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Hydropower is a vital source of renewable energy which provides electricity around the world.
Zambi ads el ectricity byueending daily powbricutsthasicantineobisly bearc t e r i
increasing in recent years. As of 2019, over 1.9 million households (57.6%) had no access to electricity.
Furthermore, over 96% of the rural population are still without electricity. This calls for attemtd

sustainable solutions to electrification, especially the rural population asiafssaed by goal number

7 of the sustainable development goals. Such solutions include the develagnserambian

Hydr opower At |l as whi c h hgdeopowes potential encluelingtsimadtalec ount r
technol ogies which <can boost Zambi ads electrif
households, streets, clinics, schools or industries, buildings and within the existing water infrastructure.
Zambia has not developed a hydropower atlas and therefore, its hydropower potential has not been
guantified in detail. Thus, there is a need to develop a hydropower atlas for Zambia, however, there is
little technical information and literature regardinige tevaluation of hydropower potential and
hydropower at existing water infrastructure in Zambia. This study attempted to address this problem by
developing data selection criteria and evaluation frameworks to be followed in the development of the
Zambia hylropower atlas. The data selection criteria and evaluation frameworks showbg-step

process to be followed in the evaluation of hydropower potential and the criteria to be met for a site to

be included in the Zambian hydropower atlas. Criteria dpwmedmt as a first step was also done by

other researchers in the development of other existing hydropower atlases such as the Tanzanian, South

African and Madagascar Hydropower Atlases.

The development process of the data selection criteria and evaluati@wiorks included conducting

a detailed literature review on existing hydropower atlases, existing data selection criteria and the
evaluation of hydropower potential, etc. The methodology also included the use of arGmdgle
Formsquestionnaire astaol for the further development of the Zambian hydropower atlas. Institutions

in charge ofvater infrastructuresuchasLusaka Water and Sewerage Company and the Mulonga Water

and Sewerage Company were visited to obtain data and reports which were used in the development of



the data selection criteria. Through these steps, the data and formulas required to evaluatedrydropow

potential were identified and evaluated to develop the evaluation process in the Zambian context.

This study considered six types of hydropower namely: 1}d&uiver hydropower, 2) Hydropower
generated at dams 3) Hydropower generated from Wastewatsimient Works (WWTWSs), 4) Weir
hydropower, 5) Hydrokinetic Hydropower generated from Canals, and 6) Conduit Hydropower
generated in Bulk Water Supply Systems. Therefore, six evaluation frameworks were developed in this
study. The frameworks were evaluatedapplying each frameworto a selected case study to show

the stepby-step of the framewaorks. It has been recommended that the developed evaluation frameworks
should be considered only to give a fiestler evaluation of hydropower potential. Futureeagsh

should consider validating the frameworks and updating them.
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The data selection criteria and evaluation frameworks for the evalwditigriropwer potential sites

to be included in the Zambian Hydropower Atlas were developed in this study. These were developed
for six types of hydropower namely: i) Rafr-river hydropower, ii) Hydropower generated at dams iii)
Hydropower generated from WastewatEeatment Works (WWTWSs), iv) Weir hydropower, v)
Hydrokinetic Hydropower generated from Canals, and vi) Conduit Hydropower generated in Bulk
Water Supply Systems. The frameworks were developed #&detailed literature review and data
collection procesghat wasconducted. The selection criteria and evaluation frameworks were applied
to selected case studies to show the inclusion or exclusion of some potential sites in the Zambian
Hydropower Atlas. It was observed that the development of the data évalivameworks is limited

by data availability. It was recommended that the developed evaluation frameworks should only be

considered to give a firstrder evaluation of hydropower potential.
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1.1

INTRODUCTION

BACKGROUND

Hydropower is a vital source of renewable energy which provides electricity around the world.

It became a source of electricity in the laté" X@®ntury, a few decades after the British

American Engineer James Francis developed the first modern wateret(idoinez, 2019)

Before that, more than 2,000 years ago, hydropower was used as a source of mechanical energy

by the Greeks for grinding wheat into flour using water wheels. In theer@ury, hydropower

was used extensiveljor the milling of grain and pumping of irrigation watdBefore
hydropower , Zambi ads small energy requiremen
plants but with the development of the mining industry, the firstk\8/.4ydropower plant was

developedn Mulungushi to supply the Zincead mining complex in Kabwe between 1924

and 1926(Mihalyi, 1977) Currently, 80.5% of the countr.y
supplied by hydropower plants which are managed by ZEERB, 2020)

Electricity plays a vital role in the Gross Domestic Product (GDP) of Zarhbiaever, the
countryads electricity deficit whi ch i s char
continuously been increasinginecent years. With the nationds
averaging at 3% in total, of which 67% is of the urban and% is of the rural population, the
government still seeks to improve the supgimand balance which has challenges. Through
thevision 2030, it targets to increase the accessibility t#%hd 51% in the urban and rural

population respectivel{fUSAID, 2018) With the signing of the Paris Agreement on climate

change during the United Nations Treatynsng) on 20" September 2016, ke President of

Zambia, the government committed itself to focus on scaling up the use of renewable energy

and energy efficienc§GRZ, 2016)Renewable energy resources include biomass, bisgias,

radiation, wind power, and small hydropower sche(@epartment of Energy, 2017)

Previous studies conducted by JIG2009 in Zambia indicated that the country has the

potential of generating about 6,000 of hydropover from the river systems, howevenly

2,398.5MW has been tapped largely fraamfewlarge hydroelectric power statioasdonly

0.7 % from small scale hydpmwer plants(ERB, 2020) Small scale hydropower plants can

boost the countryds electrificati onstrbeys, pr ovi
clinics, schools or industriesind buildings. Existing facilities like weirs, barrages, canals,
waterfalls, dams, or pelines, can be optimized by installing small turbines for electricity
generationNKumar, et al., 2011)These small installations can generate power ranging from

pico (<20 kW), micro (up to 10kW), to mini (up to IMW), to posibly supply a school or

clinic, a cultural village centre, or even a whole commu(iiyunne, 2009) Therefore, it is

vital that various potential sources of srmdhle hydropower potentigre assessedlhe
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identified potentl sources and sites could be compiled and added to a hydropoweAatlas.
hydropower atlags a toolthatis used to showcaseregionoc ount ryés hydropowe
to thelocal stakeholderscluding theprivate sector, financial sect@mdgovernment entities
Furthermore,the hydropower atlas makeaware of the opportunities thasmallscale
hydropowettechnologesbring, and the efforts required to get this technotodyesuccessfully

implemented.
PROBLEM STATEMENT

The identification guantification,and proposing of potential sitéa hydropowerthave many
critical roles in the realization of soearonomic developmeim the entire SoutherAfrican
regionincludingZambia.One such role is to provide hydropower to help the castis meet
their growing electricity deman@ambia has not quantified in detail the hydropower potential
and the small hydropower potential is completely unknoWrerefore, there is a need to
develop a hydropower atlas that will showcase and quantify the poyates potential in the
country. The first step in tis process is theevelopnent of the data selectiariteria and
evaluationframeworksthatcouldbe followed in thenclusion of hydropower potential sités

the Zambian Hydropower Atlas

HYPOTHESIS

It has been hypothesised that dependinthemvailalle data on existing water infrastructure

in Zambia, the data selection criteria and evaluation frameworks for hydropower potential could
be developed. The developed criteria avdluationframeworks could providereliminary
guidance in thevaluationof hydropower potential sites that could be included Zambian

Hydropower Atlas.
OBJECTIVES OF THE STUDY

The objective of the study is to develop the criteria for the selection procagdropower
potential sites to be included in the Zambian Hydropower Atlas.

The specific objectives of this study are as follows:

To determine the data required for evaluating the hydropower potential.
To identify the various available sources of the rexfligtata.
To collect the required data from the various identified sources to ensure easy accessibility
of the data for the further development of #zambianHydropower Atlas.

1 To develop frameworks and criteria to which a specific water infrastructursresr
scheme should conform to, to be included in the atlas.

1 To evaluate the frameworks and criteria developed for each type of hydropower.
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SCOPE OF THE STUDY

This study entails the development of criteria used to determine the inclusion or exclusion of
certain water infrastructure and rivers potential siteis the Zambian Hydropower Atlas. This
implies that hydropower potential existing in rivers, watgupy systems, weirs, and dams will

be considered during the study.
The following hydropower types will be included in the frameworks to be developed:

1 Run-of-river hydropower,
1 Hydropower generated dams,

1 Hydropower generated from Wastewater Treatment VUMY TWS),
1 Weir hydropower,

1 Hydrokinetic tydropower generated from Canals

1 Conduit lydropower generated in Bulk Water Supply Systems

Case studies dfydropoweratlases of other countries and existing hydropower installations in
Zambia will be usediuring this study to obtain the relevant literature to assist with the

development of the criteria.
METHODOLOGY

The methodology followed in this study is outlinbdlow. This methodology outlines the
activities that weredonein the development of thdata selection criteriaand evaluation

frameworks:

1 A detailed literature review was conducted on the theoretical perspective of hydropower,
types of hydropower, data required to evaluate hydropower potential, detailed overview of
Zambi ads wat e ors, axstihg hydropowgryinstalaians in Zambia, water
infrastructure and river schemes in Zambia, sources of hydropower potential in Zambia,
existing selection criteria for different types of hydropower, existing hydropower atlases.
Through this step, thformulas and data required to evaluate hydropower potential were
identified. Furthermorejatasources were identified.

1 Data collection was conducted throutiie use ofonline data acquisitiotools such as
Google Earth Proveb-based sources, onli&ogle Formsguestionnairg, andsite visits
to the institutions in charge of water infrastructure and river schemes.

1 The data selection criteria and evaluation framewaresdeveloped by assessing and
analysing the collected data using GIS tools, hydrokogys, and Microsoft excel. The
criteria development also involsghe use of existing criteria obtained from the case
studies. Where datés unavailable, assumptiorsse made and validated. The final

evaluation frameworkarepresented through flow charts
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Finally, the developed data selection criteria and evaluation framewaksaluated by
applying themto the selected case studitss eachtype of hydropower to show the
inclusion or exclusion of hydropower potential sites in the Zambian Hydropower Atlas. The
weaknesses of the developed data selection criteria and frameweakso identifiedand

stated

ORGANISATION OF THE REPORT
The reportonsigs of the following chapters:

1 Chapter 1 sensas the introduction to the dissertation, outlininglbekground, problem

statement, hypothesigbjectives, scope, methodology, and organization ofgpert

Chapter 2 contasdetailed literature related thehydropowerconceptavhich include, an
introduction tohydropowey an overview oZambid s e n e r gspects of lydrapower
generation and sources with hydropower potential, the water resources situation in Zambia,
aspects of hydropower developni in Zambia, case studies andsting data selection

criteria

Chapter 3 providea detailed process followed to obtain the relevant data of the water
infrastructure and river schemes in Zaméial provides information on the selection of a
suitable platform to host the Zambian Hydropower Atlas

Chapter 4Analysesthe water infrastruare and river schemes data obtained from the
various sourcesand provides the data selection criteria development process for the

evaluation of hydropower potential for each type of hydropower.

Chapter 5outlines and discusses tletails of thedevelopeddata selection criteria and
presents the evaluatidrameworks for the inclusion of certain water infrastructure or river

schemsin the Zambian Hydropower Atlas.

Chapter 6 include case studies tevaluatethe developed data selection criteria and

evaludion frameworks

Chapter 7 concludawith a summary of the addressed research objectiv@tations of the

studyand recommendations for future research activiiesalsqrovided.
The list of references used in this report is given after Chapter 7.

The report ends with Appendices A, B, B and Ewhich contain additional data and

information for the report



2 LITERATURE REVIEW

This chapter outlines the literatureview that was conductedrring the study. Théterature
review was conducted according to the flow diagram given in FRyareAs can be seen from

the flow diagram, the introduction to hydropower is discussed followed by the overview of
Z amb i ardyssecternAspects of hydropower generation are also discussed including the
sources with hydropower potenti#thereafter,tte water resources in Zambia and the available
water infrastructure aralso evaluatedThe chapter also contains a discussiortt@n case
studies and existing data selection criteria. The chapter enda sttihmary of the literature

review.

Figure 2-1: Flow Diagram of the Literature review

2.1 INTRODUCTION TO HYDROPOWER

Hydropower isthe power generated from water resources such as ridanss, lakes, canals,
and springsThewaterin these resourcesan be converted tanetic energyand from therénto
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mechanical energy, which in turn is converted into a useable foemeogycalledelectrigty.

This form of energy is amazinasit is a reliable, emissionfree resource that is renewable
through the hydrologic cycle amdeghe natural energy of flowing water to providean, fast,

and flexible electricityfSubhro, et al., 2015 he generated electricity can light up millions of
homes and businesses around the world. According to the International Hydropower
Association (IHA) 220 hydropower status report, the world has a total instaeldpower
capacity of 1308 GW which generaté over 4300 TWh of electricity in 2019 making
hydropower remain the largest source of renewable energy in the(WbNd2020). Figure 2

2 shows the trend of how hydropower gerierahas been increasing around the world since
the year 2000. Arough research, further engineering and structural changes have followed,
providing for a much more complicated process in designing hydropowes plelniding the

development of easy and Xible smaltscalehydropower generating plan(Shrivastava &

Srivastava, 2015)
2 8 8 8 8
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Figure 2-2: Trends in the world renewable energy generation (2002018)(IRENA, 2020b)

2.2

OVERVIEW OFZAMBI A6S ENERGY SECTOR

Zambiabs electricity is abundantly O05%afr ced
the electricity generation mix as shownHigure 23. Other sources of electrical eggin the

order oftheir contributionarecoatfired thermal, heavy fuel ¢HFO), diesel, and solar. There

is alsothe potentialof sourcing electricity from nuclear, biomass, geotheyiauadl wind. The
government of Zambi&as plansof developng a fully operational nuclear plant whids
expected tadd 2,400MW of electricity to theational grid(Mwape, 2019) There is also an

f

I
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ongoing40MW biomass poweproject atZambiaSugar which will utilize sugarcane biomass
(Gauri, et al., 2013)

Coal Solar
10.06% 2.99%

_ HFO
Diesel 3.69%

Hydropower
80.46%

Figure 2-3: Electricity Generation Mix in Zambia (ERB, 2020)

2.2.1 Access tcElectricity

According to the survey done World Bank (2019, 1.4 million Zambian households (42.4

%) had access to electricity through either the national grid egrinffsources while the

remainder 1.9 million households (574 had no access @bectricity (Figure 24). Out of the

42.4% households with access to electricity, 37.7 % of these households are connected to the
national grid while the remaining 4% useoffgr i d sol uti ons. Further mo
to electricity in terms of therban and rurapopulationstand at 67 % and 4% respectively

(Kabira, et al., 2019)Therefore, 336 and 96% of the urban and rural population are still

without electricity. In line with goal number 7 of the sustainable @gveént goals, this calls

for attention and sustainable solutions to electrifying, especially the rural population.
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Figure 2-4: Details of Zambi(#dld Bank;20¥9B)s t o el ect r i

2.2.2 The Electricity Sector

Zambi abs electricity is |l argely geneweated an
utility that owns 76 of the total installed electricity capacity in the country. The bulk of this
electricity generatedly ZESCO is fronhydropower plants while 0% is generated from diesel
plants owned by the utilityfERB, 2020) The remaining 236 of the installed capacity is
generated by IPPsuch adtezhitezhi power Ltd, Zengamina Ltd,unsemfwaHydro Ltd,

Mamba Collieries Ltd, Ndola Energyompany, Muhanya Solar Ltd, Mugurameno Solar, Ltd

and the Copperbelt Energy Corporation (CE@Yesting in these IPPs is promoted by the
Office for Promoting Private Power Investmef@®PPI) whichgunder the Ministry of Energy
(MoE). In addition to thdPPs,Zambia imports and exports electricity to the neighbouring
power companies such as Eskom and the Botswana Power Corporation (BPC) through the
Southern African Power Tool (SAPP).

