
 

 
 

 
 

 
Feasibility Study of Small Hydropower/PV /Wind Hybrid 

System for Off-Grid Electrification of Liben and 
MedaWoulabu Villages 

 
 
 
 

By 
Yalewayker Mandefro 

 
 

Addis Ababa, Ethiopia    
February 2017 

 
 
 

Master of Science Thesis 

KTH Department of Energy Technology 

Energy Technology EGI-2010-2017 

Division of Sustainable Energy Engineering 

SE-100 44  STOCKHOLM 

 



 
i 

Acknowledgment 

 

Above all, I would like to thank the Almighty God and His mother for helping me to complete the 

study. 

I will take this chance to thank KTH Distance Sustainable Energy Engineering program coordinator 

(Prof. Andrew Martin) and the support team, especially Chamindie Senaratne, for launching the 

graduate program and unreserved assists.  I have also special thanks for the late Dr. Ing. Abebayehu 

Assefa ,for his kind support and guidance in his time as the local program facilitator.   

My deepest gratitude goes to my Supervisor Dr. Getachew Bekele for his candid assist, indispensible 

guidance and constructive comments in the thesis work. Besides, I want to forward my exceptional 

appreciations for my advisor and examiner Prof. Andrew Martin for his support and valuable 

comments in the thesis work in addition to his essential lecture courses. 

My sincere thanks also go to the Genale 3 Hydropower Project manager (Ato Assefa) and the 

project office engineers and sociologists for their compassionate help in site visiting and accessing of 

all required documents.  

Last but not least, I would like to thank my family for their unreserved help in life.  

 
 
 
 
 
 
 
 
 
 
 



 
ii 

 

Feasibility Study of Small Hydropower/PV /Wind Hybrid System Off-Grid Electrification 
of Liben and MedaWoulabu Villages 

 Yalewayker Mandefro (ID-83-11-02-P359) 
 
 
 

Approval 
 

Advisor and Examiner: 

 
Andrew Martin (Professor) 

Supervisor: 

 
Getachew Bekele (PhD) 
 

 Abstract 
 

According to the International Energy Agency 2016 statistics, Ethiopia is among the lowest countries in 

annual electricity consumption, 70 KWh/capita. Rural areas hold more than 80% of the country‟s 

population and less than 30% of them have been electrified. Most of the population (the rural areas) still 

predominantly depend on traditional biomass energy sources for cooking and heating, and household lights 

are provided mainly by kerosene and biomass including this study area, Tadacha Rarasa, which consist of 

4100 households with 6 members, totally 24,600 people[1, 2].  

The feasibility study of hybrid system consisting of small Hydro, PV, Wind and Battery is carried out using 

HOMER as a tool for optimization and sensitivity analysis. TURBNPRO software also assists for the 

optimization of the small hydropower which is suggested to utilize the 2.2 m3/s ecological flow of the 

Genale 3 multipurpose hydropower plant‟s reservoir. The wind speed and solar radiation data of the site is 

collected from NASA. Then, the wind speed, solar radiation, electric load and hydro data is input to 

HOMER in their respective appropriate format for simulation and analysis of the proposed hybrid system.  

Electric loads of the community is estimated bearing in mind the irrigation, fishery and other opportunities 

which will arise after the multipurpose project completion in addition to basic household demands. The 

daily average estimated residential consumption by each family is 9.118 kWh and the daily average total 

energy consumption per person is 1.872 kWh.   
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After optimization and sensitivity analysis using HOMER, several different feasible configurations of 

Hydro, PV, Wind and Battery hybrid system has been displayed with a range of 0.049 to 0.067 $/kWh cost 

of energy. The optimum configuration becomes Hydro/PV/Battery hybrid system with 0.049 $/kWh 

levelized COE which is closer to the national energy tariff, 0.032 USD/kWh. The optimum 

Hydro/PV/Battery hybrid system generates annually 18,647,372 kWh with 0.18% capacity shortage and 

0.15% unmet load. The hydropower supports the base load and the PV supplies for the peak load demand 

in the daytime which shares 19% of the total electric production.   

 

Key words: Small hydropower, PV, Hybrid, optimization, feasibility, HOMER, COE, ecological flow 
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   Introduction 
 

I. Background and Statement of the Problem 
 

Every country in the world is striving to get energy to support and bring sustainable socio-economic 

development. To have a better world in future, most countries seek for eco-friendly energy resources. But 

as energy demands are extremely growing, it is becoming difficult to get this bulk amount of clean energy 

[3]. 

Ethiopia is a land-locked and non-oil producing country which has a population of 96.96 million, a total 

annual primary energy supply (TPES) of 48.37 Mtoe and an annual electricity consumption of 70 

KWh/capita according to IEA 2016 statistics. Electricity production from Hydropower covers more than 

85% of Ethiopian electricity consumption. The Government of Ethiopia is in pursue of the green energy 

development through the utilization of all available abundant renewable sources focusing mainly on 

hydropower and more recently in wind and geothermal. 

The country is developing a few mega hydropower projects to meet the increasing demand of electricity 

at home (for urbanization and industrialization) and to export to neighboring countries which helps to 

get finances for re- investing in other or similar infrastructures. Among these mega projects, Genale 3 

Multipurpose Hydropower Plant with 254 MW installed capacity is built on the Genale River. According 

to the feasibility study of the Genale 3 Project, the dam has 110 m height and covers a surface area of 

98km2 reservoirs with 2.57 billion m3 volumes. In the meanwhile, for environmental and ecological 

purpose, a compensation flow of 2.2 m3/s has been released throughout the year via the main course of 

the river [4]. 

Even though such a large power plant is being constructing, the nearby residents, like any other residents 

in the country close to large power plants, are not benefited as the whole generated power will be sent to 

the national grid centers which are located near to the country‟s capital city through hundreds of kilovolt 

(132 kV, 230 kV, 400kV) transmission lines. This is due to the constructing and generating company 

(EEP) and the power distributing company (EEU) are different and one can‟t interfere in other work 

scopes. Besides, these high voltages transmitting lines need a distribution substation to customize for 

household voltages or tapping directly to the lower voltages of the power plant station services will bring 

electrical faults to the generation system and affects its usual work. Thus to get electricity access, the 

residents have to wait a long queue for grid-based rural electrification which takes several years and let 

the nearby population to live in complaining and vicious feeling.  In fact in the last five years, the 
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government has tried to accelerate the grid-based rural electrification and achieved to electrify around 500 

villages per year but this is still very slow rate as more than 80% of the population is living in rural areas 

[2]. 

Most of rural areas which are far away from the national grid distribution centers are entangled by energy 

poverty which deepens their total poverty level. Small hydropower and other small sized renewable 

energy sources developments are not getting fair attention for rural electrification [2, 5 and 6]. 

II. The Situation of the Study Area  
 

As the proposed project is going to utilize the dam which is being constructed for Genale 3 hydropower 

plant, it is better to brief about the multipurpose hydropower plant in addition to the proposed site 

location and other rural related concerning issues.  

a. Genale 3 Multipurpose Hydropower Project 
 

Genale 3 multipurpose project (formerly, it was called GenaleDawa 3 (GD3) multipurpose project) is 

located 400 km (air distance) south-east of Addis Ababa and 200 km air distance north of the border with 

Kenya. The appropriate approximate centroid of the project area lies at 5038‟N and 39043‟E. It is situated 

in the woredas of Liben and Medawelabu in Oromia National Regional State, Ethiopia [4]. 

 

 Figure 0-1: Genale 3 Multipurpose Project Map [4] 
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The project development has displaced around 5,400 households which are located inside the reservoir of 

the dam and its buffer zone. These displaced families are being resettling in to two large villages 

(districts):  Golokoti which comprises 1940 households and the remaining 3510 households are in 

Tadacha Rarasa.  

 

 Figure 0-2: Showing Nearby Village (Left) and Genale River (Right) 

The multipurpose project is one of the cascaded power plants (GD-3, GD-5, and GD-6) on the Genale-

Dawa basin with better feasibility which consists of a large Concrete Faced Rock Fill Dam (CFRFD) with 

110 m height, surface area of 98km² and a total storage of almost 2,570 million m³ that will help as a 

reservoir for the next cascaded power plants. It is built on the Genale River which has   a multi-year 

average flow rate of 92.5 m3/s (with minimum flow rate of 59.1 and maximum 139.4 m3/s) based on 

more than 40 years of collected data [4].  

 

The multipurpose hydropower project has 254 MW installed capacity with plant factor of 72% and 

annual firm energy of 1640 GWh.  This hydropower plant development diverts the river flow for about 

13 km until water passes through the turbine to generate the expected energy and rejoin to the natural 

course. In the meantime, the dam releases 1.5 cubic meter per second for the ecological flow according to 

the feasibility study but later during the project development the flow rate is modified to 2.2 cubic meter 

per second [4].  

 

In addition to having a constant pattern of energy supply throughout the year due to its sufficient 

reservoir and water flow in, the power plant project has additional purposes such as:  water regulation 

and sedimentation reduction for downstream hydropower projects, small and large scale irrigation, 

fishery, improved regional access especially road, employment during construction and later after 

completion the area will have an excellent scene which helps for tourism. After the project completion, 

the area will have natural and enjoyable sceneries which will attract the tourists coming for the close 

proximity Bale Mountains national park [4]. 
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b. The Proposed Site 
 

While studying the Genale 3 multipurpose project, there is a potential of 2.2 m3/s environmental water 

flow which have a gross head of 90m and could generate around 1.7 MW. As the area is closer to the 

equator (around latitude 50 46‟N), the direct sun radiation is available which leads to consider potential 

for solar PV. Besides, it can also support small wind turbines for complementing the aforementioned 

energy sources.  

The anticipated location for PV and Wind power is near to the resettling area (Tadacha Rarasa) which is 

located at 5o39‟N and 39o46‟E, and around 30 km (air distance) to the small hydropower unit. The 

coming transmission line from the small hydropower plant will step down to 0.4 kV and interconnect 

with the PV and Wind power station for distribution to community. 

The proposed small hydropower is located around one kilometer towards the downstream of the Genale 

3 dam which is located at 5o38‟N and 39o43‟E with an altitude of 1017m a.s.l. 

 According to 2007 census, the area is sparsely populated and the estimated population density for the 

Liben and Medawelabu woredas is only 7.4 and 9.8 persons per km2 respectively, and with an estimated 

5.7 person per family which is slightly more than the national and the regional average of 4.8 persons per 

household [4]. The villages of the Liben and Meda Wolabu weredas (districts) are scattered like 10 

households in one small village and after more than a kilometer another small village with other 10 or less 

households as shown in Figure 0-2 above. Even some of the population is living in nomad life style 

within a certain region tracking their animals (cattle and camels) favorable areas. Thus it is very difficult 

to consider electrification of such areas as the transmission line cost and energy loss will make it 

infeasible.  

The local and regional authorities have agreed to resettle the displaced 5400 households into two 

resettling areas.  Golokoti is the one which is closer to the dam and comprises 1,940 households and the 

other is Tadacha Rarasa which takes the remaining 3,510 households.   

As the anticipated generated energy will not be enough for all the displaced families, the larger populated 

resettlement area is considered for accessing rural electrification. In addition to the displaced 3510 

families, 590 families are also considered as new comers either as service provider for public and 

commercial activities or as just inhabitants to live in. Therefore, the anticipated Tadacha Rarasa 

resettlement area is suggested to have 4,100 families with 6 members and a total of 24,600 people.  

The availability of energy will highly facilitate the social and economic development of the population as 

the large multipurpose project has potential for irrigation, fishery and tourism for the nearby population. 
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Having this energy sources will be socially reasonable for farmers and others to utilize the reserved water 

for their respective economic and social development needs such as irrigation, fishery, animal fattening 

and other activities.  

  

Figure 0-3: Location of the Tadacha Rarasa Resettlement Area with Respect to the Reservoir [4] 

c. Hybrid System Power Supply and Rural Electrification 
 

Hybrid power supply system consists of different energy sources mainly renewable energy sources in 

different arrangements based on the available resources in the site. The hybrid system is usually suitable 

for small grids and standalone systems as it is a solution when one energy source isn‟t sufficient to supply 

the load demand. The renewable energy sources such as solar and wind are available relatively everywhere 

and with very low running cost [7].    

The availability of the natural resources plays an enormous role in selecting the components of the hybrid 

energy systems. The common hybrid system constituents which can be easily manageable in remote areas 

of Tropical developing countries are Hydro, PV and Wind. Being Ethiopia is in tropical zone (near to 

equator), a hybrid system with aforementioned renewable sources can be applied and electrify the rural 

areas.     

The rural areas of the country, including this study area, use kerosene and biomass for light, dry cell for 

hand battery, biomass (firewood, crop residual, animal dung) for cooking and heating. For their cooking 

and heating demands, the people will use the nearby vegetation (forest) either directly as fire wood or as 

charcoal. This will affect the ecosystem which is already entangled by climate change impacts. Therefore 

to minimize this extreme energy poverty for rural homes and to avert deforestation, the government and 
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other stake holders should scale up of electrification rate by considering standalone electricity supply on 

top of the grid based [2, 5 and 6]. 

