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ABSTRACT  

This paper shows the optimized design and performance of a hybrid energy system for the 

following study sites, Mantsonyane and Semonkong in Lesotho. The main objective is to design a 

hybrid system with Low Cost of Energy (LCOE), high Renewable Fraction (RF) and reduced 

carbon emissions from a diesel generator at Semonkong hydro-diesel hybrid system. This study 

employs HOMER Pro simulation software to demonstrate the performance of the Mantsonyane 

and Semonkong hybrid renewable energy systems.   

The proposed Semonkong system design is made up of 360 kW of solar PV array, 100 kW wind 

turbine, 500 kW inverter, 1 MWh battery storage, 180 kW mini hydro and 410 kW diesel generator 

with a Load Following (LF) dispatch strategy. The simulation results indicate the environmentally 

friendly system with a renewable fraction of 97.3% which also reflects the high utilization of 

renewable energy in the system and the remaining small portion is diesel generator. The total 

energy produced is 1,978,099 kWh per year out of which 25.2% is contributed by wind turbines, 

hydro power generation contributed 41.8% while solar PV supplied 31.6% and diesel generator 

injected only 1.42%.   

The LCOE for this system is $0.129/kWh and these results are taken at the solar irradiation of 5.44 

kWh/m2, wind speed of 9.71 m/s, average flow rate of 1,595 L/s and the diesel price of $1.00/L. 

The project would demand an initial capital contribution of roughly $1.25M with a total NPC of 

$2.65M. The proposed Mantsonyane system design comprises of twenty-five wind turbines with 

a total capacity of 7.5 MW, one unit of 1MWh battery storage, 2 MW mini hydro turbine and a 2 

MW converter. The simulation results show that the renewable fraction for the most cost effective 

system configuration is 100% with the LCOE of $0.149/kWh. The results were taken at the solar 

irradiation of 5.44 kWh/m2, wind speed of 9.71 m/s, and average flow rate of 1,731 L/s. This 

project would demand an initial capital contribution of roughly $22.8M with a total NPC of 

$45.2M.     

Sensitivity analysis is used to investigate the impact of variation in wind speed, solar radiation and 

river flow rates at Mantsonyane. The analysis indicates that a high COE is experienced when the 

plant is operating at a very low load with comparatively low O&M costs.  It is also found that good 

river flow rates and high wind speeds result in a more affordable unit price. As for Semonkong 

site, the optimal solution shows a minimal impact from the instability of diesel price, river flow 

rate and solar radiation. The LCOE drops with the increasing wind speed and river flow rates.  
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However, the diesel generator will remain part of the system in order to boost generation during 

dry season from July to September.  
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1 CHAPTER 1: INTRODUCTION  

1.1 Introduction  

  

The continuous depletion of fossil fuels and the effects brought about by the global climate change 

have directed the international research focus towards the development of Renewable Energy 

Sources (RESs). High interest is on the most available RESs like hydro, wind and solar energy. 

On the other hand, wind and solar energy are highly intermittent and unpredictable while hydro 

energy is mostly affected by the changing patterns of rainfall as a result of climate change. In order 

to mitigate against the intermittency of wind and solar resources, multi energy integrated systems 

play a critical role in making use of diverse RESs. Coupling two or more types of energy sources 

leverage complementarity to achieve stable and quality power output [1].  

 Similarly, the main purpose of developing Hybrid Renewable Energy Systems (HRES) is to use 

the strengths and advantages of one source to counterbalance those of the other source, this means 

that the energy sources can complement each other in this manner and at least one of the sources 

would be available for power generation when others are not. For instance, at night when the sun 

is not there, the system can rely on hydro and or wind resource. HRES is simply an electrical 

system that combines at least two different energy sources with at least one of them being a 

renewable energy source. The main purpose of HRES is to meet the load demand from RES, and 

in case of shortage of supply, the conventional sources fill the gap while minimizing the fuel 

consumption [2].  

According to Kartite and Cherkaoui ,  hybrid renewable energy systems can be classified into two 

categories, namely [2]:  

• Grid connected hybrid system; this system is physically connected to the grid and 

operates in parallel with the electrical network.  

• Stand-alone hybrid system; this system is isolated from the grid and operates on island 

mode.  

The hybrid system can further be categorized into three types of systems:  
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• A system with or without a conventional energy source; A hybrid system can have a 

conventional power source such as a gas turbine, a diesel generator or the whole hybrid 

plant connected to the grid.  

• A system with or without storage; A storage device is highly imperative for autonomous 

hybrid systems. The storage feeds the load if there is insufficient RE source to supply the 

load. Rechargeable batteries are a commonly used type of storage.  

• A renewable energy source used; A HRES should consist of a renewable energy source, 

either wind or solar PV or hydro or even a combination of these sources. The choice of the 

source is determined by the available energy potential.   

This study is going to assess the viability of developing a grid and off-grid Hybrid Renewable 

Energy Systems (HRES) for Mantsonyane and Semonkong mini hydropower plants respectively. 

This study will also cover the evaluation of the potential of renewable energy sources available at 

these two areas as well as the possibility of exploiting their related technologies. The study area at 

Mantsonyane is geographically located at S 29° 35ʹ 44ʺ; E 28° 17ʹ 40ʺ, 2215 m above sea level 

while the Semonkong study area is geographically located at S 29° 49ʹ 22ʺ ; E 28° 1ʹ 39ʺ, 2192 m 

above sea level. Mantsonyane power station is a run-off-river mini hydropower plant with a small 

rock fill intake and its generation is mainly driven by the availability of water. It is grid connected 

with 35 m head and a capacity of 2 MW made up of two units, one unit is rated at 1500 kW and 

the other at 500 kW. A horizontal Francis turbine is used for the Mantsonyane plant.   

Semonkong power station is an off grid run-off-river mini hydropower plant with a 180 kW, 

horizontal Francis turbine with a rated head of 18 m, and a 400 kW diesel generator to form a net 

capacity of 580 kW. Due to the absence of enough water storage, the hydro part of the plant does 

not generate enough power especially in dry but cold winter seasons. The load at such times is fed 

entirely from a diesel generator and this becomes too costly and not environmentally friendly. As 

a result of the high diesel cost, the Semonkong generation is currently scheduled to supply load 

from 07:00 to 22:30 in the evening.  
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1.2 Research Problem  
Considering the current situation in the sub-Saharan Africa regarding sustainability of hydropower 

generation, it can be seen that the energy production from hydropower plants is deteriorating at an 

alarming rate [3]. If this condition continues for extended periods without proper mitigation 

strategies in place, the region would be in economic crises. Research has shown that by 2050, 

annual water discharge in the Zambezi basin is likely to drop by 20% and this declining trend in 

discharge is predicted to worsen with time [4].  It is expected to reach about 40% to 50% by the 

end of the 21st century and this would definitely pose a great risk for water resources management 

in the Zambezi basin.   

The current situation in Lesotho is that the country is frequently experiencing severe droughts and 

this results in loss of generation from the Mantsonyane and Semonkong hydropower stations. In 

addition, Lesotho has been experiencing about 1.5% steady increase of capacity deficit since 2013, 

this trend continued in that manner because the national demand increases every year with a fixed 

installed capacity of 74.7 MW [5].  With reference to Figure 1, it can be observed that during the 

dry season the Mantsonyane mini hydro power intake goes completely dry. In addition to this, 

there is a challenge of sedimentation which reduces the capacity of the pond and as a result the 

plant is not generating at all as illustrated in Figure 2. In order to meet the national demand, the 

local generation has to be supplemented by additional power imported from South Africa and 

Mozambique at a significant cost to the country.   
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Figure 1: Mantsonyane hydropower intake - dry season  

  

Figure 2: Mantsonyane generation during dry season  

  

The main focus of this study in relation to the Mantsonyane mini hydro is to maintain or go above 

the intended generation power of 2 MW to be fed to the grid throughout the year with the 

introduction of other renewable energy sources. In addition to the renewable energy sources, the 

battery storage was considered in order to ensure availability of supply during the absence of any 

of the renewable energy sources.  The grid in this case is therefore regarded as the load.  

 

Figure 3: 2017-18 Semonkong energy production from diesel and hydro  

  

It can be observed from Figure 3 that during 2017-18 the energy production was mainly from diesel 

generator. Hydro energy production started to decline from April until it reached zero in June, the 
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hydropower plant remained off until September 2017 and started to generate from October up to 

March 2018. During this period, Semonkong total annual generation time was 5,939.95 hours, of 

which 1,485.45 hours is hydro and 4,454.5 hours is contributed by diesel as depicted in Figure 4, 

this translates to 68 % of the total number of hours in a year. In the same period, the total energy 

produced was 743,203.1 kWh, of which only 139, 051.4 kWh is from hydro and 604, 151.7 kWh 

is from diesel generator. Following from the above, the intention of this study with regard to 

Semonkong is to ensure that the plant production meets the load and operates all the time. The 

following Figure 4 and Figure 5 show the monthly generating hours and monthly energy 

production respectively.   

 

Figure 4: 2017-18 Semonkong generation hours  

  

 

Figure 5: 2018-19 Semonkong energy production from diesel and hydro  
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However, much of the energy production was from diesel generator during 2018-19 and the 

production further declined during this period as illustrated in Figure 5. Hydropower plant only 

produced energy for three months from April 2018. Semonkong relied on diesel generator from 

July 2018 to March 2019. The total energy generated during this period was 682, 018.9 kWh, of 

which 61,969 kWh was from hydro and diesel generator contributed 620, 049.9 kWh. During the 

same period, Semonkong total annual generation time was 5,743.5 hours, of which 1,485.45 hours 

is hydro and 4,454.5 hours is contributed by diesel. This translates to 65 % of the total number of 

hours in a year.  

  

1.3 Purpose of the study  

The purpose of the study is to examine the viability of incorporating solar PV, wind and battery 

storage power systems into the existing unreliable Semonkong hydro-diesel generator and a grid 

connected Mantsonyane hydro system. The study aims at investigating the ways in which the diesel 

consumption and the diesel generator operating hours can be reduced at Semonkong hydro – diesel 

hybrid in order to provide a reliable, cost effective and environmentally friendly energy supply. 

This research aims at investigating the most cost-effective system configurations in terms of the 

minimum LCOE. The study will first assess the potential of wind and solar resources and offer 

recommendations on renewable energy sources that have a potential to generate power at each of 

the study sites. The research will focus on establishing the most cost effective and optimal 

configurations of the HRES for the Mantsonyane grid-connected hydropower system and the 

Semonkong off-grid hydropower-diesel system.   