The hydropoweplants owned by the IPP&we connected to the ZESCO main transmission
grid for distributionapart fromthose owned byengamina Ltd and CEC. Zengamina Ltd owns
and operates a mihydropower planthatis connected to an isolated grid for distribution to
customers in th&lorth-Western province of Zambia. CEC operates its power plants and also
buys more than 5% of ZESC@ generated electricity and distributes it to mining companies
(ERB, 2020) Furthermore, the Rurdlectrification Authority (REA) owns a mini solar plant

and is responsible for the development and management of all activities related to rural
electrification.

The licensing of all the mentioned power companies is done by the Energy Regulation Board
(ERB) which is also responsible for the determination of electricity tariffs and the development

of standards used by the electricity companies in the co(idtyira, et al., 2019)Figure 25
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shows the structure of how electrycis generated and supplied in Zambihile Table 21
showsthe existingpower generation plants including their capacitesd ownershipThe
summary of the institutional setup of the Zambian electricity sector is shdwviguire 26.

ZESCO'S Major Hydro-Power Plant

O Kafue Gorge Power Plant (990MW)
0 KaribaNorth Bank Power Plant (720MW)
O Victoria Falls Power Plant (108MW)
7 Kariba North Bank Extension Power Plant (350MW)

Maamba Collieries Limited
-300MW

Itezhi-Tezhi Power
CorporationLimited

COPPERBELT ENERGY
CORPORATION LTD
(operating at 220KV, 66KV)
Private transmission

company

- 120MW

INDUSTRIAL,
COMMERCIAL &
DOMESTICLOADS

Figure 2-5: Structure of the electricity supply industry in Zambia (ERB, 2020)

Table 2-1: Installed Electricity Generation Capacities in Zambia (ERB, 2020)

Company Location of Station Machine Installed
Type Capacity
(Mw)

ZESCO Limited Kafue Gorge Hydro 990
Kariba North Hydro 720
Kariba North extension | Hydro 360
Victoria Falls Hydro 108
Lunzua River Hydro 148
Lusiwasi Hydro 12
Chishimba Falls Hydro 6
Musonda Falls Hydro 10
Shi wangoandHydro 1




Company Location of Station Machine Installed
Type Capacity
(MW)
Itezhitezhi Power Corporatiol Itezhitezhi Hydro 120
Zengamina Limited Ikelengi Hydro 0.75
Lusemfwa Hydrd_td Mulungushi Hydro 32
Lunsemfwa Hydro 24
Total Hydro 2,398.%
Maamba Collieries Limited | MaambaPowerPlant Coal 300
Total Coal 300
CEC GeneratiorPlants Bancroft Diesel 20
Luano Diesel 40
Kankoyo Diesel 10
Maclaren Diesel 10
ZESCO Generation Plants Luangwa Diesel 2.6
Shangodmbo |Diesel 1
Total Diesel 83.60
NdolaEnergyGeneration Ndola HFO 110
Plants
Total HFO 110
REA Generation Plants Samfya Solar 0.06
CEC Kitwe Solar 1
Muhanya Solar Limited Sinda Village Solar 0.03
Ngonye Power Limited LAMFEZ Solar 34
Bangweulu Power LAMFEZ Solar 54
Solera Power Luangwa bridge Solar 0.01
Standard Microgrid Kafue Solar 0.02
Mugurameno Chirundu Solar 0.01
Total Solar 89.13
Grand Total 2981.23
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Policy &
regulation
Authority Board

ZESCO Generation,
PPs transmission, distribution Imports & exports (SAPP)
Northwest Energy Consumers Copperbelt Energy Production,
Corporation Corporation supply & use
w L Copperbelt mining
Non-ZESCO mini-grids companies

Figure 2-6: The Institutional setup of the ZambianElectricity Sector(Kabira, et al., 2019)

2.2.3 Electricity Consumption

The importance otlectrigty towards the economy of Zambia cannot be overemphasized
however, hecountry has experienced a severe electricity supply defitie last decade which

is driven by t he mi nécangmyssdamelydeperdiennoa thedmining a mb i
of copper in the Copperbelt aNdrth-Western provinceg\ccording taheERB (2019) energy

statugreport the mines are the major consumers of electricity in Zambia consunargthan

50 % of the total electricity generated per year. The report fuititicates that the domestic

customers are the second consumers of electricity consuming up to%33o2@lectricity

generated per year. Domestic customers are those that consume electricity for home use. Other

economic sectors thabnsumeelectricity areshownin Figure 27.
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Figure 2-7: Consumption of electricity per economic sectofERB, 2020)

2.2.4 Electricity Tariffs

Retail electricity tariffs in Zambia are determined by E&@l its decision is final in setting the
tariffs. The tariffs in the country have historically been highly subsided by the government
leading to a challenging commercial environment for both ZESCO and private investors
(Kabira, et &, 2019) Due to this challenging situation, the ERB announced the changes to the
electricity tariffs for both domestic and commercial customers in 2019. The changes included
the upward adjustments of tariffs and the abolishing of monthly fixed ehémgboth domestic

and commercial customgiSRB, 2019a)Table 22 showghe current applicable ZESCO tariff
schedule. These ZESCO tariffs, however, are not uniform throughout the electricity suppliers
who have their differarERB-approved tariff scheduléKabira, et al., 2019)
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Table 2-2: Current ZESCO Electricity Tariffs in Zambia (ZESCO, 2019)

Tariff Customer Description | Type of Charge Tariff effective 1
Category January 2020
ZMW usD
Metered R171 Monthly Energy Charge/lkWh | 0.47 0.038
Residential | Consumption up to 100
kWh
R2- Monthly Energy Charge/kWh 0.85 0.068
Consumption 101 to 30(
kWh
R3- Monthly Energy Charge/kWh 1.94 0.156
Consumption above 300
kWh
Commercial | C1- Monthly Energy Charge/lkWh | 1.07 0.086
(Capacity up | Consumption up to 200
to 15 kVA) kWh
C2- Monthly Energy Charge/kWh 1.85 0.149
Consumption above 20(Q
kWh
Social Schools, Hospitals, Energy Charge/lkWh | 1.19 0.096
Services Orphanages, Churches, " giy o4 Monthly Charge | 203.73 16.415
Water pumping, Street
Lighting
Distribution | Purchasers of power for| MD Charge/kVA/Month| 64.02 5.158
distribution to retail
customers (exchange ra Energy Charge/kWh 0.58 0.047
ZMK12.411/USD
Maximum Details on Maximum Demand Tariffs are provided| - -
Demand ZESCO(2019)
Tariffs

Note: Tariffs in the tablare exclusive of 3% excise duty and 16% Value Added(VaxX)

2.2.5 Renewable energyotential

Renewable energy is taken as a vital aspect of fostering green energy growth and as a way of
achieving sustainable economic development. It is the energy extracted from resources that

nature will replace. This includes energy generated from hydro, selaheymal, wind, and
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biomass resourcéMalama, et al., 2018With the eveilgrowing requirement of energy in the

world and the need to fight global warmirige extraction of energy from renewable energy

sources is being encagedaround theworld. This is because renewable energy is clean,

plentiful in supply, and cheap. Zambia has joined the rest of the world and Africa in particular

in taking advantage of the benefits of renewable engrgyding reducing greenhouse gas

(GHG) emissions. Climate change in Zambia is a reality Withenhouse Gases emissions

being one of its major contributing factofsccording to thd=ossil CQ and GHG emissions of

all world countrie2019 Reporby Crippa, et al(2019) Zambia emitted anstimated amount

of 18.99 million tonnes of GHG in 2010. This is expected to reduce byi22%30through

Zambi abs vi s(UBAID,ZDIBB 0 pol i cy

According to the Zambia Renewables Readiness Assessment Refgatib, etal. (2013)

Zambia isalso aware of how renewable energy can assist in achievingvilennium
Development Goalby ensuring access to modern energy services for the majority of the rural
communities. Smalkcale renewable energy systems can providedzfide energy to the poor,

help with creating employment by powering enterprises for increased production, and produce
cleaner energy for cooking and heatirigpr these reasonsha Governmenbf Zambia

established REA and tharal electrificationfund though the Rural ElectrificatioAct to give

impetus to the rural electrification agen®REA st ri ves to ful fil its Vi
rural areas by thge ar 20300, by designing and offering
developers and opators that are selected on a competitive basis, for projects to supply energy

for the development of rural are@3auri, et al., 2013)

Zambia is well endowed with renewable energy soumgbih have great potential for
electicity production predominantly hydroThe countryis considered as one of the watieh
countries inSouthern Africawith an estimated hydropower potential of more than 6,000. MW
Out of this, 2,39% MW has been exploited mainly through latgedropower plant§ERB,
2019a) This is expected to increase after the completion of the Kafue Gorge Lower (KGL)
hydropower plant which will add 79@W of electricity. Furthermore, Zatia has few installed
mini-hydropower plants which include Zangemina (OM%V) and Shiwjgdandu
hydropower.

According toJICA (2009) thedevelopment omini-hydropower plantin Zambia has shown

a clear contrast as with the case of large hydropplests that are connected to the national
grid. Themini-plantsare located in remote areas far from the ZESCO national distribution grids
and suppl power to local schools, clinics, hospitals, rural residences, and farms. Therefore, the
development ofmall-scale hydropower planis considered as an option to enhance rural
electrification in remote areas of Zambia. RE#s sdar identified 2 smaltscale hydropower

potentialsites inthe Northern Luapula, Western and NorilWestern provincesf Zambiathat
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may supply power to rural areas. Ada¥cember 208, REA had concludefkasibility studies

for nineof thepotential sitegs a process increagg electricity access the targeted Zambian

rural areas(ERB, 2020. There are also plans the private sectorto develop offgrid

hydropower projects which include Chavuma 1¥%/), West Lunga (3VIW), and Chitokoloki

mission(150kW) (Gauri, et al., 2013)These projects are expecteditmcr ease Zambi
dependency on hydro renewable energy. Other renewable energy technologies inatambia

solar, biomass, geothermal, and wimtleir current status and potential are outlined below

1 Solar: Zambia has average solar insolation of BMh/m?/day, with approximately 3,000
sunshine hours annually, providing good potential for solar thermal and photovoltaic
applicationsThis solar potential was realised through the development of the solar resource
atlas for Zambia by the world bank. The soksource and photovoltaic atlas for Zambia
is included in Appendix AHowever, this technology has been underexploited with only
1.1 MW of installed capacity.

I Biomass Zambia has a total biomass resource and economic bioenergy potential of 2.15
million tonnes, and 498 MW, respectivel@auri, et al., 2013)This potential has not been
exploited in ZambiaThere is only 1 biomass project going on in Zambia which is being
undertaken by Zambisugar inthe Southern provincand isexpected to generate 40MW
once completed.

1 Geothermal: Over 80 hot and mineralized springs have been identified in Zambia with
over 35 having potential for electricity generatiffalama, et al., 2018)There is no
current insalled geothermalpower generation plarih Zambia. h 1986 the Zambian
Geological Surveyn conjunction withthe Italianaid determined that the hot springslire
Northern province of Zambiwere favarrable for commercial power generation with a
capacityof over 2MW. The Government of Zambia isurrently exploring options for
undertakinghese hot springs for power generation

1 Wind: Opportunities for the development of larggalewind power plants in Zambia are
low due to low wind speeds which average 3m/s at 10 m height above the (Bawn
et al., 2013)This speed is not suitable for power generationdapropriate for irrigation
and domestic wat pumpingMalama, et al.(2018) suggested that a wind atlas for Zambia
would help determinghe full potential of wind energy iZambia.Other authorsalso
suggestd that higher wind speeds may exist at higher heights7@g 100 m) and thus

need to be exploredn direcing stratedesto develop wind in Zambia.

The avdability and utilization of the renewable energy sources in Zambia already described

are summarized imable 23.
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Table 2-3: Availability and utili zation of renewable energy sources (Gauri, et al., 2013)

Renewable | Opportunities for Resource Availability Potential Energy Output
Energy
Solar Thermal (water 6-8 sunshine hours 5.5 kWh/nt/day
heating),
electricity (water
pumping, lighting,
refrigeration)
Smallscale | Small grids for Reasonably extensive Requireslaboration and
Hydro electricity supply guantification,
29 potential sites identified
on small rivers
Wind Electricity, Average 3 m/s at 10 m | Modest potential, especially
mechanical, water | height for irrigation, Wind atlas
pumping required
Biomass Electricity generatior] Agro-waste, forest waste| Reasonably extensive but
sawmillwastes, animal | requires elaboration and
waste, wastewater, guantification
sugarcane
Geothermal | Electricity generatior] Hot springs Requires elaboration and
guantification,
More than 80 hot springs
have been identified.

HYDROPOWER GENERATION

Hydropower generation takes place at facilities cdfiggtopower plants. These facilities are

located on riversindstreams but for more reliability, a dam is required to store enough water

(Subhro, et al., 2015Hydropower generation could also be develope@xasting water

infrastructure facilities such agater supplysysteminfrastructurewastewater treatmemtorks

(WWTWs), weirs,andirrigation canalsAt hydropower plants, flowing water turns the blades

in a turbinei this changes the kinetic energy to mechanical energy, the turbine then rotates the

generator rotor which then converts the mechanical energy into eledtisityan, eal., 2018)
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The electricity is transmitted to the places where it is needed via electrical transmission lines.
The tydropower plants are categorized based on their caphciiambia, bey fit in any one
of the our category rangelsstedbelow (UNIDO, 2019)

1 Micro-hydro (generates less tha@0kw),

1 Smalthydro 600 Wi 20 MW),

1 Mediumhydro (generates abov®@ MW i 100 MW),
1 Largehydro (generates abo€©0 MW).

The Hydropower Potential

The law ofconservation of energy states that energy can never be created nor destroyed but it
can change from one form to another. In generating electricity, no new energy is created, but
energy is converted from one form to anotif@&mdamentallyywater moves by @wity from a

high elevation point to a lower elevation pof8ubhro, et al., 2015he available energy of

this flowing water is given by the product of its weight and the heightiled effective head
through which the wat drops Therefore, the hydropower potential of a water resource is the

function of the head and theater dischargand is given by equatichl.

