Assessment of Hydropower Potential of Nepal

Final Report

Abbreviation and Acronyms

AHEP
ASTER
AMF

APHRODITE :

BCDP
B/C
BoQ
CAR
CCT
CFRD
COD
DCF
DEM
DHM
DMG
DoED
d/s

EIA

EMI
ESA
ESRI
EU-DEM
FDC

Available Gross Hydroelectricity Potential
Advance Spaceborne Thermal Emission and Reflection Radiometer
Average Monthly Flow

Asian Precipitation Highly Resolved Observational Data Integration
Towards Evaluation

Breadth

Building Code Development Project
Benefit-Cost Ratio

Bill of Quantities

Catchment Area Ratio

Central Churia Thrust

Concrete Faced Rock Fill Dam
Commercial Operation Date

Discounted Cash Flow

Digital Elevation Model

Department of Hydrology & Meteorology
Department of Mines & Geology
Department of Electricity Development
Downstream

East

Environmental Impact Assessment

Equal Monthly Installment

European Space Agency

Environmental System Research Institute
European Union Digital Elevation Model

Flow Duration Curve

WECS



Assessment of Hydropower Potential of Nepal

Final Report

GHEP
GIS
GLOF
GoN
GPS
GWh
H

ha
HEC-HMS
HFL
HFT
HPP
HRU
ICOLD
ICIMOD
IDC
IDW
IEE
[HA
INPS
IPPs
IRR

IS

IVF
JICA
IV

km

kV

Gross Hydroelectricity Potential
Geographic Information System

Glacial Lake Outburst Flood

Government of Nepal

Global Positioning System

Giga Watt-Hour

Height

Hectares

Hydrologic Engineering Center-Hydrologic Modeling System
High Flood Level

Himalayan Frontal Thrust

Hydropower Project

Hydrological Response Unit

International Commission on Large Dams
International Center for Integrated Mountain Development
Interest During Construction

Inverse Distance Weighting

Initial Environmental Examination
International Hydropower Association
Integrated Nepal Power System
Independent Power Producers

Internal Rate of Return

Indian Standards

Index of Volumetric Fit

Japan International Cooperation Agency
Joint Venture

Kilometer

Kilo Volt

WECS



Assessment of Hydropower Potential of Nepal

Final Report

kW
kWh

L

m
MAE
masl
MATLAB
MBT
MCT
MDT
MEFT
MHEP
mm
MSE
MT
MTF
MW

NEA
NEIC
NGDC
NPV
NPR.
NRMSE
NSE
o&M
PBIAS
PERT

Kilo Watt

Kilo Watt-Hour

Length

Meter

Mean Absolute Error

Meters above Sea Level

Matrix Labooratory

Main Boundary Thrust

Main Central Thrust

Main Dun Thrust

Main Frontal Thrust

Maximum Hydroelectricity Potential
Millimeter

Mean Square Error

Mahabharta Thrust

Monthly Turbine Flow

Mega Watt

North

Nepal Electricity Authority

National Earthquake Information Center
National Geological Data Center
Net Present Value

Nepalese Rupees

Normalized Root Mean Square Error
Nash-Sutcliffe Coefficient of Efficiency
Operation and Maintainance

Percentage BIAS

Program Evaluation and Review Technique

WECS



Assessment of Hydropower Potential of Nepal Final Report

PGA
PSO
Q
QCBS
RoR
rpm
RMSE

SAE
SNRTP
SOTER
SRTM
STDS
TL
ToR
u/s
USDA
USGS
USS$
UT™M
VB
VDC

WECS

yr

Peak Ground Acceleration

Particle Swarm Optimization

River Discharge

Quality and Cost-Based Selection
Run-of-the-River

Revolutions per Minute

Root Mean Square Error

Second

South

Standard Deviation Absolute Error
Strengthening National Rural Transport Programme
Soil and Terrain Database Programme
Shuttle Radar Topography Mission
South Tibetean Detachment System
Transmission Line

Terms of Reference

Upstream

United States Department of Agriculture
United Stated Geological Survey

United States Dollars

Universal Transverse Mercator

Volume Bias

Village Development Committee

West

Water and Energy Commission Secretariat

Year

WECS



Assessment of Hydropower Potential of Nepal Final Report

Table of Contents

AbDbTeviation and ACTONYIMS ......cccvvierreeiiieeeietesreeesteesreeesereesereesseeeseseesssseesssesessseesssseesssesessseensses i
Table Of CONEENLS ......c.ooiiiiiiiiiieicietct ettt ettt ettt ettt ebe et sae v
LISt OF FIZUIS ...eieiieeiieiie ettt ettt ettt e st e ettt e st e et e e steesse et e eseessseensaesaessseenseenseenseennnes xi
LISt OF TADIES ..ottt sttt sttt Xiii
1. INTRODUCTION ..ottt ettt ettt ettt 1
L1, Back@roUnd ......ccoooiiiiiiiiiiiiiece ettt 1
1.2, ODBJECTIVES uveuiiiieitieiteteet ettt ettt ettt ettt ettt sttt ettt sa e bt e bt e bt e bt e bt satenbeebeeneeneenee 2
1.3, SCOPE OF WOTK ..ttt ettt sttt et e sete et e e se e st e eneeenes 2
L4, Structure Of the TEPOTL: ....eieiieiieciecteee ettt seb e e et esebeeebe e s e e saeeeene e 4
2. DATA COLLECTION .....ooiitiiiiiinienteettsteeestestestetet ettt ettt 5
2.1.  Hydrological & Meteorological data.............cceevieriiieeiieiieiieeie e 5
2.1.1 Collection of Average Monthly Rainfall Data...........c.cccccevveeieiiiniieeieecie e, 5
2.1.2  Collection of Average Monthly Discharge Data ..........c..ccceeevievienviieciienieceeeieenenn, 5

2.2. Data on Geographical Information Systems (GIS).......cccceceeviririeniniiiniennienenenenne 6

2.3.  Data on Hydropower Project StUdies ..........cceceeiieriiieiieiee e 6
2.3.1 Koshi Basin Master Plan Study ..........ccccvveviiiiiiiicecee e 7
2.3.2  Gandaki River Basin POWer StUAY ........cccevieriiiiieriiecieeiieieeee et 7
2.3.3  Mahakali & Karnali Basin Master Plan Study..........ccccoceevininiininniniineicncnne 7
2.3.4  Storage Project Master Plan Study ........ccoecieiireiieiieiee e 8
2.3.5  Projects Identified by Independent Power Producers (IPPS).........ccccevvvvvivvirinnnns 8

3t GIS ANALYSIS.ccuiiiiiiiiiiieieeciieete ettt et ettt e et e et e e e e bt e et b e et e e taeesb e et e e be e tbeenbeebe e saeenseenseenns 10
3.1  Preparation of Topographic Terrain Data...........cccccuvevierienciieiieie e 10

3.2 Delineation of Sub-Catchments...........ccceecueriiiiiniiiiniiienieeeeeeeee e 11

3.3  Analysis of Physiographic Variables for Sub-Catchments............ccccceevvivieeicieeennnn. 12

3.4 Analysis Of Gross Heads........coceviriiriiiiiiiiniiiinicc e 12

3.5  Validation of gross heads ..........ccoceeoieiieiiee e 12



Assessment of Hydropower Potential of Nepal Final Report

3.6 Thematic MAaP PrePATAION ......ccuverreereeriieereeeteesteeseesreereesseessaeesseeseesseessseeseesseesseens 14
4. Hydrological ANALYSIS ......c.cccieiiieiieeiieiieriieeie ettt te et esbeeste e beessaesnseenseessaeenseenseenns 15
4.1 EmPIrical ASSESSIMENL. .....ccueeiuieiieeiieiieeeie et esteeeteeteeeeeseteseteeneeesseesseesnseeseenseesneeenses 16
4.1.1 A 1571 0 e 1o Lo USRS 16
4.1.2  FLOOA FIOW ..cuiiiiiiiiiiiiiiicicctctceete ettt 19
4.2 Hydrological modelling using HEC-HMS ........cooiiiiiiiiiiiceeeeeeee 20
4.2.1  Modelling approach .........coue it 20
4.2.2  MoOdel PATamMELETS......ccccveiererieiiieeerieerreeesreeereeesreesereessaeesssaessreesssseessseessseennsees 22
4.2.3  Model application and reSUILS ..........ceccveeiieiierieeiieiieeee e 22
4.2.4  Calibration and validation..........cccoeeeviiriiriinienineeeeee e 32
4.2.5  FlOW COMPULATION ..eevviiiiiieiieiie et eiteete ettt eite et e et e seeeeeteenteete e st e sneeeseenseesneeennes 33
5. Geology and GEomOTIPROIOZY ....cc.eeiiiiiiiiieiiecie ettt ettt aseennas 34
5.1 GONETAL ...ttt 34
5.2 Geology of Nepal HIMalaya........ccccooiriiriiiiiiiiiienieiiciececeeenesesie e 34
5.2.1 Indo-Gangetic Plain (Terai).......ccccevveeiviieiiiieriec et 34
5.2.2  Sub-Himalaya (Siwaliks or Churia Group).........ccceeeeeercrirerireeeiieerrieesreeeseveesneeens 35
5.2.3  Lesser HIMAlaya.........ccoviiiieiiiiiieciieie ettt st esveeseaeeaneeneeenne s 35
524  Higher HIMalaya........ccooiiiiiiiiiee ettt s 36
5.2.5  Tibetan-Tethys HIMalaya..........ccccoveeriiiiiiieiriiecie et sree e sree e sreeens 36
5.3 RegIONAl GEOIOZY ..eecuviiiiiieeiie ettt e e tae b e e s treesebeessereeessneessneeens 36
5.3.1  Eastern Nepal HIMalaya .........cccocovviciieeiiiiieeieeeeeece ettt 36
5.3.2  Central Nepal HImalaya..........ccccoooiieiiieiiiiieiie ettt 37
5.3.3  Western Nepal HIMalaya .......cc.ocoeiiiiiiiiiiieiiicciieeee st eee e seree e sree e 37
5.3.4  Mid-Western Nepal HImalaya ..........ccoceieiiiiiieiieniecieceecee et 37
5.3.5  Far-Western Nepal HImalaya ...........ccecieiiiiiiieiieiiecieeieeeece et 38
54  Active faults and thrusts in the Nepal Himalaya............ccecceevoiiniiniiininir e 38
5.5  Geology Of the TIVEr DASINS......ccciiiiciieiiiie ettt eee e e reesree e sereeeereessreeens 40

vi



Assessment of Hydropower Potential of Nepal Final Report

5.5.1  Major RIVEr BASINS ....ccueiiiiiiieiiiciiieieeeeete ettt s seaeeeneesneesnne s 40
5.5.1.1 Ko0Shi RIVET BaSIN ....ceuviiiiiiiiiiicicci e 40
55.1.2 Gandaki RIvVer Basin ........cccocioviiiiiiiiiiiiicicicccecceeceee e 40
55.13 Karnali River Basin......c..cocoiiiiiiiiiiiiciiicicenceceeeecscee e 41
5.5.2  Boarder RIVer BasiN........cccociviiiiininiiiiiniescscceceeceeee e 41
5.5.2.1 Mechi RIVEr BaSIN....ccuiviiiiiiiiiiiiecicitecce e 41
5522 Mahakali RIVEr Basin.......cccociiiiriiiiiiiniiiciicceeeceeeeeee e 41
5.5.3  Rivers originating from the middle mountains ...........cccccceeveveeeviieencrieerie e 42
5.53.1 Kankai RIVer Basin ........cccoeiiiiiiiiiiiiiciencieeceteee et 42
5532 Kamala RIVer Basin ........ccceiiiiiiriiiiiiieiiiicieece et 42
5533 Bagmati RiVer Basin .........cccieiieiiiiiiieieeee et 42
5534 Bakaiya-Nadi River Basin..........ccccoeoviiviiiiiiiieiieieeceeeieereeee e 42
5535 Tinau-Khola River Basin .........ccccceoiiiiiiiiiiiiininincnccseecececeeeees 43
5.5.3.6 Rapti RIVET BaSIN ....ueeiiiiiiciieiicieeeee ettt s 43
5.5.3.7 Babai RIVer Basin.........cccooiiiiiiiiiiiiiciccceeceeee e 43
5.6 SCISIMICILY .eveeiiviiiirieiiiieeciteesiteeesteeesreeetreeeereesreeessseesssaeesssseessseesssseessseesssseessssessseenns 44
5.6.1  Historical SEISMIC ACHVILY ....ccciiiiiiiieiiieiieete et et e sere et esteeseeebeereeseveesseeseesseeas 44
5.6.2  Earthquake CatalogUe .........cccoeiiiiiieiiieiieeie ettt 45
5.7 GLOF ottt 45
6.  ECONOMIC ANALYSIS ...utiiiiiiiiieeiiiieiiieesteeerteeteesteeestreeebeeessreesssseesssaeessseesssseessseeessseesseeesens 47
6.1  Estimation of QUANTILIES .......ceeeeiiiiiiieeeiiieeiee et e ereeeete e eetreeeteeeetreeeveeeeveeeetreeenreaens 47
0.1, 1 WBIT ettt ettt ettt et 48
6.1.2  SEttlNg DASIN...c.uviiiiiiiiiieeiiieeiee e e ereeereeesteesree e reeetreesabee e sseessseeessseeasssesssseeans 49
0.1.3  WaAlBIWAY .eeovieeiieciiieeieeeriee ettt e st e et e e estteesateesesee e sseeessseessseeasseesnseesssseeasseennseeens 49
6.1.4  POWETROUSE ..ottt 50
6.1.5  Electromechanical COSt .........coouimiriiriiiiniiiinectecse e 51
6.2 COSt ESTMATION ....eueiiiiiieiieiterte ettt sttt ettt e sae e sre s nes 52

vii



Assessment of Hydropower Potential of Nepal Final Report

0.3 ANALYSIS c.tiieiiieiieieeeeete ettt ettt e et e et e e ta e e aae e be e teesraeerbeerbeeseeeraeenseenneenseens 52
6.3.1  Basis for Analysis and ASSUMPLIONS..........cceerierieriieerierieeeeeteeieeseeeeeeeeeesseessnens 52
6.3.2  Computation of financial INAICALOTS.........c.ceerieriirrieeieieee e 54
6.3.2.1 The Annuity EQUAtION ........ccoviieiiiiiciie ettt sre e e 54
6.3.2.2 Time Value Of MONECY ......coovieiieiieiieieeieeceeete ettt 55
Net Present VALUC. ......cc.couiiiiiiiiiiiiiciccctcteeeee ettt 56
Internal Rate of RETUIN .......couiiiiiiiiiiiiic e 56
Benefit/Cost ratio or Profitability Index (PI) of the Project........c...ccovvevierciiiciieienn. 57

7. HYDROPOWER POTENTIAL ......oiiiiiiiiiieteeeee et 58
Tl GONETAL ...ttt sttt 58
7.2 MethOdOIOZY ... .ooiieiiieiieeee ettt ettt ettt e neeenee s 59
7.2.1  Computation aPPIrOACH .......eeiviiieerieitieeieete et eseeeteereeseeeseaeeeaeesseesseeseseesseeseessnens 61
72,2 DISCRATZE ..eeeieieeiiecie ettt ettt e e e e te et e snaeseaeenseeseeenaeenseeneenneens 61
723 HEAA .ottt 61
7.2.4  Electro-mechanical effiCIENCY ......cccccvviieiiiiiiii it 62
7.2.5  HydropoWer POtENtIal ..........ccueeeiieiiieiiieiieieeieerte et ere et e sae e ereesseesereesbeeseessnens 62
7.2.6  Hydroelectric energy potential...........cccccvevuiiiieiiieiieeiierie et 63
7 T X210 410] 5 () PSP 63
T4 RESUILS .ttt 64
7.4.1  Basin wise hydropower potential...........c.ccceevieiciieciiiieriecie et 64
7.4.2  Gross hydropower distributions in major basins ............ceceeereevienerieeneerienenneenne 67
7.4.3  Gross hydropower potential distributions in provinces ...........cceceeveeeeeeeseeeneennnnns 70
7.4.4  Hydro-electric energy potential ..........c.ccceveviiriiiierieieiee e ere e 71
7.5  Limitations of Current asseSSIMENT ..........ccveerireririreniertinentenrentensenteeeseenseeenenenees 72
7.5.1  Hydrological UNCETtAINtIES ........c.eecvieriierieeieeiierieete et eseeesteeeeeseesseeseaeeseeseessnens 72
7.5.2  Uncertainties in terrain data ProCeSSING........cccvervueereerierierieeeeeeeeseeeeeeeeeeseeenneens 74
8. TECHNOECONOMICAL HYDROPOWER POTENTIAL ......cccccccoiiiiiiiiiiiccieiee 75

viii



Assessment of Hydropower Potential of Nepal Final Report

10.

8.1  General MethOdOLOZY .......cccviiiiiiiiiiicie ettt s ere e seveeaseeseesnee s 75
8.2 Spotting of potential ROR Projects .........cccceviriiieniiieniiiiniiicceeeeeseeeseeee 76
8.2.1  Data Set SEIECtION ...c..ecviriieiiiiiiiieteteere e 77
8.2.2  Catchment deliNEatioN ..........coceevieriiiiiriiiiirieee et 77
823 DEM GITOTS ...ttt e s 77
8.2.4  Stream NEtWOTK fEATUTES ....cc.evueriiriiiiiriieieeeeet et e 78
8.2.5  Sream INAEXINE ...eecveerrieeireiieeiieeieeteettesteete et et e seteeteessteseaeeneeeseesneeeneeeseenseens 79
8.2.6  Search radius and INtervals ..........ccccociriiiiiniiiiniic e 79
8.2.7  Calculation 0f head ........cccceciiiiiiiiiiiiiiic s 80
8.2.8  Stream gradient INAEX .......ceceruiriiiriirienieeie ettt 81
8.3  Economical SCIEEMINE ......ccooiiiiieieiieeiei ettt ettt see ettt e seee e e s e seeeas 82
8.3.1  COSt ESHIMALION. .....euiiieiieiieiiitiettete ettt ettt ettt 82
8.3.2  Assessment of project benefits: .......cccvevieiiiecieiiieiiecie e 82
8.3.3  ECONOMIC ANalYSIS: ...eccuiiiiieiieiieeieeieeiieete ettt e sete et e st e seaeseaeenseesnaeenseenneenneeas 82
8.4 TechniCal SCTEEMING ......ccveeieviiiiiieeiieerteesrteeree ettt eeteeeeteeesereesssseeseseeessseeessseessseeans 83
8.4.1 (€ 1570 (o] o /USRS 83
842 ACCESS TOAAS: ..ttt ettt 85
8.4.3  TranSmiSSION lINE....cc.cocuiriiiiiiriiiiiniiiierteere et 86
8.4.4  Natural hazards ..........coccooiiiiiiiiiiiii s 88
8.5  Results and dIiSCUSSION .......coeeiiiriiiiiiriiiiiieereeee et 89
RUN-0f-the RIVET PrOJECES.....eiiuiiiiieiiecie ettt 93
0.1 MethOdOIOZY ... .ooeieiieee ettt ettt se e e et enee 93
0.2 RESUILS .t 94

SHOTAZE PTOJECTS ..uvviiiiieiieiieeiie ettt ettt ettt e et e e be e te e e b e esbeesseesssesnsaesseesssesnseenseenns 99
10.1  INErOQUCTION ..ottt ettt sttt 99
10.1.1  ODbjectiVe and SCOPE -....veerueeruierieeieeiteeiie et et et teeeeeteeseeesnteenseesseesaeeeseesseesneeenees 99
L OIS Y, 1< e VoY (o] (o .y R TR 100



Assessment of Hydropower Potential of Nepal Final Report

10.2.1 Identification of potential reSEIrVOIr SIteS ........cccereeruerrirrieriieienieeieneeiereeeseeenees 101
10.2.2  Preliminary screening potential reServoir Sites........ccevvvreirevirerierieeieeeereeeeeees 101
10.2.3  Estimation of reservoir VOIUME........cocueveeiiriiiiiniiiiicieniecicreeecceeee e 102
10.2.4 Estimation of dam material and COSt..........cceerirriiriieiiiie et 103
10.2.5  RESEIVOIT TOULINE ...ecuviiiieieieeieeieesiieiteeieesteesseeeereeseeseeesesessseesseesseessssessesssessssensns 105
10.2.6  Economics and SCTEEINING.........cceerierirerieerieereieeieeteesetesreeseeseesseessseeseesseesseennes 107
10.2.7  Valldation....c.coouiiiiiiiiiieciecseece ettt 108
T0.3 0 RESUILS .ottt 111
11.  Conclusion and DISCUSSION ......cc.eeiiruirieriirieriieierie ettt sttt 116
L1.1 CONCIUSION ..ttt ettt ettt b ettt enees 116
L1.2 DISCUSSION..c.ueitiiititieititt ettt ettt ettt sttt se et b et sbe et sae et esbe et bt et e saeennes 116
RETETEIICES ...ttt ettt a



Assessment of Hydropower Potential of Nepal Final Report

List of Figures

Figure 1-1: Map of Nepal showing river networks with all basins ...........ccccooceeiiiinennnnen. 1
Figure 3-1: Aster GDEM covering NepPal .......coue ittt 10
Figure 3-2: lllustration of delineated streams, outlets and sub-catchments................... 11
Figure 3-3: Distribution of gross head range of existing hydropower plants considered
for DEM validation. Legend: ranges of gross-head.........ccccccovvveeieieiiciciinieeeeeenn. 13

Figure 3-4: Error range observed in gross head during DEM validation. Legend: error
7= ¥~ PN 14

Figure 4-1: Figure elaborating CAR method based on specific discharge......................... 18
Figure 4-2: Hydrological stations located in the Koshi River basin.........ccccceevveiiniennnenn. 18
Figure 4-3: Conceptualization of hydrological processes in HEC-HMS model ................. 20
Figure 4-4: HEC-HMS Modelling SEQUENCES .....cccecuuriiiiiieeeeeeeeecteeee et e e 21
Figure 4-5: HEC-HMS set up for Koshi basin.........ccocvvviriieiniiiiniiineceec e 23
Figure 4-6: Schematic for Gandaki River basin up to Narayanghat in HEC-HMS ............. 25
Figure 4-7: Schematic for Gandaki River basin in the East Rati partin HEC-HMS............ 25
Figure 4-8: Schematic for Karnali River basin in HEC-HMS..........ccoccvviiinniieniiciniecniennn 26
Figure 4-9: Schematic for Kankai River basin in HEC-HMS ..........ccoociiniiiinieeniicieeeneen 27
Figure 4-10: Schematic for Kamala River basin in HEC-HMS ..........cccociiiiiieeieiiieeeecieeee, 28
Figure 4-11: Schematic for Bagmati River basin in HEC-HMS...........cccceeviveeeiiveeeccineennn. 29
Figure 4-12: Schematic for Tinau River basin in HEC-HMS..........cccccoiiieiiiieeeeeecceeee. 30
Figure 4-13: Schematic for West Rapti River basin in HEC-HMS .........cccccovvieviiveecccnneennn. 30
Figure 4-14: Schematic for Babai River basin in HEC-HMS............cccooeeiiiiieeeccieee e 31
Figure 5-1: Geological Map of Nepal Himalaya .........ccccceeeiiiiiiciie e, 35
Figure 5-2: Active faults of Nepal Himalaya.........ccccouiiiiiieiiii e, 39
Figure 5-3: Simplified seismic risk map of Nepal (Bajracharya, 1994) ..........ccccovvreeuneen... 44
Figure 6-1: Cost breakdown for small hydropower in developing countries (Source:
L AN 0 ) 48

Figure 7-1: Relation between different hydropower potentials .........cccccvveeeeieiininnnnee... 59
Figure 7-2: General methodology adopted to compute theoretical hydropower potential
............................................................................................................................... 60

Figure 7-3: Gross Hydropower Potential in different river basins of Nepal...................... 65
Figure 7-4: Gross Hydropower Potential distribution among different river basins of
V=T =1 PP 66

Figure 7-5: Gross Hydropower Potential in different different tributary of Koshi River
0T 1] 1 P USRS 67

Figure 7-6: Gross Hydropower Potential in different different tributary of Gandaki River
o 1= 1] 1 P SRR 68

Figure 7-7: Gross Hydropower Potential in different different tributary of Karnali River
o T= 13 1 o TR 69

Figure 7-8: Distribution of gross hydropower potential among different provinces....... 70

Xi



Assessment of Hydropower Potential of Nepal Final Report

Figure 7-9: Percentage distribution of gross hydropower potential among different

[T e 1V 4 ol T 71
Figure 7-10: Hydro-electric Energy Potential in different River basins of Nepal ............. 72
Figure 8-1: Analytical framework of algorithm..........cccccoeiiiiiiii e, 76
Figure 8-2: Corrected by filling and cutting of DEM ..........cooiiiiiiiii e, 78
Figure 8-3: Locations of Powerhouses and headwork within search radius.................... 80
Figure 8-4: Location of Potential Sites along the streams found in this study................. 82
Figure 8-5: Regional geological map of Nepal ........cccvvveeiiiiiiiccceee e, 84
Figure 8-6: Map showing the distances from the major faults .........cccccoveeeiiiiinnnne... 84
Figure 8-7: Road head map derived from road network map of SNRTP project ............. 85
Figure 8-8: Map showing the distances from the principle markets........c.cccceevvvrrieennenn. 86

Figure 8-9: Map showing the distances from the existing and planned substations....... 87
Figure 8-10: Map showing PGA at bedrock level at 63% probability of exceedence....... 89

Figure 8-11: Location of study area in Nepal (left) and Bhotekoshi (right)...................... 90
Figure 8-12: Location of Headwork along the stream networks........ccccoovveeriiiniennnnnn. 91
Figure 8-13: Location of Potential sites along the streams found in this study............... 91
Figure 8-14: Comparison of the location of Potential sites with existing project locations

............................................................................................................................... 92
Figure 10-1: General methodology adopted for the identification of the reservoir

[T go ] [=To! -3 100
Figure 10-2: Potential Reservoir sites considered in the Gandaki River Basin............... 101
Figure 10-3: Potential Reservoir sites considered in the Gandaki River Basin after

