JAPAN INTERNATIONAL COOPERATIONAGENCY

VICE MINISTRY OF ENERGY AND HY DROCARBONS
THE REPUBLIC OF BOLIVIA

THE STUDY ONRURAL ELECTRIFICATION
IMPLEMENTATION PLAN BY
RENEWABLE ENERGY
IN
THE REPUBLIC OF BOLIVIA

FINAL REPORT

APPENDIX |1l AND IV

September 2001

KRI INTERNATIONAL CORP.
NIPPON KOEI CO., LTD.



Exchange Equivalents

(May 2001)
USPHL1 = ¥120.5
US$H1 =Bs6.53

Bsl =¥185



The Study on Rural Electrification Implementation Plan
by Renewable Energy in the Republic of Bolivia

Final Report (Appendix Il & V)

THE STUDY
ON
RURAL ELECTRIFICATION IMPLEMENTATION PLAN
BY
RENEWABLE ENERGY
IN
THE REPUBLIC OF BOLIVIA
APPENDIX 11 & IV

TABLE OF CONTENTS

Appendix |11
Pre-feasbility Sudy on Wind Power Projects

Pages
CHAPTER 1 INTRODUCTION ...cicoiiicicieiereste ettt s -1
1.1  Objectivesof the SUAY ........ccevvreeiieie e -1
1.2  Survey and Study CondUCEed: ...........ooeveererenineeee e -1
CHAPTER 2 DATA COLLECTION ...oooiieeece s -3
CHAPTER 3 SITE SELECTION AND INSTALLATION OF
WIND MONITORING SYSTEM .....oooviiriririeenienene e [1-5
3.1  Site Selection of Wind Monitoring System.........ccccceveveeeieeieeiinen, -5
311 SEleCtion Criteria. ..o erererere e 11-5
312  SeleCted SHES.....coieeeeeeeee e 11-6
3.2  Ingalation and MoNItOriNg........ccccceeveeiiieeiiecie e [1-8
321  InStalation WOrK ......coeeeiiriinienesieseeeeee e 11-8
322 MONITOMNG . .ee e 1-13
3.3  Analysisof the Collected Data...........cccccveveeiieeiie i [11-15
3.3.1  Monthly Average Wind Speed........ccccovvveveeiecieesiecrie s [11-15
332 MaximumWind Soeed.......ccooerimireririeeereese e -17
3.3.3  Diurnal WIind Speed .........cccceevveneneninieiesese e 111-18
334 WINd DIFECHION .....ccueeuiiiiiiriesie et 111-20
335  Wind Speed FreqUuENCY........coevererereeeeeeeeee e 1-21
3.3.6  Solar Radiation, Temperature, Humidity and
Barometric PreSSUNE.........ccoovveviniereneseeeeee e 11-21



The Study on Rural Electrification Implementation Plan
by Renewable Energy in the Republic of Bolivia

Final Report (Appendix Il & V)

CHAPTER 4 WIND ENERGY POTENTIAL AND SELECTION

OF PRE-FEASIBILITY STUDY SITES......ccoieieeveee [1-22
4.1  Wind Power Potential in LaPaz and Oruro..........cccoceveeveneenennnnne [1-22
4.2  Selection of High Potential Development SItes........ccccoeeevvevieenene [1-22

CHAPTER5 PRE-FEASIBILITY STUDY ON CHARANA

WIND POWER PROJECT IN LA PAZ ..o, [1-25
51  Location and TOPOGraphy .........ccccererererreresiesiesieeeeseeseesseseeseesseseeas 111-25
5.2  Socio-economic Conditions and Demand for Electricity. ................ [11-26
521  Socio-economic CoNAitioNS........c.ccveeeeerieereenieseseseneennes 111-26
522  Demand for EIECIIICItY ......cccoeriririririeeeeese e 111-26
53  WINd DalaANalYSIS.......ccoieiiiiiieciicsee sttt 1-31
531  Analysisof Wind Data..........cccceeeveeieiieseeieceese e 11-31