P=1g Qd (Equation2.1)
Where

P the Hydropower potential (W)

| =the density of water (@00 kg/n)

g = theacceleratiorue to gravity (9.81 m#s

Q =the discharge (fs)

H = the effective head (m)

d = the efficiency of the turbine (%)

Basic Components of adydropower Plant

According tokumar, et al(2011) there are typicallydur types of hydropower plants namely
run-of-river, dam basedutlets and spillways, pumped storagedinstream hydropoweon
existing water infrastructure such as canalse bag components that make @@ach of these
types ofhydropower plarg are depictd layouts shownn Figures 28, 29, 210, and 2-11
respectivelyUsually, some components are common tolad types bhydropower while some

are only available in specific types of hydropower. The components described in this section

make up a typical hydropower plant.
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Desilting
Tank Diversion

Weir

Switch Yard

| o8

Tailrace

Figure 2-9: Typical Layout of aDam BasedOutlets and Spillways Hydropower Plant (Kumar,
etal., 2011)
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Upper Reservoir

Pumping

Pumped Storage
Generating Power Plant

Figure 2-10: Typical Layout of a Pumped Storage Hydropower Plan{Kumar, et al., 2011)

Diversion Canal

'Y\,
9‘4

Irrigation Canal

Powerhouse
Tailrace Channel

Figure 2-11: Typical Layout of an Instream Hydropower Plant on an existing canalKumar, et
al., 2011)

2.3.2.1 Civil Works Components

Civil works components are structures that control the water that runs through a hydropower
plant system. According t6ETC (2004) the civil structures must be located in suitable sites
and designed for optimum performance and structural stability. Furthermore, other factors such
as the use of local materials, local labour, and appropriate technology must be considered to
reduce the ast and ensure a reliable system. These civil structures are descritzdaleir24.
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It is also important that these structures are selected in such a way that they-effecinss

and environmentally friendly.

Table 2-4: Civil work scomponents of a hydropower system (adapted fro@ETC, 2004)

Civil work structure | Description

Powerhouse The powerhouse is a building that houses the turbine, generato
controller units. Although the powerhouse can b&naple structure, its
foundation must be solid and firm. All design parameters for hydr
structures must be considered including geotechnical investigation

landslide slide treatment.

Intake This is the structure that conveys the required flowatker from the sourc
stream or dam and diverts it into the powerhoudeastto baelesigned an
located precisely to ensure that the full design flow rate goes to the tu
In run-of-river systems, a lovimead dam or weir could be used to hold b
the water to provide a steadier flow of water.

Outlet (Tailrace) A tailrace is a charal that allows the water to flow back to the river

stream after it has passed through the turbine.

Headrace Canal The headrace canal carries the design flow from the intake to the fo
The crosssection of the canal and alignment should designed for
optimum performance and economy to reduce losses due to leaka

open channel or pipeline could be used as a headrace.

Forebay Tank The forebay tank connects the channel and the penstock. The tank
fine silt particles to settle befothe water enters the penstock. A fine tr
rack is used to cover the intake of the penstock to prevent debris
entering and damaging the turbine.

Penstock Pipe The penstock pipe transports water under pressure from the forebay
to the turbinewhere the potential energy of the water is converted
kinetic energy to rotate the turbine. This is often the most expensive it
the project budget. It jgherefore,worthwhile to optimize its design t

minimize its cost.

2.3.2.2 Turbines
Aturbine is a unit that consists of a runner connected to a shaft that converts the potential energy
in the falling water into mechanical or shaft power. The turbine is connected either directly to

the generator or is connected utilizing belts and putlepending on the speed required for the
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generator. Turbines are categorized as either reaction or impulse turbines. A reaction turbine is

a horizontal or vertical wheel that operates with the wheel completely submerged, a feature that

reduces turbulencéSubhro, et al., 2015)This is the most widely used type of turbine. An

impulse turbine, on the other hand, is a horizontal or vertical wheel that uses the kinetic energy
of the water jet striking its buckets or blades to caotsgion. The wheel is covered by a turbine
housing and rotates after the water strikes the buckets or blades. The water then falls to the
bottom of the wheel housing and flows out. While there are only two types of turbines as already
stated, there areany variations whose descriptions are given as follows:

9 Pelton Turbine: These turbines function by directing one or more jets of water tangentially
onto a runner with split buckets. This type of turbine is usually used for higher head
installations, but some manufacturers do supply small turbines for low head applications
(Loots, et al., 2015)The typical example of the Pelton turbine is showfigure 212.

Split curved buckets — Casing

Gencrator

Zz >

Pelton wheel

Jet strcam

x —- Tailrace outflow

Figure 2-12: Typical Pelton Turbine (Loots, et al., 2015)

1 Crossflow turbines: theseareturbines that are constructed with two disks joined together
using inclined bladedVith this turbine, water enters from the top and passes through the
blades twice and after hitting the blades twice it falls into the tailwgith ideally no
residual energylLoots, et al., 2015)The crosdglow turbines are regularly used when large
flow-rate variations are anticipated because their efficiency does not drop much when the

flow rate changefFigure 213 showsa typical crosglow turbine.
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Walter inflow

— Drum with curved blades

Tailrace flow

Figure 2-13: Typical crossflow turbine (Loots, et al., 2015)

1 HydroEngine Turbines: These turbinesH{gure 214) are typically constructed with two
shafts connected to blades moving in an elliptical path with power transfer in the linear
motion portion of the blade travéNatel Energy, 2018)These turbines are similar to the
crossflow turbines in that water passes through the turbine twiceishuged in similar
circumstances as Kaplan turbines, except where Kaplan turbines often reqtsitefaob
installation to avoid cavitation on the blades, there is no cavitation potentiakheith
hydroEngine turbines. Furthermore, hydroEngine turbines can be installed anywhere
between tailwater and headwater elevation, potentially simplifying civil w@sts, et
al., 2015)

Figure 2-14: Typical HydroEngine Turbine (Loots, et al., 2015)
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1 Hydrodynamic screw-type turbine (Archimedean principle): According to thestudyby
Loots, et al(2015) screwtype turbines are based on tiranciple of anArchimedes screw
pump in reverse that operates Ujlizing the hydrostatic pressure difference across the
blades The article further states that in terms of capital cosf\tbhimedeéscrew turned
out to be 22 perent cheaper than aguivalent Kaplan turbine. This type of turbine is also
less harmful to fis{Lubitz & Doost, 2020) Figure 215 shows the typical design of a

screwtype turbine

Lower bearing.

Figure 2-15; Screw-type turbine design(Loots, et al., 2015)

1 Water wheels Water wheels are vertically mounted wheels rotating about a horizontal
axle. They are used as a traditional way of generating electricity in smatltgasa\Water
wheelsare less efficient due to significant losses by friction and the incomplete filling of
the bucket¢AET, 2010) However, they are practical in certain cases as they are simple to
control, easy to construct, maimaand aesthetically pleasifigoots, et al., 2015)Water
wheels are classified by how the water is applied to the wheel, relative to itSigule. 2
16 shows some types of water wheels based on this classification
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Figure 2-16: Types of Water wheel{AET, 2010)

1 Kaplan, bulb, and propeller turbines: These turbines use the axial flow of water to
develop hydrodynamic forces that rotate the runner and unlike the impulse turbines, they
are completely submerged in watkoots, et al., 2015Kaplan turbines are geradly used
for low heads and large flowsigure 217 shows the typical Kaplan turbine.

Generator

Penstock pipe Kaplan propeller

Foundation

Figure 2-17: Kaplan turbine (Loots, et al., 2015)

1 Vortex turbine: The vortexturbine use$oth kinetic and static potential energy (head)
principles It is capable of generating energy using a low hydraulic head and its design is
based on a round basin with a central dth&tforms a vortex at the centre and rotates the
turbine,thereby, generating electricifizoots, et al., 2015)The vortex turbin@romises to
provide a power generation systdm micro hydropower plant)esulting in minimum
interference with the river and aquatic I{ieycroft, 2018) Figure 218 shows a typical
vortex turbine design.
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Figure 2-18: Typical vortex turbine design(Loots, et al., 2015)

9 Francis turbine: A Francisturbine (shown in Figure 29) has radial runners that guide
the water to exit at a different radius than the inlet radite flow enters the turbine
aradial directionflowing towards its axis, but after striking and interacting wighturbine
bladest exits along the direction of that axifrivedi, et al, 2020)

Shaft

Francis turbine

— Inflow pipe

Outflow pipe

Figure 2-19: Francis turbine (Loots, et al., 2015)

1 Siphon turbines: Siphonturbines(Figure 220) have propeller blades, similar to the blades
found in Kaplan tusineswhich are connected a turbine shaft that turns a generaitiese
turbinesare an attractive type sfnaltscale hydropoweturbines because they can be
retrofitted into existing structures such as weirs, dams, and canals whelig tierady a

drop in water elevatio(Martinez, et al., 2019)
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Hmin

Downstream
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Figure 2-20: A siphon turbine (Loots, et al., 2015)

1 Inline turbines: These turbinesnclude spherical and ring turbines which are installed
directly in the primary conduit of a pressured sys{éiigure 221). Furthermore, these
turbinesdo not need to be installed in a bypass and are generally applicable-emgdico

micro-hydropower installations.

-

Figure 2-21: Inline turbin e (Loots, et al., 2015)

1 Pump-asTurbine (PAT): A Centrifugal pump can be used as a hydraulic turbine (called
PumpasTurbine) when it is run in reverse. PATs are more readily available and less
expensive because pumps are nmssluced than turbines. However, for adequacy
performance, a micrhydropover site must have a fairly constant head and flow because
PATs have poor partidlow efficiency. Full efficiency from PATs can be obtained by
installing multiple units, where they can be turned on or off depending on the availability
of water in the riveor stream(CETC, 2004) An example of a PAT ish®wn in Figure 2
22.
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Shaft seal
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casing

Bearings

Shaft Two wear linings

Figure 2-22. An example of a Pumpas-Turbine (Loots, et al., 2015)

1 Hydrokinetic turbines: Hydrokinetic energy is the energy generated from the moving
water in oceans, rivers, and artificial water chani€lsica, et al., 2015)Hydrokinetic
turbines have been developed to extract this en&hgy do not require a dam or diversion.
There are two common types of rotors used as shown in FigeBeThese rotors can be
placed either horizontally or vertically. Horizontally placed rotaase some beneficial
features which make them more suitathlan vertical axis turbines since they are easier
self-starting, have less torque fluctuation, higher efficiency, and larger speed operation
(Chica, et al., 2015)

.~
Ny
]

Figure 2-23: Darrieus (left) and Open Savonius (right) rotors(Loots, et al., 2015)

According to Mundon & Goldsmith (2014), the power that a hydrokinetic turbine can
extract from the kinetic energy of flomg water is given by equation22below,

P=0. 5A1 YCp (Equation2.2)
Where

P = power (in Watts)

V = velocity of the water in the channel (m/s)

| = density of water (1,000kg/n
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A = swept area of the turbine blade?m
Cp = power coefficient of the hydrokinetic turbine.

From equation 2, highervalues ofCp are preferred over lowél; values. The values of

Cp are specified by the manufacturer of the hydrokinetic turbine and may vary with its size.
However, it has a maximum possible value of 0.593 which is referred to as the Betz limit
and is only experienced when the velocity of weger leaving the turbine is oleird of

the velocity entering the turbinéChica & Ainhoa, 2017) The swept area of the
hydrokinetic turbine depends on the rotor configuration and can be calculated according to

Table 25 for the circular type (conventional), the Darrieus, and tHigakieus rotors.

Table 2-5: Swept area expressions for different turbine configuratios (Chica & Ainhoa, 2017)

Rotor Conventional rotor H-Darrieus Darrieus
blade rotor rotor

Turbine
Configuration

Swept aredA,) A = R? A=DH A=0. 65D}

Note:R is the turbine radius (m is the turbine diameter (m) and is the turbine height (m)

2.3.2.3Generators
Generators convert the mechanical (rotatioealrgy produced by the turbine to electrical
energy;this is theheart of any hydr@lectrical powesystem. The principle dhe generator
operation isquite simple: when a coil of wire is moved pastmagnetic field, a voltage is
induced in the wirghereby generating electricitenerators are also called alternators when
they are alternating current (AC) genera{@ETC, 2004) Alternators produce AC electricity

by varying voltages above and below the zero voltage.

There are two types of generat@gnchronous and asynchronous. Synchronous geneaietors
standard in electrical power generation and are used in most power [laeys.have

efficiencies ranging from 75% to 90%\synchronous generatomn the other hand have
efficiencies that vary fromas low as 65% to 75% amde more commonly known as induction
generatorsBoth generators are available in thpdease or singkphase systems. System

capacity, type of load, and length of the transmissdiotate whether a singler threephase
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generatoshould be use(CETC, 2004)However, asynchronous generators are more suitable

for small hydropower plants, and they are generally cheaper than synchronous generators.

2.3.2.4 Drive Systems

Drive systems are used to transmit pofwem the turbine to the generator shatft in the required
direction and at a required speed so that electricity is generated at a stable voltage and
frequency. Drive systems used in mi¢rngdropower plants include diredtive systems, wedge

belts and pulley, timing belts and sprocket pulley, and Gearfidametew, 2016)A direct

drive system is more advantageous as compared to other types because of its low maintenance,
higher efficiency, and low cost. The wedge belts and paiieg more commonly used in miero
hydropower plants. The timing belt and sprocket pulley drives are also commonly used in
micro-hydropower plants; however, they are more efficient in small system drives (less than
3kW) where efficiency is critical. Gearbes are suitable for use with larger machines where

the belts would be inefficient.

2.3.2.5Electrical Load Controllers

Electrical turbines vary in speed as the load is applied or removed. This variation in speed
affects the frequency and voltage output from egator which could damage it when there is

high power or ovespeeding under rlmad conditions. Electrical Load Controllers (ELCs) are
solid-state electronic devices designed to regulate the output power of a hydropower plant by
automatically varying theamount of power dissipated in a resistive load. ELCs can also be used

as a load management system by assigning a predetermined prioritized secondary load such as
heating(CETC, 2004)

2.3.2.6 Transmission Network

2.3.3

Electricity is commaly transported from the powerhouse to homes via a network of overhead
cables whose size and type depend on the amount of electrical power to be transmitted and the
length of the power line to the homes. Underground cables are also used to transmibhpower i
cases where environmental and geographical conditions are favourable in terms of cost and
safety(Valenzuela, et al., 2019The construction of transmission lines and their components
must follow national and local electriceodes and should be undertaken by qualified and
certified professionals. For instance, the Zambian Distribution Grid Code (ZDGC) must be

followed when setting up a transmission network in Zambia.
Basics of Hydraulics in Hydropower

As already discussed, hydropower potential exists at locations where there is a predence of
two parametershead and flowFor hydropower generation in water supply and distribution
systems, these parameters have a dependence on the characterisicpipe network.