Preliminary SCrEENING ......vvveiiieee ettt ettt es e e e e e etae e e e s areeeeerbeeeeenns 102
Figure 10-4: Framework adopted to compute elevation Vs reservoir volume............... 103
Figure 10-5: A typical section of CFRD adopted for the study ( ICOLD, 2010) ............... 104
Figure 10-6: Variables determining the water balance in a reservoir.........cccccccceuunneee. 106
Figure 10-7: Variation of reservoir volume during a hydrological year.......................... 107
Figure 10-8: Map of reservoir projects identified closer to the ones identified in the

PrEVIOUS SEUTIES ...vvviiiieeiieecciiieee e e ettt e e e e e e e rrare e e e e e e e aabaaa e e e e e e eeennnsaeneeas 110
Figure 10-9: Spatial location of reservoir projects identified in this study .................... 113

Xii



Assessment of Hydropower Potential of Nepal Final Report

List of Tables

Table 2-1: Details of survey license issued by GON ...........ccccciiiiieeeiiecceeeee e 8
Table 2-2: List of Project application by Independent Power Producers (IPPs)................. 8
Table 2-3: List of Project in GON reserved liSt........cccceeiiieecciiiiiieee e 9
Table 2-4: List of Project in Operation ..........ooiiiiiiieie et e e 9
Table 4-1: Hydrological database used for Koshi basin HEC-HMS model setup .............. 24
Table 4-2: Meteorological database used for Koshi basin HEC-HMS model setup.......... 24
Table 4-3: Inflow from Arun at Nepal-Tibet border (m3/s) adopted from (Bharati et al,
01 ) S 24

Table 4-4: Hydrological database used for the Gandaki basin HEC-HMS model setup ...25
Table 4-5: Meteorological database used for the Gandaki basin HEC-HMS model setup

Table 4-6: Hydrological database used for the Karnali basin HEC-HMS model setup .....26
Table 4-7: Meteorological database used for the Karnali basin HEC-HMS model setup .26
Table 4-8: Hydrological database used for the Kankai basin HEC-HMS model setup......27
Table 4-9: Meteorological database used for the Kankai basin HEC-HMS model setup..27
Table 4-10: Hydrological database used for the Kamala basin HEC-HMS model setup...28
Table 4-11: Meteorological database used for the Kamala basin HEC-HMS model setup

Table 4-12: Hydrological database used for the Bagmati basin HEC-HMS model setup .29
Table 4-13: Meteorological database used for the Bagmati basin HEC-HMS model setup

Table 4-14: Hydrological database used for the Tinau basin HEC-HMS model setup......30
Table 4-15: Meteorological database used for the Tinau basin HEC-HMS model setup .30
Table 4-16: Hydrological database used for the West Rapti basin HEC-HMS model setup

............................................................................................................................... 31
Table 4-17: Meteorological database used for the West Rapti basin HEC-HMS model
L= AU | o SRR 31

L= AU | o USSR 31
Table 4-20: Model performance for HEC-HMS in different river basin............ccc..uuuee.. 32
Table 4-21: Number of discharge estimation outlets in each river basins....................... 33
Table 5-1: Frequency of different types of fault-plane solutions observed in four

delineated seismogenic regions in the Nepal Himalaya and its vicinity............... 39
Table 5-2: Larger magnitude of earthquake occurred in Nepal Himalaya ...............c....... 44
Table 5-3: Instrumentally recorded earthquake...........ooooiiiiiiei e, 45
Table 5-4: Distribution of glaciers in catchments of Nepal (Source: Mool et al., 2011) ..46
Table 6-1: Unit rates of items used in the cost estimation .........ccocccevviiiniieiinienniieenieenne 52
Table 6-2: Royalty for the Hydropower project.......cccccuveeiiecieeeeccieee e 53



Assessment of Hydropower Potential of Nepal Final Report

Table 7-1: Gross Hydropower Potential in different river basins of Nepal ...................... 65
Table 7-2: Number of river reaches used to estimate gross hydropower potential in river

o T2 1 13RS 66
Table 7-3: Gross Hydropower Potential of major tributaries in the Koshi Basin ............. 67
Table 7-4: Gross Hydropower Potential of major tributaries in the Gandaki Basin......... 68
Table 7-5: Gross Hydropower Potential of major tributaries in the Karnali Basin........... 69
Table 7-6: Distribution of gross hydropower potential among different provinces........ 70
Table 7-7:: Hydro-electric Energy Potential in different basins of Nepal......................... 71
Table 8-1: Weights and scores used for 8e0l0gY .......couviiieicciiiiieeeeeceeeeee e, 84
Table 8-2: Weights and scores used for access roads ........ccccovveeeeeeeeiciiiieeeeeeeeeccreeeeeen, 86
Table 8-3: Weights and scores used for transmission liNe ........cccccueeeevcieeeccciee e 88
Table 8-4: Weights and scores used for GLOF and Seismic analysis ..........ccccceeeeeennnneeen.. 88

Table 8-5: Details of the identified projects and economically feasible projects in basins

Table 9-1: Features of the identified RoR Projects with Installed capacity > 300 MW....94
Table 9-2: Summary of field inception of RoR Projects with Installed capacity > 300 MW

............................................................................................................................. 956
Table 10-1: Unit rate of items used in the cost analysis........ccccvvviirniinnierinieenieeeen, 107
Table 10-2: Comparison of Reservoir project features identified in this study closer to

the ones identified in the previous study .......ccoccevvvieerinieinieene e 109
Table 10-3: Features of the reservoir projects in the Koshi Basin........c.ccccceeeecvveeeennnenn. 111
Table 10-4: Features of the reservoir projects identifed in the Gandaki Basin.............. 111
Table 10-5: Features of the reservoir projects identied in the Karnali Basin................. 112
Table 10-6: Summary of field observations of the storage projects ........cccccceeeeeennnnneen. 114
Table 11-1: Comparison between the Gross Hydropower Potential in different basins of

Nepal reported in the literature and current study ......ccccceeeeeiciiiiieeiiieece, 116

Xiv



Assessment of Hydropower Potential of Nepal Final Report

1. INTRODUCTION

1.1. Background

With an average rainfall of about 1530 mm over the country (WECS, 2005), Nepal is
generously endowed by nature in water resources. There are about 6000 big and small rivers
in the three main river systems Koshi, Gandaki and Karnali including some southern rivers
and the two border rivers — Mechi in the east and Mahakali in the west (WECS, 2011). While
some of the major rivers originate in the High Himalaya in Nepal, some others originate in
the Tibet. Yet another group of rivers, such as Kankai, Kamala, Bagmati, Rapti and Bheri
originate in the Mahabharata ranges. Numerous small streams start from the churia ranges of
hills; these are principally rain fed and are, therefore, seasonal. The rivers network is shown
in
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Nepal receives 60-90% of the total annual precipitation during monsoon (June-September)
period. About 55 — 80% of the total run-off occurs during this period, while the rest is
conserved as snow and ground water which drains into the rivers during the dry season
(Hannah et al., 2005). The total run-off per year from Nepal, including run-off from the
Tibetian catchment is estimated to be about 225 billion cubic meters (WECS, 2011).

Nepal has longitudinal (east-west) extension of 885 km and lateral (north-south) extension of
145-248 km. Within relatively short lateral extension topographic elevation varies from 60
masl to 8848 masl, providing steep topographic gradient for potential hydropower generation.
Based on that, an old study reveals that Nepal has a gross hydropower potential of 83,500
MW (Shrestha, 1966) and an economically viable potential of about 45,610 MW (Pradhan,
2009; WECS, 2011) - estimated as the combined capacity of 114 projects identified by
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Shrestha [1966]. More recent study has estimated run-off-the-river (ROR) hydropower
potential of 53,836 MW at 40% dependable flow (Jha, 2010).

Nepal’s hydropower potential estimated by Shrestha [1966] was 5 decades ago. During this
intervening period, much data has become available and rapid advancement in Geographical
Information System (GIS) and hydro-meteorological modeling has allowed developing tools
providing automatization and more accurate assessments of hydropower potential. So, critics
have continuously pointed out the need to verify and update these figures. Re-estimation of
hydropower potential, using the fast growing information and computing technologies, are
also carried out in different countries around the world (Arefiev et al., 2015a). On the other
hand, although figures estimated by Jha [2010] are computed using recent data and GIS tools,
it needs to be verified and assessed in more detail. Therefore, it becomes sensible that
Nepal’s hydropower potential be assessed again in depth with the help of more recent data
and modeling tools.

Realizing this need, Water and Energy Commission Secretariat (WECS) of the government
of Nepal has allocated fund to carry out a study on the ‘Assessment of Hydropower Potential
of Nepal’ (the Study) in the present context. Accordingly, an agreement was signed between
WECS (the Client) and SILT-CEMAT-DSC JV (the Consultant) on 21%* August 2015 to carry
out the Study.

1.2.  Objectives

The overall objective of the work outlined in the ToR are as follows:

To carry out the assessment of gross ROR hydropower potential of rivers in Nepal
and arrive at a techno-economically viable potential.

To identify and assess the potential of reservoir type projects with installed capacity
of 100 MW or more and run-off river projects with installed capacity 300 MW or
more.

1.3. Scope of Work

The scope of the proposed work includes, but is not limited to, the following:

To evaluate gross ROR hydropower potential in the major river basins: Sapta koshi,
Sapta Gandaki and Karnali.

To evaluate gross ROR hydropower potential of two boundary river basins: Mechi &
Mahakali

To evaluate gross ROR hydropower potential of rivers originating from middle
mountains of Nepal: Kankai, Kamala, Bagmati, Bakaiyanadi, Tinu, Rapti and Babai

WECS 2



Assessment of Hydropower Potential of Nepal Final Report

To evaluate techno-economical ROR hydropower potential in the major river basins,
boundary river basins and basins of the rivers originating from middle mountains of
Nepal

To identify the possibility of reservoir type of projects with an installed capacity of
100 MW or more and depict in the topo map.

To identify potential sites for ROR projects having installed capacity 300 MW or
more in the basis of 40% dependable flow as design discharge and depict in the topo
map.

To analyse environmental & social viability including techno-economical viability for
identified projects.

To prepare maps and depict the identified projects in the maps separately for basins,
regions and districts.

WECS
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1.4 Structure of the report:
The report is presented in two volumes. Volume — I presents the main report and its chapters are

outlined as follows:

Chapter 2 describes different data - GIS, hydro-metrological, geological and hydropower data -
collected to carry out this study.

Chapter 3 describes methodologies adopted to process geospatial data required to carry out
hydrological study and hydropower potential computation.

Chapter 4 describes different methodologies adopted to process hydro-metrological data and
compute design discharge and long-term average monthly discharge for river reaches.

Chapter 5 describes geology of Nepal and the river basins, at a catchment scale.

Chapter 6 describes the economics and financial analysis

Chapter 7 describes the estimation of the theoretical hydropower potential of Nepal

Chapter 8 describes the estimation of the RoR techno-economical potential of Nepal

Chapter 9 describes the identifications of RoR projects with installed capacity > 300 MW
Chapter 10 describes the identifications of reservoir projects with installed capacity > 100 MW
Chapter 11 provides the conclusion and discussion of the study

Volume II presents the Appendices containing some of the results of the analysis and the
supporting information’s for the analysis carried out in the study. The Appendices are presented
as follows:

Volume-II (Appendices)

Appendix-A: List of Project Details

Appendix-B: Geospatial data

Appendix-C: Hydrological Analysis

Appendix-D: Results of Hydropower Potential

Appendix-E: Run-of-the River Projects Details

Appendix-F: Storage Project Details
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2. DATA COLLECTION

2.1. Hydrological & Meteorological data

In the context of Nepal, the Department of Hydrology and Meteorology (DHM), the sole
government authority responsible for the collection, analysis and dissemination of hydro-
meteorological data, is collecting hydrological data of different rivers of Nepal since the early
1960s. Currently the DHM collects processes and publishes river flow data of around 100 river
stations. Given that Nepal has around 6000 channelized water flows which can be classified as
rivers or rivulets, the number of hydrometric station is very low. Moreover, the distribution of
the river gauging stations is not uniform; majority of the gauging stations are concentrated in the
mid-hill portion of Nepal. The high Himalayan region is too inaccessible to operate and maintain
regular gauging stations, and the river flow channel in the flatter Terai region changes too
frequently. Similarly, the DHM collects meteorological data, like precipitation, air temperature,
solar radiation, humidity, and wind speed, from about 300 stations, the spatial distribution of

which is more uniform compared to river gauging stations.

For our study the average monthly rainfall data and average monthly discharge data both are

collected from DHM.

2.1.1 Collection of Average Monthly Rainfall Data

Monsoon is the wettest season and is the main source of rainfall in Nepal. The monsoon (rainy
season) normally starts in the second week of June and continues until the fourth week of
September and contributes an average 79.58% of the total annual rainfall in the country. The
large amount of rainfall within a short period causes flash floods, massive landslides, soil
erosion and sedimentation in hilly and mountainous regions, and inundation of the plains areas.
The study of the rainfall pattern is very important for the hydrological study and climate change
impacts on water resources. The available average monthly rainfall data of the 281 existing
meteorological stations of Nepal from their opened date to December 2014 was collected for the

study. The lists of meteorological stations are presented in Appendix A-1.

2.1.2 Collection of Average Monthly Discharge Data

One of the major hydrological parameters associated with the generation of hydropower is the
average monthly river flow. The DHM has monthly river flow fluctuations data at different

rivers in Nepal. In the gauged catchments with long time-series daily discharge data, the
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monthly river flow is calculated as arithmetic average discharge for a particular month. The
monthly available water flow determines the amount of water that can be diverted from a river,
in case of an ROR type HPP and stored in case of a reservoir type HPP. The available average
monthly discharge data of existing 99 hydrological stations of Nepal from their opened date to
December 2014 was collected for the study. The list of hydrological stations is presented in
Appendix A-2.

2.2. Data on Geographical Information Systems (GIS)

Digital Elevation Model (DEM) is used as the primary spatial data for modelling and assessment
of the hydropower potentials at river basin level. Freely available ASTER Global Digital
Elevation Model (GDEM) with 30m spatial resolution was used for sub-watershed level
hydrological modelling in GIS environment. ASTER GDEM was used considering its free
availability, wall-to-wall coverage of entire territory of Nepal and regions beyond, which is
required for sub-catchment level modelling for HP potential assessment. Additionally land cover
data of 2010 (i.e. dense forest, light forest, shrub land, pasture/grazing, agriculture, settlement,
bare soil, snow/glacier, water) prepared by ICIMOD has been used to analyze land cover in each

delineated sub-watersheds.
Similarly the following GIS based data were also collected to generate thematic maps:

1. Road networks of Nepal (SNRTP project)

2. Substation and transmission line map at the scale of 1:1,000,000 (NEA, 2017)

3. Seismic hazard map of Nepal showing Peak Ground Acceleration (PGA) value with 10%
probability of exceedance in 50 years at the scale of 1: 100,000,000 (Thapa and Wang,
2013)

Glacial lake inventory (ICIMOD, 2011)

Regional geological map at the scale of 1:1,000,000 (DMG, 1994)

Major active faults in Nepal (Upreti et al., 2007)

NS e

Provincial capital location prepared by department of survey

2.3. Data on Hydropower Project Studies

Any studies relating to the Hydropower projects could be the references for this study about the
assessment of total hydropower potential of the country. So, all the earlier studies of any type of
Hydropower projects ie RoR type, Storage Projects in all the rivers basins are collected and

presented according to basins and project types. They are described briefly below here.
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2.3.1 Koshi Basin Master Plan Study

Japan International Cooperation Agency (JICA) had prepared Mater Plan Study on the Koshi
River Water Resources development Final report in March 1985.The study identified all
potential hydropower sites and listed the sites in terms of priority for formulation of the Koshi
River Water Resources Development. Potential hydropower sites in Sun Kosi river, Dudhkosi
River , Likhu Khola, Malung Khola, Tama Kosi, Khimti Khola, Bhote Koshi , Balephi Khola,
Rosi Khola , Indrawati, Tamur, Kabeli Nadi, Arun, etc were found and analysis was carried out
on analysis of existing data , hydrology, geology, topography, etc and site reconnaissance, field
investigation, surveying and drilling investigations of provisional priority sites. Total 52
potential projects had been identified in this study and details of projects are presented in

Appendix A-3.

2.3.2 Gandaki River Basin Power Study

The Gandaki River Basin Power Study was carried by Snowy Mountains Corporation in
association with Environmental Planning Associates for Government of Nepal in July 1979.
Gandaki basin is located in central Nepal and study covers the potential sites in tributaries of
Gandaki river systems namely Seti, Marsyangdi, Budhi Gandaki, Trishuli, Kaligandaki etc. The
‘Master Plan of Hydroelectric power Development in Nepal® prepared with the assistance of the
Japan International Co-Operation Agency (JICA) reports that theoretical power potential of
Gandaki Basin is 21000 MW. This study have identified 42 different Run of river schemes and
storage schemes to suit the varying topographic, hydrologic and geological conditions in Nepal.

List and locations of potential projects identified are presented in Appendix A-4.

2.3.3 Mahakali & Karnali Basin Master Plan Study

The study was carried out over the period November 1991 to October 1993. Investigation was
carried out for hydropower, irrigation, domestic water supply, flood mitigation and watershed
management. This study consists of the area the Upper Karnali Basin upstream of full supply
level of Karnali Multi Purpose Project and Mahakali River Basin within territory of Nepal. Total
38 hydropower potential schemes were identified (23 hydropower potential sites including
Pancheswor and Karnali (Chisapani) and 15 newly identified schemes). List and locations of

potential projects identified are presented in Appendix A-5.
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2.3.4 Storage Project Master Plan Study

Japan International Cooperation Agency conducted “Nationwide Master Plan Study on Storage-
type Hydroelectric Power Development in Nepal” in February 2014. Altogether 61 storage type
projects were considered for the long list of inventory of potential sites for the preliminary
screening. After all the investigations and analysis 10 projects were selected as the promising
projects. The long list of Inventory as well as promising projects is listed in Appendix A-6.

2.3.5 Projects Identified by Independent Power Producers (IPPs)

Since the government opened the Hydropower policy in 1990, the private sector were found
interested for the development of Hydropower projects. Details of the projects listed in the web
page of Department of Electricity Development, Ministry of Energy, Water Resources and
Irrigation of the Government of Nepal (GON), up to 25" Feb 2019, are provided in the Table
2-1, Table 2-2, Table 2-3 and Table 2-4.

Table 2-1: Details of survey license issued by GON

S. No. | Range of Capacity | Nos. of Projects Total capacity | Remarks
(MW)
1 Below 1 MW 18 13.37
2 1to 25 MW 202 2105.83
3 25to 100 MW 50 2707.67
4 Above 100 MW 5 27506.02
Total 25496.33

Table 2-2: List of Project application by Independent Power Producers (IPPs)

S. No. Range of Capacity | Nos. of Projects Total capacity | Remarks

(MW)

1 Below 1| MW 10 6.84

2 1 to 25 MW 5 32.53

3 25 to 100 MW 2 91.2

4 Above 100 MW 6 1232
5 License for Generation 27 1682.08
Total 3044.65
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Table 2-3: List of Project in GON reserved list
S. No. | Range of Capacity Nos. of | Total capacity | Remarks
Projects (MW)
1 GON basket projects 104 2779.6
2 GON studied projects 6 1272.21
3 GON under study projects 2 7976.18
Total 12028
Table 2-4: List of Project in operation
S. No. | Range of Capacity Nos. of | Total capacity | Remarks
Projects (MW)
1 Below 1| MW 15 11.24
2 Above 1 MW 75 1004.84
Total 1016.08
WECS s
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3. GIS Analysis

31 Preparation of Topographic Terrain Data

Digital Elevation Model (DEM) is used as the primary spatial data for modelling and assessment
of the hydropower potentials at river basin level. Freely available ASTER Global Digital
Elevation Model (GDEM) ! version 2 with 30m spatial resolution was used to derive
topographical and hydrological features of the river basins in GIS environment. ASTER GDEM
was used considering its free availability, wall-to-wall coverage of entire territory of Nepal and
regions beyond, which is required for sub-catchment level modelling for HP potential
assessment. Coverage of ASTER GDEM map is shown in Figure 3-1. The DEM is processed

using following methodological steps:

Processing of DEM for correcting sink/gap/and other anomalies using ArcSWAT and
ArcHydro tools in ArcGIS
Generation of hydrologically correct DEM

Generation of slope, aspect, flow accumulation, flow directions from the terrain required

Elevation (MSL)
8848 m

—
-63m
~n~~ Rivers

Note
ASTER 30m Global Digital Elevation Model (GDEM) covering
the territory of Nepal. Basin boundaries are generated from
SRTM DEM using SWAT model and the river features based
\:l Basin Boundary on 1:500,000 scale topographic map from Survey Dept. Sources: Esri, USGS, NOAA

for delineation of catchments and sub-catchments throughout the country.

Figure 3-1: Aster GDEM covering Nepal

'http:/ /gdem.ersdac.jspacesystems.or.jp/download.jsp
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The processing of ASTER GDEM for entire territory of Nepal required considerable computing
resources (using Intel Xeon 24 Core processor with 48 GB RAM workstation). Therefore, sub-

catchment analysis was done at the river basins level.

3.2 Delineation of Sub-Catchments

Within a river basin, sub-catchments of minimum area 15 km2 area were delineated using GIS
based SWAT modelling tool ArcSWAT using the GDEM. Hydrologically connected sub-
catchments are delineated considering the critical source area (stream area threshold) as 1000 ha
(10km?2) that defines the minimum drainage area required to form the origin of stream in a sub-
catchment. Streams and sub-catchment outlets are created with the above threshold. The
ArcSWAT model delineates the streams (reaches) and locates drainage outlets at the
downstream confluence. These outlets are the points in the drainage network of a sub-catchment

where stream flow exits the sub-catchment area.
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Figure 3-2: Illustration of delineated streams, outlets and sub-catchments
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The outlets, streams and basins are uniquely numbered in 6 digit long integer values starting
from 100001, 200001 and 300001 respectively and its database is created Figure 3-2. Each
outlet is uniquely associated with a stream which is then uniquely associated with a basin. Thus

river basins in this study were sub divided into a total number of 10,505 basins/ reach / outlets.
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3.3 Analysis of Physiographic Variables for Sub-Catchments

Various physiographic variables are analyzed at the sub-catchment level to be used for different
hydrological calculations. These physiographic variables include terrain elevation range
(hypsometric ranges), slope, land cover, maximum and minimum elevations of stream,
catchment area ratio and others. Following analysis were done extracting physiographic

variables in the delineated sub-catchments:

Elevation range analysis and analysis of sub-catchment areas within different elevation
ranges (<1000m , 1000-2000m, 2000-3000m, 3000-4000m, and >5000m)

Analysis of sub-catchment areas within different land cover zones (dense forest, light
forest, shrub land, pasture/grazing, agriculture, settlement, bare soil, snow/glacier, water)
Analysis of sub-catchment areas within different terrain slopes (>10°, 10°-20°, 20°-30°
and >30°)

Analysis of minimum, average and maximum slopes within each sub-catchment

Analysis of catchment area ratio for each sub-catchment with respect to the DHM

hydrological stations’ catchment area

3.4  Analysis of Gross Heads

Gross heads available for power generation is computed as the elevation difference between the
outlet of the sub-catchment under consideration and the outlet of the immediate downstream
sub-catchment. Negative gross heads were obtained at several locations due to error present in
the digital elevation model (DEM). The negative gross heads were then rectified using the spot
elevation derived from the topographic map published by Survey Department of the

Government of Nepal.

3.5 Validation of gross heads

The global vertical accuracy of ASTER-GDEM version 2 is reported as 8.5 m at 95%
confidence interval (Mukherjee et al., 2012; Tachikawa et al., 2011). Based on the validation in
Himalayan region, Mukherjee et al., (2012) show that the vertical accuracy of the ASTER-
GDEM is affected by the terrain morphology and terrain roughness. The error in elevation is
observed to increase in the terrain with topographic elevation greater than 600 m and the
topographic slope greater than 10%. Nepal has very high topographic variation within a short
spatial extent. So, it is pre-requisite to validate the ASTER-GDEM before its application to the
study.
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The validation is performed based on the relative elevation difference between headworks and
powerhouse of 29 operating run-off-river hydropower plants in Nepal. The hydropower plants
covered a range of gross heads between 50 m and 840 m (Figure 3-3). Actual gross heads of the
plants were collected from the available study reports and various other sources. Then the
headworks and powerhouse were located on Google Earth and saved as *.kml file. The file was
imported to GIS platform to extract elevation from ASTER-GDEM at the headwork and
powerhouse points. In the case of peaking run-off-river plants dam height was further added to
the elevation at headwork. The gross-head was then computed by subtracting the elevation of
powerhouse from that of headwork. The computed gross head was compared with the actual
gross head to compute the percentage of error. Taking into consideration the large scale of the
study and others existing source of uncertainty (e.g. hydrology) in power computation, 20% of
deviation in the gross-head was deemed to be acceptable. The error in the computed gross head
was found to be within the limit in 93% of the cases (Figure 3-4). The details of the validation is

presented in Appendix B.

=50-100m ®=100-200m =200-350m =>350m

Figure 3-3: Distribution of gross head range of existing hydropower plants considered for DEM validation.
Legend: ranges of gross-head
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Figure 3-4: Error range observed in gross head during DEM validation. Legend: error range

3.6 Thematic map preparation

Several geospatial data were processed to obtain thematic data for the multi-criteria evaluation
tool. The inventory of glacial lakes and glaciers (ICIMOD, 2011), which included shapefiles
(four in total) for glaciers and glacial lakes as per 2001 and 2010 research. This was spatially

joined into the sub-basins of Koshi, Gandaki and Karnali catchments.

The Peak Ground Acceleration (PGA) maps at probability of exceedance of 63% from Thapa
and Wang ( 2013) was digitized and rasterized according to the PGA value classes. Similarly
map of major faults in Nepal (Upreti et al., 2007) was digitized. A buffer map was created with
Skm interval till 100 km distance, and then at 10 km interval beyond 100 km.

The Al Size hardcopy Geological map of Nepal was scanned and digitized. The geological
features were digitized and saved as two shape files: polygon features and line features. The

polygon features which represented rock type have been rasterized.