III. Aim and Objective of the Project 
 

The aim (main objective) of this thesis is feasibility study for off-grid electrification of the villages of 

Medawolabu and Liben weredas which are displaced due to Genale 3 Multipurpose Hydropower Project 

development and resettled in to Tadacha Rarasa with 4100 households. The electrification will be carried 

out by hybrid system which consists of Small Hydropower using the compensation water flow, PV and 

Wind energy.  

Specific objectives include: 

 Estimation of the small hydropower potential using ecological flow 

 Estimation of PV potential 

 Estimation of wind energy potential 

 Load estimation of the under study population 

 Optimization and Sensitivity analysis of the Hydro/Wind /PV Hybrid system  

IV. Methodology 
 

Site Identification  

 

The Genale 3 multipurpose project was launched on 2010 and expected to be completed within two yea 

time. Most of the nearby villages to the power plant are very scattered and are not electrified. But, there is 

a potential to consider for Small Hydropower with ecological (compensation) flow of 2.2 cubic meters 

per second with 90m gross head according to the feasibility study of Genale 3 Hydropower Project [4]. 

Being in Tropical zone, the solar PV has considerable potential and small wind turbines application will 

also be tried. Tadacha Rarasa is selected as the study site due to its population size and fair distance to the 

small hydropower plant.  

Data Collection and Literature Survey 

 

The required data are collected mainly from the following sources: 

 The feasibility study, Environmental Impact Assessment report and other technical documents of 

Genale3multipurpose project which helps to extract any parameters and data about the Plant such as 

ecological flow rate, dam height, gross head for compensation flow, elevations, etc. 
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 Site visiting for understanding the topography for small hydropower, PV and wind energy electro-mechanical 

equipment installation places 

 Site visiting for understanding  the resettling village (Tadacha Rarasa) location and the under study 

population situations 

 The respective data for Wind and Solar is collected from NASA  

 

Data Analysis and Feasibility Study 

 

The collected data from Genale3 HPP‟s documents and site will be put in to the TURBNPRO data fields 

for small hydropower optimization analysis. The wind speed and solar radiation data are collected from 

NASA to assess possible potentials for the site. The optimization and sensitivity analysis for the proposed 

hybrid system is carried out using HOMER software based on the data provided for each energy 

resources and financial costs. The feasible hybrid models will be displayed with increasing order of their 

energy cost or NPC.  Two-dimensional sensitivity analysis will be carried out with the two sensitive 

variables, PV cost and Wind turbine cost, to get a better optimized system.  

V. Related Works 
 

The hybrid system is the most studied subject in these days for remote areas electrification with different 

analysis methodology and constituting components. 

 Getnet T. [5] has considered a hybrid system consists of small hydropower, Photovoltaic modules, Wind 

power and Diesel generator using HOMER to system optimization for the electrification of Dejen 

District in Ethiopia. But he has considered (studied) hydropower only on run-off river potentials and 

diesel generator has been played significant share to meet the energy demand. Bimrew T. [6] has 

considered an independent rural electrification consists of small hydropower, PV and Wind for Dillamo 

and Gode sites in Ethiopia. It hasn‟t been considered combining them for hybrid system rather he uses 

for comparative analysis between them. Samuel T. and Getachew B. [8] have explored techno-economic 

analysis of electrifying the Werder distric, Somali region, with hybrid renewable energy using HOMER as 

optimization tool. Techno-economic analysis has been carried out to compare the levelized cost of three 

electric generation options: standalone Wind/PV/Diesel, standalone Diesel generator and grid extension, 

and then Wind/PV/Diesel option was found the best economically feasible system with 0.11 $/kWh 

levelized cost. The wind power dominates the energy production share with 91% and the diesel generator 

covers 5% of the total electric energy production.  
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L.E. Teixeira et al. [9] have studied pre-feasibility study for implementation of a hydroelectric power plant 

and PV modules on floating structures in the reservoir formed by the dam of Val de Serra, in southern 

Brazil. The dam has been used for drinking water for the nearby Sanata Maria city and the study proposes 

to use this dam for hydroelectric power and floating PV in addition to its current purpose. The study has 

used HOMER software as optimization tool to get the optimal solution. The floating PV strategy 

decreases the water evaporation by 10% but it increases the PV power cost by more than 30% which 

reduces the PV contribution in the energy production.  Ahmad B., et al. [7] have studied a system 

comprises of Wind turbine, Batteries, PV and conventional diesel generator to electrify the remote area. 

The proposed system has used Homer software as simulation tool to get optimized hybrid standalone 

power supply. The diesel generator has a significant share as the study area was in oil-rich country. 

Trazouei S. et al. [10] have studied a hybrid system consists of wind turbine, PV and diesel to electrify 

rural areas. The applied methodology was an imperialist competitive algorism with some artificial 

intelligence optimization techniques. 

Besides, Deeppak K. et al. [11] have studied a hybrid system consisting of PV, Wind, Micro-Hydro and 

Diesel for rural electrification in India using HOMER Program as optimization and sensitivity analysis 

tool. The anticipated run-off river micro-hydro is expected to be used as base load plant during rainy 

season and peak load plant in dry season. The diesel generator is used for backup to the wind and solar 

energy sources instabilities. Rashidi H. et al. [12] have considered a hybrid standalone system consists of 

PV and fuel cell (hydrogen cell) using Fuzzy Particle Swarm Optimization Algorithm. D. Abbes et al. [13] 

have considered a standalone hybrid power system consisting of wind turbine, PV and batteries storage. 

The anticipated methodology was a combination of life cycle cost (LCC), embodied energy (EE) and loss 

of power supply probability (LPSP).  

The main focus of this thesis (project) work is to assess the feasibility of the small hydropower, PV and 

wind power potentials for rural electrification of Tadacha Rarasa resettlement area with 4100 families and 

propose the optimal hybrid system using HOMER as Simulation tool for optimization. The anticipated 

small hydropower will be as base plant in all times and it uses the ecological releases from the Genale 3 

dam. Some parts of the small hydropower plant such as reservoir and water conveyance are already built 

for the Genale 3 hydropower plant which will highly reduce the financial burden for the small 

hydropower development. The small hydropower plant which is considered here with different 

population scenario and analysis has been studied and submitted for my course project study in KTH. 
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VI. Outline of the Report 
 

 Chapter one discusses about the solar PV technology knowhow and characteristics, PV applications and 

potentials in Ethiopia and potentials in the specific study site. Chapter two addresses the theoretical 

description about hydropower including classifications, its potential and application in Ethiopia and 

description about small hydropower applications. Besides, chapter two describes the technical analysis 

including turbine optimization of the small hydropower system which is the main components of the 

proposed hybrid system. Chapter three is comprised of the Wind power technology knowhow and 

characteristics, its applications and potentials in Ethiopia and potentials in the specific study site. Chapter 

four estimates the load for the community in the proposed site. Chapter five describes about the 

methodology for the optimization of the proposed hybrid system and discusses the results of the hybrid 

system simulation. The final chapter, chapter six, addresses the conclusion and recommendation of the 

thesis work. 
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Chapter One 

1. Solar Photovoltaic Power Potential 

1.1. Introduction 
 

Even though the ultimate energy source for almost all forms of energy is the SUN, after several years of 

different kinds of chemical and others reactions processed, there are two kinds of energy resources. 

These are conventional (non-renewable such as fossil fuels) and non-conventional (renewable such as 

solar, hydro, wind). The conventional energy sources will be depleted out during energy generating 

without substituting itself while the renewables (non-conventional) energy sources will always be 

replacing itself during energy generation. The sun is the most significant and abundant source for 

renewable energy and it has been utilized directly by solar thermal or photovoltaic systems and indirectly 

through wind power and hydropower. The renewable energy resources which are not from the Sun are 

geothermal sources and planetary gravitational which are insignificant compared to the solar energy 

potential. Anyway, this chapter focuses on direct solar energy harnessing through photovoltaic modules 

[14].   

1.2. Solar Energy and Radiation 
 

The Nuclear fusion processes in the sun create the radiant power of the sun in which every square meter 

of the sun‟s surface emits a radiant power of 63.11 MW while the sun has 6.0874 x 1018 square meter 

surface area. At the distance of one Astronomical unit (the Earth‟s mean distance from the Sun, 1.496 x 

108 km), the power density of the solar radiation is about 1360 Wm-2, a value usually called solar constant 

but in reality it isn‟t constant rather it varies throughout the year as the earth doesn‟t follow a circular 

orbit around the sun and being largest in January when the Earth is nearest to the sun.  The term power 

density is used to indicate the number of watts per square meter. This is also known as energy flux [3, 14, 

and 15]. 

The solar radiation incident on the atmosphere from the direction of the Sun is called the solar 

extraterrestrial or Solar constant. The proportion of this radiation that reaches at a device on earth (solar 

PV or others) depends on geometric factors and atmospheric characteristics. The geometric factors are 

the factors which determine where on earth that device is located such as latitude.  The atmospheric 

characteristics are influences of the atmosphere that reduce the irradiance and include the following; 
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reduction due to reflection by the atmosphere, reduction due to absorption in the atmosphere (mainly by 

O3, H2O, O2 and CO2), reduction due to Rayleigh scattering (air molecular particles with diameters 

smaller than the wavelength of light) and, reduction due to Mie scattering (dust particles and other air 

polluting particles with a diameter larger than the wavelength of the light) [3, 16]. 

1.3. Solar PV Power System 

1.3.1. Solar Photovoltaic Cell Technology 
 

Solar cells are devices (modules) which convert solar energy directly into electricity either directly via 

Photovoltaic (PV) effect or indirectly by first converting to heat or chemical energy then to electricity. 

The most common and focus of this thesis work is the PV effect solar energy. The physics of the PV cell 

is very similar to that of the classical diode with a p-n junction in which radiation of photons (light) is 

falling onto the junction of two dissimilar layers of semiconductor device to produces a potential 

difference between the layers. This developed voltage is capable of driving a current through an external 

circuit. The current squared times the resistance of the circuit is the power converted into electricity. The 

remaining power of the photon elevates the temperature of the cell and dissipates into the surroundings 

[16, 17]. 

A French physicist, Becquerel, discovered the PV effect in 1839 and after around 100 years the 

semiconductor age began which helps significantly for the production of the first silicon solar cell in 1954 

by Bell laboratories with about 5% efficiency. It soon found application in the U.S. space programs and 

since then, it has been extensively used to convert sun light into electricity for earth-orbiting satellites. 

After maturing in space application, PV technology is now spreading into applications ranging from 

powering wristwatches to feeding utility grids around the world [14, 17]. 

Figure 1-1 shows the basic cell construction in which metallic contacts are provided on both sides of the 

junction to collect the electrical current induced by the impinging photons. A thin mesh of silver fiber on 

the top (illuminated) surface collects the current and lets the light pass through. The spacing of the 

conducting silver fibers in the mesh is a matter of compromise between maximizing the electrical 

conductance and minimizing the blockage of the light. Besides the primary constituents, numerous 

enhancement features are also included in the PV module construction. For instance, the front face of 

the cell has an antireflective coating to reduce reflection and to absorb as much light as possible at the 

metallic silicon surface. Titanium dioxide (TiO2) is mostly used for coating and gives the solar cell the 

typical blue color but nowadays, it is also possible to produce antireflective coatings in other colors to 
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better integrate solar modules with buildings. The mechanical protection is provided by a cover glass 

applied with a transparent adhesive [14, 17]. 

 

 Figure 1-1: Basic Construction of PV Cell with Performance-Enhancing Features [17]. 

To understand the operation of a Photovoltaic cell both the nature of the material and the nature of 

sunlight need to be considered carefully. The determining factors for the amount of power generated 

from a PV device include: type and area of the material, intensity of the sunlight (insolation) and 

wavelength of the sunlight. The ratio of electrical energy produced by a solar cell to the incident solar 

irradiance is known as the PV cell efficiency [16].  

1.3.2. PV Module and Array 
 

The solar cell described above is the basic building block of the PV power system. To generate required 

amount of power (current and voltage quantities), numerous such cells have to be connected in series and 

parallel circuits on a panel (module) with an area of several square meters [14-17].  

PV power system offers the highest versatility among renewable energy technologies. Being the PV 

systems are modular, the electrical power output can be engineered for virtually any application, from 

low-powered (milli-watt) consumer wristwatch and pocket calculators to energy-significant (mega-watt) 

requirements, such as generating power for public supply. Furthermore, incremental power additions as 

needed are easily accommodated in PV system [14-17].  

1.3.3. Electrical characteristics  
 

The complex physics of the PV cell can be represented by the equivalent electrical circuit shown in figure 

1-3. The equivalent circuit considers single diode model and the electrical parameters are as follows. The 
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current I at the output terminals is equal to the difference of light-generated current IL, and the sum of 

diode current Id and the shunt-leakage current Ish.  

      (       )                   (1-1) 

The series resistance Rs represents the internal resistance to the current flow and depends on the p-n 

junction depth, impurities, and contact resistances. The shunt resistance Rsh is inversely related to the 

leakage current to the ground. 