A proper selection and sizing of components for HRES would be achieved by the use of Hybrid 

Optimization Model for Electric Renewables (HOMER) software to simulate the system for 

optimization and sensitivity analysis. HOMER allows users to input technical and financial 

parameters for simulation of the operations of mini grid designs. More importantly, HOMER is 

capable of optimizing system configuration and offers a list of feasible schemes ranked on the 

bases of Net Present Cost (NPC) and Levelised Cost of Energy (LCOE). It does hundreds of hourly 

simulations with the purpose of making sure that the best combination to match demand and supply 

is identified [6].  
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1.4 Significance of the study  

The existing renewable energy projects in Lesotho are based on stand-alone solar PV, grid tie solar 

PV without storage as well as hydro power plants without integration of other renewable energy 

sources. According to Falchetta et al, in most cases the mix of wind, solar PV and hydro would be 

comparatively less costly than the single renewable energy source plant [7]. In addition to that, the 

renewable energy generation mix normally comes with the advantage of access to clean and 

affordable energy. If other renewable energy sources are included, the environmental pollution 

caused by burning of fossil fuels to produce power at Semonkong would also reduce and that would 

create a clean environment for the community in that area. Equally important is that the operational 

costs incurred by the system operator (Lesotho Electricity Company) will be reduced. It is also 

anticipated that there will be a remarkable increase of energy supplied to the grid if wind and solar 

PV would be integrated into the Mantsonyane mini hydropower station. This will consequently cut 

down the import bulk energy purchases and benefit the system operator as it will realize a saving 

on energy purchasing.  

  

1.5 Research questions  

The following questions will be answered by this study:  

- How viable it is to develop a grid connected Hybrid Renewable Energy System at 

Mantsonyane that is comprising hydro, wind, battery storage and solar resources?   

- How viable it is to develop an off-grid hybrid energy system at Semonkong that is 

comprising of diesel generator, hydro, wind, battery storage and solar resources?   

- What would be the most cost-effective system configurations in terms of the minimum 

LCOE?   

This report is structured into five chapters. Chapter one covers the introduction of the topic while 

chapter two presents a review of the literature on hybrid energy systems. In chapter three, a step 

by step methodology adopted to complete the project is highlighted as well as the characteristics 

and specifications of the number of components for the proposed hybrid systems. The results of 

this study and the discussions are presented in chapter four. Lastly, chapter five provides the 

conclusions and recommendations.  
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2  CHAPTER 2: LITERATURE REVIEW  

It is quite evident that the fossil fuel resources are diminishing at an alarming rate due to high 

energy demand in different sectors. In response to this crisis, alternative energy resources like 

hydro, biomass, wind, solar, and geothermal are being used in most areas around the globe lately. 

While this is the case, since renewable resources like wind and solar are comparatively intermittent, 

their Plant Capacity Factor (PCF) is significantly lower compared to conventional generating 

plants [8]. PCF is defined as the ratio of the plant energy production over a certain period of time 

to the energy that would have been produced if the plant had operated continuously at its rated 

capacity. Therefore the annual PCF is given by equation (1) [9] as:  

  

𝐸𝑛𝑒𝑟𝑔𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 (𝑘𝑊ℎ/𝑦𝑒𝑎𝑟) 

    𝑃𝐶𝐹 (%) =   (1)  

𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑘𝑊ℎ) ∗ 8760 ℎ𝑜𝑢𝑟𝑠/𝑦𝑒𝑎𝑟 

   

Plant capacity factor illustrates the extent of the utilization of the generating plant. This means that 

the plant which operates continuously at its rated capacity has the capacity factor of 100% or unity. 

Research has revealed that a hybrid renewable energy system offers a better option than a single 

source system in terms of reliability, efficiency and cost effectiveness. For this reason, more than 

one energy sources are being used in hybrid renewable energy system as stand-alone or in grid tie 

mode [10]. It is feasible to have different types of hybrid system combinations depending on the 

availability of resources at the study area. Studies have shown that the choice of different 

configurations and combinations of RE sources is determined by the climate characteristics of the 

area of project implementation. This is highlighted in the following examples [2];  

• A combination of a conventional source and wind systems is normally implemented in 

windy areas such as islands. When this type of a hybrid system operates in stand-alone 

mode, a storage is a requirement.  

• A combination of PV-wind-diesel is widely used where there is a high solar potential and 

considerable wind speed.   

• Hybrid systems without conventional energy sources are normally operated in standalone 

mode in remote areas where grid extension or supply of fuel is difficult and costly.   
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• A PV-wind-hydro-storage hybrid system is used where high level of reliability is required, 

and where a continuous supply is required. This combination, compared to other systems 

discussed earlier, has a relatively lower price per kilowatt-hour produced.  

  

   

2.1 Renewable Energy Resources Assessment  

2.1.1 Measuring water discharge and head  

Discharge is defined as the amount of water passing a specific point over a set time period and is 

expressed as cubic meters per second (m³/s). Head is the vertical distance that water drops as a 

result of gravity. Discharge can be measured by different methods such as the area and speed 

method as well as the bucket method. When measuring flow rate in low flow streams, the bucket 

method is preferable. In this method, the time taken to fill a bucket is recorded and the flow rate is 

calculated by dividing the volume of water in the bucket with the time taken to fill the bucket. On 

the other hand, to measure the flow rate for higher flow streams, the area and speed method is used. 

With this method, the cross-sectional area is calculated as the product of width and average depth 

of the river. The discharge is then found by multiplying cross sectional area with water speed flow 

[9]. The discharge can be calculated by Equation (2) as:  

     𝑄 = 𝑉𝑎𝑣𝑔. 𝑆     (2)  

  

      

2.2 Determination of river flow variation  

There are mainly two ways in which the variation in river flow can be expressed, the annual 

hydrograph and the Flow Duration Curve (FDC). The annual hydrograph simply indicates a daily 

variation flow over a calendar year while FDC is more preferred because it can be used for 

calculating the energy available at a selected site. FDC indicates the distribution of flow over a 

certain period, normally a year [11]. With reference to Figure 6, it can be noted that the vertical 

axis represents the flow rate while the horizontal axis gives the percentage of the time in a year 

that the stream flow equals or exceeds the corresponding value on the vertical axis. To give an 

example, a 70% exceedance gives a flow rate of 1m³/s, this says the flow is equaled or exceeded 
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for 70% of the time. In the same way, the FDC can immediately show the flow level that can be 

available for at least 50% of the year and is denoted by (Q50). On the other hand, the minimum 

river flow is taken as the flow that is exceeded for 95% of the year and is taken as (Q95). In line 

with this theory, a heavy flow river is characterized by a flatter FDC and this means that the average 

flow is spread almost evenly over the year and this flow pattern gives a useful flow for a longer 

period [12].  

 

  

2.2.1 Measuring wind speed and direction   

Wind resource assessment is the process of establishing how much energy will be produced from 

a wind power plant over the course of its useful life. Wind resource characteristics include wind 

direction, air density and horizontal wind speed. Air density depends mainly on temperature and 

elevation, it determines the amount of energy available in the wind at a certain speed, and this 

means more electric power can be obtained at a greater air density [14]. The cup anemometer is 

used to measure horizontal wind speed. This instrument consists of three or four cups attached to 

a vertical shaft as depicted in Figure 7, the wind causes the cup assembly to rotate. The internal 

transducer changes the rotational speed into current which is sent to the data logger. The data 

logger translates that electrical signal to a wind speed. However, if the measurements for wind 

  

Figure  6 :  Flow Duration Curve (FDC)  [13]   
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speed were not taken at the reference height, there is a possibility to extrapolate the wind speeds 

to the preferred wind turbine hub height as in equation (3).   

    𝑍𝑟 𝑍 (3)  

   𝑉(𝑧) ln ( ) = 𝑉(𝑍𝑟) ln (  )     

 𝑍𝑜 𝑍𝑜 

 where Zr is the reference height (m), Z is the 

hub height (m) where the wind speed is to be found, Zo is the surface roughness, V(z) is the wind 

speed (m/s) at height z (m) and V(Zr) is the wind speed at the reference height (m/s).   

  

 

                          

2.2.2 Measuring solar radiation  

To determine the availability of solar radiation at any location on earth, there is a number of 

important parameters to be measured. These include global radiation, sunshine hours, diffuse 

radiation, beam radiation, temperature, air mass, humidity, wind speed and visibility. Radiation 

energy at a particular area can be assessed by performing a solar radiation measurement at the site 

or by making use of a solar radiation model [15]. First of all, a Geographical Information System  

  

Figure  7 :  Cup anemome ter   
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(GIS) analysis has to be performed to determine the most promising sites. This exercise excludes 

settlements and areas with steep slopes, the rest of the area is then categorized using maps of the 

long term yearly Direct Normal Irradiance (DNI). Then the yearly and monthly mean DNIs and 

their deviations can be established by using a long term data set of the minimum of 10 years [16].  

 

Figure 8: Pyranometer - solar radiation measuring instrument  

  

While this is the case, the measurement of direct and diffused radiation can be done in two primary 

ways. These values are measured with the use of either ground based instrumentation like 

pyranometers as shown in Figure 8 or remotely using satellites. It is recommended that both 

methods be used together in order to validate data [17]. A pyranometer consists of a thin black 

surface supported inside a polished case. As solar radiation hits this shiny surface, it temperature 

rises and this results in a small electro-motive force (e.m.f) generated and measured by a 

millivoltmeter. In the absence of a properly recorded solar radiation data, it is possible to calculate 

the monthly average solar radiation using equation (4) [15].  

𝑠 

   𝐻 = 𝐻𝑂 (𝑎 + 𝑏 ( ))   (4)  

𝑠𝑜 

  

where H is the monthly average daily solar radiation on a horizontal surface (kW/m2), HO is the 

monthly average daily extraterrestrial solar radiation on a horizontal surface (kW/m2), S is the 

monthly average daily number of clear sunshine hours, and SO is the maximum possible daily hours 

of clear sunshine. Coefficient a and b are regression coefficients.  
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The monthly average extraterrestrial radiation is calculated using equation (5) [18] as:  

 24 ∗ 3600 ∗ 𝐺𝑆𝐶  360𝑛𝑑 ᴨωs 

    𝐻𝑂  𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝛿)  (5)  

  

where nd is the day number starting from the first day of January as 1, GSC is the solar constant 

(1367 W/m2), ϕ is the location latitude, δ is the declination angle in degrees and is given by 

equation (6), and ωs is the sunset hour angle in degrees and is given by equation (7). The maximum 

possible sunshine hours SO is calculated using equation (8) [18].  