Furthermore, as discussed under the description of the hydrokinetic turbine, the hydropower
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potential that a hydrokinetic turbine can extract from the kinetic energy is dependent on the
velocity of the water in the canal or stream channel
2.3.3.1Pipe flow and pressure head
The flow of waterin a pipe isdependent oits diameter androlume of water. The effective
pressure head is dependent on hydraulic head loss encountered in the pipe system. In
mathematical terms, the effective pressure hegilven by equation.2 below.
Hy=H-( HHy) (Equation2.3)
Where
H, = the effective pressure head (m)
H = the gross hea(in)
H¢ = the major head loss (m)
H, = the minor head loss

The major head loss is the loss in the head due to frictional effects in the pipanaike

calculated usinghe DarcyWeisbach equation given below.
_ly? .
H, = g_g (Equation2.4)

Where

f frictional factor whi c(R,)addrgatve cbsghnessd JRey nol do
| = the lengthof the pipe (m)

d diameter of the pipém)

V  average velocitym/s) of the water in the pipe

g asceleratiomue to gravity (9.81 m?s

The frictional factor can bebtained from théMoody diagram (Figure-24) by computinghe

relative roughness B)/ofthepi pe and it s (Re A&cooadingltdtbe equatiorb e r
presented in Figure-24, Re depends on the density &nd the viscosity( pof the fluid as well

as itsaveragevelocity (V) and diameter of the pip€.h e sy mb ol U is the rouu
and depends on the materiaf the pipe The friction factor also depends on the change in
pressure in the pipe as can be seethe equation presented in Figurf

In addition tothe majorhead loss, in any pipe system, there are minor losses thraisa@ by

the additional componenis thestraight pipéne network The additional components include

bends, elbows, tees, valves, sudden expasstoncontractios, gradual expansi@nor

contractiors, and pipe entransr exits. These mnor lossesare calculatedsing equation .3,
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H, = minor head loss (m)
K, = the local losoefficient
v = the average velocitym/s)

g = the gravitational due to gravity (9.81 f)/s

(Equation 2.5)
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Figure 2-24: Moody Diagram (Edward & Brewington, 1997)

2.3.3.2The Velocity of Water in OpenChannels

The velocity of water
below,

v =% R’ 3(33 2),

Ry =5

Where

v = the average velocitym/s)
n= manningb6s rou'§hness

Ry, = hydraulic radius (m)

in an open channel
(Equation2.6)
(Equation2.7)
number (s/ m

c

an
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"Y= slope of the channel (m/m)

o

0 = crosssectionalflow area of the channel @n
0 = wetted perimeter of the channel (m)

Determination of ma nnpatapadicular sitdsihg greates difficalty mb e r
encountered when using equatiaf @hillips & Tadayon, 2007)This is due to its extreme
dependence on numerous variables which includes the specific flow conditions in a given
period, watefflow depths, and channel bed type and configuration. Recommended vadues of

for different channel conditions are givenU8ACE (2010) The hydraulic radiusR},) depends

on the crossectional shape of the channel. This can be easily obtained for relajsd
channelgEngineering Toolbox, 2005However naturalchannels are of irregular shaped

thus require the engineerdés or hydr ol ogi st 0c¢
radius. However, according fdaidment(2015) the shapes of natural channelsy from
approximately parabolic to approximately trapezaidal

24 SOURCESWITH HYDROPOWER POTENTIAL

Wherethere ishydropower potential, there should be the presence of volumetric water flow
andhydraulic headAs per equation.2, the more therolumetricflow and head, the more the
hydropower potential, howevat,is generally beéer to have more of the available head than

the flow because less water will be needed to produce a given amount of power with less and
smaller equipmeniCETC, 2004)Hydropower potential also exists in locations where there is

a presence of suitable velocities for hydrokinetic turbine installations. This section describes

locations where opportunities for hydropower potential exist.
2.4.1 Dams

Dams offer opportunities for Large hydropower projects. They create a reservoir toare w

for later consumption. A reservoir is known to provide the highest level of hydroelectricity
supply servicegEgre & Milewski, 2002) However, the construction of a large dam results in
significant alteration of the naturaand human environment which greatly affects the
ecosystem, biodiversifyand seasonal patterns of the river flow including water temperature.
Therefore, the suitable site for dam construction needs to be thoroughly studied ensuring that
the most effectig avoidance action limits the extent of flooding based on technical,, sodal
environmental consideratiofi€umar, et al., 2011)

The study conducted bizoots, et al.(2015) in South Africa indicated that there exist
opportunitesto retrofit existing dams and reservoirs with low head hydropower plants which
can be used to meet the base or peak electricity demands. The existing dam facilities and weirs

may be optimized by installing small hydro turbines for additidnaropower generation.
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Furthermore, opportunities for hydropower generation through hydrokinetic turbine
installations exisin fastflowing waterchannelslownstream of dan{&gre & Milewski, 2002)

At an existing dammedtorage hydropower schemeitiv suitablesite conditions, a pumped
storage hydropower scheme can be se(Rlprian & Relly, 2015) During times of low
electrical demand, excess generation capacity is used to pump water into gredsghvoir.

When there is higher demand, water is released back into the lower reservoir through a turbine,
generating electricityThis method is considered a commercially important means of-large
scale grid energy storage and improves the daily cgptaitor of the generation system.
However, it is important to note that the method has special site requirements, specifically, it
needs both geographical height and water availability. Hilly or mountainous areas and areas of
potentially outstanding natalr beauty are the likely suitabkites (Florian & Relly, 2015)
Therefore, social, and ecological considerations are a requirement.

2.4.2 Rivers

Hydropower potential exists in rivers due to the available natural flow ofvibe A run-of-

river can be set up whergartion or all of the river flows diverted to a channel or pipeline to
convey the water so that it passes through a hydraulic turbine which is connected to an electric
generator.A run-of-river schemehas no sirage; therefore, power generation follows the
hydrological cycle of the river basin. This means that generation depends on precipitation and
runoff and may have dailynonthly, or seasonal variatiortdydrokinetic turbines can also be
installedinriverbannel s to generate electricity by ut
Runof-river systems require that tliesigndischarge be known to determine the hydropower
potential of the siteThis is done by plotting the flow duratiacurve (FDC)of the river
discharge at the siteh€ river discharge can be obtained by accessing field measured flow data
records for gauged statiorf§Vorld Bank, 2015) Discharge at ungauged stations can be
estimated using data from nearby gaugedostaior througthydrological modelling of the river
networkusingGIS andtools such as the SWAT mod#lincenzo, et al., 2019)

2.4.3 Wastewater TreatmentWorks (WWT Ws)

WWTWs offer opportunities for implementing esite hydropower geeration systemwhen

there is apresence of a high flow effluent that is discharged to nearby water bodies by gravity.
Low head hydro turbines such as the Kaplan type can be utilized to generate power in such
applications due to the difference in elevation and high flow &tesad, et al., 2018)The
generated power can be used to meet the electricity demand at th&/¥(Tit can be sold

back to the supplier. The utilization of WWWMS to generate electricity hdswer water
licensing requirements as wittiher water flows. This gives itnaadvantaggNYSERDA,

2011)
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Canals

Substantial potential for the development of small hydropower schemes exists within existing
manmade infrastructure such as irrigation cafi&sitae, et al., 2016 Suitable locations exist
within the irrigation canals where electrical energy can be captured from the flows either by a
diversion or by the canal itselfa installing hydrokinetic turbine§apping electricity through

this method has benefits which include elimination of fish concerns due to the presenee of pre
existing screens, low environmental concerns due texisting manmade infrastructyi@nd
reduced licensing complexity since the irrigation structures arpiéntly located on private
property than public lan(Kyutae, et al., 2016)A study conducted bioots, et al(2015)in

South Africa discussed five (5) potential sites for low head hydropower development within the

irrigation canalsystemsThese are summarized below:

9 Diversion structures: Diversion structures may be ideal sites for the implementation of
low head hydropower projects, firstly because the existing infrastructure can be used to
lower construction costand secondly because many diversion structures span right across

rivers, allowing for the utilization of all the flow for a hydropower plant. If the gradient is

steep, vertical drop structures are constructed. These drop structures can in many cases be

used to house a turbine, typically a siphon turbine, HydroEngine, or Kaplan turbine.

1 Concrete lined chutes and drop structures:Chutes are regularly used for water
transportation downhills. Depending on the head available at a certain chute, it can either
be bypassed using a pipe and conventional turbine or the existing structure can be used in
conjunction with a hydrodynamic screw, inline or similar turbine.

9 Bridges: Vehicle, cattle, and pedestrian bridges may provide many opportunities for easy
installation of low head turbines in irrigation canals. These structures can provide
anchorage for various types of hydrokinetic turbines.

1 Flow gauging stations:Opportunity for pico or micro hydropower generation exists within
most irrigation canals that have avflaneasuring station. Important to note here is that the
flow measuring structure should not be influenced to guarantee effective flow measurement
results.

1 Open lengths on irrigation canals: Water wheels and hydrokinetic turbines can be
installed along sdimns of concretdined canals if there is a need for electricity nearby. The
main drivers to determine the suitability of these sites are flow volumes, flow velocities,

and reliability of flow.

Bulk Water Supply and Distribution Systems BW SDSs)

As shownin Figure 225, opportunities for hydropower generation exist in BWSDSs due to the

elevation difference between the water source and the discharge areas. Accdrdivtg,tet
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al.,(2014) there are 4 basic areas where hydropower generation can occur in a BWSDS. These

are summarizeoh Table 26.

Table 2-6: Potential areas in BWSDSs where electricity can be generatédoots, et al., 2014)

No. Potential area Description

1 Dam releases In this area, conventional hydropower can be generated.

2 Water Treatmen| Electricity can be tapped from the bulk pipeline from the w,

Works (WTWs) | source to the WTWs.

3 Potable Water Electricity can be generated at the inlets to service rese
where pressureeducing stations are utilized to dissipate
excess energy.

4 Distribution Electricity can be generated by recapturing excess ener

network the pressureeducing valvegPRVs).

ater treatment plant |

Residential and
industrial

Figure 2-25: Locations in a BWSDS where opportunities for hydropower generation exist

(Loots, et al., 2014)

According toChoulot, et al.(2012) excess energy at PRVs canreeaptued via conduit

hydropowerturbines This can be done by replacing the existing PRV with a small turbine or

by connecting it in parallel witasmall turbingLoots, et al., 2015)Generatig hydropower in

waterdistribution systemgjowever, requires that electricity be generated without affecting the

required water pressure and flow on the customer side. The generated electricity may be inserted

in the regional electricity grid or used feelf-consumption at the local grid level of the water

infrastructurg(Samora, et al., 2016)
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2.4.6 Existing Weirs

2.5

There is hydropower potential at existing weirs which are built to regulate discharge and water
levels in water chante When a weir is constructed to keep the upstream water level constant,
electricity can be generated by passing the water through a turbine when flowing downstream
(Marence, et al., 2016)Tapping electricity in this wayas advantages which include a
minimized influence on existing neighbouring plant structures, reduced environmental impact,
and a simplified licensing process due to thegxisting regime of operatiorfMarence, et al.,

2016)

WATER RESOURCES IN ZAMBIA

Water resources are sources of water that are useful or potentially useful to humans. Zambia is
well endowed with water resourcébat exist in two forms namely, surface water and
groundwater. These twoforms are important because they are needed rémreation,
hydropower generation, household purposes, industrial purposes, and agricultural purposes.
Zambia generates an estimated 100°4ear of surface water and an estimated annual
renewable groundwater potential of 49.6%krear(MEWD, 2010) The goundwater serves as

a major source of base flow in the perennial riegrdcontributesabout30to 90% of the total

flows of natural riverGRZ, 2011) The highest use of surface water is hydropower generation
followed by agriculture (Figure 26). It should be noted that hydropower use is not a
consumptive use. The same water may be used for agriculture downsfriseninydropower

plant. The surface water resource is poorly distributed across the country while groundwater is
fairly well distributed. In any casenost of this water needs to be developed to meet present

and future demand for the mentioned purposes.
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10 1 ' &5— > 25’

Water use (%)

Hydropower Agriculture  Households Industries others

Figure 2-26: Water use in Zambia by percert (JICA, 2003)
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Zambia has twanain river basins namely the Zambezi and Congo River basins. The Zambezi
river basin is the largest and is comprised of three main catchments namely the upper Zambezi,
Kafue, and Luangwa catchments. The Congo basin is also comprised of three catchments
namely the Chambeshi, Luapuland the Tanganyika catchments which are situated in the
northern part of ZambiMEWD, 2010) The six catchments together are the institutional water
resources management entities that relatiee@fficient management of the water resources in
specific areas of Zambia including carrying out water flow and rainfall measurements
(WARMA, 2018). The six main rivers of these catchments are namely, the Zambezi, Kafue,
Luamgwa, Chambeshi, Luapula, and Lufubu Rivers. The flows of these rivers and tributaries
largely follow the seasonal rainfall patterns experienced in Zambia. Therefore, high flows are
experienced in the northern part of the country where rainfall receivgenirally higher,
however, the southern part of the country has more water flaedothe presence of large

rivers suchasthe Zambezi, Kafueand LuangwdMEWD, 2010) Table 27 shows a summary

of the catchment arethe length of the main riversand the estimated historical runoff. The
locationsof the catchments artia mb rivar&ystems are shownfigure 227 and Figure 2

28 respectively

Table 2-7: Average flow,length, and area of the six main river catchments of Zambi@EWD,

2010)
River Main River River Length* Catchment Average
Catchment (km) area* (km?) flow**(m ¥/s)
Zambezi Zambezi 1,700 268,235 2,981
Kafue Kafue 1,576 156,034 320
Luangwa Luangwa 867 145,690 661
Luapula Luapula 627 113,323 1,116
Chambeshi | Chambeshi 579 44,400 185
Tanganyika | Lufubu 250 17,096 65

*River length and Catchment area within Zambia only.
**Average flow is based oa 30-years period
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2.5.1 Rainfall Situation

Zambiais locatdnear the equatavhichgivesthe countnyits tropical climateZambiareceives

moderate rainfall ranging from an average of 600 paryear in the southern areas to 1400

mm/year in the northern are@dEWD, 2010) The rainfall regime in the country is umiodal

occurring mainly betwee@ctober and Apri(Figure2-29). The highest rainfall is received in

December and January. In recent years, Zambia has experienced recurrent cycles of drought

and floods which havéhad adverse effects on the water flow of rivers, streans
infrastructure. The poor rainfall or drought ¢
large dams especially those located in the southern parts of the qidogpen, et al., 2015)

250 mm

200 mm

150 mm
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0 mm
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Rainfall

Figure 2-29: Average Monthly Rainfall Variation of Zambia for 19017 2016(Harris &
Jones, 2017)

2.5.2 Institutional, Legal and Policy Framework of the Zambian Water Sector

Zambi adbs water sector is made of up two subs
Subsector and the Water Resources Management and Development SuhSARMA,

2018) Underthe 2010National Water Policy and the Water Supply and Sanitation Act No. 28

of 1997, the Ministry of Water DevelopmentSanitationand Environmental Protection
(MWDSEP)has the responsibility for Water Supply aSénitation (WSSin the countryThe

MWDSEP provides policy guidance, technical and financial control, and facilitates
mobilization of foreign and local funds for capital developmimbugh theDepartment of

Water Supply and Sanitation (DWSS). MWDSEP hasotferall mandate to coordinate WSS

to all waterusers throughocal municipalities(NWASCO, 2018b) There are presently 103

local municipalities in Zambia, and these are overseen by the ministry of local government and

housing.
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The local municipalitiehawe the authority fothe management of WSS tmmmercialwater
utilities and private schemashich have been established by the formation of joint ventures
among the local municipalitieS'here are currently 11 commercial utilities and 6 private
schemes licesed to provide WSS services in the 10 provinces of Za(hNW#ASCO, 2018a)
These utilities and private schemes are regulated by the National Water Supply and Sanitation
Council (NWASCO). Adherence to the water quality stanslamd environmental protection

in the WSS system is regulated by the Zambia Environmental Management Agency (ZEMA)
which is under the MWDSEBepartment of Environmental Managem@iwWASCO, 2018hb)
Therefore, ZEMA ensures that the utilities gorivate schemes provide water to the users
within accepthle standards and that effluents from industries\WWdTWs are discharged into
water bodies within acceptable water quality standards. ZEMA alsoesrthait environmental

flow in rivers is provided from dam infrastructufégure 230 showsthe institutional setip of

the Zambian water sector and TaBl8 shows the commercial utilities and private schemes

responsible for WSS service in Zambia.

