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Abstract

The study investigated the availability of water resources in three (3) sites earmarked for

solar  mini  grids development  for potential  integration  with micro-hydro power to form a

hybrid system.  Geographic Information System (GIS) together with other tools were used to

select  the  study  sites  based  on  the  availability  of  water  resources,  population  size,

accessibility, catchment area and availability of hydrometric stations. The three selected sites

were Matsoaing, Sehonghong and Mashai. Flow rates data for the rivers near the study sites

was  acquired  from  the  Department  of  Water  Affairs  (DWA)  and  Lesotho  Highlands

Development Authority (LHDA) and processed in Microsoft Excel to find the average flow

rates  for  development  of  Flow  Duration  Curves  and  determination  of  design  flows.

Topographic maps, GIS and other GIS tools were used to evaluate the available heads at the

three study sites. Based on the average flow rates, available heads, gravitational force and

density of water, the maximum hydropower that can be produced in Matsoaing, Mashai and

Sehonghong was found to be 171.71 kW, 44.15 kW and 3,112.63 kW, respectively.  The

study further assessed the possibility of hybridization of micro-hydropower with solar mini

grids  using  Hybrid  Optimization  of  Multiple  Electric  Renewables  (HOMER).  HOMER

software assesses the feasibility and profitability of renewable energy systems. Net Present

Cost (NPC) has been used as the main selection criteria for the optimum system. Based on

the available solar radiation and water resources, system components costs and specifications,

together  with different  sensitivity  variable  values,  the NPC-optimized systems for  all  the

three  sites    were  found  to  be  PV-hydro-diesel  hybrid  systems.  The  Levelized  Cost  of

Electricity  (LCOE)  and  NPC of  the  systems  were  found  to  be  $0.184  and  $79.184  for

Matsoaing, $0.666 and $375,411 for Mashai and lastly $0.483 and $369,725 for Sehonghong.
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Chapter 1: Introduction

1.1 Background

Rural electrification is a recent topical issue owing to the need to attain Sustainable Energy

for All (SE4All) by 2030. However, there are challenges especially in developing countries,

in achieving 100 percent electricity access. These challenges include difficult terrain, coupled

with scattered human settlements for expansion of national grids [1]. In Lesotho, the terrain

makes places difficult to access by land and it becomes very costly to extend the national grid

to most remote places. The result is low or no return on capital investment by the government

due to factors such as higher rates of unemployment in rural areas among others. 

Energy, an essential  input for achieving sustainable development in any country, leads to

exploring other alternatives to satisfy remote rural areas’ energy needs. Stand-alone or off-

grid  renewable  energy  systems  have  proven  to  be  the  most  feasible  way  to  satisfy  the

electrification requirements of the hard to reach areas [2], [3]. This is highly possible because

such areas  are in most  cases endowed with necessary renewable resources such as solar,

wind, and water for the development of hybrid systems.

Even though Lesotho has a vast renewable energy potential [4], [5], lack of energy supply in

its rural areas is still a problem, the reason being difficult-to-reach topography and sparsely

populated rural settlements. To meet their energy needs, people in these areas use kerosene,

which is even difficult  for them to afford; and firewood, cow dung, and other traditional

biomass resources, which lead to deforestation and soil degradation. Access to other cleaner

energy  sources  such  as  Liquefied  Petroleum  Gas  (LPG)  is  also  a  problem  because  of

inaccessibility of most places by road.

The Ministry of Energy and Meteorology (MEM), in partnership with the United Nations

Development  Programme  (UNDP)  and  the  United  Nations  Capital  Development  Fund

(UNCDF),  is  working  to  change  this  situation  with  financial  support  from  the  Global

Environment  Facility  (GEF).  In  this  endeavour,  ten  (10)  areas  have  been  identified  for

developing  and  implementing  solar  mini  grids.  The  identified  areas  are  Matsoaing,

Tlhanyaku, Sehlabathebe, Lebakeng, Tosing, Sebapala, Sehonghong, Mashai, Ribaneng, and

Ketane[6].  This  work  serves  as  the  feasibility  study  of  micro-hydropower  resources  for

potential integration with solar mini grids at three (3) of the ten (10) sites above. 
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1.2 Lesotho’s electricity situation

Lesotho’s electricity sector has been sluggish for a long time due to policy inertia, which has

been  reflected  by  the  lowest  access  to  electricity  in  the  Southern  African  Development

Community (SADC) [7]. The electrification rate in the country was at47% as of 2020 with

the System Average Interruption Duration Index (SAIDI) and System Average Interruption

Frequency Index (SAIFI)  of  79.2  and 26.4,  respectively  [8].  The majority  of  the  people

without  electricity  reside  in  the  foothills,  Senqu  Valley  and  rural  areas  of  the  country.

Presently, access to the national electricity grid is much greater in the urban areas (80%)

compared to the rural areas at only 10% [9].

Lesotho’s imports of electricity from Electricidade de Moçambique (EDM) and Electricity

Supply Commission (ESKOM) have increased from 59%  in 2018/2019 to 65% in 2019/2020

[10]. This is an alarming situation because the local generation has been stagnant at 76 MW

since 1998 albeit the baseload and peak load deficit which were at 24% and 44% in 2018,

respectively [11], with peak load rising from 153 MW in 2016 to 166.91 MW  in 2018 [12].

The projected peak load demand under business as usual and high demand scenarios by 2025

is 254 MW and 232 MW, respectively [11].

1.3 Lesotho’s hydro and solar energy potential

Lesotho is located within the Orange River basin with 3 major sub-basins which are Senqu,

Makhaleng, and Mohokare with catchment areas of 24,485 km2, 2,911 km2, and 6,890 km2,

respectively (within Lesotho’s boarders). This is supplemented by a large network of rivers

from altitudes over 2000 m which make most of the areas possess good heads due to steep

topography  [13].  These  make hydropower  development  more  feasible  from an economic

viewpoint  as  such  areas  may  not  require  expensive  infrastructure  for  hydropower

development [7]. 

The country also has profuse solar energy resources with about 3200 to 4000 sunshine hours

per  year  and  a  high  level  of  solar  radiation  regime  estimated  at  an  average  of  20–

24 MJ/m2/day on a horizontal surface. The annual daily mean global radiation ranges from

19.03 to 28.44 MJ/m2/day in December, and from about 10.30 to 13.48 MJ/m2/day in June

and it never drops below 10 MJ/m2/day even in winter months [7], [13], [14].

The above enabling parameters put Lesotho at a hydropower generation potential of 450 MW

with twenty-two (22) sites identified for small  hydropower development with a combined

potential of 20 MW while the solar generation potential is at 188 MW [4], [5], [7]. However,
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due to huge capital requirements for renewable energy projects, e.g. the Muela Hydropower

station  was constructed with £75.6 million  [15],  it  has been impossible  for  a  developing

country like Lesotho to afford the development of projects to harness this available potential

[7].

1.4 Other initiatives to exploit the available renewable energy potential

The government of Lesotho is planning to develop and implement some off-grid and grid-

connected renewable energy projects for wind and solar to harness the available renewable

energy potential with a capacity of 375 MW and estimated demand to be met of 300 MW by

the year 2030, the excess of which will be traded at Southern African Power Pool (SAPP)

[12], [16],[17]. As a step in creating an enabling environment for implementing these plans,

the government has issued a request for expression of interest in the year 2019 to assess the

impacts of variable renewable energy generation on the existing transmission and distribution

network [18].

It has been Lesotho’s vision as stipulated in the National Energy Policy, to meet at least the

base load energy requirements through local generation [19]. The set access target was 75%

of households by 2020, made possible by 7,756 connections annually [20]. Even though this

has not been met, there has been interest from the private sector for the development of mini-

grids by a local private company, 1Power, which identified potential sites for commissioning

of solar Photovoltaic (PV)  mini-grids at Ha Makebe  [20] and the government issued the

Independent Power Producers (IPP)  procurement for it [11]. 

Of great importance to mention as part of the initiatives is the first biggest in the country

photovoltaic power plant which has been under construction since 2020 at Ha Ramarothole in

the district of Mafeteng, with a planned generation capacity of 70 MW [21]. Although the

planned overall capacity is 70 MW, the project will be implemented in two phases, the first

phase producing 30 MW and the remaining 40 MW will be produced after the monitoring

and evaluating of the first phase [21].

1.5 Statement of the problem

Of all renewable energy resources, solar energy has a more serious intermittency problem:

the sun not shining at night and during the daytime when it is cloudy or rainy. Consequently,

this  intermittency and unpredictability  make solar energy less  reliable.  This  challenge  has

often been addressed using the not-so-environmentally friendly and less cost-effective ways

such as battery storage or having backup diesel generators which ultimately also increase the
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cost of the system. The most suitable way of solving the intermittency problem with solar

energy is the integration with other renewable resources like hydropower and/or wind to form

a hybrid system. Hybridization can reduce the system’s cost in the long run and Levelized

Cost of Energy (LCOE), while at the same time ensuring environmental protection [22]. It is

therefore important to study the possibility of hybridization of the solar mini-grids with the

micro-hydropower at least at three of the ten mini-grids sites earmarked for development in

Lesotho by 1Power (Pty) Ltd.

1.6 Objectives of the study

The  overarching  objective  of  the  study  is  to  assess  the  potential  of  micro-hydro  power

generation at sites identified by 1Power (Pty) Ltd.  Two main objectives,  and the specific

objectives, emanating from the overarching one are stated as follows: 

1. To assess the potential of micro-hydropower resources at three (3) selected sites

by  1Power  (Pty)  Ltd  which  was  achieved  through  the  following  specific

objectives:

a. To use GIS data and tools for rapid selection of the sites for hydropower

capacity assessment.

b. To estimate the hydropower potential at the study sites.

2. To assess the potential for integration of solar power with hydropower at three (3)

selected sites which was achieved through the following specific objective:

a. To  use  the  available  solar  potential  assessment  results  and  hydropower

potential results from this study to simulate the integration of solar with micro-

hydropower at three (3) selected sites using Hybrid Optimization of Multiple

Electric Renewables (HOMER).

1.7 Research questions

This study attempts to answer the following research questions:

 What is the potential of micro-hydropower resources on the three selected mini-

grids sites understudy to produce hydroelectric power?

 Is there a possibility of hybridization of solar PV with micro-hydropower that is

generated at the study sites? 
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1.8 Justification

The  community-based  micro-hydropower  plant  is  an  alternative  cost-effective  energy

generation  technology  with  particular  advantages  for  Lesotho’s  mountainous  regions

characterized by difficult access. This work demonstrated the extent of hydropower resources

at  the  three  (3)  selected  areas;  and the  project  output  will  inform decisions  in  regard  to

integration  of  solar  mini  grids  with  micro-hydropower  generators  to  present  a  unique

opportunity for ensuring universal, affordable and reliable energy and promoting economic

development in Lesotho using renewable energy resources.

1.9 Organization of the study

 The rest of the dissertation is organized as follows: Chapter 2 gives the literature review,

which  is  both  empirical  and  theoretical.  Chapter  3  outlines  the  methodology  adopted

including data and assumptions while chapter 4 presents the results and their interpretation.

The  last  chapter  (chapter  5)  presents  a  summary  of  conclusion  of  the  study  and  gives

recommendations for future planning and use.
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Chapter 2: Literature review

2.1 Hydropower theoretical framework

The final output production in a hydropower system depends on many factors, starting from

the  geography of  the  area  to  the  mechanical  equipment  used.  Once hydropower  plant  is

operational,  the  final  output  production  can  be constrained by the  energy that  drives  the

turbine and the installed capacity  that  controls the rate  at  which hydraulic  energy can be

turned  into  hydroelectricity.  The  following  sections  outlines  how  hydropower  works,

classification  of  hydropower  plants,  key  components  of  a  typical  hydropower  plant,  and

essential parameters and how they are measured.

2.1.1 The Mechanics of hydropower

The schematic of a conventional hydropower plant is depicted in  Figure 1. Water from the

reservoir enters the Penstock through the intake which has the trash rack for the removal of

impurities if there are any. The water then travels through the penstock to the turbine. The

turbine then converts the potential energy of water into mechanical energy. The mechanical

energy is then converted into electrical energy through the generator. The electrical power

produced at the end of the turbine shaft is determined using            Equation 1 [23].