532  Complementary Relation between Wind and
SOlar ENEIQIS.....cveeiieeiie et s [11-34
54  Formulation of Optimum Development Scheme..........cccccevvevieenene 111-35
55  Preliminary Design and Cost EStIMALE..........ccccveieeieereenerenenenienens 111-36
551 Preliminary Design for Wind Turbine............cccceeevveinenne 111-36
55.2  Proposed Wind Power System..........ccceeveveeveneeneeieesenenn 111-39
553  COSt ESLIMALE.......ccceiieiirieerieeieeeesieeie e [11-40
554  Congruction Schedule............ccooviiiiiniieeieeee [11-40
56  Implementation Organization and OM...........ccccceevvrieerenieseesnenens [1-41

CHAPTER 6 PRE-FEASIBILITY STUDY ON CARIPE WIND

POWER PROJECT IN ORURO.......cccvviriririeie e [11-45
6.1  Location and TOPOgraphy .........cccceerereererie e [11-45
6.2  Socio-economic Conditions and Demand for Electricity. ................ [11-46
6.2.1  Socio-economic Conditions..........ccceevereerieereseeseeneeseenns 111-46
6.2.2  Demand for EIECIiCItY .....cccceeviieeniercereeeeee e [11-46
6.3  WiNd DataANalySiS......cccoiviieiiieiiiie st [11-50
6.3.1  Analysisof Wind Data............ccoceverenerierieenenene e [11-50

6.3.2  Complementary Relation between Wind and
SOlar ENENQIES......ecveceeeetece ettt s 111-53
6.4  Formulation of Optimum Development Scheme..........ccocvveeveneneens 111-54
6.5 Preliminary Design and Cost EStimate...........ccoooeeveneenenieneeniennne [11-55
6.5.1  Preliminary Design for Wind Turbine..........ccccceeveieneee. 111-55
6.5.2  Proposed Wind Power System.........ccoceeveeeeieneneneneneene [11-58
6.5.3  COSt ESLIMALE.......ccoiieiiriieriieieeee e 111-58
6.5.4  Congruction Schedule............ccocvirinininieieree e 111-59
6.6  Implementation Organization and OM...........cccceerereienieneneeennennen. 111-60



The Study on Rural Electrification Implementation Plan
by Renewable Energy in the Republic of Bolivia

Final Report (Appendix Il & V)

CHAPTER 7 PRE-FEASIBILITY STUDY ON CHACHACOMANI

WIND POWER PROJECT IN ORURO.......ccoceverrrrrirnnne [11-63
7.1  Location and TOPOGraphy .........ccererererreresereeieeeeseeseessesseseesseseens 111-63
7.2  Socio-economic Conditions and Demand for Electricity. ................ [11-63
7.21  Socio-economic Conditions.........ccccveveeeerieereeseeseeneeseenns [11-63
7.22  Demand for EIECIICItY .....cccoeevvrieeieee e [11-64
7.3 WiNd DataANalySiS......cccoiiiieiieieeieceese e eee e 111-68
731  Anaysisof Wind Data..........ccccoeeverenerierieenenene e 111-68

7.3.2  Complementary Relation between Wind and
SOlar ENEIJIES......ocveceeeceeeee ettt e et s 1-71
7.4  Formulation of Optimum Development Scheme..........ccocevevenennens [1-72
75  Preliminary Design and Cost EStimate...........ccoooeevvreeneeieneenieenene [11-74
751  Preliminary Design for Wind Turbine.........ccccevveieneee 11-74
752  Proposed Wind Power System.........ccoceeeeeeeiennneneseneennes 1-77
ARG OF0 S g = (] 47 (T 1-77
754  Congruction Schedule..........ccccoovireniininieieene e 111-78
7.6  Implementation Organization and OM ...........cccceeerrreieneneneneniens [11-78
CHAPTER 8 PROJECT JUSTIFICATION ..cooiiieieeeeeeeee e [1-82
8.1  Economic and Financial Evaluation............cccccevevevinieeneninneeseenns 11-82
8.1.1  EconomiC EvValualion..........ccocvreeneniieneeneeiesee e 111-82
8.1.2  Financial Evalualion..........ccccocvinirenienieene e 111-86
8.2  Initial Environmental EValualion ...........ccoccvveeneeinsieenenieseeseeens [11-89
8.2.1 |EE for Charafia Wind Power Project............cccceeveinernnnne 111-89
8.2.2 IEEfor Caripe Wind Power Project ..........ccccoveeerveieennnnne 111-90
8.23 IEE for Chachacomani Wind Power Project..................... 1-91