Policy
Formulation

National
Level

Water | National

Resources | Water Supply
Management | & Sanitation
Authority J Council

(WARMA) | (NWASCO) Regulation

Catchmant & | Provincial &
Sub-Catchment Councils | Local Authorities

Service
Provision

Consumption
Use

Figure 2-30: The Institutional set up of the Zambian water sector, sourcsf(WARMA, 2018)
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Table 2-8: Commercial utilities and Private schemes responsible for WSS in Zambia

Source: (NWASCO, 2018a)

Provider License | Location
Number

Commercial Utilities

1 | Lukanga Water & Sewerage Co. (LGWSC) | L57 Central Province

2 | Southern Water &ewerage Co. (SWSC) L34 Southern Province

3 | Lusaka Water & Sewerage Co. (LWSC) L22 Lusaka Province

4 | Kafubu Water & Sewerage Co. (KWSC) L15 Copperbelt Province

5 | Nkana Water & Sewerage Co. (NWSC) L30 Copperbelt Province

6 | Mulonga Water &Sewerage Co. (MWSC) | L25 Copperbelt Province

7 | North Western Water & Sewerage Co. L31 North Western Province

(NWWSC)

8 | Eastern Water & Sewerage Co. (EWSC) L14 Eastern Province

9 | Chambeshi Water & Sewerage Co. (CHWS| L46 Muchinga/Northern Province

10 | Western Water & Sewerage Co. (WWSC) | L45 Western Province

11 | Luapula Water & Sewerage Co. (LPWSC) | L11 Luapula Province

Private Schemes

12 | Kafue Sugar L13 Kafue, Lusaka Province

13| ZESCO L35 Livingstone, Southern
Province,
Kafue Gorge, Lusaka
Province,
Itezhi-ltezhi, Central
Province

14 | Lafarge CemenChilanga (LCC) L36 Chilanga, Lusaka Province

15 | Konkola Copper Mines Plc (KCM) L44 Nampundwe, Central
Province

16 | Kaleya Small Holding Co. (KSH) L17 Mazabuka, Southern
Province

17 | Zambia Sugar Plc. L47 Mazabuka, Southern

Province
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Furthermore, all functions related to the Water Resources Management and Development in
Zambia are alsthe responsibility of MWDSEP through the Department of Water Resources
Development (DWRD) and the Water Resources Management Authority (WARMA). DWRD

is responsible fopolicy formulation and guidance as welliaternationally sharedvers.

WARMA acts as theegulatory body in the management and development of water resources
in the whole country except for the internationally shared segment§GRZ, 2011) It is
responsible for regulating the construction of surface and dveater infrastructure such as
dams, weirs, gauging stations, and boreholes in the catchment areas including the issuing water
rights. The authority is also responsible for managing and monitoring the use of all the existing
water infrastructure in Zambi®ARMA owns more than 66 flow gauging stations across the
country and records hydrological information through its catchment officers for planning and
monitoring of surface water resourckslso checks the hydrology and hydraulic analyses, and
design preedures on water projects in the catchment gf@@RMA, 2018). WARMA also

works with the Department of Planning and Research (DPR) and other research institutions
such as the University of Zambia (UNZA), Copperbelt Univer§@BU), and the Natural
Resources Development College (NRDC) to undertake weled research activities.

In addition to the institutional setup, there is also the Zambezi River Authority (ZRA) which is
responsible for the operation and maintenancthe®ariba dam complex and all irrigation
schemes on the internationally shared stretches of the ZarRpemi. The ZRA also
investigates and develops new dam sites and is respofmiliEsuing water rights on the
Zambezi River(ZRA, n.d.) The Authority is also responsible for arsig and distributing
hydrological and environmental information concerning the Zambezi River and Lake Kariba.
The ZRA owns anetworkof 13hydrometricstationghatareused for the contralf day-to-day
operations of the Karibdam water levels and the monitoringtiéflow of the Zambezi river.

The ZRA and ZEMA are responsible for assisting, conducting, and approving the
Environmental and Social Impact Assessments (ESIA) for new projectsmgan ESIA such

as hydropower plants.

2.5.3 Water Infrastructure in Zambia

Zambia develops its water resourcsough weirs, dams, reservoirs, boreholes, wells,
WWTWs, WTWSs and canals. Zambia has 5 large dams and approximately 3,000 small dams
(0.5 mi 15 m high) which are owned by various key players which include the local
communities, individuals, private organizations, and government institutions such as the ZRA,
DWRD and the Ministry of Agriculture (MoA)AWF, 2012; MEWD,2010) Table 29 shows

the existing large dams in Zambia. Témall dams are mainly situated in the drougtune

areas othe country such as the Southern, Eastand Central Provinee Figure 231 shows

an inventory of the damacluding small dam¥cated in Zambia.
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According to the country report B\kayombokwa, et al(2015) there are gravityed irrigation
canals and weirs scattered across Zambia which contribute to an estimgételd area of
155,992 hectareper year The canalsand weirshave been developed by the government,
commercial farmers, and private orgations such as Zambi@ugar Itd (which owns the
Nakambala irrigation schemedgjigure 232 shows the distributio of gravityfed irrigation

schemes across the country.

Table 2-9: Details of the five existing large dams in Zambia

Compiled from Tshenyego, et al(2019, World Bank (2018, ZRA (n.d.) & Blight (2013)

Name of| River Dam Reservoir Dam Owner/Developer
Dam height (m) | capacity type
(Million m 3)
1 | Kariba Zambezi 185 185,000 | Concrete ZRA
-Arch
2 | Kafue Kafue 140 112 Concrete ZESCO
gorge lower face
Rockfill
2 | ltezhitezhi | Kafue 65 6,000 Earth ZESCO
rockfill
3 | Kafue Kafue 32 785 Earth ZESCO
gorge upper rockfill
4 | Mita hills Lunsemfwa 49 679 Rockfill | Lunsemfwahydro
Itd
5 | Mulungushi| Mulungushi 46 272 Rockfill | Lunsemfwahydro
Itd
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NorthgWestern

] Provincial Boundaries
+ Dams in Zambia

Figure 2-31: Small dams in the Southern Province of Zambia

Modified after (World Bank, 2018a; WWF, 2019a)
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Figure 2-32 Distribution of irrigation schemes in Zambia (Akayombokwa, et al., 2015)

Furthermore, the commercial utilities and private schemes in the 103 municipadities
BWSDSs service infrastructure (which include WTWSs, Storage Reservoirs, Wyénd/bulk
pipelines in their respective catchment areas). For instance, accordiWgS@G, (2011) the
Lusaka Water and Sewerage Company (LW3seratest WTWSs, 7 WWTWsand mordhan

23 Water storage reservoirs in the city of Lusaka. The utility draws raw water from the Kafue
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River via thelolanda WTWs located 45 km away frdmsakacity and transports the water
througha bulk water supply pipeline which has a capacity of 111®®day. Furthermore,

there are a total of 20 WTWgeratedby the KWSC (8 WTWs), MWSC (8 WTWsand
NWSC (4 WTWSs) in the Copperbelt Provin@dWSC, 2017; KWSC, 2020; NWSC, 2018)
There are also 12 WWTWs indlCopperbelt provinceperatedoy the KWSC (5 WWTWSs)

and NWSC (7 WWTWSsIKWSC, 2020; NWSC, 2018)0ther utilities and private schemes
need to be investigated to find out the existing water service infrastructure in their BWSDSs
systems. An example ttiewater supply and distributiosystemnis given inFigure 233 in the

case of NWSC.

River Flow Direction

Kafue River

Bulungililo Weer

Treatment Plant Supplying water 1o industries

Nkana East Sewnge Treatment

1

Sugplymg to honses

Water Distribution Cartre Sewnge Trestment Pond

Figure 2-33: Layout of the NWSC bulk water supply and distribution system(NWSC,
2018)

BASICS OF HYDROPOWER DEVELOPMENT IN ZAMBIA

Policies and Regulations

The liberation andreation of a market economy in 1991 by the Government of the Republic
of Zambia (GRZ) led to the promulgation of the first National Energy Policy (NEP) in the year
1994 (Mwaba, 2005) The NEP of 1994 was formed with the mabjeztives which included

the restructuring of the power industry to ogemp to the private sector, improvirand
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promoting electricity access to more productive greas costeffective development of

hydropower generatinglgnts The policy also sethe institutional framework under which

these policy objectives would be implemented. This included the establishment of the ERB

which regulates among others, against monopolistic tendencies of energy undertakings in

Zambia(Cristian, 2018) The documents presentedTiable 210 outline the current legal and

regulabry framework of the power sector in Zambia.

Table 2-10: The Legal andRegulatory framework applicable to Hydropower projects in

Zambia

Legal Document

Document Description

National Energy Policy
(NEP) of 2019

This policy acts as a guide to policymakers, decisiakers and developme
managers in the government, private sechon-Government Organisatiorn
( NGOs) , G
regional and international environme(@istian, 2018)It repeals and builds o
previous NEP of 1994 and 2008 and iscleored on the Seventh Nation
Development Plan and Vision 20@doE, 2019b) The NEP of 2019 emphiass

the consideration of climate change mitigation and adaptation while adva

and civil societies on

sustainable development of the energy sector.

Electricity Act of 2019
(repeals and replaces tf
Electricity Act of 1995

and its amendments)

This Act formulates the principles of electricity generation, transmission
di buti This Act

generation, transmission, and distribution licenses to both public and p

stri on in Zambi a.
undertakings.The electricity act defines the undertaking as any comme
enterprise, whether public or private, for production, generation, transmi

distribution, or supply of energ¥sRZ, 2019a)

The Energy Regulation
Act of 1995 amended
in 2003)

This Act formulates the roles of the ERB and defines its powers and fun
(GRZ, 1995a; GRZ, 2003a)

Rural Electrification Act
of 2003

This Act gives REA its mandate to oversee and implememtitheelectrification
program in ZambigGRZ, 2003b)

The Seventh National
Development Plan 2017
-2021

In this document, GRZ focuses on adjusting electricity tariffs and fuel price
phased manner to reach ceffiective levels which attracts private investme
The government also focuses on gradually adjusting fossil fuel prices to

the negative impacts of pollution and also promoting alternative clean or imp
cooking energyMNDP, 2017)
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Legal Document

Document Description

Zambia Grid Code
(ZAGC) of 2006

All participants in the electricity supply industry in Zambia are required thr
Statutory Instrument No. 79 of 2013, of the laws of Zambia to adhere {
provisions of the ZAGQMfuni, 2018) Under the ZAGC
Code participant o i s -udee €Custoneed Disributo
Supplier, Transmission Network Service Provider, Embedded Generator, §
Operator, or eRegional Operator and an eader Customer is a consumer
electricity connected to the Transmission System or supplied directly
Transmission Network Service Provid&RB, 2016)

Distribution Grid Code
of 2016

This codeestablishes the basic rules, procedures, requirements, and standg
govern the operation, maintenance, and development of the Zambian ele
distribution systems to ensure the safe, reliable, and efficient operations
distribution systemgCristian, 2018)

Standards

All the standards which deal withetransmission, distribution, metering, pow
reliability, power quality and safety of appliansare published by the Zamb
Bureau of Standards (ZABS) and are required foli@ved (Kabira, et al., 2019)

The Rural
Electrification Master
Plan (REMP) (2008)

The document indicates a target of 51% rural electrioitye achieved by 203
The REMP was developed by REA together with the Japanese government
period from 20080 2030. The document lisggnallscalehydropower plants an
mini solar plants as options to enhance rural electrification in some raneets
of Zambia(JICA, 2008)

Vision 2030

This document references the achievement of universal access to clean, I

and affordable at the lowest total economic, financial, social, and environn

costconsistent with the national development by 2038RZ, 2006)

2.6.2 Electricity Licensing

Underthe Electricity Act of 2019, all undertakings in Zambia, whether public or private for

production, generation, transmission, distribaotior supply of energy must be licensed by

ERB. However, it should be noted that the Act also provides for two possibleselicen

exemptions which are (i.) mugrids with an installed capacity of less than 100kW which is

solely for own use and (ii.) a mmigeneration installatiothatis connected at a distribution

voltage level with a namplate capacity of up to 10kVA single phase and 30kVA tiplesse.

However, the developer still needs to obtain all other applicablestisermd permits according

to the steps gign in Figure 234. For all norexemptundertakings, the ERB issues the licenses

underthe categories and periods of validity listedrable 211.
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Table 2-11: License categories and period ofalidity in Zambia (Kabira, et al., 2019)

Category Period of Validity (Years)
Generation 30
Transmission 30
Distribution 15
Supply 5
Combinedwith all above 20

Requirements for hydropower project licensingZambia include the Patents and Companies
Registration Agency (PACRA) certificate, a consent from the National Heritage Conservation
Commission (NHCC) confirming the site not todxational or cultural heritage, and other-pre

requisite permits which inctle environmental, water and land permits. These permits are

describedn Table 212. The licensing steps followed in Zambia for obtaining a keefor

combined generation, distribution, and supply of electricity for hydrgadf systems wittan

installed capacityof less than 100 kW, and higher than 100 kW selling electricity to connected

consumersireshown inFigure 235 and 236 respectively

Table 2-12: Environmental, Water and Land approvals in Zambia

Compiled from GRZ (1995 & Kabira, et al. (2019)

Permit type

Description

Environmental

Under the Environmental Management Act of 2011, all hydropower project
which an Environmental Project Brief (EPB) or an Environmental Impact State
(EIS) is required, must be approved by ZEMA. It should be noted tha

environmental permit is a prequisite for other permits such as the water permi

Water use Underthe Water Resources Management Act of 2011 of the laws of Zavhiih
governs water resource use and management, hydropower projects need to
water use permit fothydroelectric purposes from WARMA. The license
hydropower is usually given for a period of 25 or 30 years.