Equation 1

Where

P - Power (W)

ρ - Density of water (kg/m3) at ambient temperature

 - Overall efficiency of the turbine (usually 80 to 90%)

g- Acceleration due to gravity (m/s2)

Q - Discharge/ flow rate (m3/s)

H - Net Head (m) 
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Figure 1: Schematic of  a conventional hydropower plant [24]

2.1.2 Classification of hydropower plants

Although different  countries,  organizations  and research groups use various references  to

classify hydropower plants, they may generally be classified according to electricity output,

head range and operating system usage  [25]–[27].  Table 1 shows the classification of the

hydropower plants based on the three parameters.
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Table 1: Classification of hydropower plants

Classification reference Description 

1. Power output

Large >100 MW

Medium 10-100 MW

Small 1-10 MW

Mini 100 kW-1 MW

Micro 5-100 kW

Pico <5 kW

2. Head range

High head 100 m and above

Medium head 30- 100 m

Low head 2- 30 m

3. The operating system

Run of river type This type of hydropower scheme does not regulate

the  flow  of  a  river,  as  it  produces  electricity  by

applying  the  natural  flow  rate  of  the  river.

Subsequently, it suffers shortage of water in the dry

seasons and is loaded with water sources during the

rainy seasons.

Reservoir type This type of scheme stores an excessive amount of

water sources from the river and controls the power

production based on the seasonal load demand.

Pumped storage type This type of scheme uses off-peak electricity/power

to pump up water from a water reservoir  which is

located  at  a  lower  level  to  the  top  of  the  water

reservoir.

2.1.3 Key components of a typical hydropower plant

There  are  several  types  of  hydropower  plants  classified  by  different  characteristics  as

mentioned  in  section  2.1.2.   For  each  type,  there  are  essential  components  needed  as

explained below.
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2.1.3.1 Reservoir  

The hydroelectric reservoir is a large collection of water simply referred to as water storage.

The water in the reservoir has a certain amount of potential energy that is converted into

rotational motion by turbines. This is because the reservoir is usually placed at the highest

level of the hydropower plant [25].

2.1.3.2 Penstock

The penstock is a pipe that carries water from the dam to the turbine. The material, length,

inner  diameter  and  layout  of  the  penstock  are  very  important  in  influencing  the  overall

performance and capital cost of the plant. The penstock helps to channel the water to make

the flow faster and powerful to turn the turbine. Reducing the length and diameter of the

penstock will certainly reduce the costs as it is one of the expensive components of the plant.

Different authors such as Fraenkel et al [28], Alexander and Giddens [29], Edeoja et al [30],

Harpendi  et  al  [31],  Tapia  et  al  [32] and  Kravanja[33] have  tried  to  invent  penstock

configurations that ensure its optimum performance.

2.1.3.3 Turbine 

Turbine is the principal part of the hydropower generator. It is the part in the power house

that converts the gravitational potential  energy of water into rotational mechanical power.

This happens when the running water hits the blades of a turbine which is attached to the

generator by a shaft. After converting the kinetic energy of water into mechanical energy by

the turbine, the generator then converts the mechanical energy into electrical energy.

Turbines can be classified into four broad categories: Impulse, Reaction, Archimedes screw

and  water  wheels,  all  of  which  have  different  types  under  each.  Figure  2 shows  the

classification of turbines and examples that fall under each class. Francis turbine is however

the most commonly used and trusted turbine for hydropower plants. 
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Figure 2: Turbine classification [25].

It is important to choose the right turbine for the hydropower plant as choosing the wrong one

may lead to many losses [25]. According to Williamson et al [34], turbine selection depends

on many factors including net head, variation of water flow through the turbine, speed of the

generator;  for  which  the  ratio  of  the  rotational  speed and turbine  must  be less  than 3:1,

cavitations problem and cost of the turbine. They went further to develop the criteria and

divided it into quantitative and qualitative criteria as shown in Table 2.
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Table 2: Range of turbine selection criteria [34]

Quantitative criteria Qualitative criteria

Rated flow/ head efficiency Environmental- regulatory, weather, location

Part flow/ head efficiency Required civil works

Cost Portability 

Turbine rotational speed Maintainability and serviceability

Power  for  given  site  or  required  site

conditions

Reliability 

Size of system Ease of manufacture 

Design modularity

2.1.3.4 Generator and power house

Generator is an essential component of the hydropower plant which converts the rotational

energy produced via the turbine into electrical energy. Theoretically, the shaft rotates at the

same speed as the generator and generates a magnetic field, which is converted into current in

the  coils  of  the  generator  by electromagnetic  field  induction.  The selection  of  a  suitable

generator depends on many factors such as the approximate power of the generator, types of

delivery system and electrical loads and cost [35].

The power house is  a structural  enclosure which houses the turbine,  generator  and other

electrical components. In order to increase the system head and output, the location of the

power house has to be as low as possible. Nonetheless, the power house has to be built above

the river or dam level to ensure safety of the electrical devices during floods or river/dam

overflow.

2.1.4 Key parameters and their measurement

The two most important parameters that determine the feasibility of any hydropower project

are head and flow rate/ discharge. The head is the vertical distance that the water falls while

the flow is the amount/quantity (volume) of water falling per unit time (normally seconds).

The volume of the flowing water and the change in elevation or fall, determine the amount of

available energy in moving water. The greater the water flow and the higher the head, the

more  electricity  a  hydropower  plant  can  produce.  This  relationship  is  determined  using

          Equation 1.
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2.1.4.1 Flow rate measurement

There are several methods used to measure water flow rate, and these are either conventional

or  advanced.  These  methods  measure  water  velocity,  cross  sectional  area  and  flow  rate

(discharge). The conventional methods are simple and easy to use, but have low accuracy and

are used to measure low flow rates while advanced methods are used to measure high flows

and with high level of accuracy. Continuous records of discharge are used to determine and

construct the Flow Duration Curve (FDC).The FDC is a suitable way of studying the flow

characteristics of a river or stream with flows in the range of 70-99% of time exceedance

normally  used  as  design  flows  [36].  The  FDC  is  not  only  informative  for  hydropower

development, but also for irrigation projects, and there is requirement for a lengthy record in

order to develop a reliable FDC which ranges from six (6) to thirty (30) years  [37]. The

following methods are used to measure the flow rate.

i. Bucket method: 

In this method, all the water flowing down the river/ stream is diverted and captured into the

bucket over the time interval. The method is used to measure the flow of up to 15 litres/s

[38]. The procedure involves placing a bucket at collection point and starting time recording.

The bucket is then removed quickly when it is full and the stop watch stopped. The water

collected is then measured using a measuring cylinder. The ratio of volume of water collected

over time taken to fill the bucket is then equal to the flow rate. The procedure should be

repeated two to three times and results recorded. A record of these measurements covering

low flows to high flows, and their relations are used to construct the FDC.

ii. Float method:

This method measures the velocity and flow rate in a river using a floating object placed just

beneath the water and release to reach a measured distance. The time taken for the floating

object to travel from point A to B is then recorded. Also, depth and width of the water are

measured using a ruler for calculation of the area. When this area is multiplied by a constant

(which varies according to the degree of roughness of the river) and divided by the time taken

by the floating object  to reach point  B, the result  is  the flow rate.  The limitation of this

method is that it is affected by wind and flow direction [39].

iii. Dilution method:

The method is used with rivers that have turbulent flow and non-uniform channel shape that

limit the accuracy of other discharge calculation methods  [40]. The dilution method uses a
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chemical tracer which is injected into the river or stream to travel a given distance in order to

be completely mixed with water. Although the tracer substance has to be a fluorescent or

radioactive  material,  the  most  commonly  used  is  sodium chloride  or  common  table  salt

because it is less expensive, easily accessible and quick to dissolve in water. The amount of

chemical tracer to use depends on the distance and the amount of water. The flow rate is

calculated using            Equation 2.

Equation 2

Where c0  is the background concentration existent in water, c1  is the known concentration of

the tracer injected at a constant rate q and c2 is the final concentration of the tracer.

iv. Indirect flow rate measurement:

In ungauged catchments, indirect flow rate measurements are usually applied. These include

hydrological  modelling  such  as  rainfall-runoff  models,  catchment  area  ratio  method,

regression and spatial interpolation techniques. The rainfall-runoff model was assessed and

described  in  this  study.  The catchment  area  ratio  method  is  applied  when the  ungauged

catchment is near the gauged catchment and the assumption is that both catchments have the

same hydrological regimes such as same topography, geomorphology, lithology and land use.

In  that  case,  the  mean  annual  flow of  the  ungauged  catchment  is  equal  to  the  ratio  of

ungauged and gauged catchment area, multiplied by the mean flow of the gauged catchment

[41].

v. Other advanced methods of measuring the stream flow are summarized in
Table 3 by Mdee et al [39].
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Table 3: Advanced methods for flow rate measurement [39]

Instrument Description 

Price AA and Pygmy

Current Meters

i. The  number  of  revolutions  of  bucket  wheel  over  a  given

period  of  time  used  to  determine  the  velocity  [42] .  The

standard rating table  for each Pygmy meter  is  provided by

manufacturer to read the number of revolutions per seconds

with respect to flow velocity. 

ii. Recommended flow velocity to use the current meter range

from 0.1 to 12m/s [43].

Hydraulic Structure
i. Two  hydraulic  structure  methods  which  include  weir  and

flume  are  discussed.  A  weir  is  an  obstruction  in  an  open

channel which tightens the flow and causes it to fall over a

crest [44]

ii.  Various types of weir are available including triangular or V-

Notch,  rectangular,  and  trapezoidal  together  with  their

empirical equations in [45].

iii. Most  common flume is  the  Parshall  flume with  parameter

dimensions  as  illustrated  in  [46] and  [47].  A  single

measurement of water surface level in or near the restriction

of  hydraulic  structure  and  empirical  equations  used  to

estimate the flow rate up to 150l/s are described in [48].

Slope-area Manning
i. The flow rate calculated depends on the surface slope, cross-

sectional area and wetted perimeter over a length of uniform

section channel. The method depends on the Manning factor

n values.

ii. The manning n values depend on straight uniform channels,

cross-sectional area irregularity, variety of channels, relative

effect of obstructions, type and density of vegetation and the

degree of meandering. More detail discussed in [49] and [50].

iii. It is mostly used after floods to estimate the flow rate.

Electromagnetic flow

Meter
i. Faraday attempted to determine the flow velocity of the river
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Thames in 1832 by measuring the voltage induced in flowing

water with the earth’s magnetic field [51]

ii.  The  induced  voltage  in  the  electromagnetic  flow  meter

depends on the magnetic field strength, mean flow velocity

and tube diameter. The induced voltage is picked up to signal

sensor converter for digital recording data or measured flow

velocity is multiplied with diameter to obtain the flow rate.

Ultrasonic device
i. Acoustic Doppler Current Profiler (ADCP) technologies are

attached to moving boats [52].

ii. During  the  traverse  of  a  boat  across  the  stream,  a  sonic

sounder  records  the  profile  of  the  cross-section  and  a

continuously  operating  current  meter  senses  the  combined

stream and boat velocities [53].

iii. The  ADCP uses  the  Doppler  effect  principle  of  sending a

sound pulse into the water and reflected back by sediment or

other  particulates  to  determine  the  change  of  frequency,

which is then translated into water velocity [54].

2.1.4.2 Gross head measurement

Of the two important parameters that help in determination of available hydraulic power, it is

generally better to have more head than more flow because with high head, less water can be

used to produce a given amount of power with smaller and less expensive equipment  [55].