The locations of the metropolitan and sub-metropolitan cities are plotted in map. These represent
the nearest market for the procurement of construction materials. Buffer zones are created at an

interval of 5 km till 100 km and then at an interval of 10 km beyond 100 km.

The grid substations were obtained from Power Development Map of Nepal and digitized.
Attributes added include grid capacity and grid station name. A buffer raster was obtained from

the grid point data at an interval of 5 km till 100 km and at 10 km interval beyond 100 km.
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4. Hydrological Analysis

The hydropower (HP) potential of a river section is basically a function of available river
discharge and net head so the discharge time series data is essential at the river reach for
assessing its hydropower potential. In the river basins of Nepal few gauging stations are installed
along the major tributaries. It is necessary to generate time series of discharge at un-gauged
locations within a gauged basin or within a completely un-gauged basin for assessing the
hydropower potential of the river basin. This chapter describes empirical and hydrological
modelling methods used for the assessment of available river discharge used to compute run-of-
river (ROR) hydropower potential in all the 12 major river basins of Nepal, namely the Babai,
Bagmati, Bakaiya, Gandaki, Kamala, Kankai, Karnali, Koshi, Mahakali, Mechi, Rapti, and
Tinau, in alphabetic order. The analyses were carried out using both empirical and modelling
approach to determine the following hydrological parameters associated with power and energy

generations for ROR type hydropower projects.

Average Monthly Flow (AMF)

Average monthly flow is the long-term average monthly discharge of the river computed at each
potential headwork and powerhouse site. It determines the amount of monthly discharge
available in the river to generate hydropower. It is used to compute the hydro-electric energy
potential of the reach. The average monthly flow computation at each of the identified potential

hydropower generation site.

Flow Duration Curve (FDC)

FDC provides a basis for the selection of design discharge of the HP generation at identified
potential sites. Based on the calculated AMF, FDC values at each of the potential site were
developed by using the Weibull Plotting Position method?, and the 40% dependable flow (Q40)
was interpolated from the FDC. The ToR of the current study requires the hydropower potential
of major river basins of Nepal to be estimated at Q40 discharge value. However, the
Government of Nepal (GON) has recently issued a directive to design ROR type of hydropower
projects (HPP) with Q45 (45% dependable flow) as the design discharge.

2The Weibull’s plotting position method is the most widely used method for estimating hydro-
meteorological parameters, like extremes of precipitation and flood (Cunnane, 1989)
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Since the purpose of this study is to assess the theoretical potential of hydropower, all the water
flow in the river (below Q40) is considered as available for power generation; no downstream

release and other environmental flow is considered.

Monthly Turbine Flow (MTF)

In a RoR type of hydropower projects, the total AMF is not tapped during the wet season. The
river discharge above the design discharge flows downstream of the intake site above the weir.
However, during the dry season, the average monthly discharge in the river is lower than the
design discharge. The monthly discharge diverted from the river to generate hydropower is
called the monthly turbine flow (MTF). As such, the actual river flow reaching the turbine of an
HPP in each month (MTF) varies. For each month, the following relation is used to calculate the

MTF.

a) If the design discharge is more than the AMF, the MTF = AMF
b) Ifthe design discharge is equal to or less than the AMF, the MTF = design discharge

The design discharge is set as the Q40 value. The MTF for each month at each of the sub-basin

is set as the average monthly flow or Q40 value, whichever is higher.

4.1 Empirical Assessment

There are all together 10,505 outlets where the discharge needs to be estimated to assess the
power potential. Due to the steep topography of Nepal the hydrological characteristics of the
rivers are strongly influenced by physiographic regions in which they flow; transposing
hydrological data from one station to another is highly challenging. Evaluation of the
hydropower potential of all the rivers and rivulets of Nepal, in the background of very low
hydrometric station density necessitates transposition of hydrological data. Based on the
literature, experience of dealing with hydrological data, lessons learned from previous studies,
and discussion with various DHM officials, a Catchment Area Ratio method was used to
transpose hydrological data from the gauged stations to un-gauged rivers sections of Nepal, for
estimating average monthly flow, which is a major component of hydropower and energy
potential of the rivers from Nepal. The latest available processed data from the DHM was used

for this purpose.

4.1.1 Methodology

The hydrological data transposition process, from gauged to un-gauged sections of a river
system, was carried out based on the Catchment Area Ratio (CAR) method. The CAR method

estimates the flow at the un-gauged basin with respect to gauged basin in proportion to area,
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assuming that both basins/ catchments have similar characteristics (Emerson et al., 2005).
Different CAR methods were applied for gauged and un-gauged catchments which are described

as follows:
a) Gauged catchments

Since Nepal has very high variation in topography, the CAR method based on specific discharge
yield is more reliable. Similar method was also used by Jha (2010) to estimate hydropower
potential of Nepal. If a basin is gauged at point A and B (Figure 4-1), then discharges at points X,
X1 and X2 can be estimated by using equations 4-1, 4-2 and 4-3 respectively.

Y (4-1)
@=%,4
0,074,
Q @ (?Qb 0 Qa g A (4-2)
x1 | A 0 A a&” x1
p b a O
®0, 00 U (4-3)
Qx2 @Qu ° Iib gﬂ A” (Ax2 0 Aa)
b b 0 a 6

where, Qx, Qx1, Qx2 are discharges at points X, X1 and X2 respectively. Qa and Qb are
discharges measured at gauge stations A and B respectively. Similarly Aa, Ab, Ax, Axl and
Ax2 are catchment areas at points A, B, X, X1 and X2 in the catchment.

The following steps were adopted to estimate discharge at the un-gauged outlets with respect to

the gauged outlet.

Average monthly flow (m3/s) was determined at a gauged location based on the
available DHM data.

The catchments of gauged locations were drawn and their upstream and downstream
linkages were determined using GIS software Figure 4-2:.

Sub basin outlets lying in the catchment of gauged locations were extracted using GIS
software.

The specific discharge was computed, by dividing the net discharge from the catchment
by the catchment area contributing to the discharge, for each gauged locations for every
months.

The computed specific discharge was then used to transpose discharge to the outlets.
The transposed average monthly flows were then used to determine the flow duration
curve and Q40.
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Figure 4-2: Hydrological stations located in the Koshi River basin

The mean monthly discharge observed at Hydrological stations, used for the analysis, is

presented in Appendix C-3.
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b) Un-gauged catchments

Smaller southern rivers such as Mechi and Bakaiya are un-gauged. The flow was transposed

from the nearest similar catchment, based on CAR method using equation 4-4.

(4-4)

Qx @ iﬂ " Ax

where, Qa is the discharge of the gauged catchment, m3/s; Aa is the area of the gauged
catchment, km2; Qx is the discharge at the point of interest in the un-gauged catchment, m3/s;

and Ax is the catchment area at the point of interest, km?2.

Maikhola at Rajdwali and Kankai at Mainachuli were considered as the nearest gauged
catchments for estimating flow in Mechi River whereas Bagmati River at Bhorleni and
Karmaiya and Manahari Khola at Manahri were considered as the nearest gauged catchments for
estimating flow in Bakaiya. The summary of the transposed average monthly river flow values

at each of the potential hydropower generation site is provided in Appendix C-1.

4.1.2 Flood Flow

The flood flow values of specific return period is essential in the design aspects of a hydropower
project. The potential inundation area in an upstream river stretch resulting from damming of
flow in the downstream river section during a flood event determines the location of the
hydropower sites in the upstream area. The annual instantaneous flood value of each of the
DHM’s stations was analysed to estimate the flood values of specific return periods using five
different methods, namely the Gumbel, Extreme Value, Log Pearson Type III, Log Normal and
the Weibull Plotting Position. The values from the different analytical methods were averaged to
specific return period (100 and 1000 years). The flood magnitude in each of the potential
hydropower development sites in each river basin is estimated for the return periods of 100 and
1000 years, using the relation provided in equation 4-5.

04 4 (4-5)

9)
QX@I XA"Qa
p4. 6

where, Qa is the instantaneous flood discharge of the DHM’s gauged catchment, m3/s; Aa is
the area of the gauged catchment, km2; Qx is the instantaneous flood discharge at the point of
interest in the un-gauged catchment, m3/s; Ax is the catchment area at the point of interest,
km?2, and n is an exponent. The value of n is normally taken as 1 for transposing flow values of
longer duration like annual flow and monthly flow; for transposing shorter duration flow values

like instantaneous flood, the n value is taken anywhere between 0.5 to 0.75. To be on the safer
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side, for this study, the n value is taken as 0.5, which normally results in higher values of
transposed instantaneous flood. The reference DHM hydrological station was selected by
following the same procedure as for the average monthly flow transposition. The flood values
for different return periods at each of the DHM station was calculated for this purpose and is
presented in Appendix C-4. Similarly, the summary of the instantaneous flood values at each

of the potential hydropower generation site is provided in Appendix C-4.

4.2 Hydrological modelling using HEC-HMS

HEC-HMS (Hydrologic Engineering Center-Hydrologic Modeling System), a semi-distributed
model, was also used to determine hydrological parameters at an ungauged location within a
gauged river basin. This model was developed by US Army Corps of Engineers. The model is

open source, has many modules, user friendly and widely applied in many countries including

< Precipitation >

; Overland flow

Nepal.

Land

> Water body

Infiltration J

Interflow

Base flow
Groundwate g Stream channel

r aquifer

v

Watershed Discharge

Figure 4-3: Conceptualization of hydrological processe

4.2.1 Modelling Approach

HEC-HMS is a conceptual model for representing the hydrological process of a basin. The
model computes direct runoff and base flow, which is summed up to get total flow. The direct

runoff is computed using loss module and runoff transform module. The runoff is routed
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through stream reach to consider the time of travel, for which routing module is applied.
Several methods are implanted in HEC-HMS for each module. The conceptualization of

hydrological processes in HEC-HMS model is shown in Figure 4-3:.

In this study, available historical rainfall and discharge data for gauged river basin, whose
hydropower potential is to be assessed, was collected. Hydrological modelling was carried out
in two different stages. In the first stage the model was setup for calibrating the parameters. For
developing HEC-HMS model, the basin was divided into a number of sub-basins where the
discharge measurements were available. Although HEC-HMS is a semi-distributed model, the
rainfall within a sub-basin is lumped and considered to be uniform. The sub-basin rainfall was
estimated by using Thiessen polygon technique. The parameters of HEC-HMS model were

calibrated and validated using the available historical time series data of flow at gauging

stations.

Time Series Data

Control (Precipitation, Discharge,
specifications Temperature)
(Data partition)

!

Figure 4-4: HEC-HMS Modelling sequences

In the second stage, a HEC-HMS model was setup for each sub basins taking into every sub-
basins obtained from the GIS analysis to estimate discharges at each outlets. The calibrated

parameters obtained from the first stage of modelling were used.
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Modelling sequences adopted for each HEC-HMS model is described as follows and the

schematic diagram is shown in
Figure 4-4.

First of all, basin schematic is prepared, in which a basin is represented by sub-basins,
junctions, reaches, source, sink etc. The type of model for each module is also selected.
Meteorologic model is prepared, in which the type of model representing precipitation
and evaporation is specified.

Data is partitioned for simulation through control specifications.

Time series data is loaded into the model through time series data manager.

The model is calibrated (manually, automatically) and validated.

Calibrated model is applied for study.

4.2.2 Model parameters

The following sub-model parameters were used for the model setup:

Sub model Type Parameters

Loss model Deficit and constant loss ... Initial loss rate

Constant loss rate

Runoff transform model Clark model ... Time of concentration

Storage coefficient

Base flow model Monthly ... Constant, monthly

varying base flow

Routing model Lag .. Time lag

4.2.3 Model application and results

Rainfall data is prepared for 1990-2006 time period. Rainfall stations having continuous record
during this period and possibility of filling few missing values are selected in the study. Some
rainfall stations had to be discarded due to the unavailability of continuous data. The basin
average precipitation is prepared by Thiessen polygon method. Discharge stations are also
selected based on the availability of quality data. The latest available data after 1990 has been

used for model calibration.

The model was run on daily resolution, from which long term mean monthly flow was
computed. The model performance for mean monthly flow was assessed in terms of following

statistical indicators:
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NRMSE = Normalized Root mean square error = Root mean square error/standard
deviation of observed data

NSE = Nash-Sutcliffe Coefficient of Efficiency

VB = Volume bias

Model setup, calibration and validation of the river basins are presented as follows:
a) Koshi River Basin

The model schematic for Koshi basin to implement HEC-HMS model for calibration

purpose is shown inFigure 4-5.
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Figure 4-5: HEC-HMS set up for Koshi basin

The sub basins are considered based on the availability of stream gauging stations. The Koshi
basin is a trans-boundary river. A large part of the Arun sub-basin lies in Tibet (China). The
inflow from Arun at Tibet-Nepal border was taken directly from the output of another study
(Bharati et al., 2016), in which global rainfall data (APHRODITE) was used. A source node
was specified in this study for Tibetan part of Arun with of the time series of discharge shown

n
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Table 4-3. For other tributaries originating from Tibet, the cumulative area including Tibetan
part is considered. The mean areal precipitation was computed from the rainfall stations in
Nepal only. The parameters were calibrated from the observed discharge data in Nepal. The
parameters are calibrated from the observed discharge data in Nepal. Hydrological and
Metrological database used in the HEC-HMS model of the Koshi basin is presented in Table
4-1 and Table 4-2 respectively.

The upper part of the Koshi River basin has snow cover. To incorporate the effect of snow in
discharge estimation a simple degree day method was used in the model. The degree day
method relates the total daily snow melt with the temperature difference between the mean
daily temperature and base temperature required for snow melt - 0 °C (USDA, 2004). The time
series temperature data needed for the snowmelt model was supplied for the sub-basin having
snowmelt contribution. Data from the temperature stations within Koshi basin: 1103, 1206,

1220, 1222, 1303, 1304, 1307, 1314, 1405, 1419 were used in the modelling.

Table 4-1: Hydrological database used for Koshi basin HEC-HMS model setup

Basin Data Hydrological stations Hydrological
station ID
Koshi Calibration: 1990-1999 Barbise, Jalbire, Dolalghat, Busti, | 604.5, 606,
Validation: 2000-2006 Sangutar, Rabuwa, Hampachuwar, | 610, 620,
Turkeghat, Simle, Majhitar, Mulghat, | 629.1, 647,
Chatara 660, 670, 681,
684, 690, 695
Table 4-2: Meteorological database used for Koshi basin HEC-HMS model setup
Basin Rainfall stations No. of rainfall
station
Koshi 1006, 1008, 1009, 1016, 1022, 1023, 1027, 1028, 1049, 36
1058, 1063, 1101, 1102, 1103, 1104, 1108, 1115, 1203,
1204, 1206, 1211, 1219, 1224, 1301, 1303, 1307, 1308,
1309, 1314, 1317, 1324, 1325, 1403, 1404, 1406, 1420

Table 4-3: Inflow from Arun at Nepal-Tibet border (m3/s) adopted from (Bharati et al, 2016)
Jan | Feb |Mar | Apr | May | Jun | Jul Aug [Sep |Oct |Nov |Dec

507 |39.8|61.6 | 65286 |183.5(302.3|414.8|2753|151.9|86.4 | 68.8
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b) Gandaki River Basin

The model schematic for Gandaki basin up to Narayanghat to implement HEC-HMS model is shown in Figure 4-6.
Similarly the schematic diagram of the East Rapti part is shown in Figure 4-7. The sub basins are considered, based
on the availability of stream gauging stations. Part of some tributaries such as Trishuli and Budhi Gandaki basin lie
in Tibet (China). The cumulative area at the discharge gauging station in Nepal including Tibetan part is considered
in modeling. The mean rainfall is based on stations within Nepal. The parameters are calibrated from the observed
discharge data in Nepal. Hydrological and Metrological database used in the HEC-HMS model of the Gandaki
basin is presented in Table 4-4 and

Table 4-5 respectively.
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Figure 4-6: Schematic for Gandaki River basin up to Narayanghat in HEC-HMS
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Figure 4-7: Schematic for Gandaki River basin in the East Rati part in HEC-HMS

Table 4-4: Hydrological database used for the Gandaki basin HEC-HMS model setup

Basin Data Hydrological stations Hydrological
station ID
Gandaki Calibration: 1990-1999 Betrawati, Arughat, Shisaghat, | 410, 420, 438,
Validation: 2000-2006 Bimalnagar, Setibeni, Kotagau, | 439.7, 445,
Narayanghat 447, 450
Table 4-5: Meteorological database used for the Gandaki basin HEC-HMS model setup
Basi Rainfall stations No. of rainfall
asin
station
.| 601,610,613,619, 701, 722, 726, 801, 804, 806, 807, 21
Gandaki
809, 813, 815, 817, 820, 823, 824, 1002, 1004, 1005
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< Karnali River Basin

The model schematic for Koshi basin to implement in HEC-HMS model is shown in Figure
4-5. The sub basins are considered, based on the availability of stream gauging stations. Part of
Humla Karnali basin lies in Tibet (China). The cumulative area at the confluence of Mugu
Karnali including Tibetan part is considered in modeling. The mean rainfall is based on stations
within Nepal. The parameters are calibrated from the observed discharge data in Nepal.
Hydrological and Metrological database used in the HEC-HMS model of the Karnali basin is
presented in Table 4-6 and Table 4-7 respectively.
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Figure 4-8: Schematic for Karnali River basin in HEC-HMS

Table 4-6: Hydrological database used for the Karnali basin HEC-HMS model setup

Basin Data Hydrological stations Hydrological
station ID
Karnali Calibration: 1990-1999 Lalighat, Nagma, Asaraghat, Benighat, | 215, 220, 240,
Validation: 2000-2006 Gopaghat, Banga, Khanaytal, Jamu, | 250, 259.2,
Chisapani 260, 262, 270,
280
Table 4-7: Meteorological database used for the Karnali basin HEC-HMS model setup
Basi Rainfall stations No. of rainfall
asin
station
. 202, 204, 205, 206, 214, 302, 303, 306, 308, 311, 312, 18
Karnali
403, 404, 405, 406, 410, 418, 504
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d) Kankai River Basin

The model schematic for Kankai basin to be used in HEC-HMS modelling is shown in Figure
4-9. The parameters are calibrated from the observed discharge data Mainachuli. Hydrological
and Metrological database used in the HEC-HMS model of the Kankai basin is presented in
Table 4-8 and Table 4-9 respectively.

Feach-3

I=g=IMainachuli

Figure 4-9: Schematic for Kankai River basin in HEC-HMS

Table 4-8: Hydrological database used for the Kankai basin HEC-HMS model setup

Basin Data Hydrological stations Hydrological
station ID
. | Calibration: 1990-1999 Mainachuli 795
Kankai
Validation: 2000-2006
Table 4-9: Meteorological database used for the Kankai basin HEC-HMS model setup
Basi Rainfall stations No. of rainfall
asin
station

Kankai 1407, 1410, 1421 3
e) Kamala River Basin

The model schematic for Kankai basin to be used in HEC-HMS modelling is shown in Figure
4-10. The parameters are calibrated from the observed discharge data at Chisapani.
Hydrological and Metrological database used in the HEC-HMS model of the Kamala basin is
presented in Table 4-10 and Table 4-11 respectively.
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Figure 4-10: Schematic for Kamala River basin in HEC-HMS

Table 4-10: Hydrological database used for the Kamala basin HEC-HMS model setup

Basin Data Hydrological stations Hydrological
station ID

Calibration: 2000-2001 Chisapani 598
Kamala

Validation: 2002

Table 4-11: Meteorological database used for the Kamala basin HEC-HMS model setup
. Rainfall stations No. of rainfall
Basin
station
1107, 1108, 1112, 1213, 1216 5

Kamala

/) Bagmati River Basin

The model schematic for Bagmati basin to be used in HEC-HMS modelling is shown in Figure
4-11. The parameters are calibrated from the observed discharge data at Pandheradovan.
Hydrological and Metrological database used in the HEC-HMS model of the Bagmati basin is
presented in Table 4-12 and Table 4-13 respectively.
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Figure 4-11: Schematic for Bagmati River basin in HEC-HMS

Table 4-12: Hydrological database used for the Bagmati basin HEC-HMS model setup

Basin Data Hydrological stations Hydrological
station ID

Bagmati Calibration: 1990-1999 Khokhana, Pandheradovan 550.5, 589

Validation: 2000-2006
Table 4-13: Meteorological database used for the Bagmati basin HEC-HMS model setup
Basin Rainfall stations No. of rainfall
station
Bagmati 905, 912,915, 1030, 1043, 1060, 1117 7
2) Tinau River Basin

The model schematic for Tinau basin to be used in HEC-HMS modelling is shown in Figure
4-12. Only one sub-basin up to Butwal was considered in the model. Hydrological and
Metrological database used in the HEC-HMS model of the Tinau basin is presented in Table
4-14 and Table 4-15 respectively.
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Figure 4-12: Schematic for Tinau River basin in HEC-HMS

Table 4-14: Hydrological database used for the Tinau basin HEC-HMS model setup

Basin Data Hydrological stations Hydrological
station ID

Ti Calibration: 1990-1999 Butwal 390

inau

Validation: 2000-2006
Table 4-15: Meteorological database used for the Tinau basin HEC-HMS model setup
Basi Rainfall stations No. of rainfall
asin
station
Tinau 702, 703 2

h) West Rapti River Basin

The model schematic for Bagmati basin to be used in HEC-HMS modelling is shown in Figure
4-13. The parameters are calibrated from the observed discharge data at Jalkundi. Hydrological
and Metrological database used in the HEC-HMS model of the West Rapti basin is presented in
Table 4-16 and Table 4-17 respectively.
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Figure 4-13: Schematic for West Rapti River basin in HEC-HMS
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Table 4-16: Hydrological database used for the West Rapti basin HEC-HMS model setup

Basin Data Hydrological stations Hydrological
station ID
West Calibration: 1990-1999 | Nayagaon, Jalkundi 330, 360
Raoti Validation: 2000-2006
apti
Table 4-17: Meteorological database used for the West Rapti basin HEC-HMS model setup
Basin Rainfall stations No. of rainfall
station
West 504, 505, 510, 715, 407 5
Rapti
i) Babai River Basin

The model schematic for Bagmati basin to be used in HEC-HMS modelling is shown in Figure
4-14. The model parameters are calibrated from the observed discharge data at Chepang.
Hydrological and Metrological database used in the HEC-HMS model of the Babai basin is
presented in Table 4-18 and Table 4-19 respectively.
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Figure 4-14: Schematic for Babai River basin in HEC-HMS

Table 4-18: Hydrological database used for the Babai basin HEC-HMS model setup

Basin Data Hydrological stations Hydrological
station ID
Babai Calibration: 1990-1999 Dharadhunga, Chepang 286, 289.5
Validation: 2000-2006
Table 4-19: Meteorological database used for the West Rapti basin HEC-HMS model setup
. Rainfall stations No. of rainfall
Basin
station
Babai 508,511, 512,413 4
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4.2.4 Calibration and validation

The period from 1990 to 1999 was considered as calibration period for all river basins except for
Kamala basin. Whereas the period between 2000 and 2006 is considered as the validation
period. A continuous gauged flow of Kamala is available at Chisapani only between 2000 and
2002. So, in the case of Kamala River the period between 2000 and 2001 is considered as
calibration whereas the the year 2002 is considered for the validation. The performance of the
model calibration and validation was assessed by comparing the observed and simulated
hydrographs, and computing some statistical performance indicators. The indicators considered
are: Normalized Root mean square error (NRMSE), Nash-Sutcliffe Coefficient of Efficiency
(NSE) and Volume Bias (VB).

The performance of HEC-HMS model for calibration and validation for mean monthly flow of
all river basins is provided in Table 4-20. The calibration result shows that the NSE is above 0.8
for all stations, which is an indication of good performance. Similarly, the NSE in validation
results are also above 0.8 in most of the cases. The comparison between the observed and the
simulated mean monthly hydrographs for different stations considered in a respective river
basins are presented in Appendix C-2.

The discrepancy between the observed and predicted flow occurs due to several factors. The
main factors are:

Uncertainty in data: The model was calibrated and validated sub-basin wise with limited
number of rainfall stations. Many rainfall stations were discarded due to the long gaps in the
data. The available rainfall data is not sufficient to represent spatial and temporal variability,
which has the effect of over and underestimation. The discharge data (taken as observed)
which was used for calibration and validation is estimated from water level data using rating
curve, which also has uncertainties.

Uncertainty in parameters: There 1is uncertainty in parameters as they are
estimated/calibrated using observed data.

Uncertainty in model: The hydrological model is a conceptual representation of the process.
As HEC-HMS is a lumped model sub-basin wise, there is uncertainty in model representing
the hydrological processes within basin.