Land use The Lands Act of 1995 of the laws of Zambia categorizes lands into two cate

namely: state lands and customary lands. For hydrep@nojects on state land
approvals must be obtained from the Ministry of Lands and Natural Resq
(MLNR) and require the approval of the Commissioner of Lands and other re
authorities such as district councils. For projects on customary laridg ar e

permit is needed. It should be noted that local banks in Zambia do not often f

projects on customary lands.
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Figure 2-34: The licensing steps applicable tbydropower plants meant for own usg ERB,
2019b)
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Figure 2-35. The steps for obtaining an electricity license for hydropower capacity of less than
100 kW (ERB, 2019b)
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Figure 2-36: The steps for obtaining an electricity license for hydropower capacity of more
than 100 kW (ERB, 2019b)

2.6.3 Protected areas

Protected areas are considered environmentally sensitive areas and siting of hydropower
projects inthese areas is discouraged because the areas are heavily managed through various
national regulations. Zambia has a high density of protected areas which comprise
approximately 40% of itsnland area. The protected areas consist of a vast datmain
encanpases 20 national parks, 3 wildlife and bird sanctuaries, 36 game management areas
(GMASs), and several other categories such as wetlands and fist@R&s 2005; GRZ, 2014)

National parks are primarily limitedo tourism; human settlement and huntiage not
permitted. GMAs act as buff@ones for national parks and are used to control the hunting of
wild animals through a licensing system. Human settlement and economic activities are
permitted in GMAs where thesetivities are not harmful to wildliféLindsey, et al., 2014)
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The activities are regulated by the Zambia Wildlife Authority (ZAWA) which is mandated by

law to manage the protected ardagure 237 shows the network of Zamba 06 s
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Figure 2-37: The Zambian Network of protected areafGRZ, 2014)

2.6.4 Cost aspect

Hydropower is a capitdhtensive technologyhat has long lead times for development and

construction due to the significant feasibility, planning, deseg civil engineering works

required(IRENA, 2020a) Various cost compmentsadd up to the total cost of setting up a

hydropower plant. These are discussetldble 213.
Table 2-13: Installation Cost of Hydropower Plants (IRENA, 2020a)

Cost
Component

Description

Civil
Costs

Works

This consists of the engineering, procuremeantd construction of the dam, reserv(
tunnelling, canal, penstock, intakes, and powerhouse. They also consist of the
building the site access infrastructure and components of the grid connection.
example, Table-14, gives the actual pricef someCivil works units for the existing
Zengamina mirhydropower plant in Zambie the year 2008 and inflated prices in {
year 2022The prices were inflated using the consumer price indexes (CPI) for tlse)
2008 and 2022.;

Electro
magnetic
equipment

costs

This includes the cost of turbines, generators, transformers, cabling, and control s
This cost is strongly correlated with the capacity of the hydropower plant beca
proposed capacity of a hydropower plant caadigeved by a combination afew large

turbines or many small turbines and generating uflitee cost of electronagnet

equipment is a high percentage (380%) of a small hydropower budget.

protected
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Cost Description
Component
Project This includes the costs of planng and feasibility assessments, environmental impac

Development| social analysis, licensing fees, fish and wildlife measures, development amenities
Costs quality monitoring and historical and archaeological mitigations. In Zambia,

environmental impact feesharged by ZEMA ee shown in Table2-15 and the wate

licensing fees charged by WARMA for hydroelectric use are shown in Pale

Table 2-14: Actual prices of civil works units used in theconstruction of the Zengamina

hydropower plant in Zambia (JICA, 2008; ZamStats, 2022)

Item Unit Price (2008) Unit Price (2022)
CPI=81.3 CPI = 344.9
Masonry USD 150 /m USD636/m®
Concrete USD 600 / i USD 2,545/ m®
Rebar USD 1,400 / tonne USD 5,939/ tonne
Tunnel boring USD 1,000 /m usSD4,242/m
Common Excavation USD 10 /n} usSD42/m?
Rock Excavation USD 60 /ni USD 255/m?3
Steel Structure USD 2,800 /tonne USD 11,878/tonne
Access Road USD 30,000 /km USD 127,269/km
Road Maintenance USD 3,000 /km USD 12,726/km
33 kV distribution line USD 36,000 /km USD 152723/km

Table 2-15: Environmental license fees in ZambigGRZ, 1997; ZEMA, 2022)

Type Project Cost (USD) Fee units ZMW EUR

EPB - 43,333 12,999.90 651.0

EIS Less than 100,000 43,333 12,999.90 651.0
100,000i 500,000 216,665 64,999.50 3255.2
500,000i 1,000,000 541,662 162,498.60 8137.9
1,000,000' 10,000,000 1,083,324 324,997.20 16275.9
10,000,000 50,000,000 2,166,650 649,995.00 32551.7
Greater than 50,000,000 3,249,975 974,992.50 48827.6

Note:i) As of 2022 eachfee unit is equal to 0.30 ZMKZEMA, 2022)
i) 1 ZMW = 0.05008EUR (updated rates are availabléntps://www1.oanda.com/currency/converyer/
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Table 2-16: Hydropower projects water permit fees in Zambia(GRZ, 2018b; WARMA, 2022)

Item Fee unit| ZMW EUR
Application for permit for usage up to 10 MW 16,666.67| 5,000 | 250.4
Application for Permit for Additional usage from-260 MW 3,333.33 | 999.99| 50.1
Annual access charge per kW of installed capacity 2.529976 | 0.75899| 0.038
Use per kWh generated 0.003069 | 0.00092| 0.00005

In a cascade of any installed capacity per kWh generated 0.002534 | 0.00076| 0.00004

2.6.5

Note i) As of 2022, eaclfee unit is equal to 0.30 ZMKWARMA, 2022)
i) 1 ZMW = 0.05008EUR (updated rates are availabléps://wwwl.oanda.com/currency/converyer/

Financing

Funding opportunitiefor hydropower projectin Zambia are available both from domestic and
internationaldonor funders. Domestic funding opportunities for the private sactdimited
especially for smalscale hydropower because of their maskétchnologes, and business
models which are stilinknown to local commercial bankkabira, et al., 2019)This is so
because local commercial banks consider conventional hydropower to be highly profitable and
less risky than smaBicale hydropower. On the other hatlte internationatlonorrelated
funding opportunities for smadicale hydropower are increasing in Zambia and developers may
access therCristian, 2018)Table 217 describes and lists the available funding opportunities

(bothdomestic and international) for hydropower projects in Zambia.
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Table 2-17: Funding opportunities available for hydropower related projects in Zambia

Adapted from Cristian (2018)

Funding opportunity Period | Funded by Fund available to,
from
Africa Clean Energy (ACE) | 2017 DFID Enterprises across Africa
Business Programme. supply offgrid energy
products and services.

Africa Enterprise Challenge | 2008 Alliance for Green Revolution| Private sector businesses
Fund Renewable Energy in Africa AGRA) family.
andAdaptation to Climate Governments of Australia,
Technologies (REACT). Canada, Denmark, The

Netherlands, Swedeandthe

United

Kingdom), and international

financialinstitutions.
Beyond the Grid Fund for | 2016 SIDA, Power Africa. Industry actors (Independent
Zambia. energy service providers).
ChinaZambia South 2014 China, GRZand Denmark. Government Regulatory
Cooperation on Renewable bodies.
Energy Technology Transfel
Electricity Service Access | 2017 World Bank Governmentegulatory bodies
Project. andprivate sector
GET-FIT. 2013 KFW, DFID. Energy Authorities, OitPPs.
Grand Challenges for 2012 USAID, SIDA, BMZ, Duke Energy Enterprises.
Development Initiative Energy, OPIC.
(GCDI).
Increased Access to 2009 JICA, World Bank ZESCO.

Electricity Services Project.
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Funding opportunity Period | Funded by Fund available to,
from
InfraCo Africa. 2004 Private Infrastructure Project developers.
Development Group (PIDG)
Trust, Europeasovernment.
Nordic Climate Facility 2009 Nordic Development Fund. Companies that wish to test ¢
(NCF). innovative business concept
that contributeto increased
climate resilience and /or
mitigates climate change.
Off-Grid Market Opportunity| 2013 AfDB, Canada, Governments and donors.
Tool. DBSA, SE4AIl, EU,
AFD, IDC, IRENA.
Japan, NEPAD, Norway,
Sweden,
UK aid, World Bank,
TheUSA, and private
Sector.
Private Enterprise 2013 UKaid Micro, small, and medium
Programme Zambia (PEPZ)| enterprises.
Rural Electricity Fund (REF)| 1995 ZESCO Privatedriven rural
electrification projects.
Scaling Solar. 2015 Denmark, Netherlands, Powel Government and Utilities.
Africa, DFID, IDCP.
Scalingup Renewable DFID, Norway, Netherlands, | Governments.
Energy in Lowincome 2009 theUSA, Sweden, Japan,
Countries Program (SREP). Switzerland, Australia,
Denmark, South Korea, Spain
Technology and Innovation | 2013 AFDB Companies that use new

in Developing Economies
(TIDE) Fund.

technology to provide
affordable services in the

energy sector.
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CASE STUDIES

Hydropower atlases have been developed and implemented for some African countries. These
have been developed mainly farn-of-river types of hydropower.These existingatlases
provide good examples of successfully developed hydropower atlases and therefore provide
applicable information regardinghydropower potential andhe data selection process.
Furthermore, there are several existing hydropower installations oimgxistter infrastructure

such as WWTWs, Weirs, Bulk Water Supply Systems, Caaats Dams around the world.

Most of these installations are not located in Zambiaérttte as good examples regarding the
fundamentals oévaluatinghydropower potential orxesting water infrastructure.

Case Study I: The Madagascar Hydropower Atlas

The assessment and mapping of the Madagascar hydropower(FRitase 2-38) were
completed in 2017. The study delivered a spatial databasshows that the small hydro of
Madagscar consists of more than 350 potential sites that have a power capacity in the range of
1-20 MW with a cumulative capacity of approximately 1,350 MWorld Bank, 2017h)
Hydropower potential sites were identified from relevant literaturaandsites were identified

using SiteFinder, a spatial analysis tool that identifies river stretches featuring a high
hydropower potential based on precipitation and topography adatar(mercialownedtool
developed by SHER Ingénieu@onseils).The study showed that Madagascar has a great
smallscale hydropower potential for both private and government investments. The selection
criteria of the potential sites that were includedhe Atlas were a result of complex spatial

planning which was based on the considerations preseniedia 218.
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Table 2-18 Multicriteria considerations in the selection process of potential hybpower sites
addedin the Hydropower Atlas of MadagascarWorld Bank, 2017b)

Consideration Description

Technical This involved the assessment of the hydraulic, hydrological, geological
and topographic characteristics of the site to judge if the site was&dle or
not.

Economic The Levelized Cost of Energy (LCOE), including the costs related to the ¢

and evacuation of the produced energps estimated in the process
deternining the promising sites.

Environmental

Common ownership with protected areas, villages, military sites,taa,
presence of important sediment transport even in the dry season

determined in the selection of promising sites.

Adequacy

This involved the determination of the adequacy between energy suppl
demand.
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MADAGASCAR POTENTIEL DE LA PETITE
Atlas de la Ressource Hydroélectrique (1-20 MW) HYDROELECTRICITE PAR PROVINCE

48.0

Cette carte présente le potentiel de la petite
hydroélectricité consolidé pour chaque province de
Madagascar sur base des sites identifiés ayant
une puissance potentielle inférieure & 20 MW
(SHER, 2017). On observe que les provinces de la
cote Est et du Centre présentent les potentiels les
plus élevées (Toamasina - 423 MW, Fianarantsoa
- 359 MW, Mahajanga - 248 MW, Antananarivo -
202 MW). Au Nord, la province d' Antsiranana
dispose d'un potentiel moins élevé (94 MW) de par
sa petite superficie. Enfin, au Sud - Sud-Ouest,
malgré sa grande superficie, la province de Toliary
présente le potentiel le plus faible (35 MW).
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Figure 2-38: Madagascar Hydropower Atlas (1i 20 MW) (World Bank, 2017b)

2.7.2 Case Study II: The Tanzana Hydropower Atlas

The Tanzanian Hydropower AtlgEigure 239) focuses exclusively on potential sites in the
range of capacities between 0.3 and 10 WMérld Bank, 2018h)All the information related
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to the hydropower sector in Tanzania having geographical coordinatesampiled into a
Geographic Information System (GIS). The spatial database of potential hydropower sites is
the result of the consolidation of informatiérom various sources: it contains a total of 455
potential hydropower sites amongst which 2a&efrom relevant literature and 177 newly
identified by SiteFindeWorld Bank, 2018h)The selection criteria of the potentiaiesi that

were includedn the Atlas were as a result of a multicriteria analysis which was based on the
considerations descriién Table 219. The study showed that Tanzania has good ssaale
hydropower potential for private or government investmentsthe potential is still largely
untapped.

Table 2-19: Multicriteria considerations in the selection process of potential hydropower sites
addedin the Tanzanian Hydropower Atlas(World Bank, 2018b)

Consideration | Description

Power Capacity| This was based on the project scope. Hydropower potential sites with cap
between 0.3 MW and 10 MW were added to the Atlas.

Technical This involved the assessment of the hydraulic, hydrological, geological amsk
topographic characteristics of the site including sediment transport. Hydro
potential for new sites was determined based on rainfall and topography us
SiteFinder toolThe design flow used in the analysis was considered to corresp

the median flow of the river.

Economic This involved the estimation of the Levelized Cost of Energy (LCOE), includin

costs related to the access and transmission lirseddot the promising sites.

Environmental | Hydropower potential sites witla lack of environmental constraints that m:

jeopardize the development of the project were considered.