Several methods are used to determine the gross head and those include:

i. Topographic map

A topographic map gives an idea of vertical drop along the river or stream. In this case the

head is calculated by taking the difference of the contour lines between the two points which

should be the intake and the power house. The commonly used topographic map is of the

scale 1:50,000 [42].

ii. Digital Elevation Model (DEM)
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The  DEM  raster  map  is  developed  using  GIS  software  with  spatial  analysis  tool.  The

procedure  is  the  same  as  in  topographic  map.  To  develop  DEMs,  Light  Detection  and

Ranging (LiDAR) surveys  are  done.  LiDAR is  an active  telemetry  instrument.  It  uses  a

vector, aircraft, helicopter, or Unmanned Aerial Vehicle (UAV) whose position and altitude

are precisely determined using a differential  Global  Navigation  Satellite  System (GNSS),

carries a side-scanning laser that emits pulses under the vector  [56], [57]. Maps produced

from LiDAR data are Digital Surface Models (DSM) that show the top of all objects. To

obtain a Digital Terrain Model (DTM), buildings can be removed by using a vector map of

the building to delineate the areas of the points to be deleted. Aster Global Digital Elevation

Model (Aster GDEM) is another data set that can be used to determine the gross head as used

by Hidayah et al  [58] where they used Aster GDEM to not only determine the slope of the

area,  but  also  delineate  watersheds  boundary   and  determine  the  river  network.  .The

advantage of this approach is that it also allows mapping of vegetation and soil moisture  and

can be applied for large study zones [57].

iii. Other methods that involve physical site visit surveys include hose level, hose

with pressure gauge, sight level and spirit level. On top of these methods, there

are advanced methods as summarized  by Mdee et  al  [39] as shown in the

following Table 4.

Table 4: Advanced methods for gross head measurement [39]
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Instrument Description 

Altimeter
i. It works by using the change of atmospheric pressure with the

head of 9mm of mercury for every 100m [59].
ii. The  principle  of  the  altimeter  and  sources  of  error  are

described in [60].
iii. Surveying altimeter gives errors of less than 3% in 100m [61]

or accuracy in gross head measurement of ±5m [62].
Hypsometer

i. Hypsometer is a device used to measure the height above sea level or
elevation difference.

ii. It requires the shooter with hypsometer directed to the reflection device
to measure the elevation

iii. It provides fairly accurate when used correctly and used the principle of
trigonometric [63].

Clinometer/

Inclinometer
i. It  measures  the  gross  head  with  respect  to  gravity.  By  holding  the

instrument  to  the  eyes  and  targeted  to  the  uphill  within  the  zone  of
visibility.

ii. It measures the horizontal distance, percentage values to reach the uphill
and  downhill.  Elevation  difference  is  obtained  by  multiplying  the
horizontal distance and subtraction of percentages [64].

Theodolites

and

Total

Stations

i. It is the most accurate survey instruments and consists of a pole with a
prism, tripod, computer interface, batteries and radio.

ii. The control points are required before taking measurements.
iii. It needs the skills and knowledge of surveying to operate the instrument

[65].

2.2 Hydropower as a renewable and sustainable energy resource

Hydropower is a clean renewable energy source that is fuelled by water and is sustainable

even in future climate change scenarios [66]. Some individuals argue that hydropower is not

a renewable energy source because of its potential to harm natural biodiversity, particularly

fish,  while  some  government  energy  policy  makers  in  countries  such  as  United  States,

Canada, European nations and even United Nations  still hold hot debate on the renewability

and sustainability of hydropower [66]–[70].

Frey and Linke [66], tried to defend the renewability nature of hydropower by stressing the

point that if the technology does not consume the natural resources in its energy generating

process, then the technology is renewable. This notion has also been supported by Ibrahim et

al  [71],  [72] stressing the point   that  since water  used in the generation of power is  not
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consumed, but rather passed down to benefit communities down the slope, while at the same

time  allowing  natural  water  cycle  processes  to  happen,  also  qualifies  the  hydropower

technology  as  sustainable.  They  went  further  to  show  that,  hydropower  projects  have

considerable benefits to other sectors and are often multi-purpose in nature. Examples they

gave  on  top  of  energy  production  include  control  of  floods,  water  supply  to  nearby

communities and recreational benefits. 

It is true that hydropower projects do have some negative impacts on the environment in

which case trade-off of the benefits and negative impacts is a societies’ value system [67],

[68] An example of such scenario was clearly seen in the development of Hoover Dam on the

Colorado  river,  which  before  its  construction,  floods  destroyed  an  area  which  was  a

promising agricultural  land. The construction of the dam served as a water repository for

electricity  generation,  irrigation,  municipal  and  industrial  water  supply  for  economic

development in three states and a recreational resource facility for tourist attraction [73].

2.3 Hydropower  situation  in  Lesotho  and  Sub-Saharan  Africa,  challenges  and

prospects

Lesotho possesses all the necessary characteristics needed for hydropower development; the

country has a wide hydrographic network, steep topography and relatively large amounts of

precipitation per year [74]. However, the country still underutilizes the available hydropower

potential.  Apart from the large hydropower station at ‘Muela, Lesotho used to own 4 mini

hydropower  plants  established  between  1983 and 1993,  but  they  have  all  faced  siltation

problems which is mainly caused by severe soil erosion due to the low vegetation cover on

the steep topography of the country and are no longer operational.  These 4 mini plants failed

because of, among other reasons; the operational costs that were more than the revenue they

generated, equipment for their repair was not available in the country, they operated on run-

of-river water with diurnal storage silting more often and leading to frequent power failures.

Finally,  they did not have any private sector participation which could give financial  and

technical support for the sustainability of the plants [7].

One of the major hindrances for the exploitation of the existing hydropower potential in the

country  is  lack  of  financial  and  technical  capacity.  The  capital  investment  used  for

commissioning of the ‘Muela hydropower amounted to £75.6 million (M1,454,846,400 in

2022 monetary value) [15] and that amount of money was from different external financiers

and is  not  affordable  for  a  developing  country  like  Lesotho.  Moreover,  lack  of  required
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expertise (mechanical, electrical and civil engineering) in the country hinders the country’s

ability to perform the maintenance and servicing of the plants to ensure their sustainability[7].

Furthermore, Lesotho Electricity and Water Authority (LEWA) [75] on its Electricity supply

cost of service study has stated  that on top of lack of finance, lack of economically viable

technologies is one of the hindrances to the deployment of renewable energy in Lesotho. The

study also highlighted the need for promotion of research on renewable energy which will

enhance  knowledge and understanding of  appropriate  renewable  energy technologies  and

existing opportunities for exploitation of renewable energy in Lesotho. It is agreeable that

LEWA’s notion is serious factor considering limited studies of which some are outdated and

focused on regional instead of national levels to assess the potential of different renewable

energy resources in Lesotho like [76], [7].

In Sub-Saharan Africa (SSA), there are about 10,216 potential sites for mini hydropower with

estimated generation capacity of 3,421 MW and 5,383 potential sites for small hydropower

with  an  estimated  generation  capacity  of  21,800  MW,  which  (these  potentials)  are  not

sufficiently exploited as shown in Figure 3 [77]. Some of the reasons for the low exploitation

of the potential are shown in Table 5 [77].

Figure 3: Small hydropower potential and installed capacity in SSA [77].

Table 5: Small hydropower development barriers in SSA [77]
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2.4 Calculation of discharge for estimation of hydropower potential in ungauged

catchments

There  are  different  techniques  to  evaluate  hydropower  potential  in  different  catchments

which possess different characteristics. The potential of hydropower resources at any area

starts  from  the  theoretical  potential  as  presented  in  section  2.1.1 and  forms  a  stepwise

pyramid structure. To calculate the potential of hydropower resources, it is important to know

different  aspects  of  the  area,  such  as  the  natural  environmental  conditions,  geographic

conditions,  technical  elements  (energy  efficiency,  operation  rate,  collection  rate,  etc),

environmental performance, and technological progress through by accumulating data over a

long period [78]. 

Since hydropower potential depends on the availability and quantity of water, discharge or

flow rates data is the most important parameter in the estimation of the potential [79]. While

some researchers use water level and discharge relationship to calculate the discharge data

which is mainly aimed at calibrating the hydrologic model, the method does not easily apply

to large catchments due to expensive requisite hydrometric instrumentation. These physical

instruments set on the ground could be vandalized or be destroyed by other factors such as

floods. In cases of very low water levels, the set level instruments may not be of use, which

may give a false picture of the discharge.  In Nigeria, stream flow measurement was done

using the hydrological gauge reader to measure the water level which is then converted to the
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discharge [80]. The more advanced methods are hydrological models coupled with GIS and

sometimes Remote Sensing (RS).

There  is  no  standard  methodology  for  generating  discharge  record  for  estimation  of

hydropower potential and different stream flow generation methods produce different results

even if  they  relied  on the  same input  precipitation  data  and even the  same stream flow

observations during their calibration. In the case of ungauged basins or poorly gauged basins,

precipitation  data  is  used  and  modelled  into  runoff.  Other  studies  use  climate  change

scenarios  to  calculate  future  discharge  [78].  Such  studies  include  Jung  et  al  [78] who

estimated the future hydropower potential  generation  in ungauged basins using Kajiyama

formula, modified Two Parameter Monthly (TPM) Model which uses hydro-meteorological

data to calculate runoff and also used Tank Model which calculates  runoff based on the

rainfall-runoff  processes. The study tried to accommodate all types of precipitation and did

not  concentrate  only  on  rainfall,  making  the  study  to  be  authentic  as  other  types  of

precipitation  also  contribute  to  generation  of  runoff.  This  makes  the  study’s  approach

appropriate to any other area.

In another study, Jung et al [81] assumed the three gauged basins of Deoksong, Hnseok and

Socheon in Korea were ungauged and simulated their discharges using the Kajiyama formula,

modified TPM model and Tank model  to compare the results obtained using flow duration

characteristic  model.  The  results  from the  study  showed  that  the  Kajiyama  formula  and

modified TPM model had the best results than the flow duration characteristic model while

the Tank model  results  were not fitted with the observations.   The researchers used four

blending techniques (simple average method, Multi-Model Super Assemble, Simple Model

Average and Mean Square Error) to minimize the uncertainty of the results which made the

results  to be more reliable.  These researchers could not develop a reliable  FDC with the

available flow data, hence, the need for performing a rainfall run-off model to extend the

length of records. 

Amongst  several  hydrologic  models  that  researchers  use to  estimate  the  discharge  is  the

Hydrologic  Engineering  Centre-  Hydrologic  Modelling  System  (HEC-HMS)  which  is  a

rainfall runoff model that transforms the precipitation into runoff and produces hydrographs.

This model transforms the watershed drainage paths and boundaries into hydrologic data that

shows how the watershed responds to precipitation.  The model has been used in Iraq by

Hamdan et al [82],  in Ethiopia by Tassew et al [83], in East Java  by Hadiyah et al [44] , and
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good results were obtained. The advantage of this model is that it can be used for event and

continuous modelling, implying that it caters for both wet and dry season modelling. The

model can be suitable for Lesotho as it experiences both dry and wet seasons.

2.4.1 HEC-HMS as the most common and trusted rainfall run-off/ hydrological model

This study reviewed applicability of a rainfall run-off model using Hydrological Engineering

Centre  –Hydrologic  Modelling  System (HEC-HMS)  software  which  generates  long  term

discharge for the planned hydropower locations. HEC-HMS transforms the drainage paths

and  watershed  boundaries  into  hydrologic  data  structure  that  shows  how  the  watershed

responds to  precipitation  and then  produces  the  hydrographs.   Soil  Moisture  Accounting

(SMA) method within the model which is suitable for both dry and wet conditions can be

appropriate  for  Lesotho.  SMA method simulates  several  components  of  hydrologic  cycle

such as canopy interception (precipitation that is intercepted on trees, shrubs, grasses and

does not reach the soil profile), surface depression (water held in shallow surface), infiltration

into the soil profile storage (water stored into the top few inches of the soil), percolation to

the  ground  water  aquifer  and  base  flow  caused  by  available  soil  storage  vs.  maximum

saturated capacity of soil layer [84].