284 + 𝑛𝑑 365 

   𝛿 = 23.45𝑠𝑖𝑛 (360 ( ))   (6)  

  𝜔𝑠 = cos−1(−𝑡𝑎𝑛𝜙 𝑡𝑎𝑛𝛿)   (7)   𝑆𝑜 =  cos−1(−𝑡𝑎𝑛𝜙𝑡𝑎𝑛𝛿)    (8)  

  

  

2.3 Systems components and characteristics  
2.3.1 Small Hydro Power System  

Small Hydro Power (SHP) Systems are grouped according to the installed capacity. The systems 

are further categorized into pico whereby most of the institutions classify pico under the system 

with a capacity of 10 kW or less, mini is considered as a system with a capacity more than 100 kW 

but less than 1 MW while small hydro is taken to be any system bigger than 1 MW but smaller 

than 10 MW [19]. A typical small hydropower system is comprising the basic components as 

shown in Figure 9. Usually, a run-of-river system has a small or no storage facility, it mainly 

provides power for the base load with a small flexibility of operation for frequent fluctuations in 

demand by regulating the water flow to the turbines [20]. This is achieved by running water which 

is diverted from a flowing river and guided through a penstock which is attached to the turbines in 

the generator house. The force of the running water spins the turbine and since the turbine is 

mechanically connected to the generator, the turbine drives the generator and the electricity is 

produced.  
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                                     Figure 9: Small Hydropower plant main parts  

  

A hydropower system is normally installed in a location that has adequate stream water throughout 

the year [7]. The electrical power generated by a hydro power generator is given by Equation (9) 

as:   

   𝑃 = 𝜂. 𝜌. 𝑔. ℎ𝑛. 𝑄   (9)  

  

where P = Power in watts (W), η = Overall efficiency of hydro system (0< η <1), ρ = Fluid density 

[kg/m³] (approx. 1000 kg/m³ for water), g = Gravitational acceleration (9.81 m/s²), hn = Net Head 

in (m) and Q = Volume flow rate (m³/s) = Vol/Δt.   

The net head (hn) can be calculated by subtracting the penstock stock losses and valve losses from 

the gross head (hg) as illustrated in equation (10).  

    ℎ𝑛 = ℎ𝑔 − ℎ𝑓  (10)  

where hn
 = Net head (m), hg = Gross head (m), hf = Head loss due to friction (m)  

  

While the total energy delivered (E) in kWh is given by Equation (11) as:   

 𝐸 = 𝑃. 𝑡 (11) where P = Power (kW) and t = Time (hours)  
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With reference to Equation (9), it can be observed that in order to make the flowing water turn the 

turbines, there has to be a head or height from which water flows down to the turbines. The 

kinetic energy of the water will be transformed into mechanical energy by a hydraulic turbine and 

finally be converted to electrical energy by generators [21]. As a matter of fact, the conversion of 

energy from one form to the other results in a loss of energy through the whole system. The 

turbine is not 100% efficient when it converts energy of falling water into motion energy to spin 

the generator. The generator is also not 100% efficient at transforming turbine motion into energy 

and therefore the overall efficiency of the hydropower system in Equation (9) becomes:  

    𝜂 = 𝜂𝑇. 𝜂𝐺  (12)  

where ηT = Efficiency of a turbine (0< η <1) and ηG = Efficiency of a generator (0< η <1).   

  

  

                       Figure 10: Turbine selection chart based on head and flow rate [22]  

  

One of the critical tasks in the operation of the hydropower system is the choice of an optimum 

turbine type. Turbines can be selected to suit the available head and flow conditions at the project 

site and this can be done with the help of Figure 10 [9].  It can be seen from this chart that Kaplan 
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and Francis turbines can be reliably used in low and medium head sites with power needs of more 

than 1 kW. Crossflow turbines can be suitable for head ranges from 2m up to 100m with power 

requirements of 5 kW up to 200 kW, while Pelton turbines can be effectively and specifically 

utilized for high head sites with estimated power of 50 kW and more [22]. As an example, if 180 

kW of electrical power is required for a site with a discharge of 6.5 m³/s with 18 m head then a 

Francis turbine would be chosen as shown in Figure 10. Relative efficiency is one of the key factors 

that indicate how suitable a turbine is for a specific site, different hydraulic turbines have their 

characteristic efficiency over a range of head and discharge as illustrated in Figure 13. It can be 

seen that the efficiency for propeller and Crossflow turbines improves with the increase in head.  

These type of turbines are suitable for sites with variable head [23]  

 

            Figure 11: (a) Impulse turbine – Pelton wheel    (b) Reaction turbine – Francis turbine  

  

Hydraulic turbines have two main types being reaction and impulse turbines as illustrated in Figure 

11.   

A. Impulse Turbines: With reference to Figure 11 it can be seen that impulse turbines have a 

wheel with cups around it. As pressurized water from the penstock is converted to high 

speed water jets, it hits the turbine cups to cause rotation as illustrated in Figure 11 (a). 

Pelton wheel, Turgor wheel and gross flow turbines are examples of impulse turbines. They 

are designed to operate with medium or high head above 10m.  

B. Reaction Turbines: Reaction turbines are designed to function under pressure, this turbine 

has a stator in the form of spiral casings or guide vanes. As the water passes through the 
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guide vanes, it is forced to twist and the angular momentum of the water forces the wheel 

to rotate as illustrated in Figure 11 (b). Examples of reaction turbines are Kaplan and 

Francis, they are normally used for low head less than 10m, however they can also perform 

well in the low head less than 5m [24].  

  

Hydraulic turbines are also selected based on specific speed of a turbine. Specific speed relates the 

power output of the turbine to its rotational speed and the net head. This is the speed at which an 

ideal pump similar to the actual pump would develop a one kilowatt power under one meter head 

as given in equation (13) [25].  

𝑁𝑃 0.5 

    𝑁𝑠 = 5  (13)  

𝐻(4) 

where N = turbine speed (rev/min), P = shaft power (kW) and H = net head (m)   

In addition to this, different types of hydraulic turbines have different efficiencies in relation to 

discharge, this is illustrated in Figure 12. The relationship between discharge and efficiency is 

given by equation (14).   

   𝑄  0.5 

   𝜂 = 𝜂𝑅 (  )   (14)  

𝑄𝑅 

  

where η is instantaneous efficiency of a turbine, ηR is the turbine rated efficiency, Q is the 

instantaneous discharge (m³/s), QR is the turbine rated discharge (m³/s). It can be seen that the 

reduction in stream discharge (Q) caused the efficiency (η) to reduce disproportionately.   

  

With reference to Figure 12, it can be observed that the performance of the propeller turbines is 

more susceptible to flow fluctuations than Francis, Pelton, Kaplan and crossflow turbines. Pelton 

turbine is the most efficient turbine with the optimum efficiency of about 90% [26].This turbine 

can even maintain an optimum efficiency for a wider range of discharge values. Crossflow turbine 
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efficiency is comparatively lower at around 80% and it can sustain optimum efficiency for a 

variable span of discharge values.  

 

Figure 12: Typical efficiency curves for different types of hydropower turbines [22]  
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Figure 13: Efficiency variation over head range for different types of  hydropower turbines [25]  

2.3.2 Solar PV System    

A number of individual solar photovoltaic (PV) cells are combined to form a module or panel as 

shown in Figure 14 (a) and (b). When these cells are connected in series they form a module with 

a voltage equivalent to the sum of the voltage of individual cells. A number of PV modules can 

further be connected in series to form a string, and the strings connected in parallel form an array 

as shown in Figure 15. This means the voltage output of a string is the sum of the voltages of the 

individual modules while the terminal current remains the same. This is illustrated in Figure 16. 

On the other hand, modules can be connected in parallel to increase the current output without 

altering the terminal voltage as depicted in Figure 17. Strings can be connected in parallel to 

increase the current without increasing the terminal voltage. This combination is shown in Figure 

18.  

     

                Figure 14 (a): A solar cell                             (b): A solar module  

  

 
Figure 15: PV module construction  
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Figure 16: Modules connected in series to form a string  

 

 
Figure 18: Strings connected in parallel  

  

  

  

    
Figure  17 :  Modules connected in parallel   
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Photovoltaic cells transform the sunlight directly into electricity. The current produced is 

determined by the solar radiation intensity that falls on the surface of the cell, while the rise in cell 

temperature tends to reduce the generated voltage. The Direct Current (DC) produced multiplied 

by generated voltage equals power, and the power produced by the solar PV panel is calculated 

using Equation (15) as:   

 ƞ𝑝𝑣 𝐺𝑇 

   𝑃𝑝𝑣 = .. 𝑃𝑆𝑇𝐶  (15)  

ƞ𝑆𝑇𝐶 𝐺𝑆𝑇𝐶 

where Ppv is the PV generator power output in watts (w), ƞpv is the PV efficiency, ƞSTC is the PV 

efficiency at Standard Test Condition (STC), GT is the solar irradiance incident on the plane of the 

PV array/module in W/m2, GSTC is the incident irradiance at STC in W/m2, PSTC is the rated power 

output of the PV array/module measured at STC.  

The operation of a solar cell/module can be expressed graphically with a current (I) voltage (V) 

(IV) characteristics curve. This summarizes the relationship between voltage and current at certain 

conditions of temperature and irradiance. The I-V characteristics curve gives the information 

required in configuration of a solar system so that it can operate as close as possible to its optimal 

Maximum Power Point (MPP) [27].  

  

           Figure 19: Solar cell I-V Characteristic Curve [28]  
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The I-V characteristics curve shown in Figure 19 is produced by multiplying a range of voltages 

from short circuit to open circuit points for a specific radiation level. It can be observed that the 

range of the curve runs from short circuit current (Isc) at output voltage of zero volts, to zero current 

at open circuit voltage (VOC). It can be noted that no power is generated at the two extreme points, 

the power is generated between the two points and the maximum power is being generated at the 

point somewhere in between, this point is called MPP and is shown at the top right corner of the 

green rectangle in Figure 19.  