Adequacy The consideration of the adequacy between energy demansguppty from the
potential site.
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SMALL HYDROPOWER POTENTIAL
BY WATER MANAGEMENT BASIN

TANZANIA
Atlas of the Hydropower Resource (0.3-10 MW)

This map illustrates the hydropower potential by water management basin considering projects in the range 0.3 - 10 MW only. Potential hydropower projects with a power
capacity larger than 10 MW are however mentioned on the map. The hydropower potential of Tanzania is still largely untapped. Opportunities exist in all power capacity
ranges. The analysis shows that Tanzania has a good small hydro potential for private or government investments. Without technical or economic considerations, the
small hydro potential in Tanzania consists of more than 400 potential sites from 0.3 to 10 MW. Eighty-two (82) potential projects were visited with a cumulated capacity of
approximately 162 MW (confirmed small hydropower potential).
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Figure 2-39: The Tanzanian Hydropower Atlas(World Bank, 2018b)

2.7.3 Case Study lll: The Rwanda Hydropower Atlas

The mapping of theRwa n d a

Hydr opower

Atl as

wa s

compl et

Ministry of InfrastructurgKazungu, et al., 2016Yhe Atlas identified over 192 potential sites
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with power capacities of less than 50 kW and 333 potential siits capacities ranging
between 50 kW and 1 MW. The existing potential sites were identified both from literature and
the SiteFinder tool. According tGasore, et al(2018) 28 of the potential sites have already
been developed and feasibility studies @her sites are ongoing. This study enabled the
government and private sector to be aware of the untagpealthydro potential in Rwanda of
over 300 MW Figure 240 shows the Rwanda Hydropower Atlas.

! Rwanda Hydropower Atlas

Figure 2-40: The Rwanda Hydropower Atlas (Rwanda Water Portal, 2019)

2.7.4 Case Study IV: The ECOWAS Hydro Map

The mapping othe small hydro potential in 14 Economic Community of West African States
(ECOWAS),was done bydyryworking in conjunction with th € COWAS Observatory for
Renewable Energy and Energy EfficiendeCREEE) The ECOWAS SmalBcale
HydropowerMap addressethe untapped potentiaf mini/micro (<1 MW capacity)and small
hydropower(ranging fran 1 MW 30 MW) sector in West Afric§Poyry & ECREEE, 2017)

The potential sites were identified using GIS technology and hydrological conditions modelling
for more than 500,000 river reaches in West Africa. Figdrghows the hydropower potential
map of ECOWAS.
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Figure 2-41: The ECOWAS Hydro-Resources Map (available at ECOREX Web Services*)

2.7.5

*http://www.ecowrex.org/mapView/index.php?lang=eng&mclayers=layerPlantSize&lat=1507621.601
9522&Ion=-2309999.6995641&zoom=7

Selection Criteria for Hydropower Potential sites inclded in the existingatlases.

As already stated, the hydropower potential sites in the existing hydropower atlases were
identified from relevant literature and spatial analysis using the SiteFinder tool. The
hydropower potential sites were required to nibetselection criteria to be included in the
atlas.The preliminary selection process and criteria used in the selettiba potential sites
included in the Madagascar and Tanzania hydropower atlases are given in Hguaad

Figure 243, respectively. There is little information available on the selection criteria used in
the development of the Rwanda hydropower atlas. As an example, the selection process used
in the development of the Madagascar hydropower atlas is explained as follows,

U Site Identification: 1,537 potential sites were identified from existing literature and 987

sites were identified using Site Finder.
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U Initial selection: The 1,537 sites were checked if the coordinates for their locations were
available and correct. Only the with available coordinates were considered. The 987 sites
from SiteFinder were checked if they hadotential of 50kW and above. Only sites
meeting this criterion were considered.

U The result was a total of 2,045 potential sites (1,470 from liter&&dBefrom SiteFinder).

The sites from both sources were checked for duplicates. 163 sites from SiteFinder were
already identified frontheliterature, therefore, SiteFinder added 412 sites to the database.
The total number of sites after clearing the dgiés was 1,882.

0O The 1,882 were checked i f t hetheiffoenatenowi t hi n
the gross head, dischargend capacity were available. Only sites meeting these criteria
were considered.

U The result was a total of 1,301 potentiites. These were compiled to form the Gross
Database of hydropower potential sites in Madagg§@arld Bank, 2017a)

U Finally, sitesnot located in protected areas draving hydropower pential of 1-20 MW
were selected andldedto the hydropower atlas.

The studies on the existing hydropower atlases also developed a prioritization selection process

and criteria for the selection of the most promising sites from the hydropower atlas. This process

included hydropower siseconforming tocertain technical and economic criteria. Site visits to

the identified sites were also conducted. The Madagascar study identified 33 most promising

sites and out of these 20 were identified to be more promising fortehortnvestment@/Norld

Bank, 2017a)The Tanzania study as well identified more than 70 promising sites of which 20

sites were considered to have more priority for stesrh investment@/Norld Bank, 2015)
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Figure 2-42 Selection process and criteria used in the selection of rwof-river hydropower
potential sites included in the Madagascar Hydropower atlas. Adapted froriWorld Bank,
2017a)
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Figure 2-43: The Selection process and criteria used in the selection of rwoi-river hydropower
potential sites included in theTanzania Hydropower Atlas. Adapted from (World Bank, 2015).

2.7.6 Data Selection Criteriafor Evaluation of Hydropower Potential

As already stated, new sites were identified using the SiteFinder tool which uses rainfall and

topography data while the other sites identified fritma literature were required to have
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discharge head and capacitynformation. The evaluation criteria wsén the data selection

process for the calculations thfe hydropower potential of the sites included in the existing

atlases are presentedTiable 220. The tablealso includeglatacriteria from other studies on

the run-of-river hydropower potential eduation. The evaluation criteria for other types of

hydropower obtained from other studies that have been conducted around the world are
presented iTable 221.

Table 2-20: Existing data selection criteriafor the run-of-river hydropower potential evaluation

Data type Data selection criteria Reference (s)
Discharge - considered the mean flow at a gauged site to be equal tg
(md¥/s) 0.0065 times the average annual rainfall in the watershed

(m°).

- considered the mean flow at an ungauged station (with g
gauged station upstream or downstream having watershe
ratios of 0.5 2) to be equal to the mean flow at tieuging
station times the watershed area ratio (ungauged geesyed
area).

- considered the mean flow at an ungalgite(with a gauged
station upstream or downstream having watershed ratios
below 0.5 or above 2) to be equal to 0.0065 timesteeage

annual rainfall in the watershed {m

- selectedjauged stations with less than 5% of missing dat

the evaluation of the design flow

Tanzania Hydropower Atla

(World Bank, 2015)

- considered the design discharge to be equal to the medi

(Qs0) of the interannual mean flows.

-sites with design flow (§) <50n¥/s were considered.

Tanzania, Madagascar Atlg

(World Bank, 2015; World
Bank, 2017a)

- considered design flow to be equal te (B0%days
availability on the FDC) for mirhydropower in Northern,

North-western, Luapula and Western Provinces of Zambig

(JICA, 2009)

- considered design flow to be equal te&hd Qs on the
FDC fortherun-of-river flow in South West England

(Vincenzo, et al., 2019)

- considered design flow to be equal te @ the FDC fothe

small and minrun-of-river hydropower in Thailand.

- considered sitewithin the area of 11B 2,099 kn? of the

gauged stations to successfully calculate the design flow §

ungauged siteim Thailand

(Rojanamon, et al., 2009)
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Data type Data selection criteria Reference (s)
- assumed 100% river discharge was available for hydrop{ ECOWAS Hydropower
generation Map
(Poyry & ECREEE, 2017a
Head - sites with Gross head measured using a total station wet
considered.
- considered sites withGross head of 3m and above. (JICA, 2009)
- the effective headvas set at 90% of the Gross head.
- thehead was calculateatintervals of 100m using GIS for
_ (Vincenzo, et al., 2019)
the selected sites
- thehead was assessed based on the elevation differenc
(derived from DEM)etween the selected point and its clos
, e (Korkovelos, et al., 2018)
upstream neighbour, which in this case was located at a
distance of @0Om.
- the maximum distance from the weir to the powerhouse
o . (Kusre, et al., 2010)
set at 5km (head wasilculated within this range) in the stu
- thehead was assessed at 400m intervals in the study (Ballance, et al., 2000)
- the effective head was assumed to be equair¥ of the ECOWAS Hydropower
Gross Head
Map
(Poyry & ECREEE, 2017a
Riverbed - rivers with slopes of less than 5% were considered (Vincenzo, et al., 2019)
slopes - sites withaminimum bedslope of 2% and more were
(Kusre, et al., 2010)
selected.
- slopes were calculated and arzaly at intervals of 400m fof
) (Ballance, et al., 2000)
the selected sites.
- slopes for the river stretches were derived fthe
Advanced Spaceborne Thermal Emission and Reflection
, _ _ (World Bank, 2015)
Radiomete(ASTER) GDEM v2 DEMdatawith aspatial
resolution of 30m.
- slopes werealculated and anadgd at intervals of 100m fof
, (Vincenzo, et al., 2019)
the selected sites.
Distance - sites selected were required to be at least 1,000m apart. (Ballance, et al., 2000)
between - thedistance between small hydropower plants maintaine
. (Garegnani, et al., 2018)
nearest site 100m
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Data type Data selection criteria Reference (s)
- the minimum distance for the consecutive sites selected
(Kusre, et al., 2010)
set atb00m.
River data - rivers within the countris borders vereconsidered (World Bank, 2015; World
Bank, 2017a)
- rivers with flow accumulation of 100,000 ce{E0 x 50 m)
. : (Vincenzo, et al., 2019)
were selected for hydropower potential evaluation
Topography - sites appearing on the 1: 50,000 topo map were considg (World Bank, 2015)

Table 2-21: Criteria in the data selection process for hydropower potential evaluatioffior other
types of hydropower

Hydropower type

Data type

Data selection criteria

Reference (s)

Hydrokinetic in strear

effective potential

assumed 50% of the potenti

(National Research

channels would interferewith fish _
_ Council, 2013)
concerns at the sites.
minimum assumed 8W as a minimum
potential potential in rural (Mvula, et al., 2019)
electrification application
Hydrokinetic Velocity Hydrokinetic turbines usually
o _ N (Niebuhr, et al.,
require sites with velocities
2019)
of around 23.5m/s
Velocity V =0.0027 Q (n¥s) (Lalander, 2010)
Water depth Minimum depth was
considered to be 2 min
streams
Velocity Minimum velocity was
considered to be 0.5 m/s (Jacobson, 2012)
Turbine efficiency )
Cp=0.30 was considered
Cp
Manni ngo )
n = 0.035 was considered
number
Weir distance between| 100m was considered for th¢ (Marence, et al.,

existing weir and

selected site

2016)
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Hydropower type Data type Data selection criteria Reference (s)
fish channel
upstream
design flow considered design flow to be
equal to @ (75 days
availability) on the mean
FDC.
Conduit hydropower | head initially, it was assumed that

in pressurized water

supply pipelines

half of the available static
head can provide peer

energy generatior]

initially, it was assumed that
power can be generated for

6hrsonly per day.

(Loots, et al., 2014)

Dammed

Minimum height

dams witha heightof 15m
and abovevere selected

(Bakeées,

Dammed

Minimum height

dams with height 1.52 m (5ft

and above werselected

Dammed

Gross head

was assumed to equal to theg
hydraulic height of the dam i
available otherwise it was
assumed to equal to
0.7*Structural height of the

dam

(U.S Department of
Energy, 2012)

Dammed

Discharge

damswith at least 10 years g
discharge data records werg

considered

Dammed

Hydraulic Head

was assumed to equal to the
elevation difference betweer
the headwater and the

tailwater elevations

Dammed

Minimum

Hydraulic Head

dams with a net hydraulic
head of 0.91 m (3ft) and

above were considered

(Reclamation, 2011
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Hydropower type Data type Data selection criteria Reference (s)

Dammed Design flow considered design flow to be

equal to Gy on the mean
FDC

2.8

SUMMARY OF LITERATURE REVIE W

As can be concluded from thigerature study, hydropower atlases playimportant role in
makingthe government and private investargare of the untapped hydropower potential. For
example, the Madagascar hydropower atlas identified 350frumer sites with a cumulative
untappedpotential of more than 1,35MW suitable for both government and private
investments. The hydropower atlas database also provided information on the 20 most

promising and priority sites which were suitable for shemnn investment.

The hydropower poterdi sites included in the existing hydropower atlases were required to
conform to the established selection criteria such as the capacity, presence of coordinates, and
presence of protected areas. The evaluation of the hydropower potential for the ditagedhs

to data availability. For example, the discharge was calculated from the precipitation data due
to the limited flow data at gauging stations in the Tanzania study. The study on the existing
hydropower atlases, however, did not provide enoughrirdtion regarding the data selection
criteria followed in the evaluation of other data types such as slopes and heads. Due to this,
further literature was conducted on other studies related to the evaluation of hydropower
potential, and information on the selection criteria was obtained, but mainly for the run

of-river hydropower.

Zambia has in total 17 utilities and private schemes which provide bulk water supply and
distribution services to 103 municipalities around the country. The country alsmhthslams,

weirs, and irrigation canals which have been developed by local communities, government
agencies, NGOs, and private sectors. As can be seen from the existing installations and studies
conducted in other countries, within these infrastructuessuntapped hydropower potential

which has not yet been identified and evaluated in Zambia. The hydropower generated at such
infrastructure as seen with the case of South Africa and other countries could be uppy§ to s

peak demands at utility offisemeetterrain power demanibr reservois within the systems,

street lighting, communication systems, alarms, etc. The power could also be sold back to the

electricity suppliers.

Various institutions in charge of water resources and water infrastructZiaenibia have been
identified and mentioned in the literature study. These incthdeDepartment of Water
Resources Development (DWRD)Vater Resources Management Authority (WARMA)
Zambezi River Authority (ZRA), Ministry of Agriculture (MoA), ZESCO, Water Supply and
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Sanitation Service providers, and private owners of existing water infrastructure. Different data
types (discharge data, river data, reservoir storage, dam stordggijdmline pressure, flow

data, WTWs and WWTWSs data, canal types, canal dimensions, slopes, etc.) required for
hydropower potential evaluation were collected from these sources. Othbeassd data such

as the Digital Elevation Model (DEM) (for analysistopology and slopes) were obtained from

the NASA Shuttle Radar Topographic Mission (SRTMpased on the data that were available
and collected, the selection criteria for the evaluation of hydropower potential were developed.
The detailed process thatsv@llowed in the collection of data and development of the selection

criteria builds the next chapter of this dissertation.



3.1

3.2

DATA COLLECTION AND SELECTION OF A GIS PLATFORM

INTRODUCTION

This chapter outlines the process follovaadl tools used in obtaining the data required in the
evaluation of hydropower potential and the development of the selection criteria for the six
types of hydropower outlined in the scope of this study. The sources of the data are also
mentioned in this dipter. Finally, the chapter outlines the selection of a suitable Geographical

Information System (GIS) platform to host the wedsed ZambiaklydropowerAtlas.
DATA COLLECTION FRAMEWORK

The framework followed in the process of obtaining data for all tlerdint types of
hydropower considered in this study is showRigure 31. The process starts with conducting
a detailed literature review to identify the data sets and the sources of the data. The data is then

collected using various data collectionl®described in the section below.