The order  of  simulations  happens after  one of  the two processes based on which one is

occurring between evapotranspiration and evaporation. During precipitation, canopy storage

is filled first. Excess precipitation in the canopy combined with water in surface storage at the

beginning of  the time step infiltrates  into the soil.  If  canopy storage and surface storage

exceed infiltration, the excess water returns back to the surface as runoff. Figure 4depicts the

conceptual schematic of a continuous Soil Moisture Accounting Algorithm.
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Figure 4:Conceptual schematic of the continuous SMA Loss Method [84]

2.5 Improving the reliability of hydropower plants

Hydropower can be combined with other renewable sources like wind or solar to increase the

stability and reliability of the power generation. That is called hybridization. Hybridization

allows PV panels or wind turbines to produce electricity when they are available, thereby

saving water for hydropower during times the sun or wind go down. Another advantage of

hybridization is that the same electrical infrastructure can be used for both generators, thus

cutting capital expenditure costs and ultimately the cost of electricity to the end users.

There  are  several  studies  conducted  to  evaluate  the  feasibility  of  hybrid  off-grid  power

generation  globally.  Different  researchers  used  different  approaches  to  evaluate
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configurations of various renewable energy resources, such as solar energy, wind energy,

small hydropower together with their hybrid configurations. Kusakana et al [2], investigated

the possibility of using a stand-alone solar/micro hydro hybrid power system for low-cost

electricity production in Kwazulu Natal. In their study, the feasibility and dimensions of the

hybrid  system  were  determined  according  to  the  availability  of  the  renewable  energy

resources and the load energy requirements.  Thereafter, the economic performance of the

system was compared with that of other options such as grid extension or diesel generation,

and the hybrid system was found to be the best option to provide cost-effective, sustainable

and clean electricity [2].

Syahputra and Soesanti, planned and investigated the potential of a micro-hydro solar hybrid

system in one of the rural areas of Indonesia.  They conducted field research to obtain data

for micro-hydro by direct measurement from targeted irrigation channel while data for solar

radiation  was obtained from the National  Aeronautics and Space Administration  (NASA)

database.  The results showed that hybrid power plants would be able to meet the energy

needs of the surrounding villages and also produce an excess that could be sold to national

electricity providers [85].

In Ethiopia,  Somano and Shunki assessed the potential of a hybrid PV-micro hydropower

system at Jimma zone where they got positive results that the hybrid system could be more

cost  effective  than  the  grid  system.  The  results  also  showed  that  integrating  available

renewable energy resources and designing as a hybrid power system minimized the system

costs and energy per kWh in the long term. The results of the study were used to encourage

private investors to invest in renewable energies in Ethiopia [86].

In  Lesotho,  a  study  for  hybridization  of  Semonkong  mini  hydropower  plant  with  other

available renewable energy resources in the area was carried out by Thamae [87]. The results

of the study showed that the hydro component of the system is only effective during rainy

summer season and needs a backup during dry winter season. The hydro/diesel hybrid system

that has existed was ranked the least cost-effective feasible option by the simulation results

while  other  simulated  hybrid  options  that  included  more  renewable  energy  technologies

seemed to be more cost effective with decreased Net Present Cost (NPC) and Cost of Energy

(COE),  as  well  as  increased  renewable  energy  fraction.  This  proves  the  economical

(decreased  cost  of  energy)  and  environmental  (increased  renewable  energy)  benefits  of

hybridization. 
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A conclusion drawn from the mentioned studies is that hybridization has proven to improve

output, cost effectiveness and reliability of the renewable energy systems in most areas where

it is done. Considering the intermittency of solar resource and the availability of water for

runoff the river micro-hydropower systems in Lesotho, which is seasonal, it is important to

combine mini-grids with micro hydro systems to increase the reliability and reduce the cost

of energy.

2.6 Hydropower in the midst of climate change

Hydropower is one of the vulnerable technologies to climate change compared to others. This

is because the amount of water runoff which is used as fuel for hydropower depends entirely

on the amount of precipitation. The main factors that determine the impact of climate change

on hydropower are run-off, the temporal distribution of run-off and sedimentation  [88]. The

attractiveness and bankability of hydropower projects depends on long-term assessment of

their generation capacity that may hugely be affected climate change [89]. This is why most

countries  are  starting  to  allocate  considerable  amount  of  resources  to  new  research  and

development that is meant to understand the impact of climate change on hydropower.

Research on the impacts of climate change on water resources and hydropower specifically,

were  started  a  while  ago using  different  approaches  such as  run-off  and climate  change

scenarios as well  as qualitative approaches  [90]–[93].  All  of these studies concluded that

reduction  in  the  amount  of  precipitation  could  potentially  reduce  hydropower  production

significantly,  leading to challenges in the management  of water resources.  The impact  of

climate change on hydropower can hit hard the run-off the river type of hydropower plant

more than the ones with reservoirs, as with reservoirs, water can always be made available.

Such negative conclusions can lead to hydropower projects being abandoned.

Chapter 3: Methodology

3.1 Methodology adopted

GIS tools were used to select specific locations for infrastructure installations within the three

(3) areas from the ten (10) areas earmarked for micro-hydropower development based on

elevation, water resources availability and accessibility. Should stream flow record have been

unavailable  or  insufficient,  it  would  be  generated  prior  to  micro-hydropower  assessment

using hydrological modelling and potential for integration with solar was assessed using the
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results from the previous solar feasibility study and satellite solar resources data.  Figure 5

summarizes the methodology followed.

Figure 5: Methodology flow diagram [Source: This study]

3.1.1 The study areas

The  potential  of  hydropower  depends  on  the  availability  of  water  flow and  vertical  fall

(head); the steepness of rivers and generous flow rates in rural areas are potential sites for

hydropower development. This study therefore focuses on selecting the potential sites and

estimating the potential of hydropower in those selected sites based on the slope of the area,

availability  of  water  and   other  factors  such  as  accessibility,  population,  stream  length,

catchment area, watershed forests, availability of gauging stations, and network strength  as

shown in Table 6. Arc GIS version 10.7.1 was used to map the river network, rainfall stations

and hydrometric stations as shown on Figure 6.

Table 6: Site selection criteria [Source: This study]
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From Table 6, the areas with the highest scores have been selected, being Mashai, Matsoaing

and Sehonghong. Figure 6 shows the sites on a map plotted using GIS.
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Figure 6: Study sites [Source: This study, created using Arc GIS)

3.1.1.1 Matsoaing

Matsoaing is found in the district of Mokhotlong with an estimated area 109.67 km2. It is

situated at  the latitude of  29° 22'  59" S and longitude of  29° 4'  59" E.  Matsoaing has a

temperate highland climate with dry winters. The area has Sehonghong River passing through

it,  and it is also near Matsoaing River (tributary of the Sehonghong River), making it an

attractive area to be assessed for hydropower potential.

3.1.1.2 Mashai

Mashai is located 47.7 km South East of ThabaTseka town with an estimated area of 41.78

km2. Its geographical coordinates are 29° 38' 42.3" South and 28° 48' 35.8" East. The Mashai
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River flows past this village which has a good head for run-off –river mini hydro which runs

throughout the year 

3.1.1.3 Sehonghong

Sehonghong is situated in the South East of the district of ThabaTseka with an estimated area

of 90.19 km2. Its geographical coordinates are 29° 48' 0" South and 28° 49' 0" East. It located

in a rock-shelter that is 86 m long and 19 m deep. Sehonghong is approximately 1,800 m

above sea level and is part of a sand stone projection of about 20 m above the Senqu/Orange

River,  there by having a fair  head for run-off the river mini hydro power which can run

throughout  the  year.  The  area’s  catchment  receives  precipitation  in  the  form  of  rain  in

summer and snow in winter. 

3.1.2 Data
The data used in this study is hydro-climatological data in the form of discharge or river flow

data as hydropower generation depends on the availability  of water..  Another set  of data

required is the spatial data in the form of Digital Elevation maps.  The discharge data was

obtained  from the  DWA and  LHDA.  The  flow  rates  data  for  Sehonghong,  Mashai  and

Matsoaing were obtained from hydrometric stations situated at Senqu at Komakoma, Mashai

at St Theresa and Sehonghong at Ha Mamolibeli  respectively.  The data was processed in

Microsoft Excel to generate hydrographs and FDCs.

The  FDC shows the  occurrence  of  different  flow rates.  It  is  developed  by arranging  all

monthly  average  discharge  observations  in  descending  order  of  their  magnitude  and

subdividing them in accordance with the percentage of time during which they are equalled

or exceeded. Percentage exceedance, P, is done using the following equation:

Equation 3

For the assessment of possibility of hybridization, the renewable resources data (river flow

rates,  solar  radiation  and  clearness  index),  energy  demand  data  and  components

specifications are required. The river flow rates data was obtained from DWA and LHDA as

explained above. The load data was obtained from the 1power design team after estimation of

the energy demand from the households and village assessments that were undertaken during
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the baseline surveys.  The solar resource data  was retrieved from NASA by the HOMER

software when correct coordinates of the areas are used. The specifications and costs of the

required components were obtained from different suppliers’ websites such as [94], [95] and

[96].

3.1.3 Head/ falling height evaluation

The  head  is  one  of  the  important  parameters  in  determination  of  potential  hydropower

because it  determines the pressure of water across hydro turbine,  i.e.,  the more head you

have,  the higher  the  water  pressure across the hydro turbine and the more power it  will

generate. Head estimation was done using ASTER_GDEM within GIS software. First, the

locations of the power house and the intake were identified and plotted in GIS using a simple

method based on accessibility to the road for ease of maintenance. According to Kosa et al.

[97], the differential elevation between the power house and the intake should be more than

20 m, while the distance between them should be less than 3 km in order to minimize head

losses. The elevation differences between the two locations were then determined using the

Digital Elevation Maps by finding the differences between the contour lines. 

Since  this  work does  not  design the  hydropower systems,  but  just  assesses  the available

hydropower potential at those selected areas, the net heads are calculated only for maximum

power, i.e., estimated power production before the turbine shaft as:

Equation 4

Where Hf represents the head losses and h is the gross head.

The net head (hnet) is given by the difference between gross head and head losses, i.e.

Equation 5

3.1.4 Estimation of hydropower potential

The flow rates data from DWA and LHDA was processed in Microsoft Excel to produce the

FDCs  which  were  then  used  to  determine  the  discharge  with  large  enough  probability

(between 30% and 70%, by the rule of thumb). Using the flow below 30% probability may

lead to over sizing because such flows rarely happen, while using the one above 70% may
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lead  to  under  sizing  of  the  system.  The  gross  hydropower  potential  for  each  site  was

determined under the influence of gravity using the following equation:

Equation 6

Where P is the power in kW, is the density of water, Q is the flow rate in m3/s and hnet is the

net head or the vertical drop calculated for maximum power production before the turbine

shaft.

3.1.5 Simulation, Optimization and Sensitivity analysis of a possible hybrid system using

HOMER software

In order to benefit from renewable energy technologies, it is important to assess whether the

proposed  Renewable  Energy  Systems  will  be  feasible  and  profitable.  The  study  used

HOMER  Pro  software  version  3.11.2.  HOMER  helps  in  finding  the  combination  of

components that can serve the load at the lowest life-cycle cost. HOMER’s primary role is to

simulate  the  long-term  operation  of  micro-power  systems.  Its  two  high  level  roles  of

optimization and sensitivity analysis rely on the simulation role results.

The simulation process determines how a particular system configuration, a combination of

components and a particular operating strategy would behave in a given settings over a period

of time. HOMER can simulate a wide variety of micro-power systems comprising of solar

PV  panels,  wind  turbines,  hydro  turbines,  generators,  battery  bank,  ac-dc  converter,

electrolyser and a hydrogen storage tank. Simulation process serves two purposes; first it

determines whether the system is possible, and second it estimates the life-cycle cost for ease

of comparison of different system configurations which form the basis for the optimization

process.

The optimization process on the other hand determines the best possible/optimal system that

meets  the  load  at  the  lowest  total  NPC.  In  the  optimization  processes  different  system

configurations  are simulated,  infeasible  ones discarded,  feasible ones ranked according to

total NPC, with the lowest total NPC as the optimal system configuration. The optimal value

of each decision variable (a variable over which a designer has control), is determined in the

optimization process. Such decision variables include: the size of the PV array, the number of

batteries, the size of the generator, the presence of the hydro system, the size of the ac-dc
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converter, etc. The results of the optimization help the modeller find the optimal system out

of many feasible systems.