2.3.3 Wind Power System   

The wind turbines are classified in two main types, the horizontal axis machines and vertical axis 

machines as depicted in  Figure 20. This classification is determined by their axis of rotation. The 

horizontal axis wind turbines have their axis of rotation parallel to the ground and wind flow. In a 

number of cases, horizontal axis wind turbines are used for commercial purposes because they 

have relatively high efficiency and they have an advantage of low cut-in speed [29]. The axis of 

rotation of vertical wind turbine is vertical, this feature allows the turbine to receive wind from all 

the direction. The change in wind direction does not require the steering mechanism to rotate the 

rotor to face the wind. For this type, the gear box and the generator can be installed on the ground. 

This makes the maintenance to be easier as compared to the horizontal axis machines that have the 

gear box and the generator mounted in nacelle at the top of the tower [30].   

  

 Figure 20 (a): Horizontal axis wind turbine         (b): Vertical axis wind turbine  
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The Wind Turbine Generator (WTG) is designed to produce maximum power at a wide range of 

wind speeds. It transforms wind energy into electricity using the aerodynamic force from the rotor 

blades. As the wind particles flow across the blade, there is air pressure difference between the two 

sides of the blade. A strong lifting force is created on one side and that causes the rotor to turn, the 

rotor is connected to the generator and as it rotates it generates electricity. However, the choice of 

the WTG should be compatible to the project site as the location plays a crucial role in the 

performance and efficiency of a WTG. The electrical power produced by a wind turbine is given 

by Equation (16) [31].  

   𝑃 = 𝐶𝑝.0.5.ρ.A.v3  (16)  

where P = power extracted from the wind (W), CP = power coefficient, ρ = air density, A = swept 

area (m2) and v = wind speed at rotor (m/s)   

  

An additional aspect to be considered is the power curve of the wind turbine. The magnitude of the 

electric power produced by a wind turbine at different wind speeds can be illustrated by the power 

curve. Typical wind turbine power curve is shown in Figure 21. The turbine starts to rotate and 

generates power when the wind speed sweeping across the blades reaches the cut-in speed which 

is normally 3.5 m/s. The generated power increases with the increasing wind speed until the point 

whereby the wind velocity reaches the rated speed of 14m/s and at this point the wind turbine 

produces its rated power irrespective of the increase in wind velocity [32].   
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                           Figure 21: Wind Turbine Power Output Curve [32]  

  

However, if the wind turbine remains operational even beyond its rated wind speed, its efficiency 

(power coefficient Cp) drops. In simpler terms, the rotor power coefficient can be defined as the 

ratio of power output to the theoretical power provided by the wind. The power coefficient can be 

expressed by Equation (17) as:  

 2𝑃𝑇  

 (17)  

   𝐶𝑃 = 𝜌𝑎𝐴𝑇𝑉3 

Where 𝐶𝑃 is the power coefficient, 𝑃𝑇 is the turbine power output, 𝜌𝑎 is the air density, 𝐴𝑇 is the 

rotor cross sectional area swept by the wind, V is the wind velocity.   

The manufacturers refer to a wind turbine power curve to give a guarantee to the buyer that the 

wind turbine generator can produce a specific amount of power at a specific wind speed. Therefore, 

each location or site is suitable for a certain wind turbine depending on the wind conditions at that 

site.  

2.3.4 Weibull Parameters and Speed Frequency Distribution  

The speed frequency distribution can be used to estimate the power output of a wind turbine 

generator, the potential total energy production on the site, most frequent wind velocity and 

velocity contributing to maximum energy. It also shows the number of times the wind speed at a 

study site falls within a certain range or bins. In most cases the range is set at 1 m/s wide with the 

span from 0 to about 25 m/s and represented as a histogram. The site wind speed frequency 

distribution is represented by a mathematical function called Weibull distribution or Probability 

Density Function (PDF) [14]. The Weibull PDF is given by equation (18) as:  

   𝑓(𝑉) = 𝑘  (𝑉)𝑘−1 exp − (𝑉)𝑘  (18)  

 𝑐 𝑐 𝑐 

  

where k is the dimensionless shape parameter, c is the scale parameter in m/s, V is the wind 

velocity.   
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Shape parameter indicates the width of the distribution and how the distribution peaked, it shows 

if the speeds are most of the time close to a certain value. The k values fall between 1 and 3.5, it 

reflects how windy the site is on average. As the value of k increases from 1 to higher values, the 

FDC becomes narrower and that indicates a steadier, less variable wind as illustrated in Figure 22 

[33].  

2.3.5 Annual Energy Production (AEP) of a wind turbine  

The AEP of a wind turbine refers to the overall energy production in kWh or MWh over a period 

of one year. To get this value, a wind turbine power curve is used. With reference to Figure 23 (a), 

all the powers for each wind speed are added together [34]. As an example, a wind turbine produces 

1 MW at a wind speed of 8.5 m/s, while a wind speed of 9.5 m/s produces a power of 1.5 MW and 

2 MW is achieved at the speed around 11 m/s. Therefore, the total production is 4.5 MW, but since 

the wind speed is distributed over a year as shown in Figure 23 (b), the annual production can be 

precisely estimated using a PDF [35]. For instance, the wind speed of 8.5 m/s takes place 5.5% of 

the time in a year and produces the power of 1 MW. This means the energy production at this 

particular speed is 1 MW multiplied by 5.5% of number of hours in a year (8760) which gives 

481.8 MWh/year.  

 
Figure 22: Weibull probability density curves for a range of values of k [33]  
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A wind turbine generator consists of rotor blades, rotor hub, gearbox, generator and tower as 

depicted in Figure 24 [36]. The main function of the rotor is to transform wind energy into 

mechanical energy through the shaft to the gearbox and finally to the generator. The nacelle is the 

wind turbine housing which protects the turbine components from atmospheric weather conditions 

and suppresses noise from transmitted mechanical sound. A horizontal axis wind turbine has a yaw 

system that turns the nacelle clockwise or anticlockwise to the actual wind direction using a yaw 

motor and yaw drive. Yaw drive rotates the nacelle to keep the rotor facing the direction from 

which wind is blowing.   

Wind turbines should be completely stopped using brakes during the periods of extremely high 

winds for safety. The gearbox is a component that increases/decreases the rotational speed, 

therefore in wind turbines it is used to control the generator speed. The generator transforms the 

mechanical energy to electrical energy. The main function of the tower of a horizontal axis wind 

turbine is to allow wind energy utilization at sufficient heights above the ground. Some towers are 

made of steel, some with concrete. The anemometer is a sensor that measures the speed while the 

wind vane is a sensor that detects the wind direction.   

    
Figure  23 :  (a) Wind turbine Power curve            ( b) Probability Density Function (PDF )   
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Figure 24: Wind Turbine Generator Components [36]  

  

2.4 Optimization of Hybrid Renewable Energy Systems   
This subsection presents a discussion of the relevant literature regarding the implementation and 

optimization of off grid and grid connected HRES. Another essential point is to review previous 

literature on success factors and challenges faced by countries which implemented similar HRES. 

It is important to identify factors that affect a smooth and successful implementation of HRES 

because the knowledge acquired will help other developers to engage proper strategies for 

implementation of sustainable systems.  

A study on HRES was performed in Benin Republic, driven by a relatively low electrification rate 

of 30.4% [37]. The electrification rate in rural areas was estimated at 6.9% and 54.5% for urban 

areas. The main reason for poor grid extension was found to be the high investment required to 

extend grid to rural areas as well as the low profit margins for the utilities. Similar to Lesotho, 

Benin Republic had been relying mostly on imports from neighboring countries like Nigeria, Togo 

and Ghana. The imported power was ranging between 75% and 95% of the local demand [37]. It 

can be seen from Figure 25 that the imports gradually increased throughout the years with a very 

small improvement in local production.   
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Figure 25: Benin's electricity supply (2005–2015): national production vs. import [37]  

  

In an effort to address the shortage of local production, Benin Republic exploited the untapped RE 

resources which could improve the demand supply gap and increase the local electricity generation. 

The most feasible and environmentally friendly configuration was found to be solar PV-diesel 

generator-battery, this combination was far more economical than extending the grid. This system 

produced less emissions at only 3% due to high RE penetration of 96.7% [37]. To a certain extend 

the new system improved the health of the community with regard to possible respiratory problems 

that would probably affect the local population in a long run. In addition to that, the local 

community gained access to clean and affordable energy.  Figure 26 shows a similar trend to that 

of Benin Republic whereby the imported energy for Lesotho is increasing gradually every year 

while the local generation is almost constant. Currently Lesotho’s local generation capacity is 72 

MW from Muela hydropower station, the additional power to meet the local demand is imported 

from South Africa and Mozambique. In addition to this, most of the rural areas have no access to 

electricity due to the mountainous nature of the country which makes the extension of the grid to 

be extremely difficult and economically not viable [38].   

A similar study on simulation and optimization of renewable energy hybrid power system was 

conducted at Semonkong. It was found that during the dry winter months of June to September, 

the hydro system is not generating due to lack of water. During this period, only wind and diesel 

is available for generation. According to this study, the most cost-effective solution for Semonkong 

was a combination of hydro-wind-diesel-battery with the LCOE of $0.23/kWh [39].   A similar 
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study on a grid connected hybrid wind-solar PV-battery was conducted in Navasha Kenya, this 

part of Kenya experienced frequent power cuts and the introduction of the RE hybrid system 

improved the reliability of supply to the local community [40]. According to Binayak et al, hybrid 

renewable energy systems are the most cost-effective intervention where the extension of national 

grid is expensive, remote rural communities benefit a lot on HRES. A hybrid system comprising 

of 20 kW hydro, 5 kW solar PV, and 3 kW wind was implemented in remote rural areas of Thingan 

and Kolkhop, Makawanpur District, Nepal. This hybridization brought about a remarkable 

improvement in the reliability of supply and the ability to meet the demand for these villages [41].   

  

  

  

Figure 26: Lesotho Electrical Energy purchases and sales [5]  

  

Most of the studies have investigated the optimization and design of off grid hybrid renewable 

energy system focusing on technical and economic analysis using HOMER software [42]. In the 

same way, some studies have been conducted to assess the feasibility of HRES. For instance, Aziz 

et al, carried out a techno-economic feasibility analysis of wind hydro and solar hybrid system and 

concluded that a combination of two or more renewable energy sources is cost effective especially 

for areas that experience significant weather variations seasonally [43]. This study did not take into 

consideration the incorporation of battery storage and analyses the optimal performance of a RE 

system with a backup battery storage.    