 

Figure 1-2: Equivalent Circuit of PV Module Showing the Diode and Ground Leakage Currents [16] 

In an ideal PV cell, Rs = 0 (no series loss), and Rsh =∞(no leakage to the ground). In a typical high-quality 

one square inch silicon cell, Rs varies from 0.05 to 0.1 Ω and Rsh from 200 to 300 Ω. The PV conversion 

efficiency is sensitive to small variations in Rs , but is insensitive in Rsh. A small increase in Rs can 

decrease the PV output significantly [5, 14 and 17]. 

In the equivalent circuit, the current delivered to the external load equals the difference of IL generated by 

the illumination, and sum of the diode current Id and the shunt-leakage current Ish. The open-circuit 

voltage Vocof the cell is obtained when the load current is zero, i.e when I=0, and is given by the 

following: 

                                                                                                    (1-2) 

The diode current is given by the classical diode current expression [8, 19 and 20]:  

        
    
                                                                                                 (1-3) 

Thus by combining equation (1-1) and equation (1-3) the load current becomes: 

        [ 
    
     ]  

   

   
         [ 

    
     ]     (1-4) 
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Where:  I=the load current (A) 

  ID=reverse saturation current of the diode (A) 

  IL=current produced by the cell (A)  

  Ish=current through the shunt resistance (A) 

  VOC= Open circuit voltage (V) 

  Q=charge on an electron(C) = 1.6 X 10-19C 

  K=Boltzmann‟s constant = 1.38 X 10-23 J/oK 

  T=working temperature of the cell (K) 

  A=the diode quality (curve fitting constant) 

 

The last term in the equation is leakage current to the ground. In practical cells, it is negligible compared 

to IL and ID , and generally ignored. The diode-saturation current can therefore be determined 

experimentally by applying a voltage Voc to the cell in the dark and measuring the current going into the 

cell. This current is often called the dark current or the reverse diode-saturation current [5, 17]. 

The two most important and widely used parameters for describing the PV cell electrical performance are 

the open-circuit voltage Voc and short-circuit current Ish. The short-circuit current will be found by 

shorting the output terminals and measuring the terminal current under full illumination. Ignoring the 

small diode and the ground-leakage currents under zero-terminal voltage, the short-circuit current 

becomes [17]: 

 ISC= IL                         (1-5) 

The maximum photo-voltage is the voltage produced under the open-circuit. Again, by ignoring the 

ground-leakage current, that is making I=0 at Equation 1-4, gives the open-circuit voltage as follows: 

    
   

 
  (

  

  
  )    

   

 
  (

  

  
)                                                   (1-6) 

 

Figure 1-3: Current Vs. Voltage (I-V) Characteristics of the PV Module in the Dark and Sunlight [16] 
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The electrical characteristic of the PV cell is generally represented by the I-V curve, Figure 1-4. In the 

figure, the top left of the I-V curve at zero voltage is called the short-circuit current and this is a current 

which measured by shorting the output terminal and presented in equation 1-5. The bottom right of the 

curve at zero current is called open-circuit voltage and this is the voltage which is measured with output 

terminal open and presented at equation 1-6. 

In the left shaded region, the PV cell works as constant current source which is generating a voltage to 

match with the load resistance. In the right shaded region, the current drops rapidly with a small rise in 

the voltage and the cell works like a constant voltage source with an internal resistance. Somewhere 

between the two shaded regions, the curve has a knee point.  

 

Figure 1-4:  I-V and P-V Characteristics of the PV module In Sunlight [14] 

The power output of the panel is the product of the voltage and current outputs and the power is plotted 

against the voltage in figure 1-4 together with I-V curve. The graph shows, the PV cell doesn‟t produce 

power at zero voltage or zero current and generates the maximum power at the voltage corresponding to 

the knee point of the I-V curve. This is why the PV power circuit is always designed to operate close to 

the knee point with slight slant to the left side, current source. The PV circuit is modeled approximately 

as a constant current source in the electrical system analysis [14-17]. 

The power output of a PV system is determined by the type and area of the PV material and the incident 

solar radiation [8, 33]. Mathematically, it can be expressed by equation: 

                                                                                                             (1.6) 

Where:  PPV=power output of PV array (W) 

  APV=the area of the PV (m2) 
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  ηmp=the maximum power point efficiency of the PV module(≈14%-20%) 

   ηPC=the efficiency of power conditioning equipment(≈90%) 

         GT=the incident solar radiation on the array (W/m2) 

1.3.4. Main Factors for PV Power System 
 

The main factors influencing the electrical design of the solar array are the sun intensity, the sun angle 

and operating temperature. The ideal PV generating conditions are cold, bright, sunny days [16, 17]. 

Sun Intensity 

The magnitude of the photocurrent is a possible maximum when the sun is bright and on partial sunny 

day, the photocurrent decreases in direct proportional amount to sun intensity. Hence, the PV cell 

conversion efficiency is directly proportional to the sun intensity (radiation) as show in figure 1-5.  But, 

the photo-conversion efficiency of the cell will be less sensitive to solar radiation after reaching the 

practical working ranges [17].   

 

Figure 1-5: Photo-Conversion Efficiency vs. Solar Radiation [17] 

Sun Angle  

The cell output current is given by I=Iocosθ, where Io is the current with normal sun (reference), and θ is 

the angle of the sun line measured from the normal. This cosine law works well for sun angles ranging 

from 0 to 50o. But beyond 50o, the electrical output deviates significantly from the cosine law and the cell 

will not generate electricity after 85o. The actual power-angle curve of the PV cell called Kelly cosine and 

shown in Figure 1-6, below. 
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Figure 1-6: Kelly Cosine Curve for PV Cell at Sun Angle between 0 to 90 degrees [17] 

1.3.5. System components  
 

The panel (array) by itself doesn‟t constitute the PV power system.  The PV power system comprises of a 

structure to mount the panel, a sun tracker to point the array to the sun (if applied), power electronics 

components that accept the DC power produced by the panel to charge the battery and to condition the 

remaining power in a form that is usable by the load if it is connected with DC load. But if is connected 

to hybrid system an inverter is needed to convert DC to AC with required system frequency (50 or 60 

Hz). The charging is in controlled manner to avoid overcharging of the battery [3, 14 and 17]. 

The PV system will not generate electricity at night hence if electricity is required outside daylight hours, 

some form of storage system is essential. 

 

Figure 1-7: Non-Tracking PV Power System for Standalone or Connected to Hybrid  

Economic feasibilities are crucial to the success of any energy system development and PV converters 

aren‟t exempted to that. At present, technological development of such converters is in the stage in which 

prices are still coming down rapidly. The technology development primarily target to increase the 

conversion efficiency and decrease the modules‟ cost per watt. The improvements in traditional single 

crystal cells have been incremental until now, from 10% in early 1950s to 34% in 2016. The next major 
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efficiency has come from the triple-junction cell from 34% in early 2000s to 44% in 2016. The next 

generation of multi-junction solar cells is with four layers and at present it has 46% efficiency. These peak 

efficiencies from triple and quadruple layers can fairly competitive with other energy forms conversions 

but they are not fully commercialized due to the high material and production cost. Thus for now, they 

are applied for institutions such as space craft but in sooner time, they will be adopted and accessible to 

all consumers in fair price [14, 17-18].  

1.4. Solar Energy in Ethiopia 
 

1.4.1. Solar Energy Potential in Ethiopia 
 

 Ethiopia is nicknamed as “Thirteen Months of Sun Shine” due to its latitude and topography let to have 

bright sunny days all-round the year. According to Getnet T. [5], Ethiopia receives 4.55 to 6.5 

KWh/m2/day annual average of solar radiation throughout the country. The variation during the year has 

a minimum in July and maximum in February and March [5].  

The solar resource assessment has been carried out in 2007 by United Nation and Ethiopian government 

(the so called SWERA data) for the whole Woredas of the country. The following solar radiation 

distribution map shows the country‟s annual average daily radiation in kWh/m2 [19]. 

 

Figure 1-8: Annual average daily radiation  



Chapter 1: Solar Photovoltaic Power Potential 
 
 

MSc Thesis by Yalewayker M. in KTH, DSEE   19 

Even though, the country has such plentiful solar energy potential, exploitation of the energy either with 

grid-connected or standalone for small community is not substantially started. The traditional solar 

energy application such as crop drying, heating and others is still continued and small sized PV panels are 

getting momentum in this time for individual family and institution/organization.    

1.4.2. Solar PV Application in Ethiopia 
 

Ethiopia has an abundant potential for solar PV development but still almost untouched at all. In 2016 

according to EEP reports, some discussion and startup works are started for developing grid-based solar 

PV system such as in Metehara (100 MW), Mekele and Humera. The PV systems with very few kilo-watts 

are being used by Ethio-telecom (the network provider for the country) mainly to power repeaters and 

radios in remote areas. Some institution such as religious places (churches), governmental and non-

governmental organizations are also trying to use individually standalone solar PV electricity for their 

usual activities [6]. 

 

Figure 1-9: Solar PV Panels powering Ethiotelecom Radio and Repeaters, near to Genale 3 HPP 

In present time, small PV panel which supports two or three lamps and mobile charging is getting 

momentum for the rural families‟ electrification. 

1.4.3. Solar Potential Assessment of Tadacha Rarasa area 
 

The amount of electricity generated by the PV module is directly related to the intensity of light energy 

which falls onto the module. So, the greater the available solar resource, the greater the electricity 

generation potential is. The tropics (between latitude 23°27'N and 23°27'S) offer a better resource for 

generating electricity than the one that is available at high latitudes [16].  
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Being the site is nearer to the equator (around 5039‟N and 39046‟E), it has a better suitable solar energy 

for PV power system. According to NASA and CESEN data collection, the site has 5.4 kWh/m2 per day 

solar radiation. 

The Monthly Averaged Insolation Incident on n a Horizontal Surface (kWh/m2/day) of the site for Solar 

Panel application is collected from NASA Surface Meteorology and Solar Energy website.  The collected 

data is twenty two years of average and for Sizing and Pointing of Solar Panels application which is 

favorable for this thesis study.  The monthly average data is presented in the following table, Table 1-1 

[20]. 

 Table 1-1: Monthly Average Insolation Incident on a Horizontal Surface at the Site (22 Years)  

Month  Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. Average 

Radiation 

(Kwh/M2/Da

y) 

6.36 6.80 6.33 5.60 5.34 4.38 4.05 4.40 5.26 5.05 5.45 5.97 5.40 

 

To counter check the present situation, the daily solar radiation (kWh/m2/day) data for the year 2015 has 

been obtained from NASA, and the monthly average for the year is computed and displayed in the Table 

1-2. 

Table 1-2: Monthly Average Insolation Incident on a Horizontal Surface at the site in 2015 

Month  Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. Average 

Radiation 

(Kwh/M2/Day) 

  6.81 7.05 6.32 5.88  5.38 5.09 4.21 5.19 5.86 5.05 5.45 5.25 5.67 

 

The annual average calculated  for 2015 solar radiation of the site, 5.67 kWh/m2/Day, has almost similar 

values with the annual average solar radiation of NASA and CESEN (5.4 kWh/m2/Day) which is 

evaluated based on twenty two years of collected data.   

The solar radiation is lower in June, July and August as these months are the rainy season in the site. 

Thus the twenty two years of collection data which is also specified for the solar panel application has 

been considered for the Solar PV designing of the selected site. 
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Chapter Two 

2. Hydropower Potential 

2.1. Introduction 
 

Hydropower is among the renewable energy resources in which energy is derived from the falling and 

running water. Since ancient times, hydro-power has been used for irrigation and the operation of various 

mechanical devices, such as watermills, sawmills textile mills, power houses and others [21]. 

The process of harnessing hydropower consists of different electro-mechanical equipment and civil 

structures. The water is accumulate in the reservoir by the help of the dam and passes through the intake 

structure and keep going via the penstock (may also contain tunnels) to the hydraulic turbine where the 

energy exploiting carried out [22]. The following figure illustrates a generalized hydropower schematic 

diagram which shows main common parts of hydropower plant. 

 

Figure 2-1:  Generalized Hydropower Schematic Diagram [23] 
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2.2. Main Hydropower Components 
 

The components for electricity generation are almost similar for all kinds and sizes of the hydropower 

plants but some components which are needed in bigger hydropower plants may not be required in the 

smaller ones such as; dam, surge shaft tunnel, surge tank and others [16, 21-24]. The main components of 

hydropower plant are: 

Dam: mainly required to divert the water (river) flow into the powerhouse where energy exploitation is 

taken place.  Besides, dams provide storage capacity and head. There are different kinds of dams which 

are mainly based on the local topography and geotechnical situations [21-24]. But dams may not require if 

the proposed hydropower plant is taking water from the already stored mechanisms such as; lakes which 

have river flow ins (like Tana Beles Hydropower plant, in Ethiopia), or utilizing run of river for small 

hydropower  or considering an ecological flow of the bigger power plants.   