Under sensitivity analysis, this is where HOMER reveals how sensitive the outputs are to

changes in inputs. A range of input values for variables that are not decision variables are

entered for a single input variable. Examples of such variables include the grid power price,

the fuel price, the interest rate and the lifetime of the PV array. The sensitivity analysis helps

the system designer to deal with uncertainty, meaning for one sensitivity variable; different

values that cover the likely range can be entered.

For this study, potential energy demand for the three study areas and specifications of the

planned PV system were obtained from 1Power design team. To obtain the potential energy

demand for the areas, baseline studies have been undertaken by the team, which included

village and household assessments. The kind of information required from the assessments

include population, number of households, road accessibility, business opportunities, types of

houses, cost of other energy sources, etc. All this information is used to make evaluations and

estimations of energy consumption and peak demand to generate load profiles.

Another set of inputs is the specifications of components to be used for the hybrid solar-

micro-hydropower plant,  their  performance characteristics,  installation costs and operation

and maintenance costs. Such requirements for the solar PV system were obtained from the

1power design team. For the hydropower system, generic components were used based on the

peak demand while the costs were estimated based on previous studies.

The last set of inputs is the availability of renewable energy resources at the study areas. The

river  flow rates were obtained from DWA and LHDA while  the solar  resource data  was

retrieved from NASA by the HOMER software.

3.1.5.1 Defining the primary load
The load profiles obtained from 1Power design team were entered into HOMER to produce

the daily, seasonal and yearly profiles and also estimate the average and peak demand.

32



Chapter 4: Results and discussions

This chapter presents and discusses the results of hydropower potential assessment for the

three sites together with the results of assessment of the possibility of integration of solar and

micro hydro to form a hybrid system. Availability of water resources in the form of stream

flow data and water head are the starting point to the estimation of hydropower potential. The

design flow (Q) was calculated in Microsoft Excel using the stream flow data and the water

head (hnet) was determined using DEM in GIS interface and            Equation 6 was used to

determine  the  hydropower  potential  (P).  The  chapter  also  presents  and  interprets  the

hybridization results from HOMER software, in which the NPC and LCOE have been used as

the main selection criteria for the optimum system. NPC is the present value of all costs of

installing  and operating  the energy system for a  lifetime minus all  the revenues  that  the

system earns for that particular  lifetime while  the LCOE is the average cost per kWh of

useful electrical energy produced by the system.

4.1 Hydrographs, average flow rates and Flow Duration curves

The data for the derivation of the hydrograph for Sehonghong was from the hydrometric

station at Senqu River at KomaKoma area for the period of January 2010 to September 2019

while for Mashai River, the data was from St Theresa Hydrometric station for the period of

August 2012 to July 2018, and for Matsoaing, the data was from Sehonghong River at Ha

Mamolibeli hydromedric station for the period of January 2010 to February 2019. Figure 7,

Figure 8, and Figure 9 show the daily flow rates for Sehonghong, Mashai and Matsoaing.
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Figure 7: Hydrograph for Sehonghong (Senqu River at Komakoma)

Figure 8: Hydrograph for Mashai( Mashai River at St Theresa)
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Figure 9: Hydrograph for Matsoaing (Sehonghong River at Ha Mamolibeli)

From  Figure  7,  Figure  8,  and  Figure  9,  it  is  observed  that  the  daily  flow  rates  for

Sehonghong, Mashai and Matsoaing can go as high as 1,700 m3/s, 1.98 m3/s and 40 m3/s

respectively. These flow rates are experienced in times of heavy rain falls or floods while

during times of droughts, 0 m3/s flow rates are experienced in all the three locations. Since

the daily flow rates fluctuate depending on the seasons or months, it is important to depict the

monthly average flow rates to have an idea of how the hydropower systems may perform in

different months/ seasons.  Figure 10,  Figure 11, and  Figure 12 show the monthly average

flow rates for the three areas.
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Figure 10: Monthly Average flow rates for Sehonghong- Senqu River at KomaKoma

Figure 11: Monthly average flow rates for Mashai- Mashai River at St Theresa

Figure  12:  Monthly average  flow  rates  for  Matsoaing-  Sehonghong  River  at  Ha
Mamolibeli

It is evident from Figure 10, Figure 11 and Figure 12 that higher flow rates are experienced in

the  months  of  December,  January,  February  and  March,  which  are  the  months  that  the

country experiences good rains or even floods in most parts of the country. The lowest flow

rates are experienced in winter, autumn and spring, which are mostly the dry seasons of the

country; July, August and October for Sehonghong, June, July and October for Mashai and
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June,  July,  August  and  October  in  Matsoaing.  The  above  hydrographs  give  an  idea  of

extremes of high and low flow rates but does not give what happens in between. To get such

information,  the Flow Duration Curve (FDC) is  a better  tool  to use.  The FDC gives the

percentage of time that a certain flow rate is equalled or exceeded.

Flow rates that happen in between 0 percent and 10 percent of the time, i.e., between Q0 and

Q10 are considered high flow rates, in which Q0 to Q1 would be extreme flood events. It is

important  that hydropower systems are designed to cope with such extreme flows. Flows

from Q10 to Q70 would be the ‘medium’ range of flows and one would want their hydropower

system to operate efficiently right across these flow rates [98]. Flow rates from Q70 to Q100 are

the ‘low flows’ when hydropower systems will just be operating but at a low power output.

Moving further to the right on the FDC, hydro systems will begin to shut down due to low

flow. Thus, the Q95 to Q100are considered as the low-flow or drought flows. Figure 13, Figure

14 and Figure 15depict the FDCs for Sehonghong, Mashai and Matsoaing, respectively.

Figure 13: Flow duration Curve for Sehonghong (Senqu River at Sehonghong)
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Figure 14: Flow Duration Curve for Mashai (Mashai River at St Theresa)

Figure 15: Flow Duration Curve for Matsoaing (Sehonghong River at Ha Mamolibeli)

According to Nasir [99] and [98], in order to ensure that the hydropower plant operates most

of the time whenever there is flow, it is best to use the mean flow rate or at least the flow rate

between 10 % and 70% exceedance as the design flow. The chosen design flow rates are

47.57  m3/s,  0.27  m3/s  and  1.05  m3/s  for  Sehonghong,  Mashai  and  Matsoaing,  with  the

percentage exceedance of 21.1%, 32% and 16.5% respectively.
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4.2 The head

The determination of head was done after careful placement of intake and powerhouse as

explained in section3.1.3. Figure 16, Figure 17 and Figure 18 show the schematic layout of

the systems for Matsoaing, Mashai and Sehonghong respectively. For Matsoaing (Figure 16),

the intake is at 2,150 m elevation while the power house is located at 2,125 m. For Mashai

(Figure 17), the intake is at 1,825 m while the power house is at 1,800 m. As can be seen

from Figure 16 and Figure 17 there is no other contour line between the two contour lines

where the intake and the power house are placed; meaning the gross head is equal to the

contour interval of the topographic map, which is 25 m for both Matsoaing and Mashai. 

It is a different case with Sehonghong (Figure 18) because a different topographic map of 10

m contour interval was used. The reason for using a different map is that Sehonghong seemed

to be a little flat on the map, and the map with smaller contour interval had to be used. The

intake is placed at 1,710 m while the power house is at 1,700 m, giving a gross head of 10 m.

To get the net heads,             Equation 4 and            Equation 5 were used. The resultant net

heads were found to be 16.67 m for both Matsoaing and Mashai and 6.67 m for Sehonghong. 

Figure 16: Contour lines and system layout for Matsoaing
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Figure 17: Contour lines and system layout for Mashai

Figure 18: Contour lines and system layout for Sehonghong
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4.3 Maximum Electrical Power

To  find  the  potential  maximum  power  that  can  be  produced  from  the  three  sites,

           Equation 6 was used for computation of power at each site. The maximum power that

can  be  produced  at  Matsoaing,  Mashai  and  Sehonghong  is  171.71  kW,  44.15  kW  and

3,112.63 kW, respectively.

4.4 Hybridization feasibility through HOMER software

This section presents and discusses the feasibility results of the three hybrid systems for the

three areas based on the economic and technical performance of the systems. The purpose of

investigating the feasibility of hybrid systems in those areas is because the renewable energy

resources (solar and hydro in this study) are intermittent; the sun is not available at night and

during cloudy days  while  the water  resource is  not  available  during drought.  So,  project

developers  are  interested  to  know  how  the  system  will  be  able  to  perform using  these

renewable  resources  for  proper  planning of  the systems.  The following sub-sections  will

discuss the primary load, simulation and optimization results.

4.4.1 The primary load

The daily demand profiles for all the months as generated from the 1Power survey were used

to generate the daily, seasonal and yearly profiles. The average energy demand to be met by

Matsoaing system is 78.92 kWh/d with a peak load of 8.45 kW as depicted in Figure 19. The

daily profile shows that the pick demand will be in the morning between 6am and 9am and

again later in the evening between 6pm and 9am these are the times when residents are at

home using electric appliances for different purposes. The seasonal profile shows that the

seasonal  peak  iis  reached  in  July,  which  is  the  coldest  month  of  the  year  and  residents

normally use energy for space heating. The load factor is 0.39 and is not good as it means the

load is not using the system that efficiently; the peak is reached occasionally while the system

is idling for most of the time.

The average demand for Mashai is 103.41 kWh/d with peak load of 10.34 kW as shown in

Figure 20 while for Sehonghong the average demand is 154.75 kWh/d with a peak load of

15.41 kW. The daily  and seasonal  profiles  for  Mashai  and Sehonghong follow the same

pattern  as  that  of  Matsoaing.  The load  profile  is  however  0.42  for  both  areas,  which  is

relatively better as compared to Matsoaing.
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Figure 19: Daily, seasonal and yearly load profiles for Matsoaing

Figure 20: Daily, seasonal and yearly load profile for Mashai
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Figure 21: Daily, seasonal and yearly load profile for Sehonghong

4.4.2 Simulation results

4.4.2.1 Matsoaing simulation results

Based  on  the  input  components  specifications,  fuel  costs,  capital  costs  and  sensitivity

parameters, the simulation results produced the following results as shown in Figure 22. The

optimum system is a hybrid solar-hydro system which comprises of 24 kW generic flat plate,

10 kW diesel generator, 5 kW hydro turbine and 48 kW converter. The diesel generator is

included to ensure reliability in the event where there is no sunlight, and it is during the dry

season. The Net Present Cost is the main selection criteria for the optimum system. The Net

Present Cost for the optimum system is $79,184 while the LCOE is $ 0.184. HOMER has

ranked the feasible systems; the system with the lowest NPC and lowest LCOE is ranked as

the most profitable system.
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Figure 22: Simulation results for Matsoaing hybrid solar-hydropower system

It can be observed from Figure 23 that the hybrid system will produce 293,957 kWh/year,

and out of that, 5.50% will come from the solar PV system, 1.56% will be from the diesel

generator while a bigger portion of 92.9% will be from hydropower. However, hydropower

will not produce in July and October which are normally dry months in Lesotho. During

those months, it is when the importance of hybrid system is realized. If the system was of

hydro only, it means there would not be any power production during those dry months, but

this system seems to have zero (0) unmet load due to the two resources supplementing each

other. The hybrid system will have a renewable fraction of 84.0, meaning the system will

operate more from renewable sources and less from the diesel generator.

. 

Figure 23: Electricity production results for Matsoaing hybrid system

4.4.2.2 Mashai simulation results

The Mashai hybrid solar-hydro system comprises of 24 kW generic flat plate, 10 kW diesel

generator, 1 kWh/276 Ah battery storage, 5 kW hydro turbine and 48 kW converter. The

optimum system includes the Solar PV, hydro and diesel generator as shown by the ranking
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of the feasible systems in Figure 24 (the top most system). Using the Net Present Cost as the

main selection criteria for the optimum system, the NPC for the optimum system is $ 375,411

while the LCOE is $ 0.666.

Figure 24: Simulation results for Mashai hybrid solar-hydropower system

It can be observed from Figure 25 that the hybrid system will produce 242,666 kWh/year,

and out of that, 17.8% will be from the solar PV, 0.892 % will be from the diesel generator

while a bigger portion of 81.3% will be from hydropower. During the months of June and

July, the system will generate from solar and diesel generator only. Those are the months

when the country experiences  drought.  However,  there will  be zero (0)  unmet load.  The

hybrid system will have a renewable fraction of 94.3, which is still high enough.