Table 4-20: Model performance for HEC-HMS in different river basin

Calibration Validation
Basin Sub-basin
NRMSE NSE | VB NRMSE NSE | VB

Balefi at Jalbire 0.4 0.86 | -0.1 0.2 094 | -0.1
Dudhkoshi o3 091 | -0.09 |04 0.84 | -0.27
Rabuwabazar
Sunkoshi 103 091 [0.13 |01 0.98 | 0.06

= Hampachuwar

Q Arun at Turkeghat 0.2 0.95 | 0.004 0.3 0.9 -0.13
Arun at Simle 0.3 091 | 0.13 0.5 0.73 | 0.2
Tamor at Majhitar 0.1 0.99 | 0.01 0.4 08 |02
Tamor at Mulghat 0.1 0.98 | -0.01 0.2 094 | -0.12
Saptakoshi at Chatara 0.3 0.9 0.18 0.3 0.92 | 0.21
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Calibration Validation
Basin Sub-basin
NRMSE NSE | VB NRMSE NSE | VB
Trishuli at Betrawati 0.1 0.98 | -0.02 0.3 0.88 | -0.15
BudhiGandaki at Arughat | 0.3 09 |-0.07 0.2 0.95 | 0.08
Z Marsyangdi at Bimalnagar | 0.2 0.97 | 0.14 0.1 0.98 | 0.07
g Madi at Shisaghat 02 0.95 | -0.07 0.4 0.8 |-0.22
© Kali Gandaki at Kotagau | 0.3 091 | 0.19 0.5 0.75 | 0.3
Narayani at Narayanghat | 0.2 0.97 | 0.05 0.2 0.95 | 0.06
Rapti at Rajaiya 0.1 0.98 | -0.03 0.3 0.93 | -0.09
Tila at Nagma 0.4 0.84 | -0.13 0.5 0.75 | -0.18
Karnali at Lalighat 0.2 0.93 | 0.03 0.2 0.95 | 0.07
. Karnali at Asaraghat 0.1 0.98 | -0.004 [ 03 091 | 0.02
TE“ Karnali at Benighat 0.2 0.95 | 0.05 0.3 0.91 | 0.06
Vi Seti at Gopaghat 0.4 0.79 | -0.08 0.4 0.83 | -0.14
Seti at Banga 0.4 0.83 | -0.1 0.3 0.89 | -0.06
Bheri at Jamu 0.3 091 | 0.09 0.3 0.91 | 0.005
Karnali at Chisapani 0.3 0.92 | -0.05 0.3 0.9 -0.08
Kankai Kankai at Mainachuli 0.3 093 | 0.13 0.2 0.96 | -0.08
Kamala | Kamala at Chisapani 0.3 0.92 | 0.04 0.2 0.94 | -0.01
West West Rapti at Jalkundi 0.2 0.95 | -0.01 0.3 0.92 | 0.08
Rapti | Mari Khola at Nayagaon 0.4 09 |-0.02 0.5 0.88 | 0.2
Sharada at Dharadhunga 0.3 0.99 | -0.1 0.5 098 | -0.2
Babai | Babai at Chepang 0.3 091 | 0.12 0.4 0.83 | 0.17

4.2.5 Flow computation

HEC-HMS was calibrated and validated with the stream gauging station, which is taken as the
outlet of a sub-basin. The sub-basin is a combination of a number of smaller watersheds, whose
flow at outlet is required to assess the hydropower potential. The HEC-HMS model was set up
for each watershed within the sub-basin. The calibrated parameters of sub-basin scale were
transferred to each watershed and the flow was computed at the outlet of each watershed from
the HEC-HMS. For the ungaued part in the Terai, the model parameters of the most downstream
calibrated sub basin was used. The number of outlets nodes where the discharge were estimated

using HEC-HMS model is shown in Table 4-21.

Table 4-21: Number of discharge estimation outlets in each river basins

River West
Basin | Koshi | Gandaki | Karnali | Kankai | Kamala | Bagmati | Rapti Babai
Nodes | 1315 2181 2350 157 218 165 252 192
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5. Geology and Geomorphology

5.1 General

Geological studies in hydropower development are important. Sustainability of the hydropower
projects depend on geology of the project area. Hence, alignment and location of hydropower
project components rely on geology of the project area. Hydropower potential computed in this
study does not take into account geology of the project sites. However, this chapter is presented
to give an overview of the general geological settings of Nepal and its river basins. Geological
aspects will only be taken into account while computing the techno-economical hydropower
potential of Nepal.

5.2 Geology of Nepal Himalaya

The Nepal Himalaya is situated in the central part of the Himalayan arc and has covered about
one third part (about 800 km in length). The Nepal Himalaya is located between the Kumaon
Himalaya, in the west, and the Sikkim-Bhutan Himalaya, in the east. The Nepal Himalaya is
subdivided into the following five major tectonic zones from south to north (Upreti and Le Fort,

1999) which is also shown in Figure 5-1.
Indo-Gangetic Plain (Terai)
----  Himalayan Frontal Thrust (HFT) ----
Sub-Himalaya (Siwalik or Churia Group)
----  Main Boundary Thrust (MBT) ----

Lesser Himalaya

----  Main Central Thrust (MCT) ----
Higher Himalaya

----  South Tibetan Detachment System (STDS) --—
Tibetan-Tethys Himalaya

5.2.1 Indo-Gangetic Plain (Terai)

This zone represents the northern edge of the Indo-Gangetic Plain and forms the southernmost
tectonic division of the Nepal Himalaya. It represents Pleistocene to Recent in age and has an

average thickness of about 1,500 m. This zone is basically composed of materials varying
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between clay to boulder. The uppermost part of the Indo-Gangetic Plain, the Bhabhar zone, is
composed of materials varying between boulder and pebble. The Middle part, Marshy zone, is

composed of sand whereas clay is dominant in the southern Terai.
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Figure 5-1: Geological Map of Nepal Himalaya

5.2.2 Sub-Himalaya (Siwaliks or Churia Group)

The Sub-Himalaya (Siwaliks or Churia Group) is located in the southern part of the country,
between Indo-Gangetic plain and Lesser Himalaya, and is represented by low hills of the Churia
Range. The Siwalik Group of Nepal is composed of 5-6 km thick fluvial sediments of the middle
Miocene to early Pleistocene age. The sediments are generally layers of mudstone, sandstone
and conglomerate. Based on lithology and increasing grain size, the Siwalik Group is divided
into Lower, Middle and Upper Siwaliks, from south to north. The Lower Siwalik is comprised
of mudstone and sandstone, whereas the Middle Siwalik is represented by thick-bedded, coarse-
grained, "pepper and salt" appearance sandstone. The Upper Siwalik is identified by the

presence of conglomerate with lenses of mud and sand.

5.2.3 Lesser Himalaya

The Lesser Himalaya lies in between the Sub-Himalaya (Siwalik Group), in the south, and
Higher Himalaya, in the north. Both the southern and northern limits of this zone are represented

by thrusts. The Main Boundary Thrust (MBT) is the southern boundary and the Main Central
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Thrust (MCT) is the northern boundary. Tectonically, the entire Lesser Himalaya consists of
allochthonous and para-autochthonous rocks. Rock sequences have developed nappes, klippes
and tectonic windows, which have complicated geological features. The Lesser Himalaya is
mostly made up of un-fossiliferous sedimentary and metasedimentary rocks, consisting of
quartzite, phyllite, slate and limestone, ranging in age from Pre-Cambrian to Miocene. Some

area of Lesser Himalayan terrain are covered by high-grade metamorphic rocks.

5.2.4 Higher Himalaya

Higher Himalaya is well defined geologically as well as morphologically and consists of a huge
pile of highly metamorphosed rocks. It is situated between the Lesser Himalaya, in the south and
the Tibetan-Tethys Himalaya, in the north. MCT and STDS serve as the southern and northern
boundary of the region respectively. This zone is made up of oldest rocks of the Pre-Cambrian
metamorphic and the granitic gneiss. The north-south width of the unit varies from place to
place. This zone consists of almost 10 km thick succession of the crystalline rocks also known as
the Tibetan Slab (Le Fort, 1975). This sequence can be divided into four main units by Bordet
[1969]. From bottom to top these units are: Kyanite-sillimanite gneiss (Formation I), Pyroxene,

marble and banded gneiss (Formation II) and Augen gneiss (Formation III).

5.2.5 Tibetan-Tethys Himalaya

Rocks of the Tibetan-Tethys Himalaya zone are made up of thick pile of rich fossiliferous
sediments. Their age ranges from early Paleozoic to middle Cretaceous era. This zone is about
40 km wide and composed of sedimentary rocks such as shale, limestone and sandstone. In
Nepal, these fossiliferous rocks of the Tibetan-Tethys Himalaya are well developed in the Thak
Khola (Mustang), Manang, Dolpa and Saipal area of Nepal.

5.3 Regional Geology

Nepal Himalaya has been divided into five zone based on the river boundary, from east to west

direction.

5.3.1 Eastern Nepal Himalaya

The Eastern Nepal lies between the Mechi River, in the east, and the Koshi River, in the west.
Rocks of the Siwalik Group, Lesser Himalaya and Higher Himalaya are exposed in the Eastern
Nepal. DMG [1987] has prepared geological map of the Eastern Nepal. According to the map,
the Siwalik Group has been subdivided into the Lower Middle and Upper Siwalik. The Lesser
Himalaya has been subdivided into the Midland Group and Kathmandu Group. Similarly, the
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Higher Himalaya has been subdivided into the Formation I, Formation II and Formation III.

Rocks of the Tibetan-Tethys Himalaya are not exposed in Eastern Nepal.
Mechi Basin, Kankai Basin, eastern part of the Koshi Basin lies in the Eastern Nepal Himalaya.

5.3.2 Central Nepal Himalaya

The Central Nepal lies between the Koshi River, in the east, and the Gandaki River, in the west.
Rocks of the Siwalik Group, Lesser Himalaya, Higher Himalaya, Tibetan-, Tethys Himalaya are
exposed in the region. Rocks of the Lower, Middle and Upper Siwaliks are exposed in southern
part. Rocks of the Midland Group, Kathmadhu Group are observed in the Lesser Himalaya.
Similarly, the rocks of the Higher Himalaya are observed in the northern part of the Central
Nepal.

The Bagmati basin, western part of the Koshi basin, the Kamala basin, the Bakiya-Nadi basin
and eastern part of the Gandaki basin fall in the Central Nepal Himalaya.

5.3.3 Western Nepal Himalaya

The Western Nepal lies between the Gandaki River, in the east, and the Bheri River, in the west.
It is composed of same types of the rock sequences as the Eastern Nepal. The rocks of the
Siwalik Group, the Lower, Middle and Upper Siwaliks, are exposed in the southern part of the
zone. Similarly, the rocks of the Midland Group and Surkhet Group are also exposed in the
western Nepal. The rocks of the Higher Himalaya and Tibetan-Tethys Himalaya are exposed in

northern part of the zone.
Western part of the Gandaki basin, the Tinau Khola basin lie in the Western Nepal Himalaya.

5.3.4 Mid-Western Nepal Himalaya

The Mid-western Nepal lies between the Bheri River, in the east, and the Karnali River, in the
west. The region is composed of Higher Himalaya, Lesser Himalaya and Siwaliks. The Higher
Himalayan rocks are composed of high-grade metamorphic rock of gneiss, schist, banded gneiss
and augen gneiss whereas the Lesser Himalaya has been composed low-grade metamorphic
rocks and sedimentary rocks such as the quartzite, slate, phyllite and sandstone, limestone. The
Siwalik Group is comprised of thick to thin beds of the sandstone and mudstone as well as

conglomerate.

Eastern part of the Karnali River basin, the Babai Khola basin and the Rapti River basin lies in

the Mid-western Nepal Himalaya.
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5.3.5 Far-Western Nepal Himalaya

The Far-western Nepal lies between the Karnali River, in the east and the Mahakali River in the
west. Geologically, the Tibetan-Tethys Himalaya, Higher Himalaya, Lesser Himalaya and

Siwaliks are all included in the Far-western Nepal.

The Tibetan-Tethys Himalaya is composed of sedimentary rocks of shallow marine deposits
such as the shale, sandstone, limestone. The Higher Himalaya is characterized by thick bedded
gneiss and schist of the high-grade metamorphic rocks. Lesser Himalaya has represented by
presence of low-grade metamorphic and sedimentary rocks of sandstone, shale, limestone,
dolomite, quartzite, phyllite. The Siwalik has fragile geology and composed of sandstone and

mudstone in varying ratio.

The Mahakali River basin, western part of the Karnali River basin lie in the Far-western Nepal.

54 Active faults and thrusts in the Nepal Himalaya

According to tectonic division of the Nepal Himalaya has been separated by several thrusts
extending in the east-west direction. The Main Frontal Thrust (MFT) separates the Siwalik
Group from the Ganetic Plain. The former lying in north and latter lying in south. The MFT is
located southernmost part of the Himalaya. The Main Dun Thrust (Central Churia Thrust) lies in
the Siwalik zone. It separates the northern and southern Siwalik belt. The Main Boundary Thrust
(MBT) is other important thrust in Himalaya. The thrust is initiated in Himalaya 11 million
years ago. This thrust separates the Lesser Himalayan rocks, in the north, from the Siwalik
rocks, in the south. The Main Central Thrust (MCT) lies between the Lesser Himalayan rocks
and the Higher Himalayan rocks. The thrust was developed 25 million year ago in the Himalaya.
The South Tibetan Detachment System (STDS) is seen in between the Higher Himalaya in the
south and Tethys Himalaya in north (Figure 5-2 and Table 5-1).

Besides the above mentioned thrust, many thrust are observed within the Lesser Himalaya. The
Barigad Thrust in western Nepal Himalaya, Mahabharta Thrust (MT) in Central Nepal, Simikot
Thrust, Budhiganga Thrust in Mid-western Nepal Himalaya. Many active faults are seen in the

Lesser Himalaya, Siwaliks and Tibetan-Tethys Himalaya.

Some of the thrust extends upto the Siwalik zone because of nappe and klippe formation in the
Himalaya in geological past. For example, the Arun Window, Taplejung Window in eastern
Nepal, Kathmandu Nappe, Okhaldhunga Window in Central Nepal, Palpa Klippe in the Testern
Nepal, Bhajang Window in Far-western Nepal.
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These active thrusts/faults cross different river basins of Nepal and have created the problem in
the Hydropower development in Nepal because of the activation of the thrust. The MBT and
MDT and MFT are still active in Nepal Himalaya.
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Figure 5-2: Active faults of Nepal Himalaya

Table 5-1: Frequency of different types of fault-plane solutions observed in four delineated seismogenic regions
in the Nepal Himalaya and its vicinity.

Frequency of different types of fault-plane solutions
Nunber of S
Seismogenic trike-
) fault-plane Strike-  [Strike- lint
Regions solutions | Thrusts | . Normal® [SlIp
slip+Thrusts |slips Normal

Western 24 18 4 - ) -
Nepal(Region A)
Central 14 11 1 1 (D )
Nepal(Region B)
Eastern 22 2 14 1 1(3) 1
Nepal(Region C)
South Central| 54 - 1 2 17 3
Tibet(Region D)
Total solutions 83 31 20 4 24 4

? Please note that the numbers shown within parentheses under normal column (6th column) are the earthquakes actually located
in the Tibetan part, north of the Himalayan thrust belt though they are falling in the delineated regions A, B, and C. This
statistics are established considering 83 fault-plane solutions
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5.5 Geology of the river basins

The study covers entire Nepal Himalaya and is divided into twelve river basins: the Koshi basin,
the Gandaki basin, the Karnali basin, the Mahakali basin, the Mechi basin, the Kankai-Nadi
basin, the Kamala-Nadi basin, the Babai basin, the Rapti basin, the Bagmati basin and the
Bakiya-Nadi Basin (Figure 1-1).

5.5.1 Major River Basins
5.5.1.1 Koshi River Basin

Koshi River Basin extends within the Central and Eastern Nepal Himalaya. The Koshi River
Basin is covered by Higher Himalayan rocks in northern part whereas the middle part is covered

by Lesser Himalaya rocks and southern part is covered by Siwalik rocks.

The Main Central Thrust (MCT) and Main Boundary Thrust (MBT) are the main tectonic
feature of the Koshi River basin. MCT and MBT are exposed in southern part of the basin. Some
active faults and unnamed thrusts are also observed in the basin. Most of the basin area is

covered by high-grade metamorphic rocks.

5.5.1.2 Gandaki River Basin

This basin lies within the Western and Central Nepal Himalaya. The basin geologically belongs
to the Tibetan-Tethys Himalaya (sedimentary rocks), Higher Himalaya (metamorphic rocks),
Lesser Himalaya (metasedimentary rocks and sedimentary rocks) and Siwaliks. Northern part of
the basin is covered by the Tethys Himalayan rocks, middle part of the basin is covered by
Higher Himalayan and Lesser Himalayan rocks whereas the southern part of the basin is covered

by sedimentary rocks of the Siwaliks.

The Gandaki basin also passes through the South Tibetan Detachment System (STDS) in
northern part of the basin. MCT and MBT passes in the southern part of the Basin. Other
unnamed thrusts and fault can be seen within the Lesser Himalaya zone of the basin. These
faults and thrusts are active as well as passive in movement. Ramdi Fault, Barigad Fault and
Karewa Fault are the example of the active fault in the Gandaki Basin. The Main Boundary
Thrust (MBT) is also considered as active in Gandaki Basin. Active fault of Budhiganga also

passes in the Mid-western Nepal.
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5.5.1.3 Karnali River Basin

The Karnali basin is located in the Mid-western Nepal and the Far western Nepal. Geologically
the basin belongs to the Tethys Himalaya, Higher Himalaya, Lesser Himalaya and Siwaliks.
Northern part of the Karnali River Basin is covered by the Tibetan-Tethys Himalaya. The Tethys
Himalaya is composed of sedimentary rocks of limestone, sandstone and shale. The Higher
Himalaya is composed of thick gneiss and schist (Formation I, Formation II and Formation III).
Northern part of the basin is also covered by the rocks of the Higher Himalaya. Middle part of
the basin is composed of the Lesser Himalayan rocks (quartzite, dolomite, slate). The southern

part of the basin is covered by sedimentary rocks of the Siwalik Group.

Within the basin, the MCT, MBT, MFT and MDT can be observed. The Karnali River passes
through the recognized thrust and some active fault and unnamed thrust. MCT is seen in the
northern part of the basin whereas the MBT and MFT are seen in the southern part of the basin.
The Bajhang Window has also developed in the Karnali Basin.

5.5.2 Boarder River Basin
5.5.2.1 Mechi River Basin

The Mechi Khola Basin limits between the Lesser Himalaya in north and Gangetic Plain in
south and located in the eastern Nepal Himalaya. The Lesser Himalaya is composed of low to
high-grade metamorphic rocks (gneiss and schist as well as slate, quartzite). The Siwalik is
distributed in the middle part and southern part of the basin which is covered by thick loose

sediments of the Gangetic Plain.

5.5.2.2 Mahakali River Basin

The Mahakali River Basin is located in the Far western Nepal Himalaya. The basin is composed
of the Higher Himalaya, Lesser Himalaya and Siwalik rocks. The Higher Himalayan rocks are
seen in northern part of the basin and composed of high grade metamorphic rocks of gneiss and
schist. The Lesser Himalayan rocks, comprised of metasedimentary to sedimentary rocks like
sandstone, quartzite, and slate, are distributed in the middle part of the basin. The southern part

of the basin is covered by thick sedimentary rocks of the Siwalik.

This basin also include the MCT, MBT and MFT and some active faults and thrust within the

Lesser Himalaya.
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5.5.3 Rivers originating from the middle mountains
5.5.3.1 Kankai River Basin

The Kankai River Basin lies in the Eastern Nepal Himalaya and starts from the Lesser Himalaya
and extends upto Gangetic Plain. The rocks of the Lesser Himalaya are composed of gneiss and
schist as well as quartzite. The Siwalik rocks, composed of mudstone and sandstone, are
observed in the central part of the basin. The southern part of the basin is covered by thick and

loose sediments of the Gangetic Plain.

The Main Boundary Thrust (MBT), Main Central Thrust (MCT) and Main Frontal Thrust
(MFT) are observed in the basin. Due to the extension of the window the MCT has seen in the

norther part of basin.

5.5.3.2 Kamala River Basin

Kamala basin is located in the Central Nepal Himalaya. The basin starts from the Siwalik range
in north and extends upto the Gangetic Plain. The Siwalik range is composed of sedimentary
rocks like conglomerate, mudstone and sandstone with fragile geology. The Gangetic Plain

covers the southern part of the basin.

Main Boundary Thrust (MBT) and Main Frontal Thrust are main feature of the basin. The main
Dun Thrust (MDT) or Central Churia Thrust (CCT) are another active thrust of the basin.

5.5.3.3 Bagmati River Basin

Bagmati River originates from the Lesser Himalaya and the basin lies in the Central Nepal
Himalaya. The basin is composed of metasedimentary to metarophic rock of the Lesser
Himalaya and extends upto the Gangetic Plain passing through the Siwalik Group. The basin
passes the Main Boutdary Thrust (MBT), Mahabharta Thrust (MT), Central Churia Thrust
(CCT) and Main Frontal Thrust (MFT).

Mahabharta Thrust is considered as the part of the Main Central Thrust (MCT). The Main Dun
Thrust (MDT), developed within the Siwalik, represents an active thrust of the basin. These

above mentioned thrusts extend nearly east-west in direction.

5.5.3.4 Bakaiya-Nadi River Basin

The Bakiyanadi Basin is located in the Central Nepal Himalaya. The basin originated from the
Lesser Himalaya and extend upto the Gangetic Plain passing through the Siwalik rocks. The

Lesser Himalaya is seen in northern part of the basin just north of the Main Boundary Thrust
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(MBT). The middle part of the basin is covered by Siwalik rocks whereas the southern part of

the basin is covered by loose sediments of the Gangetic plain.

Main Boundary Thrust (MBT) and Main Frontal Thrust (MFT) are seen in the Bakiyanadi.
Within the Siwaliks, the Main Dun Thrust (Centarl Churia Thrist) is also observed. The basin
has step to gentle sloped area. Some active thrust like Mahabharat Thrust also passes through the

basin.

5.5.3.5 Tinau-Khola River Basin

Headwaters of the Tinau Khola Basin lie on the Lesser Himalaya and the basin extends upto the
Gangetic Palin by passing through the Siwalik range. The northern part of the basin is covered

by metamorphic to sedimentary rocks of the

The basin has crossed the Main Boundary Thrust, the Main Frontal Thrust and the Main Dun
Thrust or Central Churia Thrust (CCT). These thrust are active and extend nearly east-west

direction. The basin has also crossed an active Klippe Thrust.

5.5.3.6 Rapti River Basin

The Rapti Basin is located in the Mid western Nepal Himalaya and extends between the Lesser
Himalaya in north and Gangetic Plain in south. The Lesser Himalaya in northern part is covered
by sedimentary and low-grade metamorphic rocks whereas the Siwalik rocks are covered in
middle part of the basin and composed of sandstone and mudstone. The southern part of the

basin is covered by loose sediments of the Gangetic Plain.

The MBT and the MFT passes through the Rapti River basin. The MBT lies in the northern part
of the basin whereas the southern part is intersected by the MFT. Some thrusts of Dun valley
(Silinig Khola Thrust, Sit Khola Thrust) are developed within the Siwaliks between the MBT
and MFT.

5.5.3.7 Babai River Basin

The Babai Khola Basin is located in the Midwestern Nepal Himalaya and extends between the
Siwalik ranges in north and Gangetic Plain in the south. The Siwalik range is composed of the
mudstone, sandstone and conglomerate of the Siwalik and and passes thouth the Dun valley
sediments within the Siwalik range whereas the southern part of the basin is covered by thick

loose sediments of the Gangetic Plain.
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Main Boundary Thrust (MBT) and the Main Frontal Thrust (MFT) are seen in the basin. Some

active thrusts are developed within the basin.

5.6 Seismicity

According to Bajracharya [1994] Nepal Himalaya has been seismically divided into five seismic
zones (Zonel, Zone 2, Zone 3, Zone 4, Zone 5) and three seismic hazard zones (Low, Moderate

and High).

The Koshi Basin and the Gandaki Basin are covered by high to moderate seismic hazard
whereas the Karnali basin has low to moderate seismic hazard. Some part of the Karnili Basin is
also covered by high seismic hazard. Mahakali Basin has covered by moderate to high
seismicity. Mechi Basin is covered by moderate hazard. Kamalnadi Basin has covered by high
seismic hazard. Similary the Bagamti Basin has moderate hazard, Tinau Khola, Babai Khola has

also moderate seismic hazard (Figure 5-3)
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Figure 5-3: Simplified seismic risk map of Nepal (Bajracharya, 1994)

5.6.1 Historical Seismic Activity

The Nepal Himalaya has experienced several large earthquakes over the past centuries. The
earthquakes of larger magnitudes that have occurred in Nepal Himalaya are summarized below

in Table 5-2.

Table 5-2: Larger magnitude of earthquake occurred in Nepal Himalaya

S. N. | Location of Earthquake Year Magnitudes
1 Udayapur, Eastern Nepal 1988 6.6
2 Chainpur, Eastern Nepal 1934 8.3
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S. N. | Location of Earthquake Year Magnitudes
3 Dolakha, Central Nepal 1934 8.0
4 Sindhupalchowk, Central Nepal 1833 8.0
5 Kaski, Central Nepal 1954 6.4
6 Myagdi, Central Nepal 1936 7.0
7 Bajhang, Far Central Nepal 1980 6.5
8 Dharchula, Far Central Nepal 1966 6.1
9 Dharchula, Far Central Nepal 1966 6.3
10 Dharchula, Far Central Nepal 1916 7.3
11 Gorkha, Central Nepal 2015 7.9
12 Dolkha, Central Nepal 2015 6.9

5.6.2 Earthquake Catalogue

The National Building Code Development Project (BCDP, 1994) has developed an earthquake
catalogue using earthquake data catalogues of the US Geological Survey, The National
Earthquake Information Center (NEIC), National Oceanic and Atmospheric Administration and
National Geological Data Center (NGDC). The complete earthquake catalogue for the
magnitudes M 4.5 and greater is given in Table 5-3.

Table 5-3: Instrumentally recorded earthquake
S. N. | Magnitudes Catalogue Year

1 M 6.0 and greater than M 6.0 | Catalogue complete for the period 1911 to 1992

M 5.5 and greater than M 5.5 | Catalogue complete for the period 1925 to 1992

2

3 M 5.9 and greater than M 5.9 | Catalogue complete for the period early 1960 to 1992

4 M 4.5 and greater than M 4.5 | Catalogue complete for the period late 1970 to 1980s
57 GLOF

The rise in atmospheric temperature has resulted in melting of the glaciers and creation of
meltwater lakes retained by the glacial moraine deposit dams. Such lakes are referred as the
glacial lakes. Some of the glacial lakes have bursted (by outflanking or failure of the moraine
dams) in the past causing a huge surge of water in the streams which they feed downstream. The

event is referred as the Glacial Lake Outburst Floods (GLOFs). Hydropower plants located in
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the glacial fed rivers contain risks of damages from the GLOF events. So, it is important to

assess the risks during the planning of the infrastructures. Mool et al., (2011) report 24 GLOF

events in recent past in Nepal.

According to Glacier inventory published by ICIMOD in 2010, there are about 3,880 glaciers in

Nepal located in the Koshi, Gandaki, Karnali and Mahakali basins, covering total area of 4,212

km2 (Table 5-4). The inventory data in GIS format was used for analysis in this study.

