average the bed slope of  river 
reaches of  stream order 2 are the steepest and that of  stream order 4 are least steep (Table 3). Topographic 
heads estimated using low-resolution DEM (SRTM 90 m) are more scattered from the equal value line, thus 
indicating the sensitivity of  topographic head with respect to the DEM resolution.

Figure 10: Comparison of  topographic heads assessed using ALOS 12.5 m and other DEMs.

Figure 11: Comparison of  difference in topographic head between ASTER G-DEM 30 m and ALOS 12.5 
m for different stream orders. Other 30 m resolution DEMs also had similar pattern.

The power potential of  all stream reaches estimated from different DEMs compared with base case, for 
flows at 40 % PoE, are shown in Fig. 13. Most of  the river reaches have power potential less than 20 MW. 
Negative heads were obtained at some river reaches due to errors present in DEMs, resulting in negative 
power potential. Such river reaches were not included while computing the total potential of  the basin.
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Figure 12: Comparison of  difference in topographic head between SRTM 90 m and ALOS 12.5 m for 
different stream orders.

The trend of  power potential is, however, different compared to the trend of  the topographic head. This is 
because of  the influence of  the discharge also in the power potential. SRTM 30 m is very much close to the 
equal value line. Whereas, all of  the other DEMs are more scattered. However, the total power potential 
estimated from ASTER G-DEM version - 3 30 m and Cartosat-1 version - 3 30 m are closer to the base case, 
compared to SRTM 30 m.

Figure 13: Comparison of  hydropower potential estimated using ALOS and other digital elevation models.

4. Conclusions
An approach based on GIS and hydrological modelling was used to estimate the GRHP of  the West Rapti 
River basin. ALOS DEM, the highest resolution (12.5 m) DEM, available for the study area in the public 
domain was referred as the base case. The river basin was discretized into 97 sub-basins/ river reaches and 
the topographic head at the river reaches was assigned using GIS based tools. SWAT, a semi distributed 
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hydrological model, was setup to simulate the flow at the inlet and outlets of  each river reach. The simulation 
results showed that the model underestimated the low flows and high flows. However, the flows at 40-60% 
PoE were well reproduced by the model. Thus, the hydropower potential of  the basin was estimated across 
these flows. 

The power potentials were estimated at 65 river reaches summing up to a GRHP of  the West Rapti River 
basin as 512 MW for flows at 40% PoE, for the base case. Most of  hydropower potential were located in 
the main channel (i.e., stream order 3 and 4). River reaches with stream order 4 were mild but higher flow 
contributed in the higher potential. Five DEMs from different sources were used to analyze their effect on the 
GRHP. The variation of  GRHP was estimated less than 6% compared to the base case (i.e., ALOS 12.5 m). 
SRTM 90 m showed most deviation in the topographic head compared to other DEMs of  30 m resolution. 
Thus, topographic head was found sensitive with respect to the DEM resolution. The highest deviations are 
expected in the river reaches located in the lower parts of  the basin. Comparison of  the results with other-
studies, however, showed that the method of  computing discharge at the river reaches within the basin will 
likely have more effect on the GRHP assessment compared to different sources of  DEMs (with horizontal 
resolution	≤90	m).	

The findings of  this study will be helpful to the hydropower developers, water resource planners and 
policymakers for optimal utilization of  water resources in West Rapti River basin. Moreover, the findings, 
in a general aspect, will also be helpful for the researchers in focusing on the key controlling factors while 
conducting the Gross RoR Hydropower Potential studies. 
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