Figure 25: Electricity production results for Mashai hybrid system

4.4.2.3 Sehonghong simulation results

The  Sehonghong  hybrid  solar-hydro  system  comprises  of  24  kW  generic  flat  plate,  1

kWh/276  Ah battery  storage,  10  kW hydro  turbine  and  25 kW converter.  The  optimum

system includes the Solar PV, hydro, the battery storage together with the converter as shown

by the ranking of the feasible systems in  Figure 26 (the top most system). Using the Net
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Present Cost as the main selection criteria for the optimum system, the NPC for the optimum

system is $ 369725,960 while the LCOE is $ 0.483.

Figure 26: Simulation results for Sehonghong hybrid solar-hydropower system

It can also be observed from Figure 27 that the hybrid system will produce 83,353 kWh/year,

and out of that, 52% will be from the solar PV, 3.37% will be from a diesel generator while

44.6%  will  be  from  hydropower.  Both  resources  (solar  and  hydro)  will  be  available

throughout the year; but will be limited in June and July. That is when the country normally

experiences  drought  and  the  sunshine  hours  are  short,  so  there  is  a  need  for  a  backup

generator. There will be zero (0) unmet load with renewable fraction of 95%. 

Figure 27: Electricity production results for Sehonghong hybrid system
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Chapter 5: Conclusions and recommendations

5.1 Conclusion

The study investigated the availability of water resources at three (3) sites earmarked for solar

mini grids development for potential integration of micro-hydro power with solar mini grids

to form a hybrid system. Three (3) sites were selected based on the availability of water

resources,  population  size,  accessibility,  catchment  area  and  availability  of  hydrometric

stations. The selected sites were Matsoaing, Sehonghong and Mashai.

In chapter one of the study, the background of the study was provided together with the

problem that needs to be addressed and the questions that the study aimed to answer. The

chapter further set out the scope of the study. Chapter two reviewed the available literature;

both theoretical and empirical and identified methodologies and techniques used in the field.

The  objective  of  this  chapter  was  to  establish  similarities  and  differences  in  the

methodologies and identify gaps that the current and future studies need to fill. In chapter

three,  the  methodology  used  has  been  outlined  together  with  data  used,  its  sources  and

collection and analysis methods. The assumptions and limitations of the study have also been

described in chapter three. Chapter four presented and interpreted the study results, linking

them with the literature and objectives of the study. 

The results demonstrated that the average discharges for Matsoaing, Sehonghong and Mashai

were found to be 1.05 m3/s, 47.57 m3/s and 0.27 m3/s, respectively while the available heads
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based on the locations of the intake and power house were found to be 16.67 m for both

Matsoaing and Mashai, and 6.67 m for Sehonghong. Based on the average flow rates and

available heads, the maximum hydropower that can be produced in Matsoaing, Mashai and

Sehonghong is 171.71 kW, 44.15 kW and 3,112.63 kW, respectively.

The study went further to assess the possibility of hybridization of micro-hydro power with

solar mini grids, and the results revealed that hybridization is possible in all three sites. With

the hybrid systems, there will be power generation throughout the year, even when one of the

resources is unavailable, i.e., when it is cloudy or during dry season. This is revealed by the

zero (0) unmet load in all the study sites. Hybridised power systems are therefore reliable,

cost-effective  and  sustainable  way  of  providing  electricity  to  the  areas.  This  is  because

inherently, the places have enough water supply and head which could potentially produce

enough electricity to the areas.

The methodology and results obtained in this study could serve as a basis for the creation of

hydroelectric information system for the country, which could be employed as a decision

making  tool  in  renewable  energy  matters.  The  approach  could  be  adopted  to  support

electrification decentralization and thus guarantee energy security in Lesotho.

5.2 Recommendations

Considering this study, additional or future work to assess the hydropower potential should

include:

 An assessment of the impacts of climate change combined with several scenarios of

land use at different climatic horizons. In addition, other aspects should be considered

in  future  research  to  identify  potentially  exploitable  hydropower  generation  sites,

namely,  economic feasibility,  social  profitability,  legal/geopolitical  constraints,  and

water use conflicts.

 As  the  literature  has  revealed,  FDC  is  an  important  method  in  hydrological

calculations for the estimation of water resources for hydropower planning. Although

the data provided by the DWA and LHDA suffice for this study, it is recommended

that future studies should consider improving the reliability of the FDCs by verifying

the observed FDC with the simulated FDC through rainfall run-off models.
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 Additionally, since Lesotho has a huge number of graduates within the engineering

departments, it would be worthwhile for government and policymakers to consider

absorbing this  skill  to generate  green energy;  investing in  solar  and hydro energy

using specialized skills that already exist in the country. Whilst water engineering is

still  a rare skill,  the current skills would suffice to run an efficient hybrid station.

Initially,  the  capital  costs  would  be  hefty  however  would  be  written  off  by  the

recurring benefits to communities and potential commercial sites which would come

to be.

 The  government  of  Lesotho  as  a  signatory  to  2030  Agenda  for  Sustainable

development,  has a responsibility to contribute to the attainment of goal 7; ensure

access to affordable, reliable, sustainable and modern energy for all. It should embark

on off-grid electricity  generation to reduce dependence on the EDM and ESKOM

imported electricity. This will in the long-run reduce the electricity cost and carbon

emissions since electricity would be greener for the country. Lesotho has potential in

the solar, hydro-powered and wind energy production due to the terrain (for hydro

stations), altitude (wind power) and sunshine all year round (for solar energy) which

could make it an independent electricity producer in Southern Africa.

 It is recommended that further feasibility studies be conducted in other areas of the

country on possibility of hybridization of micro-hydro power with solar mini grids to

inform planning and development  of renewable energy projects  to  ensure that  the

majority of remote rural communities get access to electricity. 

 Lastly,  the  study  recommends  that  the  Energy  Research  Centre  and  Ministry  of

Energy and Meteorology should pilot mini grids in the areas already studied to inform

further implementation. Piloting can be done to generally generate evidence on the

challenges and merits of the country to generate green energy.

49



References

[1] M.  Mpholo,  D.  Steuerwald,  and  T.  Kukeera,  Eds.,  Africa-EU  Renewable  Energy
Research  and  Innovation  Symposium  2018  (RERIS  2018):  23–26  January  2018,
National  University  of  Lesotho  on  occasion  of  NULISTICE  2018.  Cham:  Springer
International Publishing, 2018. doi: 10.1007/978-3-319-93438-9.

[2] K. Kusakana, J. Munda, and A.-G. Jimoh, Feasibility study of a hybrid PV-micro hydro
system for rural electrification. 2009, p. 5. doi: 10.1109/AFRCON.2009.5308185.

[3] T. Nigussie et al., “Feasibility study for power generation using off- grid energy system
from micro hydro-PV-diesel generator-battery for rural area of Ethiopia: The case of
Melkey Hera village,  Western  Ethiopia,”  AIMS Energy,  vol.  5,  no.  4,  pp.  667–690,
2017, doi: 10.3934/energy.2017.4.667.

[4] M. D’Isidoro et al., “Estimation of solar and wind energy resources over Lesotho and
their  complementarity  by  means  of  WRF  yearly  simulation  at  high  resolution,”
Renewable  Energy,  vol.  158,  pp.  114–129,  Oct.  2020,  doi:
10.1016/j.renene.2020.05.106.

[5] F.  Pasanisi,  S.  Grauso,  C.  Tebano,  M.  Mahahabisa,  and  M.  Raliselo,  “Producing  a
Digital  Hydrographic  Map  Aiming  at  Renewable  Energy  Potential  Mapping  of
Lesotho,”  Journal  of  Applied  Engineering  Sciences,  vol.  10,  no.  1,  pp.  61–68,  May
2020, doi: 10.2478/jaes-2020-00010.

[6] Morema, “OnePower receives grant funding from UNDP and UNCDF for 10 mini-grid
projects  in Lesotho – OnePower Lesotho.” https://1pwrafrica.com/onepower-receives-
grant-funding-from-undp-and-uncdf-for-10-mini-grid-projects-in-lesotho/  (accessed
Aug. 10, 2021).

[7] B.  M. Taele,  L.  Mokhutšoane,  and I.  Hapazari,  “An overview of small  hydropower
development in Lesotho: Challenges and prospects,”  Renewable Energy, vol. 44, pp.
448–452, Aug. 2012, doi: 10.1016/j.renene.2012.01.086.

[8] J.  Ayaburi,  M. Bazilian,  J.  Kincer,  and T. Moss,  “Measuring ‘Reasonably Reliable’
access to electricity services,”  The Electricity Journal, vol. 33, no. 7, p. 106828, Aug.
2020, doi: 10.1016/j.tej.2020.106828.

[9] M. Mpholo et al., “Lesotho electricity demand profile from 2010 to 2030,” Journal of
Energy in Southern Africa, vol. 32, no. 1, pp. 41–57, Feb. 2021, doi: 10.17159/2413-
3051/2021/v32i1a7792.

[10] T. D. Sechoala,  O. M. Popoola,  and T. R. Ayodele,  “A Review of Waste-to-Energy
Recovery Pathway for Feasible Electricity Generation in Lowland Cities of Lesotho,”
Research Gate, p. 6, 2019, doi: 10.1109/AFRICON46755.2019.9133756.

[11] M. Senatla, M. Nchake, B. M. Taele, and I. Hapazari, “Electricity capacity expansion
plan for Lesotho – implications on energy policy,”  Energy Policy, vol. 120, pp. 622–
634, Sep. 2018, doi: 10.1016/j.enpol.2018.06.003.

50



[12] Lesotho  Electricity  and  Water  Authority  (LEWA),  “Lesotho  Electricity  and  Water
Authority  (LEWA)  Annual  Report  2017/18,”  2018.
http://www.lewa.org.ls/library/annual_report_17-18.pdf (accessed Sep. 22, 2021).

[13] B.  M. Taele,  K. K. Gopinathan,  and L.  Mokhuts’oane,  “The potential  of  renewable
energy technologies for rural development in Lesotho,” Renewable Energy, vol. 32, no.
4, pp. 609–622, Apr. 2007, doi: 10.1016/j.renene.2006.02.014.

[14] B. Taele, K. K. Gopinathan, and L. Mokhuts’oane, “The potential of renewable energy
technologies for rural development in Lesotho,”  Renewable Energy, vol. 32, pp. 609–
622, Apr. 2007, doi: 10.1016/j.renene.2006.02.014.

[15] L. J. Arthur, C. M. Wagner, and B. Hein, “Lesotho highlands water project - design of
the ’muela  hydropower station.,”  Proceedings  of the Institution of Civil  Engineers  -
Civil  Engineering,  vol.  120,  no.  5,  pp.  43–53,  May  1997,  doi:
10.1680/icien.1997.30098.

[16] S. Mokeke and L. Z. Thamae, “The impact of intermittent renewable energy generators
on Lesotho national  electricity  grid,”  Electric  Power Systems Research,  vol.  196, p.
107196, Jul. 2021, doi: 10.1016/j.epsr.2021.107196.

[17] Hadjicostas.T and Padayachy. D, “Formulation of the Lesotho Electrification Master
Plan-  Grid  Development  Plan  Report,”  2018.
https://nul-erc.s3.amazonaws.com/public/documents/reports/lesotho-electrification-
master-plan-grid-1532184999.pdf (accessed Sep. 22, 2021).

[18] Lesotho Electricity Company, “Request for Expression of Interest-Renewable Energy
Grid  Integration  Study,”  2019.
https://www.afdb.org/fileadmin/uploads/afdb/Documents/Procurement/Project-related-
Procurement/EOI_-_Lesotho_-
_Services_for_Renewable_Energy_Grid_Integration_Study.pdf  (accessed  Sep.  22,
2021).

[19] Ministry  of  Energy  and Meteorology  Lesotho,  “Lesotho-Energy-Policy-2015-2025.,”
Department of Energy, Policy, 2015.