The Study on Rural Electrification Implementation Plan
by Renewable Energy in the Republic of Bolivia

Final Report (Appendix Il & V)

List of Tables

Table1.1  Monthly Average Wind Speed in LaPaz..........cccocovevviennenne. [11-92

Table1.2  Monthly Average Wind Speed in Oruro ..........cococeeeceeieecnene [11-95

Table3.1  Collected Data of Wind MONItOring .......ccccceeeevenerenenenennes 111-97

Table5.1  Socio-economic Condition of the Charana...........ccccvcvvennnee. 111-107
Table5.2  Diurnal Power Demand of Charana..........cccecevveeveeieneennnnnne [11-108
Table5.3  Monthly Wind Speed Directional Frequency Distribution...... [11-109
Table5.4  Wind Energy DENSItY ........ccccoveieeieeiesiie e see e 111-110
Table5.5  Turbulence INTENSILY .......cceeeeeierieee s 111-110
Table5.6  Construction Cost of CharanaWind Power Project ................ 1-111
Table6.1  Socio-economic Condition of Caripe........cccceverererererenienne 11-112
Table6.2 Estimated Daily power Demand of Caripe.........cccevvevvernenne 11-113
Table 6.3  Monthly Wind Speed Directional Frequency Distribution...... 1-114
Table6.4  Wind Energy DeNSItY ......ccceoeiiiereneneneseeeeeesee e 111-115
Table 6.5 Turbulence INtENSILY .......ccvvevieiiicee e [11-115
Table6.6  Construction Cost of Caripe Wind Power Project................... 111-116
Table7.1  Socio-economic Condition of Chachacomani ...........c.ccccce.... 1-117
Table 7.2  Egimated Daily Power Demand of Chachacomani ................ 111-118
Table 7.3 Monthly Wind Speed Directional Frequency Distribution...... [11-119
Table 7.4  Wind Energy DenSItY .......cccccevieiiiieiie e [11-120
Table 7.5  Turbulence INtENSILY ........ccccveveeieciee e 111-120

Table7.6  Construction Cost of Chachacomani Wind Power Project...... 11-121

Table8.1 Calculation of EIRR (Economic Internal Rate of Return)

of the Wind Project in Charana (LaPaz)..........cccccooeverenenens 111-122
Table8.2  Calculation of EIRR (Economic Internal Rate of Return)

of the Wind Project in Caripe (Oruro) .........cccoeeeveeeeseerensneene 111-123
Table8.3  Calculation of EIRR (Economic Internal Rate of Return)

of the Wind Project in Chachacomani (Oruro)...........ccceeevee.e. 111-124



The Study on Rural Electrification Implementation Plan

by Renewable Energy in the Rep

Final Report (App

ublic of Bolivia

endix Il & V)

Figure 3.1
Figure 3.2
Figure 3.3

Figure 3.4
Figure 3.5
Figure 3.6
Figure4.1
Figure 4.2

Figure 5.1
Figure 5.2

Figure 5.3
Figure 5.4
Figure 5.5

Figure 5.6
Figure 5.7

Figure 6.1
Figure 6.2
Figure 6.3
Figure 6.4
Figure 6.5

Figure 6.6
Figure 6.7
Figure 7.1

Figure 7.2

List of Figure

L ocation of wind monitoring sitesin La Paz........................
L ocation of wind monitoring sitesin Oruro............cccceeeueea.
Wind Direction (20m), La Paz

February 2000 to January 2001..........cccceveienenenenenenennes
Wind Direction (20m), Oruro