1. DETAILED LITERATURE STUDY

1) Identify data required for 2) Identify the data sources
evaluation of hydropow

potentialfrom:

M case studies

1 existing hydropower
atlases

1 existing hydropower
installations

2.DATA COLLECTION

. . . Water infrastructure
1 Online Questionnaire Institutional reports
1 Onlineopensource Stiutio P

tools 9 Visit institutions in
f Institutic charge ofvater

. infrastructure.

3.DEVELOPMENT OF THE SELECTION
CRITERIA AND EVALUATION FRAMEWORKS

Figure 3-1: Framework for collection of data required for criteria development



3.2.1 Run-of-river hydropower data.

Data parameters required in the evalwatf the hydropower potential for the raftriver type
of hydropower identified according to the above framework are shoivabite 31.

Table 3-1: Run-of-river data parameters and data sources

Data parameters Application Data Source (S)

River network data | Location 1 World Wide Fund (WWF)
HydroATLAS of Zambia (HAZ)
Google Earth Pro

Riverbed slopes Head evaluation Google Earth Pro

USGS EarthPro
HAZ

Discharge data Flow evaluation  WWEF-Zambia

RuralElectrification Authority
(REA) reports, ZESCO Iid
Zambezi River Authority (ZRA)
GresP/BGRZambia reports

Precipitation data Flow evaluation  Zambian Meteorological Departmet

(ZMD)
1 SASSCAL WeatherNet

Distance between Headevaluation

1 REA reports
inlet and powerhous 1 JICA master plan reports
Power Capacity Minimum Capacity 1 Energy Regulation Board (ERB)
Turbine type Power capacity 1 ZESCO website

calculation

3.2.1.1 Existing run-of-river hydropower plants in Zambia
Zambia haseverexisting runof-river hydropower plantwith capacities ranging from 750kW
to 108 MW(Figure 32) anda cumulative capacitgf 152.25 MW. The technical information
regarding these plants including their coordinatese collected from thZESCO and ERB
websites. The available data parameters on existingaturiver hydropower plants in Zambia

which could be useful in criteria development include:

V Location of plant
V The capacity of the plant (MW)
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Name of river

Design discharge (ffs)
Gross head (m)
Effective head (m)
Turbine type

< <K < <K< <K< <

Length of penstock (m)

3212Zambi ads River Net wor k Dat a

Zambi ads river net wonskatiakrasslutigneSmRIM DEM esithg QGISo m  a
STRM data can be downloaded for free onWsGS earth explordor any part of the world

The river network generatddom STRM data can bealidated using Google Earth Prdo

confirm the location and layou&oogle Earth Prenables the visualization of the features on
the eart hds s ur-fineecThe ganeratedmiverynetworkeogethar withé¢ha 80m
spatial resolution STRM DEM for Zambia is showrFigure 32.

Zengamina
0.75MW
L

ES N

* Existing Run-of-river power plants

Rivers
Elevations (m)
C1<=505
505 - 790
Victort 20 I 790 - 1075

oMW 1 1075 - 1360

[ 1360 - 1645

[ 1645 -1930

B 1930 -2215
Il >2215

Figure 3-22.Z a mb i a 0 setwBrk, exesting run-of-river power plants, and elevation data (m)
obtained from the 30 m STRM DEM

3213Zambi ads waterfalls
Opportunities for rurof-river hydropower development exist at naturally occurring waterfalls
due to the avéability of a height difference. The database of existing waterfalls on Zambian

rivers was compiled by WWF Zambia and is available for download on the WWF website. The

3



34

database contains data such as average discha¥gg (mordinates, and the name & tiver.
Furthermore,JICA (2011)master plan provides the available algeel measured gross head
at 29 of the waterfalls. This could be useful in the evaluation of hydropower potEigiak
3-3 shows the location of waterfalls across Zambia.

e
Muchinga

North-Western

KEY
[ Provincial Boundaries
* Waterfalls

Western

0 100 200 km
[ I

Figure3-3: Zambi a d YWWHR208a)f al | s

3.2.1.4 Terrain Characteristics

The slope$n Zambiagenerated from the 30m STRM DEM using QG@I8presented ifrigure
3-4. Google Earth Pravas used to display the elevation profiles of rivers at sections where
existing runof-river hydropower plants are located to obtain the riverbed slopes. The riverbed

slopes were verified using the slope map shown in Figdre 3
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&)pe (%) * Run-of-river power plants

[ <=25
B25-5
Ms-75
[175-10
[ 10-125
B 02s5-15
0 180 360 km o5
[
Figure3-4: Zambi ads sl opes in percentage

3.2.1.5Discharge data

(deri ve

Dischargerelated data at existing rof-river hydropower plants were obtained from REA
reports. The data is available irf/m Measured dischge data can further be obtained from

institutions in charge of river infrastructures such as dam owners and operators. Examples of

these includdocal councils mines, andprivate companiether institutions wer@entified

from the online questionnai@s potential sources dischargedata required for the further

development of the Zambidaydropoweratlasdue to the presence of water infrastructure at the

institutions.

3.2.1.6 Precipitation data

Data related td’recipitationis provided bythe ZambiaMeteorologicaDepartment (ZMD).

The ZMD data is available for manual rain gauge stations forxggais period. The rainfall

data records for the automated weather stations are available at the SASSCAL Weather.net

website from the year 2013 totdaThe data from these stations can be used ifuttteer
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development of the Zambiahydropower atlas. Figure 35 shows the locations of both

automated and manual rain gauging stations in Zambia.

Copperbelt

Western

Legend

4 Automated Weather Stations (SASSCAL)
[ Provincial Boundaries
4 ZMD manual weather stations

Figure 3-5: Weather stations of Zambia

3.2.2 TheHAZ

The HAZ developed by WWFambia is an important tool in the collection of +ofrriver
hydropower evaluation dathecause it contains the hydrological data for Zambian river
systemsThe HAZ can easily be accessed on the WiNEambia website and is provided for
free to the public. The AZ provides a set of geospatial data layers ready to be used in any GIS
software (WWF-Zambia, 202Q) The provided data layers in thHeAZ contain hydre
environmental sigatchment series and river reach characteristics at high spatial resolution for
the entire extent of Zambia. Data provided in H¥Z which could be used in the further
evaluation of hydropower potential include:

Surface runoff (rfs)

Natural river discharge (ifs)
Lengths of rivers (km)
Elevations (m)

Slopes (degrees)
Precipitation distribution (mm)

Land cover

< <K <K< K< K K <K <

Protected areas.
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A demonstration of the available data onlk#Z in the case of annual average river discharge

distribution across Zambia is shownFigure 36.

RiverATLAS-Zambia
Version 1.0

) B

—
i‘ Large lakes
»

Natural discharge

Source: WaterGAP v2.2
Déll et al. 2003

= -

\ -
) -
(. Major catchment
~ ll boundaries
5
"7
0 100 200

-
Kilometers

Annual average
m¥sec
~o0.1-1
o 1-10
_ N~ 10-100
reﬂ:é?sex::lize -~ 100 - 1000
AN “\_ 1000 - 2000

Figure 3-6: Annual average discharge of Zambian rivers as displayed in thdAZ datasets
(WWEF, 2019b)

3.2.3 Google Formsonline questionnaire tool

An online questionnaire using tli@&oogle Formgool has been developed to assist with the
collection and identification of water infrastructure data sources. The questionnaire can be sent
out to institutions in charge of wateglated infrastructure in Zambia. The questionnaire can
also be updated anytime. During this studyrdsponses were receivieEdm respondents from
various institutions in charge of water infrastructure in Zantbgure 37 shows the responses

from the X respondents who selected the available water infrastructure at their institutions.
Some of the respondents were able to semnae reports on the existing infrastructure via email
while others suggested the means of obtaining data from their institution. The caBqagte
Formsquestionnaire is shown i@ppendixB. The institutions with water infrastructure data

obtained fromhe questionnairezsponsearealsoincludedin AppendixB.



3-8

Please select the existing water infrastructure available at your institution
14 responses

Weir 3(21.4%)
Irrigation canal 3(21.4%)
Dam

Wastewater Treatment Plant (...

Water Treatment Plant (WTP)
Bulk Water Storage Reservoirs
Conduits / Bulk Water Pipelines
None of the Above|—0 (0%)

4 (28.6%)

5(35.7%)
5 (35.7%)

4 (28.6%)

B (42.9%)

Figure3-72 Summary of responses on

avail abl

institution ( extracted from Google Formsonline questionnaire)

3.2.4 Water supply and sanitation data

The water supply and sanitation utilities in Zambia manage WTWSs, water stosageones,

e

water

bulk water pipelines, and WWTWSs. Some useful data related to the evaluation of hydropower

potential on these water infrastructures are available in the reports provided by the utilities.

Some measured data are directly provided by the utilitypemyengineers. The available data

from these utility institutions which could be useful in the evaluation of hydropower potential

include:

Location of WWTWSs,
The design capacity of WWTWSs (¥

Discharge from WWWs (m¥/s)
Location of WTWs

The design capacity of WTWs (ffday)
Treated water production at WTWs3{m
Size ofthebulk pipeline (diametemm)
Location of water storage reservoirs

Capacities of storage reservoirs’\m

<K <K <K<K <K <K<K KKK KK KL

Type of reservoir (elevated ground)

Dimensions of WWTWSs ponds (L x b in metres)



3.2.5 Weir structures data

The data relating to weir structures in Zambia were found in the hydrological yearbook
provided byFederal Institute for Geosciences and Natural ResoBB&)/Groundwater
Resources ManagemeRtogram(GReSP)Zambia and irrigation reports in Zambia. The
available data which could be useful in the evaluation of hydropower generated at weir

structures from these sources include:

V location of the weir,
V  height (m),

VvV width (m),

V discharge (rfis)

V Rating curve

V purpose of the weir.

3.2.6 Irrigation canal data

Data relating to irrigation schemes and canals can be obtained from various irrigation and

agricultural reports in Zambia. The following are some reports which were reviewed:

1 The Master Plan for Promotion of Irrigdtégriculture for Smallholders in the Peri
Urban Area in the Republaf Zambia Final ReportJICA, 2011b)

1 Report of the Committee on Agriculture, Laratgl Natural Resources on the Report
of the AuditorGeneral on the Managemteof Irrigation Systems in Zambia for the
Period 2015 to 2019 for the Fifth Session of the Twelfth National AssgiNbtjonal
Assembly of Zambia, 2021)

Evaluation of the Smalbcale Irrigation Project (SIP) Zamkii@&wennenhuis, 2015)
Zambia Agriculture Status Report 20@@ulenga, et al., 2020)

The Studyon the Capacity Buildingand Developmentfor Smallholder Irrigation
Scheman Northernand LuapulaProvinces Technical Manual§JICA, 2011a)

1 Environmental and Social Impact Assessment Final Report Volume | for the Proposed
Irrigation Scheme in Mwomboshi in Chisamba Dist(BOFRECO, 2015)

I Techical Feasibility Report: Strengthening Climate Resilience of Agricultural
Livelihoods in Agreecological Regions | and Il in Zamh(sloA, 2016)

1 Impacts of Climate Change on Water Availability in Zambia: Implications for
Irrigation Developmen{Hamududu & Ngoma, 2019)

1 Trends and Outlook: Agricultural Water Management in Southern Africa: Country
Report ZambigAkayombokwa, et al., 2015)



3-10

Some data are provided directly the respondents of tiBoogle Formgjuestionnaire. The
data that could be useful in the evaluation of hydropower potential available from these sources
include:

Location of irrigation canals and schemes,
Users of the irrigation canals (ha),
Canalconstruction material,

Canal dimensions (depth, widths),

Drawings of irrigation canals,

< < < < < <

Water levellm)

3.2.7 Dams

Zambia has six large hydropower generating dams. Data related to these dammed hydropower
plants is available on ZESCO and ZRA websites. Furthernuata related to dams can be
obtained from a dam inventory of Zambia compiled by the Wdfide Fund (WWF). The
available dam data from these sources which could be useful in the evaluation of hydropower

potential at existing dams include:

Location of dam

<

Dam ownership

Purpose of dam

Dam type

Dam height

Dam width

Storage capacity

Catchment area (kin

Withdraws for Irrigation (M)
Head (m)

Turbine type

Design discharge (¥s)
Hydropower plant capacity (MW)
Hydropower energy generation (KWh)

<K <K K <K<K <K<K KKK KKK K KL

Gauging statiotflow records

3.2.8 Google Earth Protool

With the location data of various water infrastruceisach as WWTWSs, canals, rivers, and
dams available, visualization @oogle Earth Proan be done. Height differences between two

points of interest can be obtained usi@gogle Earth ProFor example, WWTWs were
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visualized inGoogle Earth Prto obtain the height difference between the outlet of the WWTW
and the discharge point into thexeiving water body. The height difference was considered as
the available gross head at the WWTW. The available gross head was therefore calculated using

equation 3L shown below:

ah oy - hep (Equation3.1)
Where

ah = the available gross head at the WWTW (m)

hy 4 ¢ F altitude of the WWTW outlet point (m)

hy = altitude of the WWTW discharge point (m)

A typical demonstration of these head parameters at WWTV®agle Earth Pris shown
for the Kaunda Squa&WTW in Lusaka, Zambidigure 38 demonstrates the WWTW outlet
point and the WWTW discharge point into a receiving water body.

WWITW Outlet point WWIW. Discharge Point

A & | =
E&ogl‘é Earth

Figure 3-8: Demonstration of the WWTW outlet point and Discharge pointinto a receiving
water body at Kaunda Square WWTW

Further on examples, the google earth view of an irrigation canal at Nakambala sugar estates in
Mazabuka, Zambia is shown in Figur®.3with the use of the add path toolGoogle Earth

Pro, an elevatiomprofile of a canal, stream, or river section can be visualized. FiglOsBows

the demonstration of this at a section of the Lunzua diversion canal on the Lunzua river in
Zambia. Useful data in the evaluation of hydropower potential which could beettaom

this tool include

V the height gain or loss between two points (m)
V channel slope at a given point (%)
V the overall average slope for the channel section (%)

V the horizontal distance (m)



3-12

V the altitude at any given point (m)

Figure 3-9: Google earth view of the Nakambala irrigation canal in Mazabuka, Zambia

Figure 3-10: Google earth generated elevation profile of the Lunzua diversion canal section

3.3 TURBINE SELECTION AND EFFICIENCY

As already stated in the previous chapter, a turbomverts the potential energy in the falling

water into mechanical or shaft pow@&herefore, selecting a suitable turbine is essential in the
development of the hydropower plant. According/eam Vuuren, et aJ(2011) the design of a
turbineisc arri ed out by the manufacturer and does
on ahydropower projectTherefore, the selection of the turbines requires the consideration of
factorsspecified by the manufactursuch aghe net available head across the turbine and the

range of flow valueshatthe turbine must be able to han@éan Vuuren, et al., 2011Yhe
manufacturer also specifies the operational efficiency of the type of turbine seletikz8-2































































































































































































































