[20] World  Bank,  “Lesotho-Renewable-Energy-and-Energy-Access-Project.pdf.”  2020.
Accessed:  Mar.  02,  2021.  [Online].  Available:
http://documents1.worldbank.org/curated/en/808341580698850813/pdf/Lesotho-
Renewable-Energy-and-Energy-Access-Project.pdf

[21] “LESOTHO: construction of the Mafeteng solar power plant will begin in 2021,” Afrik
21,  Oct. 09, 2020. https://www.afrik21.africa/en/lesotho-construction-of-the-mafeteng-
solar-power-plant-will-begin-in-2021/ (accessed Mar. 11, 2021).

[22] K. Patel, N. Das, and M. M. K. Khan, “Optimization of Hybrid Solar, Wind and Diesel
Energy Systems from Economic Point of View,” in 2019 29th Australasian Universities
Power  Engineering  Conference  (AUPEC),  Nadi,  Fiji,  Nov.  2019,  pp.  1–6.  doi:
10.1109/AUPEC48547.2019.211861.

[23] C. P. Jawahar and P. A. Michael, “A review on turbines for micro hydro power plant,”
Renewable  and Sustainable  Energy  Reviews,  vol.  72,  pp.  882–887,  May 2017,  doi:
10.1016/j.rser.2017.01.133.

51



[24] U.S  Department  of  Energy,  “Types  of  Hydropower  Plants,”  Energy.gov.
https://www.energy.gov/eere/water/types-hydropower-plants (accessed Nov. 19, 2021).

[25] A. Kadier, M. S. Kalil, M. Pudukudy, H. A. Hasan, A. Mohamed, and A. A. Hamid,
“Pico hydropower (PHP) development in Malaysia:  Potential,  present status, barriers
and  future  perspectives,”  Renewable  and  Sustainable  Energy  Reviews,  vol.  81,  pp.
2796–2805, Jan. 2018, doi: 10.1016/j.rser.2017.06.084.

[26] M. K. Mishra,  N. Khare, and A. B. Agrawal, “Small  hydro power in India:  Current
status and future perspectives,” Renewable and Sustainable Energy Reviews, vol. 51, pp.
101–115, Nov. 2015, doi: 10.1016/j.rser.2015.05.075.

[27] L. J. Bracken, H. A. Bulkeley, and C. M. Maynard, “Micro-hydro power in the UK: The
role of communities in an emerging energy resource,”  Energy Policy, vol. 68, pp. 92–
101, May 2014, doi: 10.1016/j.enpol.2013.12.046.

[28] P. Fraenkel, O. Paish, A. Harvey, A. Brown, R. Edwards, and V. Bokalders, “Micro-
hydro  power,”  Jan.  1991,  Accessed:  Oct.  12,  2021.  [Online].  Available:
https://www.osti.gov/etdeweb/biblio/5564378

[29] K. V. Alexander and E. P.  Giddens,  “Optimum penstocks for low head microhydro
schemes,”  Renewable  Energy,  vol.  33,  no.  3,  pp.  507–519,  Mar.  2008,  doi:
10.1016/j.renene.2007.01.009.

[30] A.  Edeoja,  J.  Ibrahim,  and  E.  Kucha,  “Investigation  of  the  Effect  of  Penstock
Configuration on the Performance of a Simplified Pico-hydro System,” BJAST, vol. 14,
no. 5, pp. 1–11, Jan. 2016, doi: 10.9734/BJAST/2016/23996.

[31] Harpendi, Sugianto, D. Wijanarko, and W. Caesarendra, “Performance Evaluation of
Penstock By-Pass System Modification on HEPP (Hydro Electric  Power Plant)  with
CFD Analysis to Optimize Power Consumption,” J. Phys.: Conf. Ser., vol. 1887, no. 1,
p. 012015, Jun. 2021, doi: 10.1088/1742-6596/1887/1/012015.

[32] A. Tapia, A. R. del Nozal, D. G. Reina, and P. Millán, “Three-dimensional optimization
of  penstock layouts  for micro-hydropower plants  using genetic  algorithms,”  Applied
Energy, vol. 301, p. 117499, Nov. 2021, doi: 10.1016/j.apenergy.2021.117499.

[33] S. Kravanja, “Optimization of steel penstock in a bored tunnel,” Ostend, Belgium, Jun.
2014, pp. 337–345. doi: 10.2495/HPSM140321.

[34] S. J. Williamson, B. H. Stark, and J. D. Booker, “Low head pico hydro turbine selection
using a multi-criteria analysis,” Renewable Energy, vol. 61, pp. 43–50, Jan. 2014, doi:
10.1016/j.renene.2012.06.020.

[35] A. Y. Hatata, M. M. El-Saadawi, and S. Saad, “A feasibility study of small hydro power
for selected locations in Egypt,”  Energy Strategy Reviews, vol. 24, pp. 300–313, Apr.
2019, doi: 10.1016/j.esr.2019.04.013.

[36] V. U. Smakhtin, “Low flow hydrology: a review,” Journal of Hydrology, vol. 240, no.
3–4, pp. 147–186, Jan. 2001, doi: 10.1016/S0022-1694(00)00340-1.

[37] R. A. J. Cole, H. T. Johnston, and D. J. Robinson, “The use of flow duration curves as a
data quality tool,”  Hydrological  Sciences Journal,  vol.  48, no. 6, pp. 939–951, Dec.
2003, doi: 10.1623/hysj.48.6.939.51419.

52



[38] J.  A.  Gore  and J.  Banning,  “Chapter  3  -  Discharge  Measurements  and  Streamflow
Analysis,” in Methods in Stream Ecology, Volume 1 (Third Edition), F. R. Hauer and G.
A. Lamberti, Eds. Boston: Academic Press, 2017, pp. 49–70. doi: 10.1016/B978-0-12-
416558-8.00003-2.

[39] O. J. Mdee, “Measurement methods for hydropower resources: a review,” p. 18, 2018.

[40] R.  Gravelle,  “3.3.5.  Discharge  Estimation:  Techniques  and  Equipment,”
Geomorphological Techniques, p. 8, 2015.

[41] H. A. Mrope and J. H. Kihedu, “Assessment of Hydropower Potential of Un-Gauged
Myombwe River Based nn Hydrological Data,” Mar. 2018, doi: 10/2546.

[42] “Geo  Scientific  Ltd.  -  Flow  &  Current  Meters  -  AA  Current  Meters.”
http://www.geoscientific.com/flowcurrent/AA_Current_Meter.html  (accessed  Aug.  15,
2022).

[43] J. M. Fulford, K. G. Thibodeaux, and W. R. Kaehrle, “COMPARISON OF CURRENT
METERS USED FOR STREAM GAGING,” p. 10.

[44] M. Piratheepan, N. Winston, and K. P. Pathirana, “Discharge Measurements in Open
Channels  using  Compound  Sharp-Crested  Weirs,”  Journal  of  the  Institution  of
Engineers,  Sri  Lanka,  vol.  XXXX,  pp.  31–38,  Jan.  2006,  doi:
10.4038/engineer.v40i3.7144.

[45] G. B. Adkins, “FLOW MEASUREMENT DEVICES,” p. 34.

[46] SGEA, Sampling Guide for Environmental Analysis (SGEA). 1998. Accessed: Aug. 17,
2022.  [Online].  Available:
https://www.ceaeq.gouv.qc.ca/documents/publications/echantillonnage/
debit_conduit_ouvC7_ang.pdf

[47] Hamilton  I,  “Flow  Monitoring  of  Discharges,”  1998,  Accessed:  Aug.  17,  2022.
[Online].  Available:
http://www.environmentdata.org/archive/ealit:4485/OBJ/77731_ca_object_representatio
ns_media_127_original.pdf

[48] Hydromatch, “Flow Estimation for Streams and Small Rivers.pdf.” 2016.

[49] T.  A.  Seybert,  “Stormwater  management  for  land development,”  John Wiley,  2006.
Accessed:  Aug.  17,  2022.  [Online].  Available:
https://scholar.google.com/scholar_lookup?
title=Stormwater+management+for+land+development&author=Seybert
%2C+Thomas+A.&publication_year=2006

[50] D.  M.  Grant  and  B.  D.  Dawson,  Isco  open  channel  flow  measurement  handbook.
Lincoln, NE: Isco Environmental Division, 1995.

[51] G. Lipscombe,  J.  Penney, R. Leyser,  and H. J.  Allison,  “Journal  of Physics  Special
Topics,” p. 2.

[52] Dr. M. Chauhan, P. Dikshit, and S. B. Dwivedi, “Modeling of Discharge Distribution in
Bend of Ganga River at Varanasi,”  Computational Water, Energy, and Environmental
Engineering, vol. 4, pp. 25–37, Jun. 2015, doi: 10.4236/cweee.2015.43004.

53



[53] R.  Bialik,  M.  Karpinski,  and  A.  Rajwa-Kuligiewicz,  “Discharge  Measurements  in
Lowland Rivers: Field Comparison Between an Electromagnetic Open Channel Flow
Meter (EOCFM) and an Acoustic Doppler Current Profiler (ADCP),” 2014, pp. 213–
222. doi: 10.1007/978-3-319-07599-0_12.

[54] “How  Streamflow  is  Measured  |  U.S.  Geological  Survey.”
https://www.usgs.gov/special-topics/water-science-school/science/how-streamflow-
measured (accessed Aug. 17, 2022).

[55] S. Otuagoma, E. Ogujor, and P. Kuale, “DETERMINATION OF HEAD FOR SMALL
HYDROPOWER  DEVELOPMENT:  A  CASE  STUDY  OF  RIVER  ETHIOPE  AT
UMUTU,” Nig. J. Tech., vol. 35, no. 1, p. 190, Dec. 2015, doi: 10.4314/njt.v35i1.26.

[56] J. C. Brock and S. J. Purkis, “The Emerging Role of Lidar Remote Sensing in Coastal
Research and Resource Management,” Journal of Coastal Research, vol. 25, no. 6, pp.
1–5, 2009.

[57] “Recent Advances in Coastal Survey Techniques: From GNSS to LiDAR and Digital
Photogrammetry  -  Examples  on  the  Northern  Coast  of  France  |  IntechOpen,”  2020.
https://www.intechopen.com/chapters/71713 (accessed Dec. 01, 2021).

[58] E. Hidayah, Indarto,  and S. Wahyuni,  “Proposed Method to Determine the Potential
Location  of  Hydropower  Plant:  Application  at  Rawatamtu  Watershed,  East  Java,”
Procedia  Engineering,  vol.  171,  pp.  1495–1504,  2017,  doi:
10.1016/j.proeng.2017.01.480.

[59] A. von Flotow, “Micro Hydro Penstock Design,” p. 25, 2012.

[60] D. Jackson,  The use of altimeters in height measurement.  2009. Accessed: Aug. 18,
2022. [Online]. Available: http://www.hills-database.co.uk/altim.html

[61] “SINGH  2009  Micro  Hydro  Power  Resource  Assessment  Handbook.pdf.”
https://sswm.info/sites/default/files/reference_attachments/SINGH%202009%20Micro
%20Hydro%20Power%20Resource%20Assessment%20Handbook.pdf  (accessed  Aug.
18, 2022).

[62] P.  Maher,  N.  P.  A.  Smith,  and  A.  A.  Williams,  “Pico  hydro  power  for  rural
electrification in developing countries,”  International Journal of Ambient Energy, vol.
19, no. 3, pp. 143–148, Jul. 1998, doi: 10.1080/01430750.1998.9675701.

[63] Natural  Resources  Canada,  Micro-hydropower  systems:  a  buyer’s  guide. Ottawa:
Natural Resources Canada, 2004.

[64] A. Vongsay and X. Bounsou, “Sustainable Management of Small Hydropower for Rural
Electrification in Lao PDR by Economic Blueprint Perspective,” p. 10, 2013.

[65] R.  Wagner  et  al.,  “MEASUREMENT  OF  TURBINE  INFLOW  WITH  A  3D
WINDSCANNER SYSTEM AND A SPINNERLIDAR,” p. 5, 2012.

[66] G.  W. Frey and D.  M. Linke,  “Hydropower  as  a  renewable  and sustainable  energy
resource meeting global energy challenges in a reasonable way,” Energy Policy, vol. 30,
no. 14, pp. 1261–1265, Nov. 2002, doi: 10.1016/S0301-4215(02)00086-1.