In another study, Aziz used HOMER to establish the optimal off grid hybrid system configuration 

to supply electricity to a desert safari camp. It was discovered that the combination of PV-
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WindBattery was the best for the study area, when comparing a standalone diesel system NPC with 

HRES is 1% more. The LCOE for the proposed hybrid system $0.18/kWh  [44]. Lemsomboon et 

al carried out a feasibility study of HRES that is comprising hydropower, wind technology and PV 

system for a school located in the remote rural area in Thailand [45]. The outcome of his study 

revealed that the off-grid hybrid system was a preferred option for rural areas where grid extension 

is not economically and technically feasible.    

A study conducted by Khan et al in South China on performance of the hybrid energy sources 

combining RESs and conventional sources revealed that the hydro-PV-battery-diesel configuration 

was the most economical HRES with acceptable amount of carbon emissions, while hydro-diesel 

system was found to be the second best combination [24]. A similar study to investigate the 

performance of PV – mini hydro – batteries – wind and a diesel generator hybrid system in 

Bangladesh was undertaken  [46]. The results indicated that this combination compared to others 

were the best hybrid for the study area. Moreover, Abdulla et al. conducted an economic feasibility 

study on a grid connected renewable hybrid system and found that hybrid systems incorporating 

wind technology become feasible at a wind speed of 5.5 m/s or more [12].   

Based on the above studies, it is quite clear that the hybrid renewable energy systems are becoming 

more attractive and popular to most of the researchers as an efficient and alternative approach to 

address the problem of energy access for rural communities. Although hybrid renewable energy 

systems come at a higher capital cost, they have an advantage of relatively low operating costs.  

However, the study conducted by Andreas Coester et al in Germany investigated the impact of 

large scale battery storage on the security of supply for a grid tie system. Their study revealed that 

battery storage is necessary for stabilizing the grid and maintaining the continuity of supply, but 

due to the high cost of batteries the plant would not be profitable unless subsidized [47]. It is 

obvious from the literature review that most of the researchers have carried out their studies on the 

similar configurations as considered in this study.   

This study investigates the potential of renewable energy resources in the Semonkong area with an 

isolated mini-grid and the Mantsonyane area connected to the national grid. The focus will be on 

the addition of solar PV and wind to the existing mini hydropower stations.  This is an important 

implementation because the wind and solar combination is the most promising power generating 

hybrid due to their complementary nature advantage. It has been discovered that wind speeds are 
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normally low in periods when the solar resource is at its peak. In the same way, higher wind speeds 

are experienced in seasons when solar resources are less [48].  While this is the case, these 

renewable energy sources are highly unpredictable since they entirely depend on climatic 

conditions. For this reason the reliability of wind and solar hybrid systems can be improved by 

integrating other sources like battery storage and diesel generator [29].  

Reliability of power plants is basically related to how often a plant is operating at its rated power. 

If a plant operates continuously without interruption then its capacity factor becomes 100% [49]. 

Even though a diesel generator produces some emissions, in order for a standalone renewable 

energy system to be more reliable, it is recommended that a diesel generator be included to the 

system. It has been shown that adding battery storage is more cost effective than having a diesel 

generator as a backup supply of a HRES. Therefore a PV solar-wind-diesel-battery combination is 

preferred for standalone system as it is capable of ensuring continuity of supply [50]. On the other 

hand, the addition of battery storage reduces the hours of operating a diesel generator and that 

brings down the carbon emissions. Another essential point is that with this combination the PCF 

improves due to the improved system availability.  

The two study areas are located in the remote rural parts of Lesotho, therefore the social, 

environmental and economic impact of developing such projects on the lifestyle of the community 

has been taken into consideration in this study. This dimension of analysis is missing in the 

reviewed literature, but for this study, this type of analysis would be of great significance for the 

Lesotho policymakers to make an informed decision when it comes to electrification of the similar 

communities with the same meteorological conditions. It is also important to note that the majority 

of studies in this field have been conducted on the performance of hybrid systems to establish 

optimal design with consideration of technical and economic analysis. Despite this, in other studies 

the analysis was done based on a projected period of certain number of years using the single year 

data in carrying out the simulation. With this method, the results obtained are extrapolated over 

the estimated projects lifetime, and this means the performance of the system for all the years is 

identical to the base year. As a matter of fact, some of the crucial events that may change over the 

lifetime of the project would have been ignored in this type of approach.  

In consideration of the covered literature review, this paper intends to bridge a research gap and 

provide an optimal design for an off-grid PV – hydro – diesel – wind – battery hybrid system for 
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Semonkong Lesotho as well as a grid connected PV – hydro – wind hybrid system for Mantsonyane 

Lesotho. The multi-year data were used to perform simulation for individual years throughout the 

lifetime of the project. In that manner, most of the critical events like PV deterioration, fuel price 

variation, and load growth can be accurately modeled and this would not be possible for single 

year model.   
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3 CHAPTER 3: RESEARCH METHODOLOGY  

This chapter discusses the research methodology that will be followed to design and simulate the 

HRES for grid connected Mantsonyane mini hydropower station and Semonkong off grid mini 

hydropower station.  As illustrated in Figure 27, different technology options will be chosen for 

Mantsonyane and Semonkong. A hydro-diesel hybrid system at Semonkong will be modelled to 

incorporate wind and solar PV technologies and a battery storage. These renewable energy 

technologies would be arranged in such a manner that there would be a high enough Renewable 

Fraction (RF) in order to ensure good environmental quality and reduction of emissions from 

burning of fossil fuels. While a grid connected Mantsonyane hydropower system will be 

hybridized with, wind, solar PV and battery storage.   

 

  

  
Figure  27 :  Proposed system configuration   
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Figure 28: Methodology block diagram  

  

With reference to Figure 28, the definition of primary load for Semonkong and Mantsonyane will 

be done for the purposes of constructing the load curve for this study. A 30-minutes time step data  
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(kW) for both study areas will be downloaded from the utility’s credit energy meter, the resolution 

of this data would be converted into energy consumed (kWh) and the resolution will be changed 

to 60-minutes time step (hourly data). The Semonkong load profiles will be downloaded from the 

utility’s installed energy meters, as for Mantsonyane mini hydropower station the load demand 

will be fixed at 2 MW since the objective function is to generate at least 2 MW at any point in 

time. The existing hydro power plant at Mantsonyane generates only when there is enough water 

available for generation. If the water levels are too low the system is scheduled to generate between 

06:00 and 10:00 then restart at 18:00 and stop at 21:00. During a rainy season when there is  

abundant water, the plant generates 24 hours.                                                                                                             

The following step will be the description of the properties of resources. The solar specific yield 

(kWh/kWp /year), the wind yield potential (W/m2) and the river flow rates for Semonkong and 

Mantsonyane will be established. The next step will be the selection of suitable equipment for 

Mantsonyane and Semonkong proposed systems, the type of storage, the converter type and size, 

a suitable type and size of a turbine, generator, wind turbine and solar panels. The next step will 

be characterization of each component of the system, this includes the investment costs, fuel and 

efficiency curves, wind turbine generator power curves and CO2 emissions. This step will be 

followed by a selection of appropriate demand response program. Selection of economic inputs 

such as project lifetime and inflation rate will be done. These data will then be fed into HOMER 

simulation tool to perform simulation and to provide all the possible system configurations. This study 

will consider the optimal configuration in terms of minimum Levelized Cost of Electricity (LCOE), 

highest renewable fraction and reliability. Sensitivity analysis will also be conducted to evaluate the 

impact of variation in some techno-economic factors on system performance.  

This study is going to follow quantitative approach to provide a clear explanation of problems to 

be addressed. In quantitative research method, objective theories are being tested by examining the 

relationship among variables. Finally these variables can be measured normally by instruments 

and then analyzed using statistical procedures [51]. Quantitative method is suitable as the study 

made use of the instrument measured data to establish if there is a potential to generate electricity 

using wind, solar and hydro, and to compute the optimal capacity of the system. For this research 

to achieve the objectives, solar irradiation was acquired from NASA. The flow rates data of 

Mantsonyane River and Maletsunyane River (Semonkong) covering a minimum of ten (10) years 
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has been acquired from the Department of Water Affairs (DWA) while the wind speed for both 

sides were acquired from Lesotho Meteorological Services (LMS). To measure reliability, 

reference to previous studies conducted by consultants is done. Reliability is defined as the degree 

to which the data collection tools used yield consistent findings similar to the conclusions made 

by other researchers who implemented similar methods. In the same way, validity is explained as 

the degree to which the research tools are accurate in measuring what it is intended to measure[52].   

3.1 Define the Primary load  

The Semonkong load, with the  average energy consumption to be met by the proposed system is 

given as 2,850.33 kWh/d with a peak load of 208.04 kW as illustrated in Figure 39 (a) and the 

average load of 123.25 kW as shown in Figure 29. It can be seen that the morning peak demand is 

reached at 6:00 as a result of residents waking up to resume normal activities of turning on the 

lights and other appliances in preparation to go to their respective work places. The evening peak 

is attained at around 20:00 due to the fact that most of the people are at home making use of 

electrical appliances.  

 

  

The Mantsonyane 2 MW hydropower system is connected to the grid and it is intended to deliver 

2 MW or more to the grid. Since Mantsonyane mini hydropower feeds to the grid, it is not 

necessary to define the load therefore the grid is regarded as the load to be served with at least 48 

MWh/day at a peak of 2 MW as shown in Figure 30. Due to variability of hydro resource as a 

result of frequent severe draughts, the plant is unable to deliver this amount of energy per day. The 

  

Figure  29 :  Semonkong daily load profile   
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objective function of the this part of the study is to ensure that the hydro resource is supplimented 

by other sources of energy to achieve a production of at least 2 MW, all transferred to the grid.   

 

Figure 30: Mantsonyane’s simulated minimum daily load profile  

3.2 Undertake Resource Assessment and describe their properties  

The following primary renewable energy sources have been considered; hydro, wind and solar. 

Solar radiation and wind speed for the two study sites were automatically generated with HOMER 

by inserting the following coordinates for Mantsonyane and Semokong, S 29° 35ʹ 44ʺ; E 28° 17ʹ  

40ʺ  and S 29° 49ʹ 22ʺ ; E 28° 1ʹ 39ʺ  respectively, and HOMER retrieves the data from National 

Aeronautics and Space Administration (NASA). The river flow rates data for Mantsonyane and 

Maletsunyane rivers were obtained from the Lesotho Department of Water Affairs (LDWA).   