Spillways: provides passage for excess water from the reservoir to the downstream safely. There are 

different types of spillways such as overflow, side channel, shaft and others which are according to the 

local topography and dam type [21-24]. 

Intake: Provides mouth for the conveyance water towards the hydraulic turbines and should be 

constructed in a way to minimize head losses, no formation of vertices, minimum entry of sediments and 

floating materials into the passage conduit (penstock) [21-24]. 

Trash Rack: provides to prevent entering of floating debris and other objects to intakes and pressure 

pipes (penstock). This helps to protect the turbine runner from impinging objects [5-6]. 

Gates and Valves: are used to stop water flow for maintenance of components. Some of them are stop 

logs, sliding gates, flap gates, rotary, and sleeve type, butterfly and sphere valves. Their head loss and 

ability to operate effectively for the system full gate discharge must be considered carefully [21-24]. 

Surge tank (Pressure relief tank): is a structure used to damp water hammering waves generated from 

sudden valve opening and closing. 

Tunnel: It is an enclosed water passage under a natural hilly obstacle. It includes headrace tunnel, 

surge shaft tunnel, tail race tunnel and bypass tunnels. 

Penstock: it is a pressurized conduit which helps to convey the water towards the turbines. There are 

different penstocks which are based on hydropower plant topography and principle of operation. 

Attention shall be given to minimize head loss and economical thickness and routing of the penstock [16, 

21-24]. 
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Power House: it is a place where the energy harnessing and then conversion to electrical energy is 

carried out using respective electro-mechanical equipment such as; hydraulic turbines, generators, 

transformers and others. The power house will be in underground or in the surface depending on the 

geographic (topography) of the site.  

Tail race (After bay): a channel or canal which returns the water to the main course of river after 

passing though the hydraulic turbines. Based on the type of the hydraulic turbine applied, the tail race 

design will be varied [21-24]. 

2.3. Principles of Hydropower plants 
 

The principle of electricity generation is similar irrespective of the size of the hydropower plant.  The 

impounded water at higher elevation has a potential energy due to gravity and when this water is allowed 

to fall down a given height (head), its potential energy form will be converted into kinetic and pressure 

energy forms. The kinetic and pressure energy can be converted into mechanical shaft energy using 

hydraulic turbines. Then by coupling to an appropriate  generator with the shaft  of  the hydraulic  

turbine,  the energy  will be  converted  into  electrical  energy.  The theoretical power available from 

hydropower can be calculated from the flow rate and density of water, net head, and local acceleration 

due to gravity.  

                                                                         (2-1) 

Where: P    : is power from hydropower unit (in watts) 

        : is an efficiency of the turbine and generator (0<     1) 

ρ     : is the density of water (it is 1000 Kg/m3) 

Q     : is the flow rate of water (in m3/s) 

       : is the acceleration due to gravity (it is 9.78 m/s2) 

      is the net head available for power generation    

Determining the flow rate and available net head is the main task for hydropower development. The 

net head (effective head for turbine) is the difference of the gross head and hydraulic losses before 

entering the turbine. Gross head is a total elevation difference between the head water elevation and 

tail water elevation of hydropower system. The hydraulic loss is a hydraulic head loss due to friction 
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and transition on intake, trash rack, penstock, gate valves, canals, outlets and other civil structures. 

Head can be measured using altimeter, pressure gauges and other mechanisms. The flow rate of a given 

river can be measured using gauge meters, area velocity, and others [16, 21-24]. 

2.4. Classification of Hydropower Plants 
 

Hydropower plants can be classified according to parameters and schemes used to design but the familiar 

categorizations are based on head availability, operation and size (installed capacity).  

Classification according to Head 

Head is the difference in elevation between the intake water and trail water thus hydropower plants are 

commonly categorized based on their head as follow [16, 21-24]: 

a. High Head :  if the head is more than 100m 

b. Medium Head: if the head is between 30m and 100m 

c. Low Head:  if the head is lower than 30m 

Classification according to Operation 

Hydropower Plants can be also divided based on operation scheme [16, 21-24]: 

a. Run of river:  a scheme generates electricity by immediate use of the inflow with no storage 

capacity or very limited storage. 

b. Storage:  a scheme which has water storage in upstream of a dam structure to create reservoir 

that helps to operate for the whole year especially dry time.    

c. Pumped storage:  a scheme that can be store water by pumping it from lower reservoir or a river 

to a higher elevation reservoir during off-peak time to make water available for peak energy 

demand time.   

Classification according to size (installed capacity)  

Hydropower Plants are commonly classified according to installed capacity even though there is a 

variation on the threshold that separates individual classes. Here is the common way of classification 

according to the size [5-6, 21-24]. 

a. Large HPP:  it is with the installed capacity of higher than 100MW and feeding to large network 

grids 

b. Medium HPP: it consists of between 15 MW and 100MW and feeding to the grid  
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c. Small HPP: it comprises between 1MW and 15 MW and either feeding to grid or being 

standalone for some specific areas 

d. Mini HPP: it is between 0.1 MW and 1 MW and usually standalone  

e. Micro HPP: it consists of between 5KWand 100 KW and used as standalone 

f. Pico HPP: it is with installed capacity of less than 5KW and applicable to remote areas as 

standalone. 

But hydropower plants less than 15 MW are usually regarded as Small hydropower plant and this 

consideration has also taken in this thesis work [5, 6]. 

  

2.5. Small Hydropower Plants 
 

Small hydropower plant is considered as the development of hydroelectric power on a scale serving for a 

small community or industrial plant. The definition and characterization of a small hydropower plant 

varies between different countries and organizations but a generating capacity of up to 15 megawatts 

(MW) is generally considered as the upper limit of what can be termed small hydropower plant [5-6, 21-

24]. 

Large hydropower projects demand intensive investment cost, brings adverse socio-economic effects by 

relocation of population, affects a little bit the biosphere and some construction   impacts on the nearby 

environment. To minimize these complex impacts, a thorough environmental impact assessment will be 

carried out. Small hydropower projects usually have minimal reservoirs and civil construction works so 

they are considered as having a relatively very low environmental impact compared to large hydropower 

plants. 

Small hydropower plants may be built to connect to the grid networks as a source of low-cost renewable 

energy or alternatively, supply power to isolated area that would be uneconomic to serve from a network. 

Besides, small hydropower plants can also be considered as a component for hybrid power system to 

combine with Solar (PV or thermal) or wind or both [21]. 

2.6. Types and Selecting of Hydraulic Turbines 

Hydraulic turbine is a rotary machine that converts the potential energy of the water into mechanical 

energy. The Hydraulic turbine has vanes, blades or buckets that rotate around an axis by the action of the 

water, the rotating part is called runner. Based on principle of operation, there are two kinds of turbines; 

“impulse” and “reaction” turbines.  The impulse turbine converts the potential energy of water in to 
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kinetic energy in a jet issuing from nozzle and directed tangentially onto the buckets of the runner which 

rotating in the air. Pelton, Crossflow, and Turgo are some of impulse type hydraulic turbines. The 

reaction turbine uses the pressure as well as the velocity of water to generate power and the runner is 

totally submerged hence both pressure and velocity decreases from inlet to outlet. Francis, Propeller and 

Kapaln are some of reaction type hydraulic turbines [8, 16]. 

Turbine Selection is carried out considering head, flow rate and operation mode (base load, peak load).   

2.7. Hydropower Potential and Application in Ethiopia 
 

Hydropower has been recognized for decades as the single most valuable electrical energy resource in 

Ethiopia. The existence of large rivers flowing in deeply incised valleys provides very attractive conditions 

for medium to large scale hydropower schemes.  On the downside, the country‟s climate requires to have 

large reservoirs to store the high flows during the pronounced three to four months high run-off season 

for release during the remaining relatively drier months [4, 25]. 

The country has around 45 GW hydro-electric power energy potential but it has been exploited only 3810 

MW so far as shown in the Table 2-1 below.  

Table 2-1: Existing Generation capacity of the country as end of 2015 [25] 

SN Hydro-Power Plant Installed Capacity 
in MW 

Year of 
Commissioned 

Remark 

1 Koka 43.2 1960  

2 Awash II 32 1966  

3 Awash III 32 1971  

4 Fincha 134 1973/2000  

5 MelkaWakena 153 1988  

6 Tis Abay I 11.4 1964 Not functioning 
now 

7 Tis Abay II 73 2001  

8 Gilgel Gibe I 184 2004  

9 Gilgel Gibe II 420 2010  

10 Tekeze 300 2009  

11 TanaBeles Multipurpose  460 2010  

12 FinchaAmertinesh 97 2011  

13 Gigel Gibe III 1870 2016  

                             Total  3809.6 MW 

. 
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Gilgel Gibe III (the largest with 1870 MW installed capacity) has commissioned recently, in the end of 

2016. Three additional mega hydropower projects are also under construction to boost the national 

installed capacity as shown in the table below. 

Table 2-2: Under Construction HPP Projects in Ethiopia [4] 

SN Hydro-Power 

Plant 

Installed 

Capacity in 

MW 

Year of 

Commencement 

Remark 

1 Genale3 HPP 254 2010 Under construction 

2 Grand 

Ethiopian  

Renaissance 

HPP 

6000 2011 Under construction 

3 Koysha HPP 2200 2016  Under construction    

                           

Total 

8454  MW  

 

Besides, the country has launched on 2011, a controversial dam in the world and a patriotic sounding 

dam in the nation on the Nile River with 6,000 MW installed capacity and expected to be completed 

roughly after eight years of commencement time. But due to several reasons such as unexpected natural 

causes, logistics for the imported equipment, design changes due to international water politics issue with 

Egypt and Sudan; the dam mayn‟t be completed on the scheduled time but one generating unit is 

expected in 2017.  

2.7.1. Small-hydropower development in Ethiopia 
 

In Ethiopia, small hydropower plants for rural electrification has been built and operated decades ago but 

now it is left out and just mega projects are getting attention. Even rehabilitating of the old small 

hydropower plants are left and almost all of small hydropower plants which were built decades ago are 

not functional as shown in the table below. These respective consumers are now connected to the 

national grid network or few of them supported by diesel which is not economic and environmental 

friendly.   
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Table 2-3:   Small hydro power plants operated by EEP [25] 

 
 SN 
 

 
Name, location 

Installed 
Capacity 
(kW) 

Year of 
Commissioning 

 
 
Current Status 

1 Yadot, Bale Zone 350 1991 operational 

2 Welega, Woliso town 162 1965 Not operational 

3 Sotosomere, Jimma 147 1954 and 1969 Not operational  (ceasedin1986) 

4 Hulka, Ambo town 150 1954 Not operational (Ceased in 1994) 

5 Deneba, BunoBedele 123 1967 Not operational (ceasedin1990) 

6 Gelenmite,DembiDolloto
wn 

195 1966 Not operational(ceasedin1991) 

7 Chemoga, DebreMarkos 
Town 

195 1962 Not operational (ceased before 1994) 

8 Debre Berhan 130 1955 Not operational 

9 Jibo, Harar 420 - Not operational 

10 Aba Samual, near Addis 
Ababa 

4500 1953 Ceased in 1975 but now in 
rehabilitation to connect with the grid 

 

There are also additional several small hydropower plants which are owned by different 

organization(bodies) in which most of them are operating under rating condition or totally halted due to 

not properly maintained and handled. 

In the country‟s latest energy policy, power generation is permitted for any private company but they 

couldn‟t transmit and distribute to the customers directly rather they have to use for themselves or sale 

for the government owned company, the late EEPCo (now splitting into two entities; Ethiopian Electric 

Utility/EEU/ for distributing to customers and Ethiopian Electric Power/EEP/ for constructing and 

generating power). The government owned company EEU will distribute and sell the energy to the 

respective consumers on average of 0.03 USD/KWh.  Since the energy price is not pleasant for private 

company, there isn‟t any private company dare to invest in this sector.  

At present, the country  has a total operating less than 10 MW installed capacity of small hydropower 

plants both with grid and standalone but there are a surplus potential  either using the already built dams 

(like this project) or using the countless small rivers throughout the country. 
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2.8. The Small Hydropower Project in the study site  
 

2.8.1. Features of the small Hydropower project 
 

The proposed project site has already a dam built for the large hydropower generation purpose and it is 

intended to exploit this reservoir for the small hydropower development by using the compensation 

(ecological) flow to the downstream. Nevertheless, it needs some structures and equipment to achieve the 

intended goal. The main necessary works and equipment are discussed here, as well as turbine sizing and 

configuration optimization has carried using the TURBNPRO software. 

a. Water Conveyance (Penstock) 

As it is planned to utilize the already built reservoir which has 1120m a.s.l. at full supply level (FSL), 

construction of dam isn‟t needed, this reservoir allows harnessing a flow rate of 2.2 m3/s every time of 

the year. The water conveyance from the reservoir to the power house assumed to be a penstock with 

380m to 400m length and one meter diameter.  

b. Flow rate 

As the proposed project is going to use the compensation discharge, there is 2.2 m3/s all the time thus a 

flow rate of 2.2 m3/sis considered for design or firm flow rate [4]. 

c. Head 

The turbine will utilize the head from dam and the reservoir water level which has an altitude of 1120 m 

at Full Supply Level (FSL). The intake for the compensation flow assumed to be located at  altitude of 

1107 and the turbine will be placed at altitude of 1017 m  thus the small hydropower plant will have  a 

gross head of 90m.  