54



[67] D.  Suhardiman,  D.  Wichelns,  L.  Lebel,  and  S.  S.  Sellamuttu,  “Benefit  sharing  in
Mekong  Region  hydropower:  Whose  benefits  count?,”  Water  Resources  and  Rural
Development, vol. 4, pp. 3–11, Oct. 2014, doi: 10.1016/j.wrr.2014.10.008.

[68] K. M. Kibler  and D.  D. Tullos,  “Cumulative  biophysical  impact  of  small  and large
hydropower development in Nu River, China,” Water Resources Research, vol. 49, no.
6, pp. 3104–3118, 2013, doi: 10.1002/wrcr.20243.

[69] A.  Erlewein,  “Disappearing  rivers  —  The  limits  of  environmental  assessment  for
hydropower in India,” Environmental Impact Assessment Review, vol. 43, pp. 135–143,
Nov. 2013, doi: 10.1016/j.eiar.2013.07.002.

[70] C. M. Bunt, T. Castro-Santos, and A. Haro, “Performance of Fish Passage Structures at
Upstream Barriers to Migration,”  River Research and Applications, vol. 28, no. 4, pp.
457–478, 2012, doi: 10.1002/rra.1565.

[71] I. Yüksel, “Hydropower for sustainable water and energy development,” Renewable and
Sustainable  Energy  Reviews,  vol.  14,  no.  1,  pp.  462–469,  Jan.  2010,  doi:
10.1016/j.rser.2009.07.025.

[72] I.  Yuksel,  Ö.  Yüksek,  and  G.  Ceribasi,  Hydropower  and  Dams  for  Sustainable
Development. 2010.

[73] G. Pitzer, “The Water-Energy Nexus in the Colorado River Basin,” p. 12, 2009.

[74] F. Pasanisi et al., “A Cooperation Project in Lesotho: Renewable Energy Potential Maps
Embedded in a WebGIS Tool,” Sustainability, vol. 13, no. 18, p. 10132, Sep. 2021, doi:
10.3390/su131810132.

[75] Lesotho Electricity and Water Authority (LEWA), “Electricity Cost of Service Study
Report,”  2018.  https://nul-erc.s3.amazonaws.com/public/documents/reports/cost-of-
service-study-1543817960.pdf (accessed Sep. 21, 2021).

[76] “JRC Publications Repository - Renewable Energies in Africa - Current Knowledge,”
2011.  https://publications.jrc.ec.europa.eu/repository/handle/JRC67752  (accessed  Nov.
16, 2021).

[77] W.  S.  Ebhota,  “Power  Accessibility,  Fossil  Fuel  and  the  Exploitation  of  Small
Hydropower Technology in Sub-Saharan Africa,”  International Journal of Sustainable
Energy  Planning  and  Management,  pp.  13-28  Pages,  Jan.  2019,  doi:
10.5278/IJSEPM.2019.19.3.

[78] J.  Jung,  S.  Jung,  J.  Lee,  M.  Lee,  and H.  S.  Kim,  “Analysis  of  Small  Hydropower
Generation  Potential:  (2)  Future  Prospect  of  the  Potential  under  Climate  Change,”
Energies, vol. 14, no. 11, p. 3001, May 2021, doi: 10.3390/en14113001.

[79] J. I. Razan, R. S. Islam, R. Hasan, S. Hasan, and F. Islam, “A Comprehensive Study of
Micro-Hydropower Plant and Its  Potential  in Bangladesh,”  ISRN Renewable Energy,
vol. 2012, pp. 1–10, Feb. 2012, doi: 10.5402/2012/635396.

[80] E. S. Isagba, O. C. Izinyon, C. N. Emeribe, N. O. Uwadia, and C. U. Ezeh, “Estimation
of stream discharge of ungauged basins using NRCS-CN and remote sensing methods:
A case study of Okhuwan and Okhaihe catchments, Benin City, Edo State, Nigeria,” Int.

55



J.  Water  Res.  Environ.  Eng.,  vol.  13,  no.  3,  pp.  165–183,  Aug.  2021,  doi:
10.5897/IJWREE2021.1014.

[81] S. Jung, Y. Bae, J. Kim, H. Joo, H. S. Kim, and J. Jung, “Analysis of Small Hydropower
Generation Potential: (1) Estimation of the Potential in Ungaged Basins,” Energies, vol.
14, no. 11, Art. no. 11, Jan. 2021, doi: 10.3390/en14112977.

[82] A. N. A. Hamdan, S. Almuktar, and M. Scholz, “Rainfall-Runoff Modeling Using the
HEC-HMS Model for the Al-Adhaim River Catchment, Northern Iraq,” Hydrology, vol.
8, no. 2, p. 58, Mar. 2021, doi: 10.3390/hydrology8020058.

[83] B. G. Tassew, M. A. Belete, and K. Miegel, “Application of HEC-HMS Model for Flow
Simulation in the Lake Tana Basin: The Case of Gilgel Abay Catchment, Upper Blue
Nile  Basin,  Ethiopia,”  Hydrology,  vol.  6,  no.  1,  p.  21,  Mar.  2019,  doi:
10.3390/hydrology6010021.

[84] T. H. Bennett and J. C. Peters, “Continuous Soil Moisture Accounting in the Hydrologic
Engineering  Center  Hydrologic  Modeling  System  (HEC-HMS),”  in  Building
Partnerships,  Minneapolis,  Minnesota,  United  States,  Sep.  2000,  pp.  1–10.  doi:
10.1061/40517(2000)149.

[85] R. Syahputra and I. Soesanti, “Planning of Hybrid Micro-Hydro and Solar Photovoltaic
Systems  for  Rural  Areas  of  Central  Java,  Indonesia,”  Journal  of  Electrical  and
Computer Engineering, vol. 2020, p. e5972342, Jan. 2020, doi: 10.1155/2020/5972342.

[86] G.  Z.  Somano  and G.  Shunki,  “Design  and  Modelling  of  Hybrid  PV-Micro  Hydro
Power Generation Case Study Jimma Zone,” American Journal of Electrical Power and
Energy Systems, vol. 5, no. 6, Art. no. 6, Jan. 2017, doi: 10.11648/j.epes.20160506.15.

[87] Thamae L.Z, “Simulation and optimization of renewable energy hybrid power system
for  Semonkong,  Lesotho.pdf  -  energypedia,”  2018.
https://energypedia.info/wiki/File:Simulation_and_optimization_of_renewable_energy_
hybrid_power_system_for_Semonkong,_Lesotho.pdf (accessed Nov. 18, 2021).

[88] L.  Gaudard and F.  Romerio,  “The future of hydropower in Europe:  Interconnecting
climate, markets and policies,” Environmental Science & Policy, vol. 37, pp. 172–181,
Mar. 2014, doi: 10.1016/j.envsci.2013.09.008.

[89] A. R. de Queiroz, V. A. D. Faria, L. M. M. Lima, and J. W. M. Lima, “Hydropower
revenues under the threat of climate change in Brazil,” Renewable Energy, vol. 133, pp.
873–882, Apr. 2019, doi: 10.1016/j.renene.2018.10.050.

[90] L.  Gaudard  and  F.  Romerio,  “Reprint  of  ‘The  future  of  hydropower  in  Europe:
Interconnecting climate, markets and policies,’”  Environmental Science & Policy, vol.
43, pp. 5–14, Nov. 2014, doi: 10.1016/j.envsci.2014.05.005.

[91] N.  T.  VanRheenen,  R.  N.  Palmer,  and  M.  A.  Hahn,  “Evaluating  Potential  Climate
Change  Impacts  on  Water  Resource  Systems  Operations:  Case  Studies  of  Portland,
Oregon and Central Valley, California,” p. 16.

[92] H.  W.  Whittington  and  S.  W.  Gundry,  “Global  climate  change  and  hydroelectric
resources,”  Engineering Science &amp; Education Journal, vol. 7, no. 1, pp. 29–34,
Feb. 1998, doi: 10.1049/esej:19980107.

56



[93] L. Gaudard  et al.,  “Climate change impacts on hydropower in the Swiss and Italian
Alps,”  Science  of The Total Environment,  vol.  493, pp.  1211–1221, Sep. 2014, doi:
10.1016/j.scitotenv.2013.10.012.

[94] “Find  quality  Manufacturers,  Suppliers,  Exporters,  Importers,  Buyers,  Wholesalers,
Products  and Trade Leads from our  award-winning International  Trade  Site.  Import
&amp; Export on alibaba.com,”  Alibaba. https://www.alibaba.com (accessed Mar. 05,
2022).

[95] “MTP-410-091.pdf.” https://www.leonics.com/product/renewable/inverter/dl/MTP-410-
091.pdf (accessed Apr. 27, 2022).

[96] “Made-in-China.com  -  Manufacturers,  Suppliers  &  Products  in  China.”
https://www.made-in-china.com/ (accessed Apr. 27, 2022).

[97] P. Kosa, T. Kulworawanichpong, R. Srivoramas, A. Chinkulkijniwat, S. Horpibulsuk,
and N. Teaumroong, “The potential micro-hydropower projects in Nakhon Ratchasima
province, Thailand,” Renewable Energy, vol. 36, no. 3, pp. 1133–1137, Mar. 2011, doi:
10.1016/j.renene.2010.09.006.

[98] “What is a Flow Duration Curve? - Renewables First,”  Renewables First - The Hydro
and  Wind  Company.  https://www.renewablesfirst.co.uk/hydropower/hydropower-
learning-centre/what-is-a-flow-duration-curve/ (accessed Apr. 01, 2022).

[99] B. A. Nasir, “Design of Micro-Hydro-Electric Power Station,” in International Journal
of Engineering and Advanced Technology (IJEAT) ISSN: 2249 – 8958, 2013, p. 39.

57


	Acknowledgments
	Abstract
	Table of figures
	List of acronyms
	Chapter 1: Introduction
	1.1 Background
	1.2 Lesotho’s electricity situation
	1.3 Lesotho’s hydro and solar energy potential
	1.4 Other initiatives to exploit the available renewable energy potential
	1.5 Statement of the problem
	1.6 Objectives of the study
	1.7 Research questions
	1.8 Justification
	1.9 Organization of the study

	Chapter 2: Literature review
	2.1 Hydropower theoretical framework
	2.1.1 The Mechanics of hydropower
	2.1.2 Classification of hydropower plants
	2.1.3 Key components of a typical hydropower plant
	2.1.3.1 Reservoir
	2.1.3.2 Penstock
	2.1.3.3 Turbine
	2.1.3.4 Generator and power house

	2.1.4 Key parameters and their measurement
	2.1.4.1 Flow rate measurement
	2.1.4.2 Gross head measurement


	2.2 Hydropower as a renewable and sustainable energy resource
	2.3 Hydropower situation in Lesotho and Sub-Saharan Africa, challenges and prospects
	2.4 Calculation of discharge for estimation of hydropower potential in ungauged catchments
	2.4.1 HEC-HMS as the most common and trusted rainfall run-off/ hydrological model

	2.5 Improving the reliability of hydropower plants
	2.6 Hydropower in the midst of climate change

	Chapter 3: Methodology
	3.1 Methodology adopted
	3.1.1 The study areas
	3.1.1.1 Matsoaing
	3.1.1.2 Mashai
	3.1.1.3 Sehonghong

	3.1.2 Data
	3.1.3 Head/ falling height evaluation
	3.1.4 Estimation of hydropower potential
	3.1.5 Simulation, Optimization and Sensitivity analysis of a possible hybrid system using HOMER software
	3.1.5.1 Defining the primary load



	Chapter 4: Results and discussions
	4.1 Hydrographs, average flow rates and Flow Duration curves
	4.2 The head
	4.3 Maximum Electrical Power
	4.4 Hybridization feasibility through HOMER software
	4.4.1 The primary load
	4.4.2 Simulation results
	4.4.2.1 Matsoaing simulation results
	4.4.2.2 Mashai simulation results
	4.4.2.3 Sehonghong simulation results



	Chapter 5: Conclusions and recommendations
	5.1 Conclusion
	5.2 Recommendations

	References