3.2.1 Solar Resource  

The magnitude of PV power generation is primarily influenced by solar radiation and ambient 

temperature.  Figure 31 present the daily radiation and clearness index for Semonkong and 

Mantsonyane respectively. The two sides show a similar radiation pattern due to the fact that they 

are not far apart on the solar radiation map. The annual average solar radiation received in 

Mantsonyane and Semonkong per day is about 5.44 kWh/m2/day with a maximum solar radiation 

of 7.02 kWh/m2/day. The monthly clearness index varied between 0.571 in February and 0.702 in 

July with an annual average of 0.626. Clearness index shows the level of the presence of solar 

radiation on the surface of the earth as well as variations in atmospheric and weather condition at 

a site. Clearness index can also be explained as the portion of solar radiation at the top of the 

atmosphere  that falls on a particular point on earth [53]. Considering the range of values of the 
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clearness index, the Mantsonyane and Semonkong weather conditions can be classified as partly 

overcast. It can be noted that the two areas experience a reasonable amount of solar radiation and 

this confirms that usage of PV system can be given a favorable consideration. The two study sites 

similarly show higher levels of solar radiation from August to April and lower levels from May to 

July.   

 

Figure 31: Semonkong and Mantsonyane’s daily radiation and clearness index  

3.2.2 Hydro Resource  

It is highly critical to select a site that has abundant stream water throughout the year in order to 

have a reliable water supply to the hydropower systems. Meltwater from snow, rainfall water 

sources and small rivers upstream contribute to the reliability of water supplies to the project site 

[13]. The average monthly stream flows for Mantsonyane River were computed from the year 2000 

to 2015 as depicted in Figure 32. Due to huge data gaps identified in 2006, 2007, 2010 and 2011, 

these years were not included in the assessment process. It can be seen that the average stream 

flows are comparatively lower in winter months (April to July).  

  

  

Global Horizontal Radiation   
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Figure 32: Average monthly streamflow for Mantsonyane River   

  

Figure 33: Average monthly streamflow for Maletsunyane River  

  

In addition, the average monthly stream flows for Maletsunyane River were calculated from the 

year 2000 to 2015. It can be seen that winter experienced low rainfall as it is indicated by low 

stream discharge during this season. The year 2004 is the outlier with a comparatively high 

discharge from March up to September and this suggest that there was abundant rain in that year.    

Figure 34 and Figure 35 illustrate the monthly average stream flow for Maletsunyane and 

Mantsonyane rivers respectively. The collected data for Maletsunyane River show that the monthly 

average stream flow varies between 227.184 L/s and 2,917.17 L/s with an annual average flow rate 

of 1,674.93 L/s. The Mantsonyane River monthly average flow rate varies between 239 L/s to 

3,974 L/s with annual flow rate of 1,731.25 L/s. Since both Semonkong and Mantsonyane 

hydropower plants are designed based on average flow during the year, then it would be 

uneconomical to keep them online once the flow falls below the design flow rate. In order to 

mitigate that problem, the flow constraints were considered and defined in Figure 49 and Figure  

51.   
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Figure 34: Monthly Average streamflow for Maletsunyane River (15 years)  

 

Figure 35: Monthly Average streamflow for Mantsonyane River (12 years)  

  

3.2.2.1 Flow Duration Curve (FDC)  

The combination of Maletsunyane River FDC and power curve is illustrated in Figure 36. The 

power curve shows power output of the installed generator at Semonkong mini hydropower station. 

The Semonkong system rated discharge is 1.2 m3/s with the rated head of 18 m, equation (9) with 

the overall efficiency of 90% was used to calculate power generated and to plot the power curve 

points at different flow rates. It can be observed that the power output increases sharply from Q100 

to Q75 flow rate. As the stream flow increases beyond the rated flow of 1.2 m3/s at Q75 the power 
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output does not increase anymore, it remains at a rated power of 180 kW. This behavior explains 

that the rated flow is equaled or exceeded for 75% of the time, in other words the system should 

be able to operate at its rated capacity for 75% of the time.   

  

  

  

  

  

  

  

  

 

Figure 36: Maletsunyane River FDC and Power curve  

  

The combination of Mantsonyane River FDC and power curve is illustrated in Figure 37, the power 

curve shows power output of the installed generator at Mantsonyane mini hydropower station. This 

system is designed to produce the rated power of 2 MW at a rated discharge of 6.5 m3/s with the 

rated head of 35.5 m. With reference to Figure 37 it is seen that the unit never attains its rated 

power due to the fact that the maximum stream flow is slightly less than the rated discharge of the 
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turbine. The maximum power produced is 1,176.38 kW at Q8.33. This means that this plant is able 

to produce 1,176.38 kW for only 8.33% of 8,760 hours which gives about 730 hours in a year.   

 

Figure 37: Mantsonyane River FDC and Power curve   

  

3.2.3 Wind Resource  

The monthly wind speed of Semonkong and Mantsonyane is illustrated in Figure 38 . It can be 

seen that the wind speed varies from month to month. The wind speeds at these two sides were 

taken at anemometer height of 10m and was extrapolated to the turbine hub height of 38 m using 

equation (3).  The extrapolated wind speed was fed into HOMER for simulation. The annual 

average wind speed at Semonkong and Mantsonyane is 9.71 m/s. Due to the nature of low wind 

speed at these sites, wind turbine generators with a low cut-in speed of 3.0 m/s were selected. The 

effects of varying wind speed on the performance of the turbine was investigated by performing a 

sensitivity analysis on a range of wind speeds. The wind speed was varied in the following manner 

6 m/s, 9.71 m/s and 12 m/s  
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Figure 38: Average wind speed at Semonkong and Mantsonyane   

3.2.4 Diesel Fuel  

The diesel fuel local price used in this study is $1 per litre. The effects of diesel price on the optimal 

performance of a hydro-wind-PV-Diesel generator-battery hybrid system and electricity cost were 

investigated by varying diesel price in the following manner $0.5/L, $ 1.0/L and $1.5/L. The 

highest price of $ 1.5/L may cater for transportation of diesel from Maseru to Semonkong. It should 

be noted that about 600 L of diesel are used every day in winter and about 400 L/day in summer 

season, this is according to the plant operators at Semonkong mini hydropower plant.  

  

3.3 Hybrid system components and Specifications  

In this study, the following major components are considered for Semonkong hybrid system:  PV 

module, batteries, inverter, wind turbine generator, mini hydro turbine, and diesel generator as 

shown in Figure 39 (a). The following are considered for Mantsonyane hybrid system: PV module, 

inverter, wind turbine generator, and mini hydro turbine and battery storage as illustrated in Figure 

39 (b).  

  



51 | P a g e  

  

 

Figure 39: (a) Semonkong Hybrid system modelling ( b):Mantsonyane Hybrid system modelling  

  

3.3.1 Selection of suitable equipment for Semonkong and Mantsonyane  

For each component in the proposed hybrid system of Semonkong and Mantsonyane, different 

input parameters such as size, lifetime and costs are specified in details. Table 1 illustrates the 

technical specifications of all the major system components.   

3.3.1.1 Solar PV module  

The cell module number CS6U-330P poly-crystalline Canadian solar PV module with 72 (6x12) 

Poly-crystalline cells with a rated power of 330 Wp is used. The solar farm modules are intended 

to be mounted on a fixed axis facing North, at latitude -29.7˚. The cost of a solar PV module is 

determined by its physical size, power rating, technology, the brand and country of purchase. The 

capital cost of a selected solar PV module at study time (December 2019) was $0.40/Watt [54].  
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Figure 40: Solar PV module (Semonkong)  

  

Figure 41: Solar PV module (Mantsonyane)  

3.3.1.2 Wind turbine generator  

In this study, the XANT M-21 model wind turbine is preferred. This model is designed to operate 

at hub height of up to 38 m high with the cut-in wind speed of 3 m/s and the rated wind speed of 

11 m/s [55]. The power curve, annual yield and recommended hub height for this wind turbine are 

presented in Figure 42. Figure 43 shows the Weibull PDF with a shape parameter (k) of 2 and a 

scale parameter (c) of around 10.5 m/s. The average wind speed at both the study sites is around 

9.71 m/s, at this speed the XANT M-21 can deliver 480 MWh/annum as per the manufactures 

specifications. Since the wind speed varies throughout the year, it can be seen that the speed of 

9.71 m/s occurs for only 7.8% of the time in a year at the study site therefore the actual production 

at this site would be 7.8% multiplied by 8760 hours in a year. This gives 683 hours, so the energy 

produced would be 328 MWh/annum. The capital cost of this turbine is taken as $70,000.00 [56]. 

The replacement cost is estimated at $70,000.00, Operation and Maintenance (O&M) cost is 

estimated at 5% of the capital cost.  
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Figure 42: Power curve and annual yield of XANT M-21 wind turbine model [55]  

  

 

Figure 43: Semonkong and Mantsonyane’s wind speed PDF  
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Figure 44: Wind turbine generator (Mantsonyane)  

 

3.3.1.3 Battery  

A lithium ion battery storage is used in this study. The capital cost of the battery storage is taken 

at $30,000.00 [57]. The replacement cost is estimated at $20,000.00, Operation and Maintenance 

(O&M) cost is estimated at 1% of the capital cost.  

 

  

  
Figure  45 :  Wind turbine generator (Semonkong )   

  

Figure  46 :  Storage battery (Semonkong )   
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3.3.1.4 Converter  

A three-phase bidirectional dual mode hybrid inverter has been selected for this study, this inverter 

is capable of being used with multiple renewable energy sources in both DC coupling and AC 

coupling such as solar PV, mini hydro generator and wind turbine generators. The cost of the 

inverter is taken as $85.00/Kw with the replacement cost of $75.00. the O&M is estimated at $8.5 

[58].   

 

Figure 48: Semonkong hydro power station – Sinexcel 500 Converter  

3.3.1.5 Mini hydro turbine  

The existing water turbine at Semonkong plant is a horizontal axis Francis turbine with a power 

rating of 180 kW. The design flow rate is 1,200 L/s and the net head is 18 m. The capital cost of 

this turbine is taken as $300,000.00 [56]. The replacement cost is estimated at $350,000.00, O&M 

cost is estimated at 2% of the capital cost.   