 

Figure 2-2: Genale 3 Multipurpose Project Dam with 110m height (Downstream Side) 
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Even though the gross head is 90m, there are different hydraulic losses to be considered for getting the 

net head such as; friction losses, entrance losses, valves and bend losses. These all losses are considered in 

the computation and the net head (effective head for turbine) is the difference of the gross head and 

hydraulic losses. Thus the rated net head for the turbine is 86.5m which is 3.5m total hydraulic losses. 

d. Selection of Turbine 

Since both net head (86.5 m) and flow rate (2.2 m3/s) are found, the applicable turbine type can be 

selected in the following turbine selection chart.  The nominal power based on equation 3.1 will be 

around 1.7 MW. The combine turbine and generator efficiency approximated as 90%, local gravitational 

acceleration as 9.78 kg/m3 and the water density as 1000 Kg/m3;  

The hydropower plant has around 1.7 MW installed capacity and it will be further tuned after turbine 

selection by the TURBNPRO program.   

The intersection point for the respective flow rate and head (green lines in the chart, Figure 2-3) located 

just at Francis turbine zone. The roughly estimated plant capacity calculated above will also confirm the 

selected turbine.

 

Figure 2-3: Chart For Selecting Turbines Based On Flow Vs. Head [23]. 
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e. Power house 

The powerhouse scheme will be almost surface to earth which consists of single Francis turbine coupled 

with generator.  As the plant unit is smaller size, it is better to consider the horizontal orientation [26].  

2.8.2. Turbine Sizing and Configuration Using TURBNPRO 

 

TURBNPRO is a hydraulic turbine sizing and technical data development program which is developed 

by Hydro Info Systems.  The user will be required to input the hydropower site conditions, desired 

operating parameters and desired equipment arrangement. Based upon typical characteristics of hydraulic 

turbines, TURBINPRO will display (demonstrate) the sizes, speeds, setting limitations, dimensional and 

performance characteristics of turbine [26]. 

TURBNPRO has one main data entry window for Turbine sizing which needs rated discharge, net rated 

head, gross head, site elevation, water temperature, system frequency, minimum and maximum net head. 

After selecting particular turbine type (here Francis) in the TURBNPRO, the data entry for turbine sizing 

window will pop up and respective data will be filled and the probable turbine solutions according to the 

encoded data will be displayed to select required speed and runner diameter ( 1000 rpm and 582 mm).   

There is also one additional selection window for turbine configuration that considers axis orientation, 

draft tube type and shaft arrangement. Based on the installed capacity and program recommendation, the 

configuration will be horizontal axis, elbow draft tube and turbine with shaft/bearing arrangement. 

After, turbine sizing and configuration is completed and TURBNPRO will produce the optimized 

turbine parameters and settings. The Optimum turbine has 1721 kW rated capacity and 92.2% efficiency 

at the rated flow rate and net head. The performance curve for the optimum turbine is presented as 

follow, Figure 2-4. 
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Figure 2-4: Turbine Performance Curve Chart using TURBNPRO software 

Power limit due to cavitation will occur at flow rate of 2.6 cubic meters per second which is higher than 

the maximum possible flow rate. Thus the rated 2.2 cubic meters per second flow rate with 86.5 rated net 

head will have a turbine efficiency of 92.2 % without any cavitation concerns. The TURBNPRO will 

generate the optimum turbine sizing parameters and characteristics which helps for manufacturing of the 

turbine specific to the site. The optimum turbine performance characteristics, sizing parameters and 

turbine designs are attached in the Annex.  

The assembled turbine components and generator arrangement is modeled by the TURBNPRO program 

based on the provided data and configuration. Electro-mechanical equipment have site specific 

characteristics therefore the orientation, connection and operating characteristics will be dependent on 

the data encoded in the TURBNPRO program. Hence, the small hydropower will have horizontal 

turbine- generator assembling (orientation) which is easier for installation and maintenance, as shown in 

the following Figure 2-5. 
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Figure 2-5: The Assembled Arrangement of the Turbine and Generator using TURBNPRO software 

2.8.3. Electro-Mechanical Installation 
 

The electro-mechanical installation is carried out mostly in the power house which consists of 

installations of turbine, generator transformer, controlling and regulating electrical equipment. Besides, 

transmission line is also considered as electro-mechanical installation work. 

The generator will be a standard design, horizontal shaft, and two bearings of sleeve or roller type with 

the rated data:  6000 V, 1850 kVA and 1000 rpm. 

The generator and transformer connection will be by 6 kV cable, via a 6 kV circuit breaker cubicle. The 

transformer will be oil insulated designed for outdoor installation and cooled by natural air circulation. 

The rated data for the step-up transformer will be: capacity 1850 kVA and voltage ratio 6/15 kV. 

 

The transmission line will connect the step-up transformer at the generated power with the PV/Battery 

station near to Tadacha Rarasa. The distance is approximated to be 30 km. A distribution transformer is 

also considered to be installed and step down to 0.4kv before interconnected with the PV and wind 

power systems to make the hybrid system. 
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Chapter Three 

3. Wind Power Potential 

3.1. Introduction 
 

Wind energy is an indirect form of solar energy in which un-even solar irradiation on earth, due to its 

shape and rotation, causes temperature differences and spatial air pressure difference. These differences 

and the local earth (land, sea, forest) effect originate air movement, winds.  Based on some literatures, the 

first utilization of wind power was to sail ships in the Nile River (the so called “Abay” in Ethiopia) around 

5000 years ago [19]. Subsequently, wind energy harnessing mechanisms has keep going in utilizing for 

transportation and other applications such as pump water grind grains and others in the following 

centuries [14-17]. 

The first wind turbine which converts the wind energy to electrical energy was developed in Scotland 

around 1887 for single house lighting. The average turbine size of wind installation was 300kW until the 

early of 1990s but now most grid-connected turbines are between 1 to 3 MW because many countries 

promote wind energy by national programs and market incentives. Wind turbines with 5 and 6 MW 

capacities have been developed and in field trial, may be in few areas commercialized. The major factors 

that have accelerated the development of wind power technology includes: advancement in power 

electronics and generators in wind power system related applications, high strength fiber technology for 

blades, learning curve which helps to improve the capacity factor and operation availability, and climate 

and political condition of the world [14-17]. 

3.2.  Power Extraction Principle from Wind 
 

The wind turbine slows down the wind from V to V0 when the wind passes over it and the power 

extracted by the wind turbine is the kinetic power (kinetic energy per second) differences between the 

upstream and the downstream as shown in the equation below [14-17]. 

      
 

 
 ̇(     

 )                                          (3-1) 

Where:                                                   (watt) 

 ̇ = mass flow rate of the air (kg/s) 

     Upstream wind speed at the entrance of the rotor blade (m/s) 
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    Downstream wind speed at the exit of the rotor blade (m/s) 

The mass flow rate of the air  ̇ will be replaced with: 

   ̇    
    

 
  

Where:    is air density (Kg/m3) and 

      A is the swept area by the rotor blade (m2) 

Then the wind turbine output will be:   
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The equation will be rearranged as: 
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Finally, the turbine output will be represented as: 
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The factor    is called the power coefficient of the rotor or the rotor efficiency. The above equation 

shows the value of      depends on the ratio of the downstream to the upstream wind speeds(
  

 
). The 

theoretical maximum value of      is 0.59 which is much higher than practically attainable values [19-21].  

Wind power also linearly varies with the air density sweeping the blades. The air density ρ also varies 

proportional with pressure and temperature with regard to the site considered. The air density at sea level 

with pressure 1 atm and temperature 60o F is 1.225 kg/m3. Using these parameters as a reference, density ρ 

is customized for the site-specific temperature and pressure.  As temperature and the pressure vary with 

the altitude, the combine effect on the air density is given by the following equation, which is valid up to 

an altitude of 6,000 m [19, 20].    

     (             )      (3-3) 

Where:    is air density at sea level (1.225 kg/m3) and H is altitude of the place (site). 
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3.3. Wind Speed Distribution  
 

Wind speed distributions are commonly used to indicate the annual available wind energy and 

these distributions are estimated using, measurements, wind maps and other schemes. The wind 

is never steady at any site rather it is influenced by the weather system, the local land terrain and 

its height above the ground. Wind speed varies by minutes, hour, day and season. The statistical 

function that describes the wind variation in the better way is Weibull probability distribution 

function with two parameters, the shape parameter k and the scale parameter c. Wind speed has 

the Weibull distribution with shape parameter k=2, which is specifically known as the Rayleigh 

distribution and given as follows with wind speed, v [3, 14-18]: 

 ( )   
   

  ̅ 
   [ 

 

 
(
 

 ̅
)
 

]      (3-4) 

  

 Where:   ( )   = Weibull probability density function of wind speed 

    ̅  =    mean speed (m/s) 

           V = instantaneous wind speed (m/s) 

The wind speed is usually recorded at a height of 10 m. Change in elevation, hills or mountains, 

significantly influence the wind speed and this is referred as wind shear. The wind shear at a 

ground-level surface causes the wind speed to increase with height in accordance with the 

following expression [3, 14-17]: 

     (
  

  
)
 

         (3-5) 

                   Where:    = wind speed measured at the reference height (altitude),    

          = wind speed measured at the height (altitude),    

      α = ground surface friction coefficient 

The friction coefficient α varies accordingly with type of terrain such as smooth terrain has 0.10, 

grass ground has 0.15, land with shrubs and hedges has 0.2 and coefficient will as per the ground 

roughness [3, 14-17].   
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3.4. Wind Turbine Configuration (Types and Blade 

Aerodynamics) 
 

There are several wind turbine configurations but drag type and lift type wind turbines are the common 

types and they have also played a significant practical role in the wind energy development and 

commercialization. Fundamentally, all present day turbines are the lift type and more than 90% of them 

are the horizontal axis type [5, 14-17] 

In a drag type turbine, the wind applies a force in the direction it is blowing which is just pushes on a 

surface. Even though, they are easy to build, they can‟t compete with the lift type due to their lower 

efficiency [14-17].  

In lift type wind turbine configuration, the wind generates a force perpendicular to the direction it is 

blowing. The lift type wind turbine can be horizontal axis (HAWT) and vertical axis (VAWT) based on the 

rotation of blades relative to the direction of win. Except for rotor situation, most other components are 

the same in both designs with some difference in their placement [5, 17].  

The rotor of the horizontal axis wind turbine lies horizontally, parallel to the air flow in which the blades 

sweep a circular plane normal to the air flow, situated upwind (in front of tower) or downwind (behind the 

tower). The main advantages of HAWT are good aerodynamics performance and versatility of application. 

But the difficulties are the tower has to support the dynamic electro-mechanical equipment (gearbox, 

shaft, generator and others) on the top of itself (nacelle) and necessity of yawing towards the wind [5, 14-

17].  

In the VAWT, the rotor axis lies usually vertically and the blades sweep a cylindrical or conical plane 

which is perpendicular to the air flow and parallel to the rotor axis. The main advantages are all the 

dynamic electro-mechanical equipment will be placed in the ground and yawing mechanism is not needed. 

Most common and modern wind turbines use a HAWT design. The poor efficiency and high material 

demand of vertical axis systems are the determining factor for the market shares dominance taken by the 

horizontal axis system [14-17].  

Wind turbine output is greatly affected by its aerodynamics performance and the aerodynamics is 

determined mainly by the geometry of the blades. The shape of the aerodynamic profile is a decisive factor 

for blade performance [5]. 
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3.5. Horizontal Axis Wind Turbine 
 

The HAWT components and general working principles will be discussed further as the proposed turbine 

for the site is HAWT. 

3.5.1. Turbine Components  
 

The wind power system comprises one or more wind turbine units operating electrically in parallel. 

Irrespective of size and operation type (with-grid or off-grid) each turbine consists of three main 

components called tower, nacelle and hub; these components include respective constituents in them, as 

shown in Figure 3.1 below [14-17].  

 

Figure 3-1: General Schematic Representation of HAWT [16]. 

a. Tower 

The tower helps to support and hold the nacelle and the hub in supposed position. 

b. Nacelle 

 Nacelle consists of main electro-mechanical equipment which helps for power generation such as shaft 

with mechanical gear, gear box, electrical generator, yaw mechanisms and sensors as shown above Figure 

3-1.  

Shaft: It connects with hub and transfers the mechanical energy to either directly to the generator or 

through gearbox and high speed shaft to the generator.  In slow speed generator, there is only low speed 

shaft but in high speed generators case, there are low speed and high speed shafts on both sides of 

gearbox. 
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Gearbox: It is needed in high speed generator cases and it will step up the slow speed coming through low 

speed shaft. Then the gearbox will transfer the mechanical energy to the generator through the high speed 

shaft.  