Table 5-4: Distribution of glaciers in catchments of Nepal (Source: Mool et al., 2011)

2001 glacier inventory

2010 glacier inventory

No.of Total Mean No.of Total Highest Lowest
Basin glaciers area area glaciers area elevation elevation
[sg.km [sg.km
[-] ] [sg.km] | [-] ] [ma.s.l] [ma.s.l]
Koshi 779 1410 1.81 843 1180 8437 3962
Gandaki 1025 2030 1.98 1337 1800 8093 3273
Karnali 1361 1741 1.27 1461 1120 7515 3631
Mahakali 87 143 1.65 167 112 6850 3695
Total 3252 5324 6.71 3808 4212
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6. Economic Analysis

This section of the report analyses the methodology to be followed in estimating the economic
viability of potential hydropower in Nepal. The technical potential of hydropower describes the
energy capacity that is actually useable when technical, infrastructural, ecological and other
conditions are taken into consideration. In this study, the technical hydropower potential is
calculated for each grid point representing a river. Thus, each assessed river point forms the
virtual intake and a powerhouse location. This assumption therefore creates a series of virtual
hydropower projects along the considered rivers to ensure compatibility. The technical
hydropower potential for every possible virtual project combination has been calculated
elevation difference may be utilized resulting in a higher hydroelectric production capacity, but
also increasing investment costs. Cost benefit technique is employed to establish both financial
and economic viability of hydropower projects. This method may be fairly easy and straight
forward in establishing financial and economic feasibility of hydropower projects as done in

projects basis.

6.1 Estimation of Quantities

The cost estimation of RoR hydropower projects at the scale of this study is very challenging.
The costs vary with the size and types of Hydropower Projects. In addition, the project features
depend upon requirement of the site so cost of different components vary from projects to
projects (Figure 6-1). It is important that the cost variations due to site conditions are well
captured, which allows more realistic economical evaluation of the project. A standardization
method (Andaroodi, 2006; Khatri et al., 2014; Singal et al., 2010) was used to estimate the cost
in this study. In this method, the volume of the construction material is derived as the function of
the design parameters for each project component. The cost are estimated for the Weir,
desander, waterway (pipe/ tunnel), Penstock, Powerhouse and Electro-mechanical components.
Other costs such as environmental costs and project developments costs, vary according to the
projects so they are not included in the current analysis. Whereas, the financial costs are taken

into account in during the analysis.

The cost estimation for the reservoir projects is discussed in the Chapter 10.
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6.1.1

Weir

The weir is assumed as a gravity over flow weir with ogee shape spillway crest. Since, the valley

cross-section cannot be accurately estimated, a 5 m high weir with cross-section fulfilling the

stability criteria at specific discharge of 10 m3/s/m was assumed in the analysis. Under, this

assumption the length of weir is allowed to vary as per the requirement to spill the design flood

safely.

Hence higher floods result in longer weirs. Only civil costs are estimated based on the

items volume of concrete, weight of reinforcement. The relationship for the concrete volume and

weight of reinforcement in Equations 6-1 and 6-2 were used for the estimation.

V. @13.122,0, .4,10%° (6-1)

W, @0.397, 0, .10™ (6-2)

Where, Vc is volume of concrete in m3; Wr is weight of reinforcement in metric ton; Qf is

design flood discharge in m3/s.

100%
90%
M Other installation costs
80%
0% M Planning
60% M Civil works
50% M Infrastructure & logistic
40%
M Electrical connection /
Construction
30%
M Equipment
20%
10%
0%
225 24 126 05 068 03 22 01 1 18 05 7 013 13 9 6.6 18
MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW
Figure 6-1: Cost breakdown for small hydropower in developing countries (Source: IRENA, 2012)
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6.1.2 Settling basin

Settling basing is the structures to remove the suspended particles which are directed towards
the power generating units. In which water turbulence is reduced and allows the particles to be
settled and waste away at a minimum velocity. It is clear that finer particles require longer
settling time, and water transit times. So, the size of the basin is the function of the diameter of
the particle to be settled and the design discharge. Similarly, only civil costs are estimated based
on the items volume of concrete, weight of reinforcement. The relationship provided from

Equation 6-3 to 6-8 were used for the estimation.

For ds> 0.1 mm V. @38.538, Q""" (6-3)
For ds > 0.15 mm v, @16.823, 0"** (6-4)
For ds > 0.2 mm V. @19.8, 0" (6-5)
For ds > 0.1 mm W @1.9269, Q""" (6-6)
For ds > 0.15 mm W @0.8411, Q"% (6-7)
For ds > 0.2 mm w.@0.99, Q""" (6-8)

Where, Vc is the volume of concrete in m3; Wr is the weight of reinforcement in metric ton; Q

is design discharge in m3/s.

6.1.3 Waterway

Analyzing the current hydropower development, pipe and tunnels are assumed as waterways in
this study. Tunnel is adopted where the topography permits and when design discharge is higher
than 10 m3/s. For the rest of the scenarios, pipe is assumed as the water way. A penstock pipe is

however provided to convey the design discharge from the tunnel outlet to the turbine units.

The cost of the waterway (both penstock and tunnel) is governed by the cross-section diameter.
An analysis is carried out to determine the optimum diameter of tunnel, based on a tradeoff
between the construction cost and the energy loss. The optimum penstock diameter was
estimated using the relationship derived by Singhal and Kumar (2015) which is described in
Equation 6-9 and 6-10.

In the case of pipe or penstock the cost estimated on the basis of the weight of the pipe. Whereas

in the case of tunnel, the cost is estimated on the basis of volume of excavation, volume of
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concrete, weight of reinforcement, area of form work and area of shotcrete. The relationship

described from Equation 6-11 to 6-15 were used for the estimations.

©236,10,0° 0 e, pf ,C, " (6-9)
121, +H ,C, /o ,, P, §
121"HIID2 "Lp (6_10)
@
sp
O

Vv, @1.350"7" (6-11)
VVC @ 5'71 1Q0A3877 (6_12)
W, @0.10350"" (6-13)
A, @4.39310"7 (6-14)
A, @4.39310 (6-15)

Where, Csp is weight of penstock in kg; D is optimum diameter of penstock in m; n is manning
coefficient in s/m1/3 (0.008 — 0.012); e is efficiency of power plant (0.85); pf is power factor
(0.65- 0.7); Cp is cost of energy per kWh in NPR (6); Cs is cost of steel per kg in NPR; o is
permissible stress in steel MPA (183.33); H is hydraulic head in m; Lp is length of penstock in
m; Pp is annual penstock cost factor (0.106); Q is design discharge in m3/s; Ve is volume of
rock excavation in m3; Vc is volume of concrete in m3; Wr is weight of reinforcement in kg; Af

1s area of form work in m2; As is area of shotcrete in m2.

6.1.4 Powerhouse

Civil cost of powerhouse is governed by its type: surface or underground and type of turbine
installation. The selection of powerhouse type depends on the space availability and other
factors at the site and can be only decided during the field inception phase of the project. Since
field details cannot be made available at the scale of this study, a surface type powerhouse is
assumed in the analysis. The civil cost is divided into two components: a) foundation and b)
super structure. The foundation is governed by the type of machinery. The machine foundation
concrete volume relation derived by Gordon (1983) was used for the estimation. Similarly the
volume of concrete required for the superstructure was also estimated and a relationship for the
total powerhouse concrete was derived. The relationship for the powerhouse with Pelton and

Francis turbines are presented in Equations 6-16 to 6-19 respectively:
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For Pelton turbine

For Francis turbine

V. @76.92, G**

w.@0.76,,G**

(6-16)

(6-17)

(6-18)

(6-19)

Where, Vc is the volume of concrete in m3; Wr is the weight of reinforcement in metric tons; H

in hydraulic head in m; MW is the capacity of machine in MW; RPM is the machine speed in

number of revolution in minutes; G is the diameter of generator casing in m which can be

estimated using the relationships defined by Equations 6-20 to 6-28.

For head at 20 m
For head at 50 m
For head at 100 m
For head at 200 m
For head at 300 m
For head at 500 m
For head at 750 m
For head at 1000 m

For head at 1500 m

G @0.7962,, Q"
G @0.8826, Q"%
G @1.046, Q"
G @1.2181, 0"
G @1.4089 , Q"%
G @1.5005,, Q"*"
G @1.6341, 0"
G @1.7361, Q"""
G @1.8908, 0**™

6.1.5 Electromechanical cost

(6-20)
(6-21)
(6-22)
(6-23)
(6-24)
(6-25)
(6-26)
(6-27)
(6-28)

The electromechanical cost is governed by the type and capacity of the turbine equipment. The

cost of turbine varies among different manufacturers and types due to difference in the

construction technologies. Hence, it is very difficult to obtain a single accurate relation for cost

estimation of all turbine types and sizes. The cost of electromechanical equipment is estimated

based on the relation derived by Alvarado-Ancieta (2009), presented in Equation 6-29, is used

for the estimation. The study is based on the recent electromechanical costs collected from

hydropower plants. The relation however, estimates the electromechanical cost of smaller
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installed capacity on the higher side. The relation estimates the prices with reference to
December 2008. The cost may may have increased due to the escalation of the dollar but also
may have decreased due to recent advances in the manufacturing technology and competition in

the market. So, no adjustment are made to the costs computed by the relation.

C,, @1.1948, p*7%* (6-29)
Where, CEM is electromechanical cost in million USS; P is the installed capacity in MW
6.2  Cost estimation

The estimated quantities were multiplied by the respective rates to estimate the cost of the

projects. The rates used for the analysis is presented in Table 6-1.

Table 6-1: Unit rates of items used in the cost estimation

SN Item Unit Rate (NPR)
1 Concrete m 3 15000

2 Concrete for tunnel m 3 22500

3 Reinforcement Kg 103

4 Tunnel Excavation m3 5000

5 Tunnel formwork m 2 1000

6 Shotcrete m?2 5500

7 Penstock pipe Kg 140

6.3 Analysis

The financial analysis is concerned with the estimation of the financial implications of a
proposed projects. It is based on the use of real term monetary values of the cost & benefit and
makes use of market prices and, therefore, includes any taxes or royalties which will be levied
on the factors of production and any subsidies, capital or operating costs, which may be received
as part of the development. All the costs are charged and all the revenues are credited to conduct
analysis in the actual amounts expended or received. For the analysis, the financial rate of return

and cash flow is assessed from the perspective of a utility owner/operator.

6.3.1 Basis for Analysis and Assumptions

The relevant specific parameters applied for the financial analysis in this study are as follows:

Power generation: The basis for analysis is primarily based on the energy generation of the
project. The only income of this project is its income from energy sale.
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Analysis Period: The construction of the project is assumed as four years. The duration of
commercial operation is considered as 30 years, with reference to current provision by Ministry

of Energy of the Government of Nepal.

Reference Date: The reference date for determining the costs and exchange rate is the year
2018.

Operation & Maintenance Costs: Annual operation and maintenance cost of the Project for the

first year of commercial operation have been assumed to be 1.25 percent of the total project cost.

Energy Price: The energy is assumed to be sold to Nepal Electricity Authority (NEA) at the rate
of Rs. 4.80 for the wet months and Rs. 8.40 for the dry months. This is the latest rate adopted by
Nepal Electricity Authority for small hydropower projects. There is an escalation of three

percent from the date of commercial operation for the first nine years.

Royalty: The Government of Nepal imposes different rates of capacity and energy royalty on
the operating plant. The tariffs also vary between the first 15 years and the remaining 15 years of

generation. The details of which are presented in Table 6-2.

Table 6-2: Royalty for the Hydropower project

SN Installed Capacity 1 —15 years 16 - 30
years

Capacity Revenue Capacity Revenue

Royalty Royalty Royalty Royalty
[-] [MW ] [ NPR/KW ] [%] [ NPR/KW ] [%]
1 <or=1 - - - -
2 1-10 100 1.75 % 1000 10
3 10-100 150 1.85 % 1200 10
4 >100 200 2 1500 10

Depreciation: Straight line method has been applied for depreciation calculation.

Tax Rate: As stipulated in the Income Tax Act 2058, the applicable corporate tax rate for
enterprises undertaking electricity generation is 20 percent. Corporate tax is waved for the first

10 years of generation.
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Financing Mix: The Project is assumed to be constructed through 70 percent Bank Loan and 30
percent Equity. The long term loan is assumed to carry an annual interest rate of 12 percent. The
repayment period for long term debt shall be 10 years following commercial operation of the
project. Interest during construction (IDC) has been capitalized as mentioned in the previous

chapter.

Loan Repayment Model: Equal Monthly Installment (EMI) model shall be adopted to calculate

the installments. The interest rate shall be 12 percent.

Discount Rate: The discount rate shall be 12%. This rate shall be used to calculate Net Present
Value, Discounted Payback Period, Annuity and Benefit Cost Ratio of the project. Commercial

Operation Date (COD) shall be taken as the reference year to calculate discounted cash flow.

Net Cash Flow: While calculating the net cash flow in order to calculate IRR, B/C Ratio, NPV,
Simple and Discounted PBP, the total cash inflow is deducted from the total cash outflow every
year. Thus, the cash inflow represents only the income from energy sale. On the other hand, cash

outflow is the sum of O&M cost, Interest on Bank Loan, Staff Bonus and tax.

Exchange Rate: Fixed exchange rate of Nepali rupee with Indian Rupee at NRs. 1.60 and US
Dollar at NRs. 108 are assumed.

Unit Energy Cost: Since O&M cost of the Project increases every year, the average O&M cost

of the entire 30 years has been considered while calculating the unit energy cost.

6.3.2 Computation of financial indicators

The financial analysis is carried out by the usual discounted cash flow technique. Analysis has
been done by calculating net present value, internal rate of return and benefit cost ratio. The
projected income statement and the cash flow from the project for the next 30 years are
analyzed. The analysis is carried out in Nepalese Rupees (NPR) assuming the energy from the
project is sold to Nepal Electricity Authority (NEA) at the present prescribed rates and the
project will be developed in NPR.

6.3.2.1 The Annuity Equation

Annuity is a stream of equal cash flows for a specified number of periods. There are two types
of annuity, Ordinary (Deferred) annuity and Annuity Due. Generally, annuity refers to Ordinary
(Deferred) annuity. Annuity method is widely used in the analysis of hydropower projects
because they yield a fixed income over the life. The general equation of the present value of an
annuity are presented in Equation 6-30 to 6-34
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® P ® 2 4 (6-30)
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@ PMT'33 |—§E
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@ PMT <PVIF4,, (6-32)
® 5 (6-33)
pur o PV
ELPVIF B
o PVA it -0, (6-34)
4.i, 01

Where, PVAn is present value if an annuity for period is n; PMT is series of payment of an
equal amount of money for period n; n is specified number of period in years; I is the discount

rate; PVIFA is present value of interest factor of an annuity.

6.3.2.2 Time Value of Money

A rational individual would not value the opportunity to receive a specific amount of money in
future if he/she can have same amount of money today. Most individuals value the opportunity
to receive money now rather than waiting for some period of time to receive the same amount.
This phenomenon is referred as an individual's time preference for money. Thus, an individual's
preference for possessions of a given amount of cash today, rather than in future is called 'time
preference for money' or '"Time Value of Money'. The time value of money is generally

expressed by an interest rate or discount rate.

Capital has an alternative use. So the opportunity cost of capital should also be considered while
evaluating the investment proposals. The opportunity cost may be defined as the rate or return
on the best available alternative investment of equal risk. Commercial banks in Nepal charge 11
to 13 percent interest on project loan. The interest rate on bank loan for this project is assumed
to be 12 percent. So we have chosen 12 percent as discount rate for this project. The discount

factor for a lump sum payment is calculated by using Equations 6-35 to 6-37.

2 6-35)
® 1 U (
DF @ |—
b8
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n 6-36
DF @9 ! - (6-38)
@l H . i,
a.ilol ©37)
@—= =~
i . i)’

Where, DF is discount factor; i is discount rate; n is number of years;

Net Present Value

Net Present Value (NPV) method is the classic economic method of evaluating the investment
proposals. It is one of the discounted cash flow (DCF) techniques explicitly recognizing the time
value of money. Net Present Value may be defined as the excess of the present value of cash
inflows over the present value of cash out flows. To calculate Net Present Value, first an
appropriate rate of interest shall be selected to discount the cash flows. Then, the present value
of investment (i.e. cash inflows) and the present value of investment outlay (i.e. cash outflows)
shall be computed using interest rate as the discounting rate. Finally, the net present value shall
be found out by subtracting the present value of cash outflows from the present value of cash

inflows. Net Present Value can be calculated by using the Equation 6-38 and 6-39.

F 6-38
nevecr, . Sho Ch o _Ch (6-38)
R d.i,
) CF (6-39)
@1 1
t@0+1.l,

Where, i is interest rate; n is project life in years (30).
A project is said to be financially viable if it provides positive Net Present Value (NPV).

Internal Rate of Return

The internal rate of return (IRR) method is another discounted cash flow technique which takes
account of the magnitude and timing of cash flows. This technique is also known as yield on
investment, marginal efficiency of capital, marginal productivity of capital, rate of return, time
adjusted rate of return and so on. It is a method of evaluating investment proposals using the rate
of return on an asset investment, which is calculated by finding the discount rate that equates the
present value of future cash flows to the investment's cost. Thus, IRR is that discount rate which
equates the present value of cash inflows with the present value of cash outflows. The Equations

6-40 and 6-41 were used to calculate the IRR of the projects.
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6-40
cr, . — . s S ., _@0 (6-40)
A .IRR, 4 .IRR, 4. IRR,
p 6-41
PR/ (6-41)
w0 A . IRR

Benefit/Cost ratio or Profitability Index (PI) of the Project

Another time-adjusted method for evaluating the investment proposals is the Benefit/Cost (BC)
ratio or profitability index (PI). It is the ratio of the present value of future values (NPV + the
Initial Investment), divided by the Initial Investment. I[f BC>1, the project is financially viable

and if BC is < 1 the project is deemed financially viable.
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7. HYDROPOWER POTENTIAL

71 General

Hydropower is power derived from the energy of water moving from higher to lower elevation.
Use of hydropower in economic activities can be observed as early as second century BC in
China. However, hydropower was first used to generate electricity, in England, in 1878 AD
(IHA, 2016a). By 20th century, use of hydropower to generate electricity spread all over the
globe. The first hydropower plant in Nepal was installed at Pharping in 1911 AD, with an
installed capacity of 500 KW (Pradhan, 2009).

At present, total global hydropower installed capacity is 1,212 GW (IHA, 2016b) which
comprises of about 17 % of global electricity generation and 70% of renewable energy
production (REN21, 2016). Energy productions and uses, mostly from fossil fuel sources, have
contributed significantly to the historic increase in greenhouse gas concentration in the
atmosphere (Edenhofer et al., 2011). It continues to contribute about 67% of the present global
greenhouse gas production (IEA, 2015a). With implementation of climate change mitigation
measures, stake of renewable energy in the future global energy production is expected to
increase substantially under most ambitious mitigation scenarios (Edenhofer et al., 2011).
Renewable energy is projected to be the largest source of global electricity generation by early
2030’s (IEA, 2015b). Hydropower is widely considered as clean source of energy, although
reservoirs contribute to some amount of greenhouse gas emission (Varis et al., 2012).
Hydropower contributes to highest share of renewable energy production and hence has a great

importance in global context in adopting climate change mitigation measures.

In Nepal, more than 90% of electricity generation comes from hydropower (NEA, 2017). Earlier
studies have estimated Nepal’s hydropower potential as 83,500 MW (Shrestha, 1966), 53,836
MW (Jha, 2010). Nepal being abundant in water resources and so much dependent on
hydropower for electricity generation, it becomes evident that more accurate figures of
hydropower potential should be estimated using state-of-the-art GIS and hydrological modelling
tools (refer 3.1 to 3.5 and 4.3).

Gross hydropower potential is defined as the maximum theoretically possible amount of energy
stored in a stream (Arefiev et al., 2015a). As such, maximum hydropower potential establishes
the theoretical top of energy that the study basin can produce assuming that all water resources
are used to produce energy, which in real life application does not occur, because of

environmental flows, other water uses and economic cost/benefit analysis (Palomino Cuya et al.,
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2013). Similarly, available hydropower potential is the part of the gross hydropower potential
after deducting the hydropower potential of the restricted reaches due to environmental,
economic or other restrictions (Arefiev et al., 2015a; Hall et al., 2004). Finally techno
economical hydropower potential is the part of the available hydropower potential which can be
developed based on existing bylaws, present infrastructure and construction technologies and
experience in hydropower development (Arefiev et al., 2015a). The relation between different

hydropower potentials is presented in Figure 7-1.

Figure 7-1: Relation between different hydropower potentials

7.2 Methodology

Hydropower is a function of discharge and head (elevation difference). Literature survey, on
hydropower potential estimation using GIS technologies, were reviewed to adopt widely used
methods to assess hydropower potential in this study. Most of the previous studies assessing the
hydropower potential of Nepal (Bajracharya, 2015; Jha, 2010; Prajapati, 2015; Shrestha, 1966)
are found to be inconsistent and different compared to the worldwide common practices in
calculating hydropower potential. Methods used to compute hydropower potential in this study

is described in Figure 7-2.
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Figure 7-2: General methodology adopted to compute theoretical hydropower potential
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7.21 Computation approach

Two types of computation approaches — continuous and discrete approaches — have been used to
compute hydropower potential. A continuous approach computes hydropower potential on pixel
by pixel basis in river. Whereas, discrete approach computes hydropower potential considering
certain reach of a river. A river reach consists of several pixels. Most of the studies (e.g.
Alterach et al., 2009; Arefiev et al., 2015a, 2015b; Bajracharya, 2015; Hall et al., 2004; Jha,
2010; Palomino Cuya et al., 2013; Prajapati, 2015; Punys et al., 2011) used discrete approach to
compute the hydropower potential. Thus it is also adopted in this study. However, definition and
length of a river reach varied among different studies. Stretch of a river between two adjacent
confluences is adopted as a river reach to compute hydropower potential in this study. Similar

definition is also adopted by Hall et al. [2004].

7.2.2 Discharge

According to TOR of the study, hydropower potential will be computed at 40% dependable
flow. Discharge at the start of the river reach contributes most to the hydropower potential of a
river reach. However, catchment between headwork and powerhouse also yields discharge in a
dewatered zone which also contain a hydropower potential. Most of the discrete approaches (e.g.
Arefiev et al., 2015a, 2015b; Hall et al., 2004; Jha, 2010; Palomino Cuya et al., 2013) also take
into account contribution of discharge of dewatered zone — river reach between headwork and
powerhouse- to the hydropower potential of a river reach. Discharge in a dewatered zone is

computed as a difference between discharges at upstream and downstream end of a river reach.

7.2.3 Head

Gross-head defines total potential energy stored in water and is computed as an elevation
difference between static water level at the upstream and downstream end of a river reach.
Whereas net head defines remaining potential energy stored in water considering loss of energy
used to overcome friction force when water moves from headwork to powerhouse. Net head
depends upon properties of the waterway (type, construction material and length). Since, gross
hydropower potential denotes the theoretical maximum potential energy stored in a stream, gross
head is used for the computation (e.g. Alterach et al., 2009; Arefiev et al., 2015a, 2015b;
Bajracharya, 2015; Ballance et al., 2000; Feizizadeh and Haslauer, 2012; Hall et al., 2004; Jha,
2010; Palomino Cuya et al., 2013; Punys et al., 2011; Setiawan, 2015). Net head will be taken

into account while computing techno-economical hydropower potential.
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7.2.4 Electro-mechanical efficiency

The energy of moving water rotates turbine which rotates generator to generate electricity. The
energy of moving water cannot be entirely converted into electrical energy due to friction and
other losses occurring in turbine, generator and transformer. So electro-mechanical efficiency -
combined efficiency of turbine, generator and transformer - are taken into account while
computing the electricity output. Since, gross hydropower potential denotes the theoretical
maximum potential energy stored in a stream, electro-mechanical efficiency is not taken into
account in the computation (e.g. Arefiev et al., 2015a, 2015b; Bajracharya, 2015; Ballance et al.,
2000; Punys et al., 2011; Setiawan, 2015). However, hydropower potential of river basins in
Nepal estimated by Jha [2010] and Prajapati [2015] take into account electro-mechanical
efficiency. Electro-mechanical efficiency will be taken into account while computing techno-

economical hydropower potential.

7.2.5 Hydropower potential

Gross hydropower potential of a river reach has two components (equation 7-1). The first
component is contribution from flow that enters upstream end of the reach (headwork) and
leaves at downstream end of the reach (powerhouse), transiting the river reach. Gross head for
this component will be total gross head of the reach which is computed simply as elevation
difference between upstream and downstream end of the reach. The second component is a
contribution from discharge generated by catchment of the dewatered zone (local catchment of
the river reach). Gross head of this contribution varies between zero to total gross head of the
river reach. So, gross head for the second component is considered as half of total gross head of

the river reach.
Gross hydropower potential of a river reach is computed as:

component 02 _
component 01 ( 7 1)

Hi
2

/—/%
P@981,0, ,GH .981,40 00, ,, >

1

Where, Pi is the gross hydropower potential of the ith reach, MW; Qi is the 40% dependable
flow at upstream end of the ith reach, m3/s; Qi+1 is the 40% dependable flow at downstream

end of the ith reach (m3/s); AHi is the total gross head of the ith reach, m.
The equation can be algebraically rearranged as:

P @981, % GH, (7-2)

WECS 62



Assessment of Hydropower Potential of Nepal Final Report

Total gross hydropower potential of a basin is then computed as:

lan (7-3)
GHPPe7] P
ial

Where, GHPP is the gross hydropower potential of a basin, MW; n is the number of river

reaches in a river basin.

7.2.6 Hydroelectric Energy Potential

Monthly hydroelectric energy production varies due to monthly variation of river discharge. So,
hydroelectric energy potential is computed, using equation 5-4, by integrating energy produced
in each month of a year.

L (7-4)
HEP@ [P ,GT,

iel
Where, HEP is the hydroelectric potential of the basin, MWh; Pi is the monthly power
generation,MW; ATi is the duration of the power produced in ith month, h;

Total maximum hydroelectric energy potential (MHEP) is computed taking into account all
average monthly discharge available in river for electricity generation. Whereas, gross
hydroelectric energy potential (GHEP) is computed taking into account only the monthly turbine
flow (MTF — Section 4) for electricity generation. Finally available gross hydroelectric energy
potential (AHEP) is obtained after deducting gross hydroelectric energy potential of excluded

river reaches from the total gross hydroelectric energy potential of river basin.