Figure  47 :  Storage battery (Mantsonyane )   

  



56 | P a g e  

  

 

Figure 49: Semonkong hydro power station – 180 kW Francis turbine  

3.3.1.6 Diesel generator  

The existing diesel generator at Semonkong mini hydro power plant is a SCANIA DA3-

AJ550P5S1 three phase brushless synchronous generator. This model is designed for continuous 

operation at varying load, with a maximum mean load factor of 70% of rated power over 24 hours 

of operation. It can handle an accumulated peak overload of 110% for 1 hour in a period of 12 

hours. The capital cost is taken as $300,000.00 [59]. A replacement cost is estimated at 

$300,000.00, O&M cost is taken as 2% of the capital cost.  

 

Figure 50: Semonkong hydro power station - SCANIA DA3-AJ550P-5S1diesel generator  

  

  

3.3.1.7 Mini hydro turbine  

The existing two water turbines at this site are horizontal axis Francis turbines, unit 1 is rated at 

500 kW with a design flow rate of 1.596 m3/s and unit 2 is rated at 1500 kW with a design flow 
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rate of 4.875 m3/s. The system net head is 35.5 m and design flow rate of 6,500 L/s, the capital 

cost of these turbines is taken as $500,000.00 [56]. The replacement cost is estimated at 

$600,000.00, O&M cost is estimated at 2% of the capital cost.  

 

Figure 51: Mantsonyane hydro power station – 2 MW Francis turbine  

3.3.1.8 converter  

A three-phase bidirectional dual mode hybrid inverter has been selected for this study, this inverter 

is capable of being used with multiple renewable energy sources in both DC coupling and AC 

coupling such as solar PV, mini hydro generator and wind turbine generators. The capital cost of 

the inverter is taken as $85.00/kW, the replace cost is assumed to be $75.00/kW with 10% O&M 

cost.  

 

Figure 52: Mantsonyane hydro power station – Eaton Xpert 2250 kW  

Table 1: Technical Specification of Components   

Component  Parameter  Specification  Reference  

  

  

Nominal Maximum Power (Pmax)  330 W    

  Optimum Operating Voltage (Vmp)  37.6 V  

Optimum Operating Current (Imp)  9.05 A  

  

  



58 | P a g e  

  

  

Canadian Solar  

MaxPower CS6U330P  

Open Circuit Voltage (Voc)  45.9 V  

  

  

  

  

  

  

[60]  

  

  

  

  

  

Short Circuit Current (Isc)  9.62 A  

Module efficiency at STC  17.49 %  

Operating Temperature  -40˚C  ~ +85˚C  

Nominal Operating Cell Temperature  45±2˚C  

Maximum Fuse Rating  15 A  

Dimension (mm)  1960 x 992 x 35  

Life time  25 years  

XANT M-21 Wind  

Turbine  

Rated Power  100 kW  [55]  

Rotor Diameter  21.0 m  

Hub Height  23, 31, 38  

Cut in Wind Speed  3.0 m/s  

Rated Wind Speed  11.0 m/s  

Cut off Wind Speed  20.0 m/s  

Survival Wind speed  70 m/s  

Life time  20 years  

Hydraulic Francis  

Turbine (Semonkong)  

Shaft axis  Horizontal   [61]  

Nominal output  180 KW  

Rated speed  1500 rpm  

Rated discharge  1.2 m³/s  

Rated head  18 m  

Life time  30 years  

SCANIA diesel 
generator  
(Semonkong)  

Generator Type  Brushless Synchronous  [59]  

Rated voltage  400 V  

Rated current  526.8 A  

Number of phases  3  

Rated power factor  0.8  

Rated power  400 kW  

Rated speed  1500 rpm  

Rated frequency  50 Hz  

Life time  15 000 hours  

Lithium Ion Battery 

package  

Nominal voltage  600 V  [57]  

Nominal capacity (MWh)  1 MWh  

Efficiency  90%  

Life time  15 years  

Bidirectional inverter  Nominal voltage (Vdc)  600 - 900 V  [58]  

Rated power  500 kW  

Component  Parameter  Specification  Reference  

 Max. Charging current  873 A   

Max. Battery current  900 A  
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Inverter peak efficiency  94%  

AC output voltage  400V(L-L) 240V(L-N)  

Output frequency  50/60 Hz  

Output waveform  Sine wave  

Max. AC current  720 A  

Life time  10 years  

Hydraulic Fancis  

Turbine (Unit 1  

Mantsonyane)  

  

Shaft axis  Horizontal   [61]  

Nominal output  500 KW  

Rated speed  1500 rpm  

Rated discharge  1.596 m3/s  

Rated head  35.5 m  

Generator Type  Brushless Synchronous  

Life time  30 years  

Hydraulic Fancis  

Turbine (Unit 2  

Mantsonyane)  

Shaft axis  Horizontal     
Nominal output  1500 KW  

Rated speed  1500 rpm  [61]  

Rated discharge  4.875 m3/s  

Rated head  35.5 m  

Generator Type  Brushless Synchronous  

   

  

  

4 CHAPTER 4: SIMULATION RESULTS AND DISCUSSIONS  

This section presents and discusses the economic and technical performance results of all the   

possible hybrid systems under study. The purpose of introducing renewable energy system to 

Semonkong mini hydro power plant is to reduce the use of diesel in generation of electricity and 

to meet the load demand with more renewables. Similarly, the purpose of introducing other sources 

at Mantsonyane hydropower plant is to ensure a constant generation of 2 MW or more for injection 

to the grid. Based on the energy resources available and the load demand, HOMER Pro simulates 

all the possible and feasible system configurations with all of the specified components in the input. 

The following subsections will be discussing the techno economic feasibility analysis of PV-wind-

diesel-battery-hydro system. The HOMER Pro simulation results cover optimization and 

sensitivity analysis.   
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4.1 Semonkong Off-Grid Hybrid Power Station  

4.1.1 Simulation Results HRES  

Based on component sizes, fuel cost, capital cost, input sensitivity parameters as well as 

assumptions considered in this study, the simulation results produced the following feasible 

solutions for Semonkong site. This system is comprising of one wind turbine rated at 100 kW, a 

410kW diesel generator, a 1MWh storage battery, 180 kW hydro turbine and 500 kW converter. 

The main selection criteria for optimal system in HOMER is the total Net Present Cost (NPC), as 

presented in Figure 53. It can be observed that the feasible hybrid system configurations are listed 

in ascending order of their total NPC. In consideration of NPC and LCOE, it can be seen that 

PVwind-diesel-battery-hydro hybrid system is the most cost-effective, reliable and 

environmentally friendly solution for Semonkong.   

The LCOE for Semonkong’s option is $0.129/kWh which is equivalent to M1.75/kWh with 

Renewable Fraction (RF) of 97.3%. This high percentage of RF indicates that the proposed system 

operated mainly on renewable energy with a significant reduction in use of fossil fuel. These results 

are taken at the solar irradiation of 5.44 kWh/m2, wind speed of 9.71 m/s, flow rate of 1,595 L/s 

and the diesel price of $1.00/L. This project demands an initial capital contribution of roughly 

$1.25M with a total NPC of $2.65M, as illustrated in     Figure 53. The findings of this research 

indicate that integration of renewable energy sources to Semonkong system would cut down diesel 

generator operating hours as well as the carbon emissions. In addition to that, the study 

demonstrates availability of supply to Semonkong community even during dry season.   

These findings reflect a similar picture to what Thamae found in his study in 2018 on Semonkong 

mini hydro power station [39]. His study found the LCOE of a hydro-wind-diesel-battery 

combination to be US$0.23/kWh, the resulting renewable energy fraction of 89% as for total 

annual energy production, wind, hydro and diesel contributed 35%, 54%, and 11% respectively. 

He concluded that diesel generator backup would continue to be part of the system to ensure 

reliability and quality of supply in the event that renewables are low for adequate energy 

production.  However, the notable difference between these two studies is that his study did not 

include solar PV as part of the optimal solution for Semonkong system. This difference could be 

due to slight differences in resource data used for these two studies.  
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In a similar study carried out in Benin in 2020 by Odou et al [37], the main findings were also 

similar to what this study found. The proposed PV-Wind-diesel-battery system was found to be 

environmentally friendly with only 3% carbon emission and a 96.7% renewable energy 

penetration. Even though the hydro potential is high at this site, it could not be considered due to 

remoteness to the village.  

 
    Figure 53: Semonkong hybrid power system simulation results (LCOE optimized)  

 
  Figure 54: Electricity generation and consumption (LCOE optimized) – Semonkong  

 

  

  

  



62 | P a g e  

  

     Figure 55: Semonkong hybrid power system simulation results (RF optimized)  

 
Figure 56: Electricity generation and consumption (RF optimized) – Semonkong  

4.1.2 Optimization Results  

With reference to simulation results in Figure 53, the system was optimized with LCOE and the 

most cost-effective combination came out to be solar PV-wind-diesel-battery-hydro. The resulting 

LCOE for this configuration is $0.129/kWh while NPC is $2.65M with the RF of 97.3%.  It can 

be noted that introducing this combination of renewable energy technologies at Semonkong would 

cut down the costs of diesel and emissions thus enhancing good environmental quality. Hazardous 

substances which were resulting from diesel fuel emissions would dramatically be cut down.   

The total energy produced by this system is 1,978,099 kWh/year. Out of this energy produced, 

499,084 kWh is contributed by wind turbine generator and this translates to 25.2% while diesel 

generator contributed 28,098 kWh which is about 1.42%, solar PV contribution is 624, 853 

kWh/year (31.6%) and hydro power generation is 826,064 kWh (41.8%). The primary load of 

1,040,369 kWh/year was met with the excess electricity of 925,756 kWh/year which is about 

46.8% of the annual energy production. The excess generation can be used to supply any additional 

load that may be connected as a result of business growth and other upcoming activities around 

the area. It can be observed that each unit produced different amounts of electricity from month to 

month. This monthly difference in generation is as a result of variability in monthly mean wind 

speed, global solar radiation and mean river flow rates. During the wet season, from October up to 

June, the flow rates are high enough for hydropower plant to contribute a significant amount of 

electricity to the load.   
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During this period, the emissions from diesel fuel are zero because the diesel generator never 

generated power. It can be seen that wind generator consistently produced about 40 kW throughout 

the year with no production from hydro power plant from July to September. Referring to Figure 

57, the average fuel consumption is 26.2 L/day as opposed to the current diesel consumption of 

600 L/day at Semonkong generation plant. This reduction in fuel consumption is proportional to a 

reduction in carbon emissions which translates to about 95.6 %. As a matter of fact, a diesel 

generator at Semonkong mini hydro was intended to serve as a backup generation to serve the load 

when the water levels are low for hydro system to meet the demand. But it can be seen that diesel 

generator serves as the main source of power with the operating factor of about 90% as illustrated 

in Figure 4.   