Generator: It is equipment which converts the mechanical energy to electrical energy. According to the 

wind system required design, there are two main types of generators; low speed generator and high speed 

generator. Each of them has its own vantage points.  

Yawing mechanism: it keeps the upwind turbine facing the wind while the wind changes direction 

Sensors: they are installed either over the top of the nacelle such as wind vane, anemometer and 

thermometer, or inside the nacelle such as thermometer and other mechanical and electrical parameters 

monitoring and regulating devices 

Besides, disc brake will install for stoppage when needed, and the controlling mechanism also installed 

there to control and regulate the turbine components as required.  

c. Hub 

The hub helps to interconnect the blades (two or three) in it and rotate together for driving the shaft (low 

speed shaft). The hub consists of pitch drives for each blade for controlling the pitch angle.  

3.5.2. Power output and Power Control Mechanisms  
 

The power extraction principle from the wind is discussed in previous subsection 3.2 and the mechanical 

power exploited is described in equation 3.2 as; 

      
 

 
          

The electrical output power will be; 

   
 

 
                 (3-6) 

Where    is the overall total efficiency of transmission and conversion (gearbox, generator).  

The power coefficient and efficiency of wind turbines vary greatly from manufacturers to manufacturers. 

Accordingly, the power output of wind turbines vary from turbine to turbine manufacturers and is given 

by power curve which plots the output power of a turbine with respect to wind speed, shown in figure 3-2 

[5, 16, 17]  
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Figure 3-2: General Power Curve of a Wind Turbine [5] 

The wind turbine is highly depends on wind speed values thus the wind turbine controlling mechanisms 

takes respective actions based on the wind speed. The wind speed in which the turbine halts production 

due to its being too small is cut-in speed but being too large to handle is cut-out speed. The rated wind 

speed is the speed where the power coefficient, conversion efficiency, attains its practical maximum. The 

rated power output is the power output at wind speed equal or above the rated wind speed.   

After reaching the rated power, the power should remain constant for wind speeds greater than the rated 

wind speed because the turbine and generator can‟t handle above their capacity. Therefore, a wind power 

turbine must limit the power with one of the two main strategies; stall control and pitch control [14-17].  

In stall controlling method, the wind is allowed to meet the blade at very large angle of attack and this 

decreases the lift force and increase the drag force. The stall control mechanism can‟t maintain stable 

power output [14-17]. 

The pitch control mechanism needs more technical efforts and the blade turns around its longitudinal axis 

thus being able to maintain a required angle of attack at changing wind speed without increasing much 

trust force on the rotor [5, 14-17]. 

The stall controlling method has improved to active stall regulation mechanism which pitches the blade 

similar to the pitch control method in lower speed stages but still the efficiency is lower due to some poor 

regulation at high speeds [5, 14-17].  
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3.6. Wind Power Potential and Application in Ethiopia 
 

3.6.1. Wind Resource Potential and Application 
  

Wind speed generally decreases from higher latitude towards the equator but local effects due to 

geographic structures such as mountains and valleys will have important factor.  Being Ethiopia is located 

near to the equator it is expected to have lower potential for wind energy but the geographic structures 

which had been brought due to rift valley and other natural causes have worthy  impact for the wind 

energy in the country. 

According to SWERA study which has been carried out by Ethiopian government and UN, the country 

has   around 100 GW grid-based exploitable wind energy potential [19]. But it looks somewhat high side 

or overstated. The following annual wind energy density (W/m2) map which is developed by SWERA 

study shows the annual mean energy distribution and wind speed (m/s) throughout the country at 50m 

height. 

 

Figure 3-3: Mean Annual Wind Power Density map at 50m Height from SWERA study 
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Until recently, wind energy resource development hasn‟t got fair attention in the country due to lack of 

focus for wind energy and difficulty for locating appropriate sites. But in the last seven or eight years, 

because of the need of energy mix to avoid high energy deficient during drought, world politics and 

climate situation enforces   the government to consider the wind energy. Thus, several wind studies in the 

country are carried out and development of three wind farms with total capacity of 324 MW (Adama I 

with 51 MW, Ashegoda with 120 MW and Adama II with 153 MW) has been completed. Besides, there 

are few wind farms in line up for development in sooner time. 

 

Figure 3-4: Adama II Wind Farm with 153 MW Installed Capacity 

3.6.2. Wind Resource in Tadacha Rarasa 
 

The selected study area, Tadacha Rarasa, has an annual mean wind speed of about 3.5 to 5.8 m/s at 50 m 

above the ground, as shown in the above wind density map, Figure 3-3. 

The Monthly Averaged wind speed (m/s) of the site 50 m above the ground is collected from NASA 

Surface Meteorology and Solar Energy website.  The collected data is ten years of average and presented 

on the following table, Table 3-1. 

Table 3-1: Ten Years of Monthly Average Wind Speed at 50 m above the ground for the site 

Month  Jan Feb. March April May June July Aug. Sept. Oct. Nov. Dec. Average 

Wind Speed 
(m/s) 

 5.01  4.93  4.3 3.58 4.26  4.82 5.09  5.09  4.56  3.61  3.92  4.65    4.49 

 

To counter check the present situation, the daily wind speed (m/s) data 10 m above the ground for the 

year 2015 has been acquired from NASA, and the monthly average for the year is computed and displayed 

in the table 3-2. To compare with the ten years data, this has to be extrapolated to the 50 m above the 

ground by using the wind shear formula in equation 3.5 considering the ground surface friction coefficient 
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0.2 as the environment has shrubs. The extrapolated data to 50 m above the ground is also presented 

together with the 10 m above the ground data in table 3-2.  

TABLE 3-2: Monthly Average Wind Speed (m/s) 10 m and 50 m above the ground in 2015 

Month  Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. Average 

Wind Speed 
@ 10 m 

3.87 4.38 4.63 2.52 2.76 3.10 3.70 3.96 3.36 2.73 3.00 3.42  3.45 

Wind Speed 
@ 50 m 

5.34 6.04 6.39 3.48 3.81 4.28 5.11 5.46 4.64 3.77 4.13 4.72 4.77 

 

The 2015 calculated average annual wind speed of the site at 50 m above the ground  is 4.77 m/s and it is 

almost similar with the average annual wind speed of NASA and CESEN ,4.49 m/s, which is evaluated 

based on 10 years of collected data.  

 The ten years monthly average wind speed from NASA and CESEN is between 3.5 to 5 m/s which is 

similar with SWERA wind data, 3.5 to 5.8 m/s, plotted on the map (Figure 3-3). 
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Chapter Four 

4. Load Estimation for Proposed Site 
 

The load estimation is a decisive factor to determine the size of the hybrid system for the site. Thus, the 

load size and the required investment for it determine the feasibility of the proposed rural electrification. 

Hence, the possible detail load estimation has been carried out considering the effects of the multipurpose 

project on the society. The community present load is by far lower than what it has been estimated.  

The electrical load of rural villages in Ethiopia can be assumed to be composed of lighting, radio, TV set, 

water pumps, health center, primary school, and flour mill [8]. But in the proposed site pumps for small 

scaled irrigation, cafes and restaurant shall also be considered as irrigation, fishery and tourism activities 

will be pronounced in the sooner time. The Bale Mountains national park and tourist center is also in 

proximity which will have impact on the tourism activities.    

To protect the vegetation, cooking electrical loads (electric stove and electric „Mitad‟) are considered in the 

load estimation.  But the electrical stove and Electrical „Mitad‟ for household are based on scheduling as 

described in detail in Residential load estimate. Electric stove and electric „Mitad‟ are almost available in all 

working times for cafés and restaurants. The electrical stove for clinics and schools are expected for hot 

drinks and may be for some fast food cooking. 

The other loads considered here are public service loads, pumps for portable water supply and small 

scaled-irrigation, fishing and some other commercial services.   

The loads which are considered in the load estimation to be used in the community are listed in the table 

below with their ratings. But the load of the school and clinic laboratories and workshops are estimated in 

lump sum.    

Table 4-1: List of Considered Electrical Appliances and their Corresponding Load Size 

S/N 
 

Electrical Appliances Description Power Demand 

1 Energy Saving Lamp (ESL) for normal home and office 11 W 

2 ESL for special purpose (guard, clinic examination and others) 20 W 

3 Street light ESL lamp 60 W 

4 Television color  (21”) 70 W 

5 Tape/Radio 30  W 

6 DVD player  30 W 
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7 Set of Box(SoB) 30 W 

8 Home Fridge 150 W 

9 Electric Stove 1000 W 

10 Electric „Mitad‟ (locally customized stove) 2500 W 

11 Amplifier 200 W 

12 Wireless telephone 10 W 

13 Personal Computer 300 W 

14 Printer 200 W 

15 Clinic Fridge 475 W 

16 Sterilize machine 200 W 

17 Microscope 30 W 

18 Microphone 10 W 

19  water Collecting pump 4 000W 

20 water  Distributing pump 1500 W 

21 Small Scaled Irrigation Pump 4000 W 

22 Deep Freeze (Fishery) Fridge 500 W 

23 Fridge for the café (Inn) 350 W 

24 coffee/tea maker 800 W 

25 Bakery machine 4000W 

26 Electric scissors 100 W 

27 Tailor machine 20W 

28 Electric iron 200W 

29 Milling Machine Set  20000 W 

30 Fan 75W 

 

4.1. Load Estimation for Residential 
 

As the society will have different financial capabilities and interests to purchase electric appliances, the 

total population of 4100 families are grouped in to three levels of energy consumption families which help 

for better load estimation. The classification is mainly based on utilization of Electric „Mitad‟ and electric 

stove as t6hey are significant domestic energy consuming appliances. Electric „Mitad‟ (2.5 kW) is a special 

load type applicable in Ethiopia for cooking or baking  „injera‟ (a traditional common food which looks 

wider pancake and always served with different sauces) and bread. It is commonly used twice a week with 

each time an average of 3 hours for a family but longer times in café and restaurants. The electric stove (1 

kW) is common everywhere in the world and applicable here for sauce (traditional „watt‟) cooking, hot 

drinks and other similar activities. Because of the total load sizes are higher and difficult to fully entertain 

for all families, electric stove and electric „Mitad‟ are proposed to be used in scheduling when they are 

applicable. 
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a. Energy Level-one Family 

The energy level-one family is consists of families with least energy consuming pattern which will never 

use both electric stove and electric „Mitad‟ in addition to TV set.  As most of the time some families are 

expected to upgrade to the next energy consumption level thus this level has been estimated in a smaller 

possible proportion which is 30% of the total population.  The estimated energy consumption for each 

family is presented in the table below.  

 Table 4-2: Residential Electric Load Estimation for Energy Level-one Family 

 

Thus each energy level-one family consumes a total of 1.068 kWh in each day and all this energy families 

consume 1,313.64 kWh/day.  

b. Energy Level-two Family 

The energy level -two family is consists of families with medium energy consuming pattern which will use 

both electric stove  and electric „Mitad‟ in scheduling as discussed below.  As most of the time families are 

expected to be upgrade to this level thus this level has been estimated in a largest possible proportion 

which is 50% of the total population.  The estimated energy consumption for each family is presented in 

the table below. 

The electric stove operates for 12 hours a day (06:00 to 18:00) and every energy level-two family will use 

electric stove for 4 hours in this time period every day. The electric „Mitad‟ operates for 9 hours a day 

(04:00 to 13:00) and each family will use electric „Mitad‟ once a day for 3 hours in three days.  

 

 

Item  
  
  

Electric 
appliances 
  
  

Quantity  
Needed 
  

Total  
Power 
 (KW) 

Working  
Time in a 
 day 

Total Consum.  
for each family 
Per day (kWh) 

Total consum. for 
level-1 family per 
day (kWh) 

1 Energy saving 

lamp (ESL) 

4 0.044 18:00-06:00 

(12 hrs.) 

0.528 649.44 

2 Tape/Radio 1 0.03 07:00-00:00 

(18 hrs.) 

0.54 664.2 

 TOTAL  0.074  1.068 1,313.64 
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Table 4-3: Residential Electric Load Estimation for Energy Level-two Family 

 

Hence each energy level-two family consumes a total of 10.982 kWh every day and all this energy families 

consume 22,513.1 kWh/day. 

c. Energy Level-three Family 

The energy level -three family is consists of families with maximum energy consuming pattern. As being 

the highest energy consuming family level, least fraction which is 20% of the total population is considered 

to minimize the load burden.  The estimated energy consumption for each family is presented in the table 

below.  

The electric stove operates for 14 hours a day (07:00 to 21:00) and every energy level-three family will use 

electric stove for 7 hours in this time period every day. The electric „Mitad‟ operates for 8 hours a day 

(08:00 to 12:00 and 13:00 to 17:00) and each family will use electric „Mitad‟ once a day for 4 hours in three 

days. 

 

 

 

Item  
  
  

Electric 
appliances 
  
  

Quantity  
Needed 
  

Total  
Power 
 (KW) 

Working  
Time in a 
 day 

Total Consum.   
for each family 
Per day (kWh) 

Total consum. for 
level-2 family per 
day (kWh) 

1 TV (21”)  Set 1 0.1 12:00-06:00 

(12 hrs.) 