7.3 Assumptions

Following assumptions were made while computing gross and available hydropower potential:

Area above permanent snow line (elevation > 5000m) does not have hydropower
potential.

Catchment area below 15 km? do not collect sufficient perennial discharge to compute
hydropower potential

River reach, lying in the head waters of the catchment (stream order <3), with hydraulic
head < 15m have negligible hydropower potential

River reaches of the main river and major tributaries (stream order >3) having hydraulic

head <5m have negligible hydropower potential
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7.4 Results
7.41 Basin Wise Hydropower Potential

Gross hydropower potential were computed in the three major river basins: the Koshi, the
Gandaki and the Karnali, the southern river basins: Rapti, Babai, Kamala, Kankai, Bagmati,
Bakaiya, and Tinau, and the boundary river basins: Mahakali and Mechi. Thus the gross
hydropower potential of Nepal at 40% of flow exceedance is estimated as 72,544 MW. The
results are presented in Table 7-1 and Figure 7-3. In the boundary river basins, only half of the
gross hydropower potential of the stream which lies in the international border is considered.
The gross hydropower potential was analyzed all together in 3712 river reaches of different river
basins mentioned above (Table 7-2). The potential of these river reaches, within different river

basin, are presented in Appendix D.

Hydropower potential of different basins were assessed for discharges computed using different
methods are presented in Table 7-1. Discharges were estimated based on Empirical methods
(Catchment Area Ratio method) and Hydrological modelling using HEC-HMS software. HEC-
HMS model is based on established hydrological principles and takes into account the spatial
heterogeneity of the catchment for discharge estimation, compared to the empirical methods.
Hence the discharge estimated from hydrological modelling is adopted for Gross Hydropower
Potential estimation in the gauged river basins. The calibration and validation results of the

model shows a good performance of the model in gauged basins.

For the ungauged basins Bakaiya and Mechi, the power calculated based on the discharge
estimated by Empirical method are adopted. Hydrological model could not be used in the
Mahakali basin because there are not sufficient gauging stations available to estimate the flow in
the basin. So, the discharges estimated by Empirical methods were used to estimate the power
potential of the Mahakali basin. It should be noted that the power potential of the river reach
(Mechi and Mahakali) which is an international border is considered only half of the calculated

value.

The three major rivers basins constitute of 93.7% of the total gross hydropower potential of
Nepal. Whereas the southern river basins and the boundary river basins represent only 3.3% and
3% respectively (Figure 7-4). Among the three major river basins, the Koshi, the Gandaki and
the Karnali represent 38.3%, 27.3% and 28.1% of the total gross hydropower potential of Nepal
respectively. Koshi River basin has the highest potential, 27805 MW, and the Mechi River has
the lowest potential, 62 MW.
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Table 7-1: Gross Hydropower Potential in different river basins of Nepal

River HEC-

SN basin Empirical | HMS Adopted

1 Koshi 21940 27805 27805

2 Gandaki 19385 19803 19803

3 Karnali 21306 20385 20385

4 Rapti 595 745 745

5 Bagmati 638 437 437

6 Babai 174 264 264

7 Kankai 463 394 394

8 Kamala 209 261 261

9 Tinau 101 184 184

10 Bakaiya 84 84

11 Mechi 62 62

12 Mahakali 2120 2120
Total | 72,544

Power Potential (MW)
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@ 000

. 5,000
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Figure 7-3: Gross Hydropower Potential in different river basins of Nepal
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Figure 7-4: Gross Hydropower Potential distribution among different river basins of Nepal

Table 7-2: Number of river reaches used to estimate gross hydropower potential in river basins

River Basins Number of river reaches
Koshi 650
Gandaki 1361
Karnali 1243
Kankai 46
Kamala 62
Bagmati >0
Bakaiya 35
Tinau 20
Rapti >3
Babai >
Mechi 12
Mahakali 122
Total 3712
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7.4.2 Gross hydropower distributions in major basins

Distribution of gross hydropower potential within major tributaries of the three major river
basins were also analyzed. The results are presented below

Koshi river basin
The power potential of major tributaries of the Koshi river basin are presented in

Table 7-3 and Figure 7-8. Arun River (39.18%) contributes the highest amount of the power
potential to the Koshi River basin followed by Tamor (22.83%), Dudhkoshi (13.15%),
Tamakoshi (11.16%), Sunkoshi (9.60%), Indrawati (1.99%), Likhu (1.97%) and Southern part
(0.12%) respectively. Power potential of Sunkoshi Basin includes those of Bhotekoshi, Balephi
and Sunkoshi river basin.

Table 7-3: Gross Hydropower Potential of major tributaries in the Koshi Basin

SN | Tributary Basin | Power Potential (MW) % of Basin Potential

1 | Indrawati 554 1.99
2 | Likhu 547 1.97
3 | Arun 10,893 39.18
4 | Dudhkoshi 3,657 13.15
5 | Sunkoshi 2,670 9.60
6 | Tamakoshi 3,103 11.16
7 | Tamor 6,348 22.83
8 | Southern 33 0.12

Total 27805 100

Power Potential

.10
° 100
@® 000 0,000

Figure 7-5: Gross Hydropower Potential in different different tributary of Koshi River basin
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Gandaki river basin

The power potential of major tributaries of the Gandaki river basin are presented in Table 7-4
and Figure 7-6 . Kaligandaki (28.96%) contributes the highest amount of power potential to the
Gandaki River basin followed by Marshynagdi (23.3%), Budhi Gandaki (20.41%), Trishuli
(16.71%), Seti (4.67%), Madi (2.51%), Madi (2.51%), Naryani (2.19%) and Rapti (1.24 %)

respectively. Narayani includes the main channel part of Sapta Gandaki River downstream of

Naryanghat.
Table 7-4: Gross Hydropower Potential of major tributaries in the Gandaki Basin

SN | Tributary Basin Power Potential (MW) % of Basin Potential
1 | Kali Gandaki 5735 28.96

2 | Marshyangdi 4614 23.30

3 | Budhi Gandaki 4042 20.41

4 | Trishuli 3309 16.71

5 | Seti 926 4.67

6 | Madi 498 2.51

7 | Narayani 433 2.19

8 | Rapti 246 1.24
Total 19803 100

N

A

0 10 20 40 km
———————

Kali Gandaki .

Budhi Gandaki

Marshyangdi

Power Potential (MW)
« 100
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Figure 7-6: Gross Hydropower Potential in different different tributary of Gandaki River basin
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Karnali River Basin

The power potential of major tributaries of the Karnali river basin are presented in Table 7-5 and
Figure 7-7. Bheri (39.21%) contributes the highest amount of power potential to the Karnali
River basin followed by West Seti (18.8%), Karnali Main (16.68%), Humla Karnali (11.26%),
Mugu Karnali (9.87%) Tila (3.97%) and the Southern tributaries (0.21%) respectively.

Table 7-5: Gross Hydropower Potential of major tributaries in the Karnali Basin

SN | Tributary Basin Power Potential (MW) % of Basin Potential
1 | Bheri 7993 39.21
2 | West Seti 3833 18.80
3 | Karnali Main 3401 16.68
4 | Humla Karnali 2296 11.26
5 | Mugu Karnali 2011 9.87
6 | Tila 809 3.97
7 | Southern part 43 0.21
Total 20385 100
Humla Karnali .
Karnali Main
Sguthern Tributarjes
Power Potential (MW) N
10
® 100 A
. 1 ’000 0 125 25 50 km
10,000

Figure 7-7: Gross Hydropower Potential in different different tributary of Karnali River basin
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7.4.3 Gross hydropower potential distributions in provinces

The hydropower potential of Nepal is shared among seven provinces. The distribution of the

potential within the provinces are shown in Table 7-6, Figure 7-8 and Figure 7-9. Province-1, which

includes most of the Koshi basin incorporates highest hydropower potential (22,619 MW)-

which is 31.2% of total hydropower potential. Province-2 incorporates the lowest hydropower

potential (275 MW)-which is 0.4% of total potential. Similarly Province-3, Proovince-4,

Province-5, Province-6 and Province-7 incorporate 14.6%, 20.7%, 3.7%, 18.9% and 10.6% of

the total potential respectively.

Table 7-6: Distribution of gross hydropower potential among different provinces

SN Province Power Potential (MW) % of Basin Potential (MW)

1 | Province 1 22,619 31.2
2 | Province 2 275 0.4
3 | Province 3 10,568 14.6
4 | Province 4 14,981 20.7
5 | Province 5 2,677 3.7
6 | Province 6 13,702 18.9
7 | Province 7 7,722 10.6

Total 72,544 100

7722.

Legend

[ Province 1
I Province 2
[ ] Province 3
[ Province 4
[ Province 5
771 Province 6
[77] Province 7

Figure 7-8: Distribution of gross hydropower potential among different provinces
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Figure 7-9: Percentage distribution of gross hydropower potential among different provinces

7.4.4 Hydro-electric energy potential

Gross Hydro-electric energy potential (GHEP) and Maximum Hydro-electric energy potential
(MHEP) were computed for the Koshi, the Karnali, Rapti, Mahakali, Mechi, Babai, Kamala,
Kankai, Bagmati, Bakaiya, and Tinau river basins. In boundary river basins, Mechi and
Mabhakali, the hydro-electric energy potential (both GHEP and MHEP) of the stream, which lies
in the international border, is halved. GHEP is computed as the annual hydro-electric that can be
generated at an installed capacity of Gross Hydropower Potential. Whereas, MHEP is computed
as the maximum energy that can be generated utilizing all of the discharge in streams at

available topographic head. The results are presented in Table 7-7 and Figure 7-10.

GHEP of the Koshi, Gandaki and the Karnali River basin were determined as 153,836 GWh,
119,384 GWh and 138,149 GWh respectively. Gross Hydro-electric Energy potential of

remaining river basins were computed as 30,738 GWh.

Similarly the Maximum Hydro-electric Energy Potential (MHEP) of the Koshi, the Gandaki, the
Karnali and the remaining river basins were determined as 282,797 GWh, 223,806 GWh,
224,197 and 70,392 GWh respectively.

Table 7-7:: Hydro-electric Energy Potential in different basins of Nepal

. Gross Hydro-electric Energy Maximum Hydro-electric
Basins Potential (GHEP) - GWh Energy Potential (MHEP) -
GWh
Koshi 153,836 282,797
Gandaki 119,384 223,806
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Karnali 138,149 224,197
Rapti 4,099 8,169
Bagmati 2,427 7,025
Babai 1,407 2,939
Kankai 2,133 4,461
Kamala 1,320 2,698
Tinau 956 2,299
Bakaiya 466 1,036
Mechi 343 536
Mabhakali 17,587 41,229
Total 442,107 801,192
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Figure 7-10: Hydro-electric Energy Potential in different River basins of Nepal

7.5 Limitations of current assessment

Errors in estimation of discharge and gross head lead to uncertainties in the calculation of

hydropower potential which are described as follows:

7.5.1 Hydrological uncertainties

Gross hydropower potential estimation requires estimation of discharge at several reaches along
rivers. However, discharge measuring stations - hydrological stations - are located sparsely in
large rivers and some of the tributaries. The majority of river reaches are without hydrological
stations, so discharge at the reaches are estimated using hydrological model or transferring

measured discharge from hydrological stations using Catchment Area Ratio (CAR) method.
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Discharge in the three major basins- the Koshi, the Gandaki and the Karnali - were estimated
using HEC-HMS, a semi-lumped, hydrological model. In semi lumped models, hydrological
properties are lumped over the sub basin and the specific yield of discharge (discharge yield per
unit area of catchment) is assumed uniform in that sub basin. Since discharge yields varies in
basin due to spatial variation of land use, geology, soil type etc., such assumptions lead to some

error in discharge estimation of river reaches at a scale smaller than the sub basin.

CAR method was used to estimate discharge at the river reaches of the southern and the
boundary river basins. In this method the measured flow at nearest hydrological station is
transferred to the desired location in proportion to catchment area. The CAR method also
assumes a constant specific yield of discharge within a basin which leads to some error in

discharge estimation of river reaches in the basin.

Rainfall/ precipitation is a key input to the hydrological model. It is extremely variable in time
and space in mountainous regions. The spatial variability of rainfall is very often identified as
the major source of error in rainfall-runoff hydrological modelling. Detailed information on
spatial variability of rainfall becomes relevant while modelling small catchments and runoff
process which directly depend on precipitation. Since, 83% of Nepal’s territory consists of hills
and mountains a dense network of rainfall station is required to capture well the spatial
variability of rainfall. Unfortunately, the network of rainfall stations is very sparse. The network
become even sparser in the high altitude — Himalayan — region. The area covered by Theissen
polygons are large in the regions with sparsely located rainfall stations, which could not capture
the spatial variation of rainfall thus leading to errors in estimating discharge in hydrological

models.

A hydrological model with more distributed features may improve the hydrological estimations
of the study. The use of such models may be challenging using hydro-metrological database
with poor spatial and temporal resolution. However the use of available gridded metrological
data in combination with ground measured data can overcome such challenges and improve the

results of the distributed hydrological models.

Parts of basin areas of three major rivers: the Koshi, the Gandaki and the Karnali also lie in
Tibet. This study incorporates the flow generated by the Tibetan part of catchment in Koshi
Basin. Long-term flow generated by the Tibetan catchment of Arun River, assessed by previous

studies, was provided as an inflow to the Koshi basin at the international boundary.
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In cases of the Gandaki and the Karnali basin, the precipitation computed in the higher regions
of the catchment were also applied to the Tibetan parts of their respective catchment. Since the
Tibetan part receives less amount of rainfall compared to the Nepalese territory, it may result in
estimation of higher flows in the upper reaches of the catchment. A hydrological modelling
taking into consideration spatial variability of rainfall in Tibetan part of the catchment would

provide more realistic results.

7.5.2 Uncertainties in terrain data processing

The data used, its scale, inherent anomalies were the major sources of uncertainties and potential
errors of GIS based Digital Elevation Modeling analysis. Following points are highlighted, this

may have attributed to certain uncertainties and potential errors in calculations:

ASTER satellite based GDEM Ver. 2 dataset has inherent anomalies, especially in the regions of
high terrain profiles and narrow gorges, which has attributed to certain errors in delineating the

sub-catchment boundaries and generation of stream networks.

Due to inherent errors in certain pixel elevations the calculation of elevation differences (head)
was obtained erroneous. Such errors were rectified using secondary DEM generated using the
contours and spot levels from the National Topographical Maps. Narrow and deep valleys are
very common in high altitude regions. The resolution of ASTER-GDEM (30 m) was too low to
represent these topographical features leading to error in estimation of gross heads. The use of
higher resolution data (Lidar, etc.) can greatly reduce errors in estimation of gross heads in those

arcas.

Coverage (contributing areas) of terrain parameters such as slope and aspect; and bio-physical
parameters such as land cover were spatially analyzed using 30m derived raster datasets. The
resolution of the raster dataset may have introduced certain generalizations, and therefore some
variations in calculations of the coverage of these parameters in each of the sub-catchments.

However, at the national/basin levels, this generalization may not attribute to significant errors.
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8. TECHNOECONOMICAL HYDROPOWER POTENTIAL

It is not realistic to assume that all of the gross hydropower potential will be developed in the
short medium or even in the long term. The technical potential of hydropower describes the
energy capacity that is actually useable when technical, infrastructural, ecological and other
conditions are taken into consideration. Thus projects with realistic features have to be identified
to determine their techno-economical potential. So, this chapter describes the methodology
employed to compute the techno-economical potential of Run-off-River projects.

8.1 General Methodology

The techno-economical hydropower potential is calculated as follows:

Step-1: Screening the river reaches on the basis of gross hydropower potential computed in

Chapter 7.

Step-2: Spotting the headwork and power house location using automated tool developed in the

GIS platform. Compute the length of the waterway.

Step-3: Determining the design plant discharge, average monthly discharge and flood discharge

at the headwork site.
Step-4: Design the size of the project components from the known discharge, gross-head.

Step-5: Determine the cost of the project cost based on the size of the project components, using

standardized tool.
Step-6: Determine project benefits from the monthly energy generation

Step-7: Carry out economic analysis based on the project costs and benefit. Screen the projects

that are economically feasible.

Step-8: Determine the geological, environmental setting of the project site and extract required

parameters to carry out multi-criteria analysis.
Step-9: Screen the economically feasible projects with technical multi-criteria screening tool.

Step-10: Select the techno-economically feasible projects on the basis of score and sum their

installed capacity to determine the techno-economic hydropower potential of Nepal.
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The economical components are determined by assessing the project costs and benefits. While
the risk factors affecting the technical as well economic component of the project are

incorporated in the multi-criteria evaluation tools by appropriate scoring.

8.2 Spotting of potential RoR Projects

In this study, the algorithm was developed to identify the potential headwork and powerhouse
sites for run-of-river hydropower projects along the river stream and tributaries networks in
watershed. The process of involved in algorithm are shown in Figure 8-1. The framework is
developed in MATLAB platform to identify powerhouses' sites for selected headworks.
ArcView 10. 2 GIS software is used to generate GIS data for river stream and tributaries
networks within the selected watershed. The delineated watershed of DEM transfer into
MATLAB to extract the hydropower attributes and further analysis. Validation is done with
comparing existing hydropower locations in catchment. The spotting of the hydropower
potential site only uses the GIS data to locate the possible potential alternatives of powerhouses
and headworks based on stream gradient index. The processes involved in the algorithm are

described in detail as follows (Figure 8-1):

Extral:tin i i
g Catchment delineati Stream indexing (orders)
DEM for

proposed and stream networks

Basin
DEM error correction Define search radius and offset
d distance of Powerhouses
Flow direction

HmAcemikiion | Extract the locations of

Powerhouses within the radius

Stream Network Features |

Calculate the head, local slope,
distances and product of slopes

Go to next
Headworks
Select the 3 Powerhouses with
high value of product of
slopes for selected
Headworks within radius

Figure 8-1: Analytical framework of algorithm
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8.2.1 Data Set Selection

The first step is to select spatially covered data sets for selected area. A primary assessment of
hydropower potential requires boundaries, topography, geometric information on stream
networks, and hydrologic information on watershed. These attributes can efficiently derive from
DEMSs using widely available GIS applications, which allow calculate the location of sites for
hydropower plant development. DEM are freely available in online, (e.g. SRTM, ASTER
GDEM, EU-DEM). ASTER GDEM is used in this study.

8.2.2 Catchment delineation

Catchment delineation is done to create boundary area and drainage networks of watershed,
which is usually extract from DEM by creating boundary that represents contributing the area
upstream from a specified outlet point in ArcGIS Desktop software. The Spatial analyst tools are
used to derive attributes of stream network (position and length), sub-catchments and drainage
patterns of the basin. Geo-processing analysis is performed to fill sinks and pits in cells and to
generate flow direction, flow accumulation, streams, stream segments, and watersheds on data.
These data then used to develop a vector representation of catchments and drainage lines from
selected points. The size and number of sub-basins are defined in catchment depending on study,
but it should capture enough spatial variability. In practice, the catchment delineation process is
often quite difficult when delineation of headwater streams with valley width is less than DEM
resolution. Furthermore, the vertical accuracy of DEMs often causes problems in flat regions
and complications in an interpretation of hydrology due to water transfer and changes in
underlying geology, which may lead to the delineated watershed, not coincide with the real

watershed.

8.2.3 DEM errors

DEMs are not free from error. Such error is stem from uncertainties in data acquisition, spatial
resolution and interpolation techniques used for their preprocessing (Purinton and Bookhagen,
2017) . Usually, in studies of GIS based hydropower survey, the solution of error referred to
remove the artefacts and pits. This solution improves the representation of shapes and elevation
grid of streams that used in watershed for the hydrological analysis. The quality of DEM and
appropriate processing tools are required to obtain adequate results. Only small segments of the
cells are overlaying for stream network in a DEM compare to whole watershed. However, this

portion is particularly tending errors in elevation grid that turn out inaccurate in representation of
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streams topography (Schwanghart and Scherler. 2017). The elevation grid with filled spurious
sinks in DEMs is always prerequisite for carryout hydrological analysis successfully and also for

generating meaningful geographical and flow related information.

Filling of sinks remove any imperfections of grid cell in DEM (Figure 8-2). Each cell of DEM has
at least one neighboring cell with equal or lower value of elevation. If cell with higher value
surrounded a cell the water is trapped in that cell and cannot flow. Sometimes filling large sinks
may produce a large flat area that leads to unrealistic gradient in stream networks. In such case,
carefully make a choice of approach that solves these problems. To eliminate this problem the
modified value of elevation calculated at several neighboring (up and down segments) may need

to be averaged for smoothing.

The hydrologically corrected flow profile of streams by filling spurious sinks in DEMs is often

hard to validate with real topography, however visualization of data may interpret the results.
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Figure 8-2: Corrected by filling and cutting of DEM

8.2.4 Stream network features

Each sub-basin contains of stream that could be mainstream or tributary and these all are
connected one to another based on flow direction. The flow accumulation gives the number of
cells (or area) that drain to a particular cell to define a stream. It assumed that a stream is formed

when a certain area (threshold) drains to a point. This threshold can be defined by using the
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number of cells in the flow accumulation grid. For example, If assume an area of 30 km as the
threshold to create a stream, the number of cells corresponding to this threshold area will be
33,333 (30000000/(30*30)). To create stream raster, the stream cells corresponding select raster
threshold area of 30km will includes cells that have pixel value greater than 33,333. Streams are
linked by assigning a unique number to each link (or segment) in the stream raster. Then create
the stream order for the stream network from flow direction and converts stream raster to a

polyline feature.

8.2.5 Stream indexing

Stream indexing is essential to identify source to mouth direction of stream networks within the
watershed. It facilitates to represent longitudinal profile and search descending order for
proposed algorithm. Each sub-basin contains stream (both end connected with other
neighboring streams) or tributary (one end connected with another stream) and these all are
connected one to another. Stream indexing arranges by orders the stream network through
starting at the origin and run down the network incrementing the order of the polyline feature.

The indexing is done by repeating this process for each source.

8.2.6 Search radius and intervals

The locations of headwork and powerhouse site are placed in equal intervals from upstream to
downstream in each stretch of perennial streams. Then, the radius is defined to calculate the
numbers of possible powerhouses in downstream (mainstreams or/and tributaries) within
circular area for that particular headwork (this will be center of circle) as shown in Figure 8-3. It
assumed that for each headwork have several possible powerhouses in downstream in equal
distances in each search. The distance between headwork site and powerhouse location
(preferably not more than 500m) should be shorter that search radius (select with reasonable
distance or not more than 10 km). The process continues (iterative) to calculate one after another
headwork following to downstream in each stream with selected radius. The information
extracted from each circular area used to estimate further identifying potentially good locations

for powerhouse sites.

Searching algorithm runs from source of stream to downstream base on indexed stream. The
circular area centering it headwork passes down one after another. The search is terminating

when point is an outlet of watershed.
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Figure 8-3: Locations of Powerhouses and headwork within search radius

8.2.7 Calculation of head

Elevation information from DEM data is clipped with stream network to generate topographic
profile of streams and tributaries. The vertical distance between headwork and powerhouses are
defined a hydraulic head, which is computed at the downstream for each powerhouse from
available elevation in streams and tributaries. The local head H refers to the elevation between
headwork and powerhouses and cumulatively summed powerhouse at the downstream called
cumulative heads CH. While these calculate from stream to tributaries, it became negatives in
head value therefore, decrease in cumulative head. The location of powerhouse for particular
headwork is calculated by it value of gradient considering the difference of head between
headwork and each powerhouses within circular search area. In order to simplify the analysis of
potential output is estimated by product of slope also called stream gradient index followed by

Eq.1.
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8.2.8 Stream gradient index

The Stream Gradient Index (product of slope) is use to detect high potential site along river
stretch. This value is approximated by local gradient of stream and total head at calculate form

headwork to selected powerhouse, represents as follows:

Product of Slope (PS):

PSi = Si * CHl
Eq.1

The value of slope in each interval defined as local slope S,

Cumulative head CH calculated as:
CH; =Y} H; Eq.3

Where, the elevation z difference between headwork power house define as local head H of each
locations, x is the slope distance along the river between powerhouse and headwork, CH is

cumulative of local head H, 1 is number of headwork within the watershed.
Hi =Zi—Zj1 Eq4

The arc length L of stream to be considered as headrace length that runs along the river and
horizontal distance HL is minimum headrace length (Euclidean distance), which also allows the
representation of cut-off between headwork and powerhouse. The location of powerhouses
within selected circular area is displayed complying with the criteria of the location selection for

one headwork shown in Figure 8-3.

The possible location of powerhouses and their route line within selected radius of headwork by

selecting maximum value of three products of slope and the computation formulate as:
PSJ S PSmax,i Eq4

Where, PSmax,i is maximum value of three (PSj) production of slope (i. e, three power
houses), j is number of search or headworks. The idea of setting a maximum PSmax is to
determine potential location in stream with in circular area. The locations of powerhouse site

corresponding to maximum PSmax value is shown in Figure 8-4.
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Figure 8-4: Location of Potential Sites along the streams found in this study

8.3 Economical Screening

The economical screening involves three major steps: cost estimation, Benefit assessment and
economical/ financial analysis which are explained as follows:

8.3.1 Cost estimation

Hydropower projects are site specific. The project features depend upon requirement of the site
so cost of different components vary from projects to projects. The components used for the cost
estimation are: Weir, desander, waterway (pipe/ tunnel), Powerhouse, and Electro-mechanical
equipments. The costs of these components were derived based on the relations derived in

Chapter 6.

8.3.2 Assessment of project benefits:

Project benefits are calculated as revenue from energy sales. The energy sales rate provided by
utility company (NEA) was used to estimate the benefits. The details are described in Chapter 6.
8.3.3 Economic analysis:

Finanacial analysis is carried out from the assessed project cost and benefits from the project.

Net Present Value (NPV), Internal Rate of Return (IRR) and Benefit Cost Ratio (BC Ratio) are
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the financial indicators used for the assessment of the projects. A project is deemed financially
feasible is NPV >0, IRR>interest rate and BC Ratio >1. The details of the financial analysis are

presented in Chapter 6.