February 2000 to January 2001..........ccceceeveeceereeneeieeseennns
Wind Speed Frequency (20m), La Paz

February 2000 to January 2001.........ccccovveeviieeieeccieesee e
Wind Speed Frequency (20m), Oruro

February 2000 to January 2001..........cccceverereneneneneneenns

Wind Potential Map, LaPaz..........ccccccevvevveeeieeiecesee,
Wind Potential Map, Oruro........coceveereeieneeneere e

Direction Average Wind Speed (m/s) in Charana, LaPaz....
Frequency Distribution of Wind Direction in Charana,

Weibull Distribution in Charana, LaPaz............c.cceceeeeennen.
Wind — PV Hybrid System in Charana, La Paz Department
Installation Map of Wind-PV Hybrid Generation System

in Charana, LaPaz Department..........ccccccevveeveiieeneesesieennnns
Congtruction Schedule of Charana Wind Power Project......
Proposed Project Implementation for

CharanaWind Power Project...........cccvovevereeneiceseeseseennns

Direction Average Wind Speed (m/s) in Caripe, Oruro........
Frequency Distribution of Wind Direction in Caripe, Oruro
Weibull Distribution in Caripe, Oruro........c.cceeeveveeeeseeeneene
Wind — PV Hybrid System in Caripe, Oruro Department.....
Installation Map of Wind-PV Hybrid Generation System

in Caripe, Oruro Department...........cccceveerereneneneseseeeenes
Congtruction Schedule of Caripe Wind Power Project.........
Proposed Project Implementation for Caripe Wind

POWES PrOJECL........eieeiieieiesiese s

Directional Average Wind Speed (m/s) in Chachacomani,

Frequency Digtribution of Wind Direction
in Chachacomani, Oruro..........coeeerereeieenese e

111-125
[11-125

111-126

[1-127

[11-128

[11-129

111-130
111-131

. 11-132
111-134

.. 111-136
.. 111-138

111-139
111-140

.. 111-141
.. 111-142
. 111-144

111-146
[11-148

111-149
111-150

1-151

[11-152

[11-154



The Study on Rural Electrification Implementation Plan
by Renewable Energy in the Republic of Bolivia

Final Report (Appendix Il & V)

Figure 7.3
Figure 7.4

Figure 7.5
Figure 7.6

Figure 7.7

Weibull Distribution in Chachacomani, Oruro............cccceeu... 111-156
Wind-Micro Hydro Hybrid System in Chachacomani,
Oruro DePartment..........ceviveeeiiee e 111-158
Installation Map of Wind/Micro-Hydro Hybrid Generation
System in Chachacomani, Oruro Department............cccccveeeee. [11-159
Congtruction Schedule of Chachacomani Wind
POWES PrOJECL........oiuiiieeieeieie e 111-160
Proposed Project Implementation for Chachacomani
Wind POWEr PrOJECL.......cc.oceeiieecie e 111-161

Vi



The Study on Rural Electrification Implementation Plan
by Renewable Energy in the Republic of Bolivia

Final Report (Appendix Il & V)

THE STUDY
ON
RURAL ELECTRIFICATION IMPLEMENTATION PLAN
BY
RENEWABLE ENERGY
IN
THE REPUBLIC OF BOLIVIA
APPENDIX 11 & IV

TABLE OF CONTENTS

Appendix 1V
Report on Technology Transfer

Pages

1 VS VS [ o SO V-1
2 MICIO-NY IO POWE ...ttt s V-2
3 WING POWEN ...ttt ettt e e e e en e st e e ereesnneenneas V-4
4. SOCIAl SUINVEY ..ottt sttt e be i V-5