1.2 2,460 

2 Energy saving 

lamp (ESL) 

6 0.066 18:00-06:00 

(12 hrs.) 

0.792 1,623.6 

3 Tape/Radio 1 0.03 06:00-00:00 

(18 hrs.) 

0.54 1,107 

4 Fridge 1 0.15 13 hrs. 1.95 3,997.5 

6 Electric Stove   1 1.0 4 hrs.  4 8,200 

7 Electric „Mitad‟  1 2.5 1 hrs. 2.5 5,125 

 TOTAL  3.846  10.982 22,513.1 
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Table 4-4: Residential Electric Load Estimation for Energy Level-three Family 

 

Hence each energy level-three family consumes a total of 16.533 kWh every day and all this energy families 

consume 13,577.333 kWh/day. 

The total residential energy consumption of the community is summarized in the following table, Table 4-

5, which considers all energy level families.  

Table 4-5: Residential Electric Load Estimation for Total Population 

Item  
  
  

Electric 
appliances 
  
  

Quantity  
Needed 
  

Total  
Power 
 (KW) 

Working  
Time in a 
 day 

Total Consum. 
for each family  
Per day (kWh) 

Total consum. for 
level-3 family per 
day (kWh) 

1 TV (21”)  Set  1 0.1 12:00-00:00 

(12 hrs.) 

1.2 984 

2 Energy saving 

lamp (ESL) 

10 0.11 18:00-06:00 

(12 hrs.) 

1.32 1,082.4 

3 Tape/Radio 2 0.06 06:00-00:00 

(18 hrs.) 

1.08 885.6 

4 Fridge 1 0.2 13 hrs. 2.6 2,132 

6 Electric Stove 1 1.0 7 hrs.  7 5,740 

7 Electric „Mitad‟  1 2.5 1.333 hrs. 3.333 2,733.333 

 TOTAL  3.94  16.533 13,557.333 

Item  
  
  

Electric 
Appliances 
  
  

Total level-1 
family  
Consum. per day 
(kWh) 

Total level-2 
family consum.  
per day (kWh) 

Total level-3 
family consum. 
(kWh)  per day 

Total Residential 
consum. for  all 
Population (kWh)  per 
day 

1 TV Set (21”)  - 2,460 984 3,444 

2 ESL 649.44 1,623.6 1,082.4 3,355.44 

3 Tape/Radio 664.20 1,107 885.6 2,656.8 

4 Fridge - 3,997.5 2,132 6,129.5 

5 Electric Stove - 8,200 5,740 13,940 

6 Electric „Mitad‟  - 5,125 2,733.333 7,858.333 

 TOTAL 1,313.64 22,513.1 13,557.333 37,384.073 
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The total estimated daily residential energy consumption by the population is 37,384.073 kWh and the 

average daily residential consumption by each family is 9.118 kWh. As each family consists of 6 members, 

the daily residential average energy consumption per person is 1.52 kWh.   

The load estimation is slightly generous for considering 70% of the total population in medium and high 

energy consuming pattern which consists of electric stove and electric „Mitad‟ for cooking and baking. As 

most of residents use the electric energy for their daily primary energy demand, the deforestation of the 

nearby vegetation for charcoal and other means will be highly reduced and this will have a well worthy 

impact on Genale 3 Hydropower plant reservoir as the deforestation would have bring and accumulate the 

silt into the reservoir which will harm the purposes of the multi-purpose power plant in future.    

In this load estimation strategy 81.8% of the daily consumption has been allocated for residential energy 

demands and among the domestic loads electric „Mitad‟ and stove consists of more than 58%. Therefore, 

47.44% of the total daily consumption is for cooking and baking.  But, if there is any family who is 

unsatisfied to their household demand for cooking, it is recommended to use the traditional energy saving 

cooking devices as a supplement.  

4.2. Load Estimation for Pumps 
 

The energy demand estimated for pumps consist of potable water collecting and distributing pumps and 

small scaled irrigation pumps. Their characteristics and assumed operation is presented in the table below. 

Based on WHO guild lines, the minimum per capita water consumption is 20 liters per day [27]. Even 

though most Africa countries have lower per capita water consumption, some have relatively very high per 

capita consumption such as Egypt with more than 210 liter per day [33]. Getnet T. [5] has estimated a 

minimum of 100 liters per family with size of 6 members (around 16.7 liters per capita per day) for his 

Dejen district study. A daily water consumption of 25 liters per capita is estimated for this study area for 

drinking and self-hygiene which is slightly higher than the minimum WHO recommended figure [27].    

To estimate water pump application, it has been assumed 150 liter per day for every family with 6 

members and 85, 000 liters per day for health centers and schools in the anticipated site.  

To accomplish this, two kinds of pumps are applied: collecting pump and distributing pump. The 

collecting pump is intended to collect water from the well and put into the potable water storage and it 

will have 70 m3/hr. flow rate and 16.15 kW capacities as presented in the table below, Table 4-6. A potable 

water storage establishment which holds daily consumption is necessary. The distributing pump is 
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intended for distributing the water from the storage to community and it will have 1.6 m3/hr. flow rate 

and 0.45 kW capacity [5]. Totally, two collecting pumps and 37 distributing pumps are considered for the 

proposed water supply system. 

Table 4-6: Energy Demand Estimation for potable and Irrigation Water Pumps 

Description of  the 
application 

Characteristics of the Electrical appliances Daily energy 
Demand (KWh) 

Small potable water 
pumps:    
 

 2 collecting pumps 
working for 5 hours 
(00:00-05:00) 

 37 distributing 
pumps working for 
12 hours (06:00-
18:00) 

 
Total load of the two Collecting Pumps is 32.3 kW and 1.7 
kW for ESL and socket accessories. Each pump has a 
flow rate of 70 m3/hrs., head 72m, pump efficiency  85% , 
water density of 1000 kg/ m3 , 9.8 m/s2  gravity.  Hence 
the pump  capacity will be 16.15 kW   

369.8 
 

 Total load of distributing pumps is 16.65 kW and 
each pump has a flow rate of 1.6 m3/hrs. and 0.45 
kW capacity [5]. It is working for 12 hrs. (06:00-
18:00). 

  

Small scaled irrigation 
water pumps:  

 60 Irrigation Pumps in 
thirty sites 

 Once in two days, 
each farm assumed to 
be irrigated. 

 One day pump 
operation assumed to 
cover half of the 
irrigating farms  

Total load of the pumps is 462 kW and 2kW for ESL and 
socket accessories. Each pump will has a 
Flow rate=60 m3/hrs., head  40m, efficiency  85%, water 
density of 1000 kg/ m3  and 9.8 m/s2  gravity.  Hence 
each pump  capacity will be 7.7 kW.   
 
All are working for 10 hours (07:00 to 12:00 and 15:00-
20:00). 

2,320 

Total  estimated daily energy demand for all pumps 2,689.8 kWh 

 

As the area will have small scaled irrigation which will have worthy impact on the societies development, 

electric energy delivery for it will facilitate and make equity the socio-economic development. Otherwise 

those who can afford will buy diesel generator and the others will just stare on water.  

Sixty pumps each with 60 m3/hr. discharge rate capacity in thirty irrigation sites (two pumps in one site) 

are considered to distribute water in possible farming area of the proposed site.  

The small scaled irrigation can enable the farmers for harvesting all year round, not waiting the seasonal 

rain only and helps the nomads to live permanently in one place as they can get enough food for their 

animals. The irrigation pumps will not operating during the rainy season, June to August.  
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4.3. Load Estimation for Public Services 
 

The public service load estimation is composed of elementary school, local administration, clinic, tourist 

office, religious places and street light. The load estimation for these which shown below has been tried to 

consider the near future situation. The clinics have been assumed to work for 24 hours and the schools are 

also considered to have night and weekend classes in addition to the regular. 

Table 4-7:  Public Services Load Estimation 

Description of the Public 
Service 

Characteristics of the Electrical appliances Daily 
Energy 
demand 
(kWh) 

Schools (regular, evening 
and weekend classes are 
considered):  

 Five  Primary school 
(1-6) 

  

 Two High School (7-
10) 
  

 Each Primary school demands 2.35kW load: 12 classrooms and 
3 offices with loads ESL 165W, Radio  360W,  amplifier 200W, 
Wireless telephones 20W, TV Set 100W, PC  with Printer 
500W, electric stove for hot drinks 1000 W   

 Each high school demands  8.8kW: 16 classrooms,  
Laboratories(biology lab, chemistry lab, computer lab and 
workshop) and 5 offices with loads ESL 495W, Radio 240W, 
amplifier 200W, Wireless telephones 20W, 16 TV Set 1200W 
for Plasma, 2 PC  with Printer 1000W,16 ceiling fan 1200W, 
Laboratories 3000W and electric stove for hot drinks 1000 W 

All these load are assumed to operate for 10 hours (08:00 to 18:00) 
per day.  
Besides, for night light 5kW ESL lamps assumed to work for 12 
hours (18:00 to 06:00) per day for all schools. 

387.85 

Local Administration:  

 Two kebele 
(District) 
Administration 
 

 Each Kebele office demands 1.0 kW loads which consist of 
ESL lamps 110W, PC with Printer 500W, TV set 100W, 
Radio/Tape 30W, amplifiers 200W, 2 microphone 20W, and 2 
wireless telephones 20W in which all are working for 10 hours 
(08:00 to 18:00).  

Besides 0.6 kW load for lighting in the night for 12 hours (18:00 to 
06:00) 

18.4 

Tourist offices (Boat 
navigation and others 
services for tourists):   

The load demand is 0.9kW 
The load consists of ESL lamp 55W, computer with printer 500W, 
Radio/Tape 30W, amplifiers 200W, and wireless telephones 20W in 
which working for 12 hours (08:00 to 18:00).  
Besides 0.6 kW load for lighting in the night for 12 hours (18:00 to 
06:00)  

18 
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Clinic:  

 Two health centers 

  Two Medium clinic 

 One higher Clinic    

 Each health center needs 3.5 kW: the load consists of ESL lamps 
220W, fan 600W, refrigerator 475W, 2 microscopes 60W, 
Sterilize machine 200W, other laboratory equipment 300W, TV 
set 100W, PC with Printer 500W, wireless telephones 20W and 
electric stove 1000W for water boiling and hot drink  

 The medium clinic needs 6.5 kW: the load consists of ESL lamps 
330W, fan 900W, 2 refrigerator 950W, 3 microscopes 90W, 2 
Sterilize machine 400W, clinical laboratory equipment 700W, 3 
TV set 300W, PC with Printer 500W, PC 300W,  wireless 
telephones 20W and 2 electric stove 2000W for water boiling 
and hot drink (fast food). 

 The higher clinic needs 10 kW: the load consists of ESL lamps 
440W, fan 1200W, 3 refrigerator 1425W, 4 microscopes 120W, 4 
Sterilize machine 800W, clinical laboratory equipment 1800W, 
electric stove 1000W for clinical purpose, 5 TV set 500W, 2 PC 
with Printer 1000W, 2 PC 600W, wireless telephones 20W, 2 
electric stove 2000W for hot drink and some fast food 
preparation. 

All loads operating for 24 hours. Besides 1.5 kW load for lighting in 
the night for 12 hours (18:00 to 06:00) 

738 
 

Street light: 
 Totally 500 lamps 
estimated  

Totally 500  lamps each 60W and working for 12 hours (18:00 to 
06:00) 

360 

Religious:  Considering 
two Churches and three 
mosques  

Total load is 5kW. 
The load comprises of ESL lamp, fan, microphone and amplifier.  
It is assumed that it will work for 24 hours 

120 

Total estimated public service daily energy demand 1,642.25 kWh 

 

4.4. Load Estimation for Commercial 
 

The commercial load estimation consists of assessment the loads of fishery activities, workshops, café and 

restaurant, small hotel, barber shops, bakery, tailors and milling.  

As fishing activities are expected in the reservoir, small scaled fishery are taken in to consideration with 

deep freeze fridges each 400 W capacity.  It has been assumed, there will be twenty fishery groups each 

group with two deep freeze fridges thus totally forty deep freeze fridges have been considered. Besides, 

the other commercial load estimation conditions are described in the table below.  
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Table 4-8: Energy Demand for Commercial Services  

Description of the  
application(Service) 

Characteristics of the Electrical appliances Energy 
demand in 

kWh 

Fishery activities:   
 

 Twenty fishery groups each 
group with two deep freeze 
fridge and accessories 

Each fishery group needs 0.8kW for fridges and 0.1 kW for 
ESLs and sockets. 
The load consists of fridges, fan and ESL, and is working 
for 15 hours (17:00 – 08:00). 