When optimizing the system with RF in Figure 55, it is noticed that the most cost-effective 

combination becomes PV-wind-diesel-hydro, this new combination has eliminated energy storage 

therefore the resulting LCOE for this configuration is $0.159/kWh while NPC increased by 18.71% 

from $2.65M to $3.26M with the RF drop from 97.3% to 90.1%. As illustrated in Figure 56, the 

total energy produced by this configuration increased by 31% from 1,978,099 kWh/year to 

2,864,600 kWh/year. Out of this energy produced, 998,167 kWh is contributed by wind turbine 

generator and this translates to 34.8% while diesel generator contributed 103,089 kWh which is 

about 3.6% and hydro power generation is kept at 826,064 kWh (41.8%). The primary load of 

1,040,369 kWh/year was met with the excess electricity of 1,823,369 kWh/year which is about  

63.7% of the annual energy production.  

 
  

   Figure  57 :  Fuel summary for Semonkong HRES   
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4.1.3 Sensitivity Analysis Results  

In order to check the impact of variation of the following input parameters, wind speed, fuel price, 

river flow rates, solar radiation primary load, the sensitivity analysis was performed on both 

systems. This gives the picture of future effects of uncertainties regarding the input parameters 

over the entire project life. Figure 58 indicates the impact of fuel price and load variation on COE 

for Semonkong HRES, the O&M is represented by the surface of the chart while the COE is 

superimposed on the surface. It can be noted that if the primary load increases from 2,300 kWh/d 

to 3,300 kWh/d at a diesel price of $1/L and the wind speed fixed at 9.71 m/s, the cost of energy 

drops from $0.148/kWh to $0.121/kWh while the operation and maintenance cost increases from 

about $60,400 to around $62,800. This reveals that a very low load on this plant would results in 

a high COE and a comparatively low O&M costs. It is also observed that the operation and 

maintenance cost is not sensitive to variation in diesel cost. As an example, if the electric load 

remains at 2,500 kWh/d and the fuel price increases from $0.5/L to $1.5/L, the O&M remains at 

around $60,800.  

Figure 59 shows the effect of river flow rate and discount rate on the COE and NPC for Semonkong 

HRES. The NPC is represented by the surface of the chart while the COE is superimposed on the 

surface. It can be observed that as the discount rate increase from 7% to 9.36% when flow rate is 

kept at 1000 L/s the COE also increases from $0.121/kWh to $0.140/kWh while the NPC drops 

from about $2,800 000 to $2,520 000. As a matter of fact, according to this analysis, a high rate of 

discount results in a high unit price. Considering the impact of variation in flow rate on NPC and 

COE, it can be seen that variation of river flow rate does not have any impact on the two 

parameters.  

 

Figure 58 : Effects of fuel price and load variation on the COE and O&M cost – Semonkong HRES  
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Figure 59: Effect of river flow rate and discount rate on the COE and NPC – Semonkong HRES  

  

4.2 Mantsonyane Grid-Connected Hybrid Power Station  

4.2.1   Simulation Results  

Based on component sizes, fuel cost, capital cost, input sensitivity parameters as well as 

assumptions considered in this study, the simulation results produced the following feasible 

solutions for Mantsonyane hybrid power station. This system is comprising of twenty-five 300 kW 

wind turbines, one unit of 1MWh storage battery, 2 MW hydro turbine and a 2 MW converter. 

Simulation results for this plant gave the LCOE of $0.149/kWh and this rate is equivalent to 

M2.09/kWh. The RF is 100% because the system is fully renewable. The results at Mantsonyane 

site are taken at the solar radiation of 5.44 kWh/m2, wind speed of 9.71 m/s and flow rate of 

1,731.25 L/s. The initial capital cost is 22.8M, NPC is 45.2M as shown in Figure 62.  
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Figure  60 :  Mantsonyane hybrid power system simulation results (LCOE optimized )   
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Figure 61: Electricity generation and consumption (LCOE optimized) – Mantsonyane  

 
Figure 63: Electricity generation and consumption (RF optimized) – Mantsonyane  

  

  

4.2.2  Optimization Results  

With reference to simulation results in Figure 60, the system was optimized with LCOE and the 

most cost-effective combination came out to be solar PV-wind-diesel-battery-hydro. The resulting 

LCOE for this configuration is $0.145/kWh while NPC is $46.4M with the RF of 100%. The total 

energy produced by this system is 20,165,520 kWh/year. Out of this energy produced, 12,444,436 

kWh is contributed by wind turbine generator and this translates to 61.7% and hydro power 

generation is 3,250,981 kWh (16.1%). The primary load of 15,355,563 kWh/year was met with 

the excess electricity of 4,588,881 kWh/year which is about 22.8% of the annual energy 

production. This excess generation will be dumped to the grid. It can be observed that each unit 

produced different amount of electricity from month to month. This monthly difference in 

Figure  62 :  Mantsonyane hybrid power system simulation results (RF optimized )   
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generation is as a result of variability in monthly mean wind speed, global solar radiation and mean 

river flow rates.   

  

4.2.3 Sensitivity Analysis Results  

Figure 64 indicates the impact of solar radiation and river flow rate on capacity shortage and COE 

for Mantsonyane HRES, the chart surface represents the capacity shortage while the COE is 

superimposed on the surface. It is observed that as the flow rate increases from 1400 L/s to 2000 

L/s the COE decreases from $0.156/kWh to $0.150/kWh regardless of how much the solar 

radiation is. The capacity shortage drops from 3,520 kWh/year to 3,220 kWh/year. This implies 

that the good flow rates would results in a more affordable unit price. The results also show that 

the variation of solar radiation does not have any impact on COE and the capacity shortage when 

the discharge rate is less than 1,520 L/s.  

The effects of solar radiation and wind speed on COE and AEP is depicted in Figure 65. The AEP 

is represented by chart surface while the COE is superimposed on the surface of the chart. As the 

wind speed increases from 6 m/s to 12 m/s, the COE decreases from $0.176/kWh to $0.151/kWh 

while the AEP increased from 15,600,000 kWh to 19,800,000 kWh. This implies that the amount 

of energy production follows the wind speed, similarly the system unit price becomes even more 

affordable at higher wind speeds.  
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Figure 64: Effects of solar radiation and flow rate on capacity shortage and COE – Mantsonyane 

HRES  

 

Figure 65: Effects of solar radiation and wind speed on COE and Annual Energy Production – 

Mantsonyane HRES  
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5 CHAPTER 5: CONCLUSION AND RECOMMENDATIONS  

The aim of this study was to assess the viability of developing a hybrid renewable energy system 

for a grid connected system at Mantsonyane so that at least 2 MW is injected to the grid all the 

time.  Equally important aim of the study was to reduce diesel consumption and carbon emissions 

at Semonkong hydro-diesel plant by introduction of renewable energy sources and battery storage. 

HOMER Pro software was used to perform the analysis of the optimum HRES, while the viability 

was assessed based on COE, NPC and carbon emissions of the system.   

The simulation results indicate that the optimum solution for Semonkong site is a PV-WindDiesel-

Battery-Hydro hybrid system. This system is made up of 360 kW of solar PV array, 100 kW wind 

turbine, 500 kW inverter, 1 MWh battery storage, 180 kW mini hydro and 410 kW diesel generator 

with a load following dispatch strategy. This combination resulted in a COE of $0.129/kWh, NPC 

of $2.65M and the fuel consumption of 26.2 L/day for generator operation for only 3 months in a 

year. In addition, the annual power generation of this combination is 1,978,099 kWh, of which 

31.6 % is contributed by solar PV, diesel generator delivered 1.42% only, wind turbine generator 

produced 25.2 % and hydro contribution is 41.8 %. Given a high RF of 97.3% for this optimal 

combination, the diesel consumption is as low as 26.2 L/day which is around 9,564 L in a year 

since it only operates for 3 months.   

Moreover, this system was investigated with the application of sensitivity analysis using the 

following variables, wind speed, solar radiation, river flow rate, NPC, capacity shortage and annual 

production. The analysis reveals that a very low load on this plant would results in a high COE and 

a comparatively low O&M costs. It is also observed that the operation and maintenance cost is not 

sensitive to variation in diesel cost as illustrated in Figure 58. As an example, if the electric load 

remains at 2,500 kWh/d and the fuel price increases from $0.5/L to $1.5/L, the O&M cost remains 

at around $60,800. Considering the impact of variation in flow rate on NPC and COE, it can be 

seen that variation of river flow rate does not have any impact on the two parameters, this is shown 

in Figure 59.  

As for Mantsonyane study site, it is observed from Figure 64 that when the flow rate increases 

from 1400 L/s to 2000 L/s the COE decreases from $0.156/kWh to $0.150/kWh, this behavior is 

not influenced by solar radiation at all. The capacity shortage drops from 3,520 kWh/year to 3,220 

kWh/year. This implies that the good flow rates would results in a more affordable unit price. The 
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results also show that the variation of solar radiation does not have any impact on COE and the 

capacity shortage when the discharge rate is less than 1,520 L/s. It is also noted that as the wind 

speed increases from 6 m/s to 12 m/s, the COE decreases from $0.176/kWh to $0.151/kWh while 

the AEP increased from 15,600,000 kWh to 19,800,000 kWh. This confirms that the amount of 

energy production follows the wind speed, similarly the system unit price becomes even more 

affordable at higher wind speeds which makes this project viable at this site since the average wind 

speed is around 9.71 m/s.  

The findings from this study show that Semonkong optimal configuration experience a minimal 

impact from the instability of input variables like diesel price, river flow rate and solar radiation. 

The generation results (Figure 63) of Mantsonyane indicates a very low production from a mini 

hydro as a result of low average river flow rates. It can be confirmed that this system operates at a 

very low efficiency which makes it expensive to operate, so the intervention of this study was to 

also improve the system efficiency by adding more renewables to the existing mini hydropower 

plant.  

 Due to the absence of solar and wind ground data for Mantsonyane site, data extracted from NASA 

was used for modelling the system. Therefore, it is also recommended that further similar studies 

at Mantsonyane site should use actual measured ground data not satellite derived data in order to 

acquire more definite outcomes of the viability of the HRES.   
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