8.4 Technical Screening

Technical screening will be carried out by multi-criteria decision making tools. Kucukali (2014)
lists the potential risks to the hydropower plants associated with: geology, land use and permits,
environment issues, Grid connections, social acceptance, macroeconomic, natural hazards,
regulatory uncertainties, access road and revenue. Although risks associated with social
acceptance, land use and permits and environmental issues are identified as the most dominant
ones, they require detail study for the assessment-which is not feasible to carry out at large scale
study. Detail social and environment study needs to be carried while performing feasibility study
of promising individual projects. The environmental sensitivness in the protected areas and their

buffer zones will be however addressed.

The risks associated with macro economy and regulations is not associated with project in
particular. They are associated with the political and economic landscape of the country. Since
the techno-economical potential is assessed at 40% reliable flow, the risk in revenue due to

hydrological variation is expected to have minor impact in this study.

Hence factors associated with geology, natural hazard, access roads are assumed to major factors
governing the technical feasibility of the project. Long-term risks associated with the climate,
population growth, hydropower development strategy etc is not incorporated in this study. The

weightage of these parameters will be determined by the sensitivity analysis.

8.4.1 Geology

Geology has an important role in hydropower projects. It has an important implications in the
project cost because the cost of foundation treatment of civil structures and most importantly the
tunnel excavation is governed is governed by the geology. Himalayan geology is fragile and
rocks are faulted and folded caused by compressing tectonic activities. So the geological map of
Nepal prepared by Department of mines was used to extract the rock formation (Shown in Figure
8-5 and Figure 8-6). Similarly the location of major faults by Nakata (1998) was also used to
determine their distance from the projects (shown in Figure 8-6). The weights provided are

presented in Table 8-1.
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Figure 8-5: Regional geological map of Nepal
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Figure 8-6: Map showing the distances from the major faults
Table 8-1: Weights and scores used for geology
Score
Sub - criteria Weightage | Unit
100 |50 25

Type of rock 0.5 [-]

Distance from the major faults | 0.5 km
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8.4.2 Access roads:

The impact of access roads on the projects is analysed with the following sub criteria:
i) Vicinity to the nearest road head (km/ MW)

The distance of project site from the nearest road head determines the length of the additional
road that needs to be constructed to access the project site. The ability of the project to develop
its own access road depends on the installed capacity of the project. In general, the project with
higher installed capacity has potential to bear a longer road compared to the project with lower
installed capacity. So, the distance of project from the nearest road head will be normalized by
the installed capacity to remove the bias of the installed capacity. The project with short and
long normalized distance will be scored high and low respectively. GIS based road network map
developed by SNRTP project was used for the analysis. The buffer maps was created from the

road network map (Figure 8-7) and the scores were provided as detailed in Table 8-2.
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Figure 8-7: Road head map derived from road network map of SNRTP project
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Table 8-2: Weights and scores used for access roads

Score
Sub - criteria Weightage | Unit
100 |50 25
Vicinity of the nearest road | 0.5 km/
head MW
Vicinity of the nearest Regional | 0.5 km/
market MW

ii) Vicinity of the market:

Price of construction material depends on how far the project site is located from the nearest
market. This will determine the cost of haulage of materials to the project site. The project cost
is determined according to the average rate of materials at the major cities of Nepal. Instead of
analysing the additional cost of haulage, its impact will be assessed on the basis of scoring. The
size of the project is expected to have little influence in this criteria. Projects located near and
further from the principle market are scored as high and low respectively. The metropolitan and
sub metropolitan cities of Nepal are referred as the principle markets. A buffer map is created to

evaluate the project distance from the nearest principle markets is shown in Figure 8-8.

Legend
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Figure 8-8: Map showing the distances from the principle markets

8.4.3 Transmission line

Major parts of the existing transmission line facilities is saturated with the haulage of existing
power. It cannot be operated to haul techno-economical potential of the country, hence the

identified projects will not be technically feasible due to the transmission limits. However, GON
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has plans to install transmission line with higher capacity which is expected to be realized in
near future to meet its electricity development strategy. So, all planned and existing transmission
line infrastructure are incorporated in this study. The impact of transmission line on the projects
is analysed based on the vicinity to the substation. A buffer map of the transmission line distance

with respect to the planned and existing substation was produced which is shown in Figure 8-9.

The project is assumed to develop its own transmission line to the nearest substation to evacuate
its generated power. The ability of the project to construct its own transmission line depends
upon the installed capacity of the project. A project with higher installed capacity can bear the
cost of the longer transmission line whereas the project with lower installed capacity can only
bear short transmission line. So, the length of the transmission line is normalized by the installed

capacity to remove the installed capacity bias.

Legend

Distance in km
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5

Figure 8-9: Map showing the distances from the existing and planned substations

The cost of transmission line depends upon its capacity, which is measured in kilo volts (kV).
The required capacity of the transmission line is determined by the installed capacity of the
project. Since, the capacity of the transmission line significantly determine its cost, the capacity
biasness still exists in the normalized length. So, length of transmission lines with all other
capacities are converted to equivalent length of 132 kV capacity prior to normalization. The
weight assigned according to the length of the transmission line is presented in Error! Not a

valid bookmark self-reference.
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Table 8-3: Weights and scores used for transmission line

Score
Sub - criteria Weightage | Unit
100 |50 25
Length of transmission line | 1 km/ 0
(equivalent to 132 kV)/ MW MW

8.4.4 Natural hazards

Following natural hazards will be considered as sub criteria:

i) GLOF hazard

ii) The basins which incorporate glaciers have potential GLOF hazard due to changing
climate. GLOF hazard depends on the number of glacial lakes in the basin and the
distance of project from those lakes. Glacier and glacial lake inventory prepared by
ICIMOD is used for the analysis. The weights and scores provided in the analysis is
presented in Table 8-4.

Table 8-4: Weights and scores used for GLOF and Seismic analysis
Score

100 | 50 25

Sub - criteria Weightage | Unit

Percentage of area of glacier | 0.5 [-] 0
and glacial lakes in the
catchment

Earthquake hazard 0.5 PGA

value

iii) Earthquake hazard

Nepal lies along the active Main Himalayan Thrust Arc — where Indian and Eurasian plate
interact — which makes it prone to earthquake hazards. Major earthquakes occurring in 700,
1100 (Lavé, 2012), 1255, 1408, 1681, 1803, 1810, 1833, 1866 and 1934 (Pandey et al., 1995)
have been reported to have occurred within and close to Nepal. Recent Projects with combined
installed capacity of 175 MW out of 787 MW, total installed capacity, were severely or partially
damaged by the Gorkha earthquake and its aftershocks in 2015. Apart from the direct impact to
the hydropower infrastructure, about 456 km of roads were affected by earthquake and
earthquake induced landslides (ICIMOD 2015). The peak ground acceleration map for 63%
probability of exceedance by Thapa and Wang (2011) was used in the analysis (shown in Figure
8-10). The weights and score used are presented in Table 8-4.
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Figure 8-10: Map showing PGA at bedrock level at 63% probability of exceedence

8.5 Results and discussion

The criteria for search for the spotting tools were set as the distance between headwork and
powerhouses is 500 m of intervals along all streams and tributaries, and radius is 10 km. All
together 163,656 were identified in river basins of Nepal (Shown in Table 8-5). However, only
11,418 projects were observed to be economically feasible. The projects were then screened
using the technical criteria, explained in Section 8.4, to obtain the technical feasible projects. A
score higher than 50 was considered as techno-economically feasible projects. Only 1310
projects were observed to be techno-economically feasible. These economic feasible projects
contain mutually inclusive ones. So, a basin wise optimization was carried out to select the
mutually exclusive techno-economical RoR projects from the basin. After the projects are
screened technical criteria’s, the installed capacity of all feasible projects were added to
determine the ROR Techno-Economical Hydropower Potential of Nepal. ROR Techno-
Economical Hydropower Potential of Nepal was estimated as 32,680 MW.

Table 8-5: Details of the identified projects and economically feasible projects in basins

Identified Economically Techno-economical

Basin projects feasible feasible

Karnali 58263 3496 402
Gandaki 23568 2828 508
Koshi 21756 1653 314
Babai 4893 587 8
Bagmati 6843 753 17
East Rapti 3723 149 3
Kamala 3750 150 2
Kankai 1857 111 8
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Mahakali 23226 232 26
Tinau 9213 737 4
West Rapti 6564 722 18
Total 163656 11418 1310

As an example, the spotting process, identified headworks and powerhouse locations in
Bhotekoshi basin are shown in Figure 8-11, Figure 8-12 and Figure 8-13 respectively. For validation
existing project locations sites for the Bhotekoshi catchment are tested in this study. These are
done by plotting of there spatial geo-location into catchment map that is overlapping into
calculated map of catchment. The validated plot is shown is Figure 8-14, where it can see the
seven specific existing hydropower project's locations (currently running and under-construct
projects). In this Figure, the red triangles indicate the high potential site calculates by stream

gradient index from each search point and blue solid circular points is existing projects.

Search area
® Headwork
V¥ Powerhowes

Figure 8-11: Location of study area in Nepal (left) and Bhotekoshi (right)
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Figure 8-13: Location of Potential sites along the streams found in this study
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Figure 8-14: Comparison of the location of Potential sites with existing project locations
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9. Run-of-the River Projects

Hydropower is power derived from the energy of water moving from higher to lower elevation.
Run-off-River (ROR) hydropower schemes use the water available in the stream, without
storage, to generate the power. So, the power generation from ROR plant varies according to the
water availability during different seasons. Since, it is not economically feasible to harness
energy from all available water in the river, the installed capacity of the plant has to be
determined as tradeoff between the energy and cost of project components (which depend on
design discharge). For the purpose of this study, the installed capacity is determined at 40% flow

exceedance.

This chapter presents the methods adopted to identify ROR projects with installed capacity
greater than 300 MW.

9.1 Methodology

The gross hydropower potential assessment showed that only limited river reaches in the Koshi,
Gandaki and Karnali River had potential greater than 300 MW. So these projects were

individually studied and their economic feasibility was determined.

The gross hydropower potential was computed in a river reach defined between two adjacent
confluences. However, these reaches did not provide realistic project features. So, the river
reaches with gross hydropower potential higher than 100 MW were first screened. This allowed
combining two or more river reaches to generate 300 MW power. For example a river reach in a

bend may be long and contain many confluence but is feasible for hydropower development.

The power of the selected reaches were recalculated deducting the environmental releases,
incorporating head loss and electromechanical efficiencies. The river reaches (including
combined ones) with power potential higher than 300 MW were then selected for the further

analysis.

The sizing of project components of selected reaches were designed based on the evaluated
design discharge and flood flow. The length and type of the water way is determined based on
the topographic features and the cost was evaluated based on the relations derived in Chapter 6.
The energy production was evaluated based on the computed monthly flow at the reach. Finally

the economic analysis was carried out using the cost and revenue generated by the project.
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9.2 Results

Altogether 49 projects with installed capacity greater than 300 MW were identified as
economically feasible in the Koshi, Gandaki and Karnali River. The key project features of
identified projects are presented in Table 9-1. The layout and other detailed features of the

individual projects are presented in Appendix E.

The project features are identified using the topographic information and other available
information at the basin scale. The detail features of the project will vary according to the local
site conditions and the geology. A field inception of selected projects was carried out in the
months of December and January to confirm the suitability of the site conditions. A summary is
presented in and the details are presented in Appendix G. However, feasibility studies are

required to confirm their technical and economic feasibility.

Table 9-1: Features of the identified RoR Projects with Installed capacity > 300 MW

Installed Design Annual Annual
SN |proj Capacity Discharge Design Energy Total Project Revenue NPV 5 B/ C .
. oiergiame Mw) m3/9) | geaam) | CWD | costMNRs) | MNRS) | vngs) | TRROA) g, | ROER)
1 Arun 002 1069 372 335.00 5,800 180,227 34,223 79,331 14.68 1.44 31.48
2 Arun 003 512 192 156.00 2,822 95,530 16,726 28,458 13.18 1.30 26.03
3 Arun 004 623 194 188.00 3,433 125,426 20,342 22911 11.96 1.18 21.75
4 Arun 100 545 221 159.00 3,056 108,068 18,197 17,666 11.78 1.16 19.72
5 Arun 103 362 224 103.50 2,024 66,666 12,047 22,259 13.57 1.33 27.13
6 Arun 104 513 614 89.40 2,626 207,120 13,826 (146,827) 1.68 0.29 (12.12)
7 Arun 105 412 425 74.50 2,195 107,117 11,685 (34,723) 6.40 0.68 2.29
8 Arun 200 812 168 261.00 4,400 122,981 23,318 52,826 14.58 1.43 30.88
9 Bheri 000 333 140 283.75 1,811 35,922 10,577 49,038 24.45 2.37 65.72
10 Bheri 101 336 81 493.41 1,815 35,802 9,813 41,970 22.44 2.17 58.29
11 Bheri 102 553 132 500.67 3,040 60,815 17,793 83,590 24.49 2.37 66.51
12 Bheri 103 429 179 286.34 2,344 55,055 12,693 43,443 18.38 1.79 44.15
13 Bheri 105 471 408 137.75 2,594 88,719 14,076 11,937 11.45 1.13 19.62
14  [Budhi Gandaki 000 324 134 287.50 1,704 39,939 9,085 29,669 17.92 1.74 42.09
15 [Budhi Gandaki 100 347 115 358.00 1,640 37,562 8,638 28,503 18.11 1.76 42.49
16  [Dudh Koshi 100 323 62 623 1,635 41,477 8,066 23,689 16.11 1.57 35.58
17  [Dudh Koshi 101 390 55 825 1,938 41,477 10,233 38,255 19.81 1.92 48.83
18  [Dudh Koshi 102 342 45 876 1,702 31,490 9,023 40,202 23.56 2.28 61.99
19  [Kali Gandaki 000 531 104 608 2,913 53,893 17,338 88,508 27.30 2.64 76.60
20 [Kali Gandaki 100 563 101 663 3,082 60,264 18,334 89,391 25.63 2.48 70.64
21 [Kali Gandaki 103 414 119 416 2,250 45,198 13,364 62,844 24.68 2.39 66.91
22 [Kali Gandaki 104 433 288 180 2,122 65,677 11,211 15,402 12.53 1.23 23.14
23 [Karnali Main 100 325 242 160 1,906 67,474 11,552 16,645 12.65 1.25 23.87
24 [Karnali Main 102 1186 448 316 6,559 126,341 39,635 201,240 26.73 2.59 75.15
25 [Karnali Main 103 512 697 88 2,943 117,542 17,926 10,139 10.93 1.09 18.00
26 |Karnali Main 104 584 740 94 3,345 115,887 20,364 35,098 13.23 1.30 26.22
27 [Karnali Main 105 440 1071 49 2,590 94,279 15,673 19,803 12.25 1.21 22.64
28 [Marshyangdi 000 318 95 400 1,696 35,154 9,071 35,882 20.85 2.02 52.50
29 [Marshyangdi 101 352 33 1266 1,880 32,811 10,056 48,157 25.55 2.47 69.35
30 [Marshyangdi 103 328 102 384 1,743 44,645 9,320 25,668 16.14 1.57 35.85
31 [Mugu Karnali 100 323 70 552 1,792 36,220 10,795 50,746 24.81 2.40 67.15
32 [Mugu Karnali 101 340 51 791 1,901 38,834 11,477 53,679 24.61 2.38 66.52
33 Narayani 100 525 932 67 2,472 125,310 14,106 (36,268) 6.80 0.71 3.62
34 Sun Koshi 001 325 436 52 1,670 97,345 8,833 (48,464) 4.34 0.50 (4.34)
35 Sun Koshi 100 390 439 62 2,004 117,134 10,599 (58,131) 4.37 0.50 (4.21)
36 Sun Koshi 102 346 706 58 1,780 114,468 9,416 (65,552) 343 0.43 (7.14)
37 Sun Koshi 104 336 491 82 1,736 98,297 9,173 (46,485) 4.65 0.53 (3.41)
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Installed Design Annual Annual
SN [proi Capacity Discharge Design Energy Total Project Revenue NPV . B/C .
i Excicciiame MW) (m3/s) Head(m) | WD) | costMNRs) | MNRS) | vinRs,) WO ||y || 2O

38 Sun Koshi 105 319 397 96 1,380 88,965 7,168 (53,060) 3.09 0.40 (8.22)
39 Tama Koshi 100 328 90 435 1,568 37,728 8,773 29,632 18.38 1.79 43.59
40 Tama Koshi 101 375 131 342 1,796 87,196 9,304 (30,801) 6.05 0.65 1.03
41 | Tama Koshi 200 410 52 932 1,927 34,838 9,942 44215 2348 | 227 61.62
42 Tamor 000 342 30 970 1,691 28,472 8,783 41911 25.63 247 69.14
43 Tamor 101 349 32 1135 1,664 29,900 8,622 38,457 23.68 | 2.29 62.14
44 Tamor 102 328 93 312 1,638 48,377 8,520 13,186 12.94 1.27 24.38
45 Tamor 103 353 284 123 1,833 69,744 9,601 (4,884) 9.23 0.93 11.70
46 Trishuli 100 371 147 301 2,022 45,781 10,812 38,114 18.85 1.83 45.65
47 Trishuli 105 395 154 306 2,119 57,861 11,309 26,785 14.95 1.46 31.80
48 Trishuli 107 328 638 61 1,547 97,055 8,841 (48,020) | 438 0.51 (4.23)
49 West Seti 100 486 35 1652 1,393 38,855 7,266 14,156 13.92 136 | 27.74
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Table 9-2: Summary of field inception of RoR Projects with Installed capacity > 300 MW

S. Project Topography Geology DEM Head observed
No. | Name head in field (m)
Intake Powerhouse Intake Powerhouse (m)
1 Bheri 105 | The proposed intake site lies | The proposed powerhouse | At the intake area, Upper | Powerhouse site is located | 137 95
RoR Project | at Taranga, near Baraha Tal, | site lies at left bank of | Siwalik Formation of | on alluvial terrace of sand
Surkhet. The river flows in | Bheri River immediate u/s | sandstone bed rock with | and gravel, sufficiently
straight path with smooth | of its confluence with | conglomerate are exposed | large to house powerhouse.
flow. Sufficient space for | Karnali River. The flow | along the vertical scarp.
surface structures is | of the river is smooth with | The vertical scarp of
available at the left bank. curved path. about 100 m height shows
unstable slope and there is
a landslide just above the
proposed headwork.
2 Narayani 100 | The proposed intake site lies | Proposed powerhouse is | The area lies in Benighat | Proposed powerhouse lies | 67 29

RoR Project | 500 m d/s from confluence | located at Devghat area | Formation of the Lesser | on flat terrace of alluvial
of Seti and Trishuli River. | u/s of confluence of | Himalaya Zone consisting | deposit consisting gravel
The river flow is straight | Narayani  River  with | of hard, strong quartzite | and sand at Devghat area.
and smooth. No space is | Kaligandaki River. Space | with  thinly  foliated | At the right bank of
available for construction of | is  avaialbe for the | greenish, phyllite and | Narayani River bed rock of
surface structures. construction of | slate. The joints are | the Siwalik rocks of
powerhouse on the right continuous, rough to sandstone and mudstone
bank of the river in | planar and tight. The rock | are exposed.
Devghat area of Tanahu | mass is fresh to slightly
district, but due | weathered. Right bank is
consideration should be | covered with thin
given to the religious | colluvium of steep slope
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Table 9-2: Summary of field inception of RoR Projects with Installed capacity > 300 MW

S. Project Topography Geology DEM Head observed
No. | Name head in field (m)

Intake Powerhouse Intake Powerhouse (m)

importance of the area. | rock mass.
The river flows is smooth.
3 Trishuli 107 | The proposed intake site lies | Proposed powerhouse site | The area lies in the | The bed rocks of quartzite, | 61 54
RoR Project | about 5 km downstream | is located at Manakamana | Dhading Dolomite | phyllite and slate are

from Phisling, about 750 m | Cable Car Gate Station | Formation, Lower | exposed in the area. An old

downstream  from  the | area along Prithivi | Nawakot ~ Group, the | landslide which can be

confluence of the Jawan | Highway Area required | Lesser Himalaya Zone | active during construction

Khola and the Trishuli. | for the construction of | with bedrock of dolomite | period is located along

There is a suspension bridge | powerhouse is not | exposed at the both banks. | Prithvi Highway. So it is

over the Trishuli River at | available on surface on | The rocks are fresh to | recommended to shift the

the site. The valley shows | proposed left  bank | slightly weathered. Both | site to more stable area

narrow gorge under the | alignment, so | banks are stable with | which is about 1 km

existing suspension bridge. | underground structure is | precipitous  peak  of | upstream near the Ramilo

No space is available for | suggested. dolomite bed rock. Dada. Thin colluvium

surface structures. cover the bedrock in the

area.
4 Tamor 103 | The proposed intake site lies | The proposed powerhouse | The area lies at Mulghat | The area lies at Major | 123 142
RoR Project | about 2 km u/s of the bridge | site lies immediate u/s of | Formation, = Ponsagawa | Quartzite, Ponsagawa

at Mulghat on Dharan- | confluence of Tamor | Group of the Lesser | Group of the Lesser

Dhankuta Highway along | River —with  Sunkoshi | Himalaya consisting | Himalaya consisting fine

the river. The intake lies | River on the left bank. schists and  quartzite. | grained white quartzite. At

between two bends of the | The river flows in a | Rock mass is slightly | left and right bank of

river. There is some space | straight path with | weathered to fresh. At the | suspension bridge over
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Table 9-2: Summary of field inception of RoR Projects with Installed capacity > 300 MW

S. Project Topography Geology DEM Head observed
No. | Name head in field (m)
Intake Powerhouse Intake Powerhouse (m)
available on the left bank of | somewhat steep gradient | left bank colluvial deposit | Tamor River, massive
the river (flood plain). in the area. No space for | covered with bedrock is | quartzite beds are present.
surface powerhouse is | present. The geology downstream
available at the proposed of the suspension bridge is
site. unstable with number of
active landslides visible.
5 Tamakoshi The proposed intake site lies | The proposed powerhouse | The  area  lies  at | The area lies in Proterozoic | 342 299
101 RoR | about 3.5 km u/s of the | lies d/s of the confluence | Proterozoic  rocks of | rocks consisting phyllite,
Project bridge at Nayapul, Dolakha | of Khimti Khola with | Lesser Himalayan | quartzite, amphibolites and
on Manthanli-Charikot | Tamakoshi ~ River  at | Sequence. The area is | schist of Lesser Himalayan

Highway along the river.
The Tamakoshi River flows
in a straight reach with
generally smooth flow with
few occurrences of rapid
flow at the intake site. There
is no space available for the
surface

construction  of

structures.

Ambas, Ramechhap.

The river flows in curved
reach with high gradient
and numerous rapids and
falls. There is a flood
plain and alluvial terrace
on the right bank of the
river but underground
powerhouse seems more
suitable from geological

point of view.

located at gorge formed
by steep slope of hard,
very strong banded fine to

medium grained gneiss.

Sequence. Two level of
alluvium terrace landform,
consisting boulder, gravel
and sand, along the both

river banks are seen.
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10. Storage Projects
10.1 Introduction

Hydropower is power derived from the energy of water moving from higher to lower elevation.
On the basis of the quantity of the water available hydropower plants can be classified as run-off
river plants without pondage, run-off river plants with pondage and reservoir plants. Run-off
river plants without pondage do not storage water behind the dam and use water as it is available
in the river. Run-off river plants with pondage allow storage of daily flow, available during the
lean period of the year, behind the dam. The volume of storage is usually small and only
sufficient to generate electricity during the peak periods of the day. So it is also referred as
peaking run-off river plants. A reservoir type of plants allows sufficient storage behind the dam

to carry over storage from the wet season to the next dry season for electricity generation.

With an average annual rainfall of about 1530 mm over the country, Nepal is generously
endowed by nature in water resources. However due to high seasonal variability in rainfall, the
water resources availability also has high variability. 60-90% of the total annual precipitation
during monsoon (June-September) period. About 55 — 80% of the total annual run-off (225
billion cubic meters) occurs during the monsoon period, while the rest is conserved as snow and

ground water which drains into the rivers during the dry season.

Nepal heavily relies on hydroelectricity with more than 90% of electricity generation comes
from hydropower. Kulekhani hydropower plant, with an installed capacity of 60 MW, is the only
reservoir type in the country. The remaining 673 MW of hydropower production comes from the
run-off and peaking run-off plants. Due to high seasonal variability in river flow and lack of
reservoir type of plants, the hydropower production drops to about 1/3rd of its total installed
capacity during the dry flow season. Thus it becomes evident that reservoir type hydropower

plants are required to regulate the seasonal variability in the hydropower production in Nepal.
10.1.1 Objective and Scope

The main objective of this section is to identify techno-economically feasible reservoir projects

with capacity greater than 100 MW in Nepal. The scope includes:

Identification of reservoir type projects greater than 100 MW
Preparation of separate river-basin and physiographic maps showing the potential storage

type hydropower projects
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10.2 Methodology

A reservoir type of hydropower plant allows impoundment of water to enable flow regulation, on
a daily basis or monthly basis, throughout a year or even on a multi-annual basis for a very large
reservoir plants. The multi-annual type of reservoir type of projects require in depth analysis and
detail data and is beyond the scope of this study. So this study focuses on the study of reservoir
type projects enabling flow regulation in a monthly basis. The study will be carried out in two
phases. The first phase will include identification of the potential reservoir projects and their
rapid technical screening. More detailed technical and economic analysis of the screened projects

is carried out at the second stage of the study.

The following methodology (Figure 10-1) was applied during the first stage of the study:

Potential .. Reservoir Estimation of
Preliminary

screening

volume installed
estimation capacity

reservoir
sites

Selection of Economic
economically feasible parmeters of
reservoir projects the project

Estimation of
dam cost

Figure 10-1: General methodology adopted for the identification of the reservoir projects

The following assumptions were further made to simplify the study:

Powerhouse is located at the toe of the dam.

Maximum height of the dam is assumed to be 200 m.