First Seminar

1.1 Programonthe First Seminar........ccccceveeiieeiieenie e V-7

1.2 ThelList of Participantsto the First Seminar ...........cccccvveevvecieeneenee. V-8

1.3 Contentsof the First Seminar .........ccccceeveveeneeiesieese e V-9
[1.  Second Seminar

2.1 Program onthe Second SEMINar.........cccecvveeeieesieccieseece e IV-11

2.2 List of Participantsto the Second Seminar.........ccceeevereneneneneneens IV-12

2.3 Contentsof the Second SEmMINar..........cccoveeievierenie e IV-13
[1.  Third Seminar

3.1 Programonthe Third SEminar..........cccocevveieiienecie e IV-11

3.2 List of Participantsto the Third Seminar...........ccocevevenenenenencnnens IV-12

3.3 Contentsof the Third SEmiNar..........ccccceveievieeciecse e IV-13
Attachment V-1 FIrst SEMINGY .......c.occeiieieeieseene et e e eneens IV-21
Attachment V-2 SeCoNd SEMINAY .......c.cociieiieiie e 1V-46
Attachment V-3 Third SEMINGY ..........cccceeiiiiieiiere e IV-68

Vii



The Study on Rural Electrification Implementation Plan
by Renewable Energy in the Republic of Bolivia

Final Report (Appendix Il & V)

Abbreviations and Acronyms
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ELECTROPAZ
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ELFEO
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ENERGETICA

ESAND
FNDR
FPS
IGM
IHH

INE
MDE
MDSP
NOGUB

PRONER
SE
SENAMHI

SERGEOMIN
SERNAP
SIN

STI
TDE
UMSA

Centro de Informacién en Energias Renovables
National Committee of Electricity Supply
Agencia Suiza para el Desarrollo y la Cooperacion
Cooperativa Rural de Electrificacion, Santa Cruz
Directorio Unico de Fondos

Ecotecnol ogias Energéticas y Productivas

Energy Development Unit, VMEH

Empresa de Servicios

Facilitator Team of PRONER Program
Electricidad de La Paz SA.
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National Electric Company

Energia para el Desarrollo

Energia Solar Andina S.R.L.
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National Fund of Productive and Social Investment
Instituto Geogréfico Militar
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National Statistics Institute
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Superintendencia de Electricidad
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National Interconnected System

Interconnected Trunk System
Transportadora de Electricidad
Universidad Mayor de San Andres
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VIPFE
VMARNDF

VMEH

Vice Ministry of Public Investment and External Financing
Vice Ministry of Environmental Natural Resources and Forestry
Development

Vice Ministry of Energy and Hydrocarbons

(2) International or Foreign Organization

AECI
ESMAP
GEF
GTZ
IDB
JCA
Kfw
NRECA
UNDP
UNEP
UNDCP
USAID
wB

(3) Others
GDP
NGO
0&M,0/M

VAT

(4) Technical Term
AC

Cco2

DC

FC

Grid

Hyd
LDC
MHP

Spanish International Cooperation Agency

Energy Sector Management Program, World Bank
Global Environmental Facility, World Bank
German Technical Cooperation

Inter-American Development Bank

Japan International Cooperation Agency

German Financial Cooperation

National Rural Electric Cooperative Association
United Nations Development Program

United Nations Environmental Program

United Nations Drug Control Program

The US Agency for International Development, USA
World Bank

Gross Domestic Product
Non Governmental Organization
Operation and Maintenance

Value Added Tax

Alternative Current
Carbon Dioxide

Direct Current

Fuel Cell

Transmission Line

Head (m)

Hydraulic Generator
Load Dispatching Center
Micro Hydro Power
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© 2

WG

(5) Unit
mm

km
El.m
I/s

m3/s
mm 2

km 2

ton, t

kw
MW
Wp
kWp
GWh
kWh
MVA
KVA
Ah
Hz
RPM
%

(6) Curency
Bs

US$

M.US$

us ot

Solar Photovoltaic Cell
River Flow Discharge
Wind Generator

millimeter

meter

kilometer
Elevation in meter
liter per second
meter per second
cubic meter per second
square millimeter
square kilometer
milligram

metric ton

Volt

Watt

kilowatt

M egawatt

Watt peak
kilowatt peak
Gigawatt hour
Kilowatt hour
Megavolt ampere
Kilovolt ampere
ampere hour
Herts

Revolution (revs) per minute

percentage

Boliviano, Bolivian Currency

US Dollar
Million US Dollar

US cent
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