10% of the reservoir volume is assumed to be dead storage so only 90% of the water volume
in the reservoir is available for the power computation.

Water intake is located above the dead storage (10% of the height) of the reservoir.

To accommodate the change in gross-head due to seasonal variation in reservoir volume, a
constant gross-head calculated as the half of the live storage is used to compute power
throughout the year.

Evaporation and other losses from the reservoir are not taken in to account.
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10.2.1 Identification of potential reservoir sites

Confluences of river and streams were considered as the preliminary reservoir sites. Confluences
were extracted from the stream networks derived from the GIS. Each confluence serves as an
outlet of a river/ stream reach and was treated as a unique outlet. On doing so, thousands of
outlets were identified in each basin. The potential reservoir project sites considered in Gandaki

basin are shown in Figure 10-2 as an example.

Legend

@  Potential Reservoir Projects

River

I:l River Basin

Figure 10-2: Potential Reservoir sites considered in the Gandaki River Basin

10.2.2 Preliminary screening potential reservoir sites

A storage projects requires an inundation area which can sufficiently store water. Most of the
identified potential reservoir sites cannot meet such criteria. The reservoir volume estimation is
computationally intensive so the identified sites have to be screened with preliminary criteria.

The following criteria were used for the preliminary screening:

a) stream slope upstream of the outlet < 5%
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b) elevation difference of the river reach < 200 m (smaller than the assumed maximum dam
height)
c) Equivalent power using energy computed using the entire available flow is 100 MW or

more on daily basis for six hours throughout the year

The reservoir projects obtained in Gandaki River basin after the preliminary screening is shown

in Figure 10-3 as an example.

Legend

@  Reservoir Projects Preliminary Screened

River

I:l River Basin

Figure 10-3: Potential Reservoir sites considered in the Gandaki River Basin after preliminary screening

10.2.3 Estimation of reservoir volume

Storage capacity were calculated from GIS Modelling with the use of Storage Capacity Tool
from Spatial Analyst Supplemental Toolbox. The tool analyses the terrain and computes the
volume enclosed between the terrain and the horizontal plane representing the dam height. The
tool was modified to obtain the reservoir volume at different dam height. A framework applied to

compute dam height vs reservoir volume curve is shown in Figure 10-4.
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Figure 10-4: Framework adopted to compute elevation Vs reservoir volume

10.2.4 Estimation of dam material and cost

Economics of the dam, construction process and seismic performance were mainly considered in
determining the type of the dam. Concrete Faced rockfill Dam (CFRD) was considered for the
scope of the present study, considering its preference in a high seismic areas. A CFRD consist
essentially of a zoned rockfill embankment sealed on the upstream side by a thin concrete slab
which provides water impermeability to the dam. Owing to the steep upstream and downstream
slopes, Concrete Faced Rockfill Dam (CFRD), are most often the cheapest type of dam. In
addition to this, due to the advancement in the technology of compaction of materials, they are
favorable from all technical point of view. As, all of the zoned rockfill is downstream from the
water barrier, the sliding factor of safety often exceeds 7. Since all of the rockfill is dry,
earthquake shaking cannot cause internal pore water pressure. The conditions of high shear
strength, no pore pressure, and small settlement under seismic loading make this type of zoned

rockfill inherently resistant to seismic loading.(ICOLD, 2010).

A schematic section of the CFRD consisting of sound compacted rockfill founded on a sound

rock foundation is shown below. Outer slopes can be as steep as 1.3H: 1V. For a weaker rockfill
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and foundation, upstream and downstream slopes, zoning, drainage and construction are adapted
to accommodate the weak rock. For a potentially erodible foundation, additional sealing and
filter provisions are constructed downstream of the plinth. The zone designations of 1, 2, and 3

have become the standard:

» Zones 1A, 1B — concrete face protection (upstream) zones, in increasing order of maximum

particle size,

» Zones 2A, 2B — concrete face supporting (downstream) zones, in increasing order of maximum

particle size, these are processed granular materials, and

» Zones 3A, 3B, etc. — rockfill zones, in increasing order of maximum particle size.

Location depends on height
of dam, rock quality, and
rockfill grading

Face slab

Large rock
dozed to face

Dam Section

@ Cohesionless fine-grained soil € Selected rockfill - 0.4 m layers
@ Random fill € Quarry run rockfill - 1 m layers
€] Perimeter zone filter € Quarry fun rockfill - 2 m layers

€D Processed minus 75 mm

Figure 10-5: A typical section of CFRD adopted for the study ( ICOLD, 2010)

The cross sectional area of each zone of materials of CFRD corresponding to each 0.5 m increase
in height from the base of the abutment to the top of the crest were calculated according to the
guidelines specified in the ICOLD bulletin 141, these cross sectional area were used in
conjunction with the cross sectional data of the river valley at each outlet location to work out
the overall dam material volume at those outlets. By treating the point with lowest elevation of
each river valley as origin for that river valley, chainages at interval of 5 m left and right of the

origin and their corresponding elevation values were extracted. Now, for each 20 m increase in
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storage height from 20 m to 200 meters, the height of dam for each chainage worked out earlier
were calculated. The crest of the dam is placed 6.5 m above the FSL of the reservoir. As it is
general practice in CFRDs to keep the joint between the face slab and parapet wall above the
FSL, the above provision is provided accordingly. Similarly, the provision also takes into
consideration the accommodation of abutment at flanks of the river valley. The average of two
consecutive heights thus calculated were taken. These average heights were now compared with
the heights for which the corresponding cross sectional area of different zones of material
volume are known. By multiplying the cross sectional areas of different zones of dam material
corresponding to the average dam height with the distance between two chainages whose heights
were used to find out the average height, the volume of different zones of materials for each
section were calculated. Finally the volume corresponding to same zone were added to give the
total volume of different zones of a dam for different height for each outlet. The entire work of
interpretation of cross section data of river valleys, comparison of dam heights with the heights
corresponding to known cross sectional area of different zones of material and multiplication of

cross sectional data with distances were carried out with program written in MATLAB.

10.2.5 Reservoir routing

Installed capacity of the storage project depends on the water balance in a reservoir which is
governed by the interaction between the available in-flow, reservoir volume, outflow and the
losses (Refer Figure 10-6). The outflowing discharge from the reservoir depends on the installed
hydropower capacity of the plant. Hence the hydropower capacity of a reservoir plant has to be

determined by an iterative procedure.

A simulation method was used to estimate the installed capacity of the reservoir which is

described as follows:

V;.l @Vt ° Qin OQout OEI OLI
Vi1 = Storage at the beginning of t+1%" period

Vi = Storage at the beginning of t" time period

Q: = Inflow volume during the t" time period
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Qout = Release volume at the t™ time period.
E: = Net evaporation loss from reservoir during t™ period
Lt = Other losses during t™ period

For the simplicity, the losses from the reservoir are neglected in the computation.

Qout

Figure 10-6: Variables determining the water balance in a reservoir

In this method, a hydrological year starts at the end of the wet season. So in case of Nepal
October, which is typically the end of the monsoon season, is considered as the start of the
hydrological year. Reservoir is assumed to be full at the beginning of a hydrological year.
Inflowing monthly discharge is converted into inflowing monthly volume. The maximum
possible monthly discharge that can be sustained for daily 6 hours peak duration throughout the
year is estimated. A simulation method iterates the outlet discharge such that the reservoir
volume is emptied at the end of the dry season and filled back during the wet season (as shown
in Figure 10-7). Ten percentage of storage volume was considered as dead storage and only
remaining volume of the reservoir was used for power generation. Mainly three criteria
(consideration) were met during the calculation of maximum discharge. First, the volume of
water above the maximum reservoir capacity was not taken into consideration, secondly the
reservoir capacity would not deplete below the minimum active storage capacity for any month
and lastly; reservoir capacity would replete to the maximum reservoir capacity before the onset

of dry season. Installed Capacity of the project was then computed assuming no head loss in
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penstock between intake and powerhouse, while the average of active storage height added to the
dead storage height was used as the head for the calculation of yearly energy generation
assuming no head loss. The combined efficiency of turbine, generator and transformer was taken
as 85 % for both calculation. The installed capacity and energy generation from the project was

determined at all dam heights (varied between 20 m and 200 m at an interval of 20 m).

400
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m3)
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o
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0
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Months

Figure 10-7: Variation of reservoir volume during a hydrological year

10.2.6 Economics and screening

Cost of materials of each zone of dam were calculated with the help of volume of materials
calculated as explained above and rates of materials. Given the fact that most of the outlets are
located in remote places far from city areas, higher cost of cement and reinforcement bars are
considered while the labor cost and construction materials which could be found locally are
considered to be slightly cheaper. The rate of materials used in the study are shown in Table

10-1.

Table 10-1: Unit rate of items used in the cost analysis

Rate
Item Unit (NPR) Remarks
Concrete m’ 23260 | Face slab, plinth slab, parapet wall
Sand m? 1000 | Zone 1A
Random fill | m’® 1000 | Zone 1 B
Filter
material m’ 1250/ 1300 | Zone 2A, Zone 2B
Zone 3A, Zone3B, Core, Zone 3C,
Rock fill m? 1000 | D/s protection
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Similarly revenues from the generated energy were calculated. For this purpose, the cost of each
unit (KWh) of electricity is taken as NRs 10. Both the cost aspect and benefit aspect of all
projects were expressed in Net Present Value. For this the interest rate (discount rate) was taken
as 10 % and life of projects life to be 30 years. The operation and maintenance cost was taken as
10 % of yearly electricity revenue. Now the B/C ratio of every projects was calculated. No scrap

value was considered in the calculation of B/C ratio.

Final screening of the projects are done on the basis of B/C ratio and Installed capacity. For the
economic viability of the projects, only those projects with installed B/C ratio greater than 1.5
are taken. Similarly as the threshold of installed capacity is set at 100 MW for storage projects
for the purpose of this study, only those projects with installed capacity greater than 100 MW are
taken. At last the height of the dam corresponding to the best B/C ratio which is greater than 1.5
having installed capacity greater than 100 MW for each outlet is selected as the representative

project for that outlet.

10.2.7 Validation

The reservoir projects identified in this study were compared with the location and capacity of
the reservoir projects by Department of Electricity Development. The comparison is shown in
Figure 10-8 and Table 10-2. Ten reservoir projects identified in this project lie significantly close
to the ones identified in the previous studies. The installed capacity however varies which may

be due to difference in the dam heights.
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Table 10-2: Comparison of Reservoir project features identified in this study closer to the ones identified in the previous study

DOED Study Current Study
Installed Installed
Capacity | Reference Capacity
Project Code | Project Name | (MW) Project Code Project Name (MW) Remarks
BR-3B Bheri BR-3B 1192 | KR-103241 Bheri-1 224 | Newly identified project is about 2 km d/s of DOED project.
BR-5 Bheri BR-5 1269 | KR-103518 Bheri-2 1754 | Newly idenfified project is about 1.65 km u/s of DOED project.
Karnali
KAN-CHI Chisapani 10800 | KR-103750 Karnali-1 6397 | Newly identified project is about 1.5 km u/s of DOED project.
Kali Newly identified project is about 19.65 km d/s of DOED
KG1-U Gandaki-1 1600 | G-102611 Kali Gandaki-2 2550 | project with Ridi Khola.
Kali
KG2-U Gandaki-2 870 | G-103487 Kali Gandaki-1 3889 | Newly identified project is about 1.7 km d/s of DOED project.
Sapta Newly identified project is about 7.2 km u/s of DOED project
SPG-U Gandaki 700 | G-103162 Narayani 4851 | without Kaligandaki river.
Sapta  Kosi
Multipurpose
(Indian Newly identified project is about 3.3 km d/s of DOED project
SPK-MP-J* | Study) 3897 | K-101351 Sapta Koshi 8181 | with Kokaha Khola.
SR6 Seti SR-6 966 | KR-102335 West Seti-1 418 | Newly identified projece is about 1.7 km d/s of DOED project.
Sunkosi-2
Storage
SUN2-J (1985 Study) 1110 | K-101132 Sun Koshi-1 3041 | Newly idientified project is about 0.6 km d/s of DOED project.
Tamor-1
TMR1-MP-J | Storage 696 | K-100664 Tamor 1706 | Newly identified project is about 11 km u/s of DOED project.
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Figure 10-8: Map of reservoir projects identified closer to the ones identified in the previous studies
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10.3 Results

A total number of 9, 8 and 18 reservoir projects were identified in the Koshi, Gandaki and Karnali River basins
respectively. The spatial location of the identified projects are shown in Figure 10-9. The total installed capacity
of the identified reservoir projects are 48,145 MW. The features of the projects in the Koshi, Gandaki and

Karnali Basin are presented in Table 10-3, Table 10-4 and

Table 10-5 respectively. The details of individual projects are presented in Appendix F. A

field visit was carried out in the month of December and January to carryout inception study

of some of the identified storage project schemes. The summary of the field visit of the

storage projects is provided in Table 10-6 and the details are provided in Appendix G.

Table 10-3: Features of the reservoir projects in the Koshi Basin

Dam | Reservoir Storage Installed BC
Project ID | Height Area Volume Capacity | Energy | Ratio | Province District River Name
[-] [m] | [km?2] | [milm"3] | [MW] | [GWh] | [-] [-] - [-]
Sankhuwasabha,
Arun-1 46.5 1.1 17.63 134 161.4 1.92 | Province 1 Bhojpur Arun River
Arun-2 66.5 0.8 24.35 197 237.2 1.91 | Province 1 Sankhuwasabha Arun River
Arun-3 126.5 3.4 150.75 467 562.9 1.97 | Province 1 Sankhuwasabha Arun River
Arun-4 66.5 0.8 19.44 173 208.2 1.82 | Province 1 Sankhuwasabha Arun River
Arun-5 146.5 7.5 744.23 737 887.8 2.29 | Province 1 Sankhuwasabha Arun River
Sunkoshi,
Udayapur,
Dhankuta,
Khotang, Bhojpur,
Sankhuwasabha, SunKoshi
Sapta Koshi 206.5 166.1 11502.70 8181 9854.3 3.69 | Province 1 Tehrathum River
Ramechhap,
Sindhuli,
Kavrepalanchowk, SunKoshi
Sun Koshi-1 186.5 90.4 6963.00 3041 3662.4 2.36 | Province 3 Dolakha River
Sindhupalchowk, SunKoshi
Sun Koshi-2 86.5 4.4 171.93 144 173.1 1.57 | Province 3 Kavrepalanchowk | River
Panchthar,
Terhathum,
Tamor 206.5 36.2 2976.84 1706 2054.5 2.13 | Province 1 Taplejung Tamor River
Table 10-4: Features of the reservoir projects identifed in the Gandaki Basin
Dam Reservoir Storage Installed River
Project ID Height Area Volume Capacity | Energy | BC Ratio | Province District Name
[-1 [m] [km*2] | [milm"3] | [MW] | [GWh] [-1 [-1 [-1 [-1
Budhi
Province | Dhading, Gandaki
Budhi Gandaki-1 126.5 5.8 336.04 269 323.9 1.56 | 3,4 Gorkha River
Budhi
Province Gandaki
Budhi Gandaki-2 106.5 6.9 547.60 243 292.5 1.87 | 4 Gorkha River
Nawalparasi-
West, Kali
Province | Tanahu,Syangja, | Gandaki
Kali Gandaki-1 206.5 166.3 10917.62 3889 4684.1 313 |1 4,5 Palpa River
Kali
Province | Syangja, Palpa, | Gandaki
Kali Gandaki-2 206.5 63.3 5057.36 2550 3071.2 276 | 4,5 Gulmi River
Kali
Pvovince | Parbat, Baglung, | Gandaki
Kali Gandaki-3 206.5 443 3529.34 1655 1993.5 232 | 4 Myagdi River
Gorkha,
Province | Tanahu, Marsyandi
Marsyangdi 166.5 50.5 2569.10 960 1156.2 1.60 | 4 Lamjung River
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Dam Reservoir Storage Installed River
Project ID Height Area Volume Capacity | Energy | BC Ratio | Province District Name
[-1 [m] [km"2] | [milm"3] [MW] | [GWh] [-1 [-1 [-1 [-1
Chitwan,
Tanahu, Kaski,
Lamjung,
Province | Gorkha, Narayani
Narayani 206.5 170.7 9373.45 4851 5843.3 338 | 3,4 Dhading River
Province | Dhading, Trishuli
Trishuli 166.5 74.1 4614.84 1494 1799.2 2.13 | 3 Nuwakot River
Table 10-5: Features of the reservoir projects identied in the Karnali Basin
Dam Reservoir Storage Installed River
Project ID | Height Area Volume Capacity | Energy | BC_Ratio Province District Name
[-] [m] [km?2] | [milm"3] [MW] | [GWh] [-] [-1 [-] [-1
Bheri
Bheri-1 46.5 2.2 36.82 224 269.4 2.05 | Province 6 Surkhet, Salyan | River
Surkhet, Salyan,
Jajarkot, Bheri
Bheri-2 166.5 51.7 3271.78 1754 2113.1 2.58 | Province 6 Rukum-West River
Jajarkot, Bheri
Bheri-3 66.5 2.7 57.66 173 208.2 1.85 | Province 6 Rukum-West River
Jajarkot, Bheri
Bheri-4 66.5 1.1 37.02 149 179.0 1.56 | Province 6 Rukum-West River
Jajarkot, Bheri
Bheri-5 66.5 1.0 22.72 146 175.5 1.71 | Province 6 Rukum-West River
Jajarkot, Bheri
Bheri-6 66.5 0.8 26.23 139 166.9 1.64 | Province 6 Rukum-West River
Humla
Humla Karnali
Karnali 106.5 9.1 646.81 309 3723 1.89 | Province 6 Humla River
Kailali, Surkhet,
Province 6, | Doti, Karnali
Karnali-1 186.5 2774 19361.02 6397 7704.8 367 | 7 Achham,Bardiya | River
Province 6, | Surkhet, Karnali
Karnali-2 126.5 10.1 544.77 926 1114.9 253 | 7 Achham River
Dailekh,
Achham, Karnali
Karnali-3 206.5 70.7 5181.57 2906 3499.9 2.80 | Province 6 Kalikot River
Province 6, Karnali
Karnali-4 46.5 1.1 38.48 144 173.1 1.76 | 7 Kalikot River
Province 6, Karnali
Karnali-5 126.5 7.0 362.39 595 716.4 211 | 7 Kalikot, Bajura River
Province 6, | Bajura, Mugu, | Karnali
Karnali-6 206.5 28.9 244741 1655 1993.5 236 | 7 Humla River
Mugu
Mugu Karnali
Karnai 66.5 44.2 237543 140 168.6 1.84 | Province 6 Mugu River
Thuli
Thuli Dolpa, Rukum- | Bheri
Bheri-1 66.5 1.0 31.59 101 122.2 1.68 | Province 6 West River
Thuli
Thuli Bheri
Bheri-2 86.5 14 52.62 135 162.9 1.56 | Province 6 Dolpa River
West Seti
West Seti-1 106.5 11.3 383.18 418 503.3 1.73 | Province 7 Achham, Doti River
Doti,  Baitadi, | West Seti
West Seti-2 186.5 34.6 2586.92 1147 1381.6 1.66 | Province 7 Dadeldhura River
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Figure 10-9: Spatial location of reservoir projects identified in this study
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Table 10-6: Summary of field observations of the storage projects

S. Project Topography Geology DEM bed elevation Water surface
No. Name (m) elevation in field
(m)
1 Karnali-1 The proposed dam axis lies about 3 km u/s of | The area lies in Middle Siwalik Formation | 202 198
Reservoir Karnali Chisapani Bridge along earthen | of Siwalik Zone. Both Banks consists of
Project Kuine Road. The river flows in a straight | bedrocks of sandstone with mudstone. The
narrow gorge. The flow of the river is very | rocks are fresh to slightly weathered. The
smooth with no rapid formation. slopes are stable with no groundwater
influences.
2 Bheri-2 The proposed dam axis is located at Baluwa | The area lies in Pink Quartzite Unit of | 529 505
Reservoir Sangrahi, along Chinchu-Jajorkot Highway. | Kubhinde Complex of Lesser Himalayan
Project The river flows in a curved path. The flow of | Zone. Both banks consists of bedrocks of
the river is smooth with occasional rapids. Quartzite. The rocks are fresh to slightly
weathered. The left bank shows unstable
geology with vertical scarp.
3 Narayani The proposed dam axis lies about 3 km u/s of | The area lies in Dhading Dolomite | 197 192
Reservoir Dashdhunga Bridge along Narayangarh- | Formation of Lesser Himalayan Zone.
Project Mugling Highway. The river flows in a | Both bank have exposed dolomite
straight path with smooth flow and no rapid | bedrocks. At a stream u/s of proposed site,
formation. Nourpul formation of phyllite and quartzite
overlained by  Dhading formation
representing an inactive thrust can be seen.
The slopes are stable with no groundwater
influences.
4 Trishuli The proposed dam axis lies about 5 km d/s of | The area lies in Tawa Khola Formation. | 412 386
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S. Project Topography Geology DEM bed elevation Water surface
No. Name (m) elevation in field
(m)
Reservoir Galchi along Prithvi Highway. The dam axis | Both banks consists of bedrocks of schist
Project lies between two bends of river with smooth | and quartzite covered by alluvial terrace.
flow. The river valley is wide at the proposed | The slopes are stable with no ground water
site. influences.
5 Saptakoshi The proposed dam axis lies about 1 km d/s of | The Siwalik Zone bed rocks with gray | 120 105
Reservoir Barahakhsetra at the confluence of Kosopa | colored coarse grained sandstone and
Project Khola with Saptakoshi river from right side. | variegated mudstone are present in the
The river valley is wide and river flow is | area. The rocks are fractured joints are
smooth. The stream coming from right side | weak. Numerous landslides are present on
has high sediment yield capacity. both banks from the proposed dam axis
upto 1 km u/s of Barahakshetra.
6 Sunkoshi-1 The proposed dam site lies at the confluence | The area lies in Proterozoic | 435 428
Reservoir of Bitijor Khola with Sunkoshi River about | Undifferentiated = Higher = Himalayan
Project 20 km along Khurkot-Ghurmi Road from | Crystalline Zone of schist, quartzite,
Khurkot. The river makes sharp right side | gneiss, migmatite. At the right bank, there
bend immediately after the confluence and | is a steep dry slope hills with colluvium
then flows in a straight path with occasional | and alluvium mix deposit at the foot. The
rapids. slopes are stable with no ground water
influences.
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11. Conclusion and Discussion

11.1 Conclusion

The gross hydropower potential of Nepal is estimated as 72,544 MW. Similarly the Techno-
economical Hydropower potential is estimated as 32,680 MW. The discharge estimated by
hydrological modelling was used to compute the power potential in Koshi, Gandaki, Karnali,
Bagmati, Babai, Kankai, Tinau, West Rapti and Kanaki basins. In the case of Mechi, Bakaiya
and Mhakali basins, which are ungauged, the discharge estimated by empirical method was used

to compute the power potential.

Forty Nine Run-off-River projects with installed capacity greater than 300 MW were identified
in the Koshi, Gandaki and the Karnali River basins. The total installed capacity of these
identified projects is 21,651 MW.

Similarly 25 reservoir projects with installed capacity greater than 100 MW were identified by
this study. The Koshi, Gandaki and Karnali basins incorporate 9, 8 and 18 of these projects
respectively. The total installed capacity of reservoir projects is 48,145 MW.

11.2 Discussion

The Gross Hydropower Potential of different river basins determined by this study was
compared with those reported in the literature. The comparison is shown in Table 11-1. The
Gross Hydropower potential reported by Jha in Koshi, Karnali and other basins are lower than
those estimated in this study. However, Jha reports higher power potential of Gandaki basin.
Power potential of all river basins estimated by Bajracharya are higher than those computed in
this study. Similarly Prajapati reports a higher power potential of the Karnali River basin than
the current study. Compared to results of this study, Shrestha reports higher power potential in
the Karnali, Gandaki and other smaller basins but lower power potential in the Koshi River

basin.

Table 11-1: Comparison between the Gross Hydropower Potential in different basins of Nepal reported in the
literature and current study

Basins This study* | Shrestha Jha [2010]* | Prajapati Bajracharya
[1966]° [2015]* [2015]°
. 27,805 22,350 21,260 35,166
Koshi
Gandaki 19,803 20,650 22,250 32,086

* Computed at 40% dependable flow
* Computed at mean annual discharge
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Karnali 21,306 32,010 19,576 23.109 25,755
Other 4,551 8,171 4,209 10,334
basins®

It should be noted that the figures reported in the literature are computed under different
assumptions than this study. Shrestha [1966] and Bajracharya [2015] estimated the power
potential at mean annual flow whereas Jha [2010] and Prajapati [2015] used 40% dependable
flow (similar to this study). Mean annual flow is higher than the 40% dependable flow. Jha and
Prajapati estimated the power potential considering the electromechanical efficiency. So the
figures presented in column 4 and 5 of Table 11-1 are converted to 100% efficiency in order to
compare with the results of this study. Electro-mechanical efficiency used in Shrestha’s study is
conflicting in the literature. Bajracharya [2015] reports the use of 80% efficiency whereas Jha
[2010] reports the use of 100% efficiency in Shrestha’s study. Although Shrestha’s 1966 work
could not be accessed for the verification, Shrestha states in his recent article that ... take in to
account overall power/ energy of all the water flowing in the Nepal territory...” (Shrestha, 2016)
which indicates that 100% efficiency might have been used. So this study assumes that
Shrestha’s [1966] estimation was based on 100% efficiency.

The study is carried out using the ASTER-GDEM terrain data at a spatial resolution of 30 m.
Although the validation of gross-heads showed acceptable results, the estimation can be

improved using more accurate and refined commercial DEM data.

The hydrological modelling in this study could not be carried out in refined details, due to the
time limitations. A fine scale modelling of individual basins will require months. So, refining the
hydrological models can improve the accuracy of discharge estimations and thus improve the

accuracy of the power potential estimations as well.

The ROR projects and reservoir projects are identified based on the topographic information
only. The location of the project components depend on the topographic condition and
geological condition of the site. Although field visit was carried out to verify the layout of some
of the projects, projects identified in this projects should be further studied in detail to determine

their techno-economical feasibility.

¢ The Gandaki River is excluded from the calculation
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