270 

Small Workshops: 
  

 Three Metal Work Shop  

 Three Wooden Workshop 
 
Boat Maintenance (small welding 
and similar works) and other small 
workshop works for households   

Total load for each Metal workshop is 10 kW and total load 
for each Wooden workshop is 10 kW 
 
The load consists of ESL, welding machine, wooden 
sawing machine, fan, drilling machine and other workshop 
machines. 
They are assumed to work  for  10 hours (07:00 to 12:00 
and 15:00 to 20:00) 

600 

Café and Restaurants:  
 

 Eight small cafés 

 Four Café and restaurant 
(Inn) may have 10 bed rooms  
each 

 

 The total load for each  small cafes is 7 kW 

 The total load for each Inns is 12 kW 
 
The load consists of ESL, TV set, speaker, DVD player, 
Fridge, tape/radio, coffee/tea maker, fan, electric stove, 
and Electric „Mitad‟.   All operating for 17 hrs. (05:00-
22:00). 

1,768 

Hotel:  
 

 One small hotel having 
twenty bed rooms 

 

The load sum is 20kW 
The load comprises of ESL, TV set, Speaker, DVD player, 
Fridges, tape/radio, coffee/tea maker, fan, electric stove 
and Electric „Mitad‟. All working for 19 hrs.(05:00-00:00)   

380 

Bakery:  
 

 Four  bakery  

Each bakery needs 4kW for bakery machine and 1 kW for 
ESLs, fan, Fridge, Radio/Tape, and other sockets. 
It is assumed to work for 12 hrs.(04:00-7:00 and 11:00-
20:00) 

240 

Barber:  
 

 Eight barber shops  

Each barber shop requires 0.75 kW for barbering (electric 
scissors and sterilizer) and 0.25 kW for ESL, fan, 
tape/radio and other sockets.  
All working for 11 hours a day (09:00 to 20:00). 

88 

Flour Milling:  

 Eight flour milling places 

Each milling house needs 10 kW for the milling machine 
and 0.5 kW for ESL, tape/radio and fan. All are working 
for 11 hours per day (06:00 to 12:00 and 15:00 to 20:00) 

924 

Tailor shop:  
 

 Eight Tailor shops and each 
shop have two tailors. 

Every tailor shop needs 0.5 kW for tailor machines and 
electric irons. Besides 0.125 kW for ESLs, fan, tape/radio 
and sockets. 
All are expected to  work for  13 hours (06:00 to 19:00) 

65 

The estimated daily energy demand for the commercial services is 4,335.0 kWh 
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The total energy demand is fetched from the above load estimation tables and the hourly energy 

consumption by sector is displayed in the table below, Table 4-9.  

Table 4-9: The Hourly Energy estimated consumption by the community for a Day 

From To Residential 
consumption 
(kW) 

Pumps 
consumption 
(kW) 

Public 
consumption 
(kWh) 

Commercial 
consumption 
(kW)  

Hourly Total 
consumption 
(kW)  

0:00 1:00 751.1 34.0 72.7 18.0 875.8 
1:00 2:00 751.1 34.0 72.7 18.0 875.8 
2:00 3:00 751.1 34.0 72.7 18.0 875.8 
3:00 4:00 751.1 34.0 72.7 18.0 875.8 
4:00 5:00 1,320.6 34.0 72.7 38.0 1,465.3 
5:00 6:00 1,320.6 0.0 72.7 162.0 1,555.3 
6:00 7:00 1,400.4 16.7 41.2 251.0 1,709.2 
7:00 8:00 1,810.4 248.7 65.9 291.0 2,415.9 
8:00 9:00 2,152.0 248.7 66.3 273.0 2,739.9 
9:00 10:00 2,152.0 248.7 66.3 281.0 2,747.9 
10:00 11:00 2,152.0 248.7 66.3 281.0 2,747.9 
11:00 12:00 2,152.0 248.7 66.3 301.0 2,767.9 
12:00 13:00 2,568.9 16.7 66.3 157.0 2,808.8 
13:00 14:00 2,341.1 16.7 66.3 157.0 2,581.0 
14:00 15:00 2,341.1 16.7 66.3 157.0 2,581.0 
15:00 16:00 1,869.6 248.7 66.3 301.0 2,485.5 
16:00 17:00 1,869.6 248.7 66.3 301.0 2,485.5 
17:00 18:00 1,527.9 248.7 66.3 319.0 2,161.8 
18:00 19:00 1,124.2 232.0 73.0 319.0 1,748.2 
19:00 20:00 1,124.2 232.0 72.7 314.0 1,742.9 
20:00 21:00 1,595.7 0.0 72.7 142.0 1,810.4 
21:00 22:00 1,185.7 0.0 72.7 142.0 1,400.4 
22:00 23:00 1,185.7 0.0 72.7 38.0 1,296.4 
23:00 0:00 1,185.7 0.0 72.7 38.0 1,296.4 
Daily Sub Total 37,384.1 2,689.8 1,642.3 4,335.0 46,051.1 

 

The total daily consumption of the community is 46,051.1 KWh except for months of June, July and 

August in which irrigation pump are left due to rainy season. In those exceptional months the daily 

demand of the site is 43,731.1 kWh which has 2,320 kWh difference with the normal daily loads. The total 

anticipated annual energy demand for the site will be 16,588.251 MWh. The residential load consists of 

81.8% of the total daily and annual load shares.  

The average daily consumption by each family is 11.232 kWh and as each family consists of 6 members, 

the daily average energy consumption per person is 1.872 kWh. The average daily residential energy 

consumption per person is 1.52 kWh.  
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Figure 4-1: The Daily Estimated Load Curve for the Community  

As some of the loads in the sectors discussed above may be occasionally spare such as small hotel load, 

school loads, and some residential loads, it can be consumed by any load forthcoming. Besides, the load 

consideration is somewhat „generous‟ thus it can entertain few new inhabitants.  
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Chapter Five 

5. Hybrid System Optimization Methodology and 

Simulation Results 
 

5.1. Methodology for Hybrid System Optimization 

5.1.1.  Introduction 

The term „hybrid‟ is used to refer to something made by combining different features, and similarly the 

hybrid energy systems consist of a combination between renewable energy sources and fossil fuels in 

conjunction with batteries to circumvent the intermittence, the seasonal and periodical variations, of the 

renewable energy. Hybrid systems are promising to supply sustainable energy for small grids and 

standalone systems where one energy source isn‟t sufficient for the expected load. For a standalone 

hybrid systems in which their significant load depends on the intermittent energy sources (solar or/and 

wind); a reliable backup systems are necessary and supplied by storage equipment (battery banks) and 

diesel generators. These backup systems will also help to optimize the sizing of the hybrid system. There 

are several kinds of hybrid systems which will be developed by combining solar, hydro, wind and diesel in 

different scheme according to the available resources in the site [13, 28].  

There are numerous methods to optimize the technical and economic possible combination of different 

renewables sources ranging from simple Excel based to the computer optimization program such as 

HOMER and Hybrid 2. In this thesis work, HOMER is utilized for optimization and sensitivity analysis. 

5.1.2. HOMER for the Optimization Methodology 

HOMER is a software product for micro-power hybrid system optimization model which is developed 

by National Renewable Energy Laboratory (NREL) in the USA.  The software helps in evaluating designs 

of both off-grid and grid-connected power systems with different varieties of hybrid system models. 

HOMER comprises built in archive technology options for hybrid system modeling such as; energy 

sources (Wind, Solar, Hydro, biomass and fuel cell generator), backup storage mechanisms (batteries, 

hydrogen tank and free wheel) and loads (primary and deferrable). HOMER's optimization and sensitivity 
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analysis algorithms help to evaluate technical and economic feasibility of these technology options 

combinations for the hybrid system [5, 13 and 29].  

To use HOMER, the user has to provide resource availability data of the site and component costs for 

the selected technology options of the specific hybrid model. HOMER uses these inputs to simulate 

different system configurations, or combinations of components, and generates results and displays a list 

of feasible configurations sorted by net present cost in increasing order [29].  

Simulation and Optimization 

HOMER simulates the operation of a system by making energy balance calculations in each time step of 

the year based on the selection in the system control window for each configuration. HOMER assesses 

each configuration status to meets the electric demand under the specified system conditions, and 

estimates the cost of installing and operating over the lifetime of the project then determines feasibility of 

a configuration. This helps to compare the system design options by their net present cost (or life cycle 

cost). The cost calculations consist of costs of capital, replacement, operation and maintenance, fuel, and 

interest for every system [29]. 

Sensitivity Analysis  

As HOMER is an iterative optimization model type, it can simulate each system configuration over the 

range of values on resource availability and component costs which helps to identify the factors that have 

the highest impact on the design and operation of the hybrid systems this is referred as sensitivity 

analyses [29]. 

5.1.3. Components of Hybrid System Configuration  

The main components of the hybrid system configuration are the energy source technology options and 

loads. Among these energy sources which are applicable to this study are hydropower, solar PV and Wind 

power systems. The principles and knowhow   of these main components are already discussed in detail 

in the previous chapters.  The other supportive (auxiliary) components are assisting for the reliability and 

power conditioning of the hybrid energy supply system. These supportive components consist of storage 

mechanism (battery) and power conditioning devices which consists of AC/DC, DC/AC and DC/DC 

converter. The proposed hybrid system model for the study site is as follows in the schematic drawing, 

Figure 5-1.   



Chapter 5: Hybrid System Optimization Methodology and Simulation Results  

 
 

MSc Thesis by Yalewayker M. in KTH, DSEE   58 

 

 Figure 5-1: Schematic Diagram of the Small Hydro/PV/Wind Hybrid System  

The wind and PV power systems generate DC power and will be conditioned by DC/DC converter to 

regulate voltage and other system parameters then join to the AC bus after being converted to AC power 

by DC/AC converter. The excess DC power produced will go to the charger to be stored for later use. 

The small hydropower generates AC power and step-up to 15kV and regulates it to connect with the 30 

km transmission line to interconnect with the PV and Wind Park nearby to the anticipated community. 

The coming transmission line voltage will be step-down to customer appliances voltage level, 400 V in 

three phases (220 V in single phase) and connect to the AC Bus which feeds to the consumers through 

distribution lines. 

The supportive components are selected from the HOMER built-in archives and their respective general 

characteristics and knowhow will be discussed as follows. 

Converter 

Converter is a power electronics component which helps for power conditioning and categorized 

according to its function in four groups: DC/DC, DC/AC, AC/DC and AC/AC converters. DC/DC 

converter adapts a certain voltage level from power source (PV and Wind) to the required level either by 

step-up or step-down. This voltage adaptation is carried out as boost or buck or buck-boost converters. 

DC/AC converter is usually referred as an inverter, changes DC voltage to AC voltage in a system 

frequency, 50 Hz in Ethiopia, three phase time sequence.  AC/DC converter is usually referred as 
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rectifier, changes AC voltage to DC voltages which is a reverse process of inverter. AC/AC converter 

changes AC voltage of a specific voltage (amplitude) and frequency to AC voltage of a required voltage 

and frequency values. But when it converts frequency only it is referred as cyclo-converter.     

Battery System 

The battery is made of numerous electro-chemical cells connected in series-parallel combination to 

provide the desired battery voltage and current levels. The battery stores energy in an electrochemical 

form. It is the most widely used and important device to avoid components over-sizing in hybrid systems 

by storing in the time of excess generation and supplying power in shortage times. The rechargeable 

battery which is commonly called secondary battery converts electric energy to chemical energy in charge 

mod and converts chemical energy to electrical energy in discharge mode. The most common battery is 

the rechargeable lead-acid battery due to its fair cost, maturity and easier operation [5, 14 and 17].    

The battery rating is usually stated in terms of the nominal voltage during discharge time and the nominal 

ampere-hour (Ah) capacity it can deliver before the voltage drops below the specified limit (minimum 

state of charge).  The main comparison parameters between different batteries are maximum throughput 

capacity (Ah) and minimum state of charge (in %). The maximum throughput capacity (Ah) is a life time 

delivery of ampere-hour (Ah) of a battery and minimum state of charge is the lowest percentage level of a 

battery will be discharged without losing its performance, it shows how depth it will be discharged [5, 17 

and 29]. 

H3000 and S6CS25P are batteries which are commonly used and considered for this study with the 

following characteristics. H3000 (Hoppecke 24 OPzS 3000) with 3000 Ah nominal capacity, a voltage of 

2 V, round trip efficiency of 86%, minimum state of charge 30% and maximum throughput capacity of 

10,196 kWh. S6CS25P (Surrette 6CS25P) with 1156 Ah nominal capacity, a voltage of 6 V, round trip 

efficiency of 80%, minimum state of charge 40% and maximum throughput capacity of 9,645 kWh [29].   

Even though the H3000 has higher price, the maximum throughput capacity, minimum state of charge 

and round trip efficiency characteristics makes it a better candidate for the 25 years of project plan.  

5.1.4.  Data Inputs for the Hybrid System Model 

 

The data inputs for the HOMER software are the determinant factors for the technical and economic 

feasibility of the proposed hybrid model. HOMER uses these inputs to simulate the proposed system 
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model and combinations of components, and then generates results that can be viewed as a list of 

feasible configurations sorted by net present cost order [29].  

The data inputs are encoded and selected in the “Add/Remove” window, “Resources” window and 

“Others” window. The “Add/Remove” window consists of proposed technology options for the power 

source and loads (PV, Hydro, Wind, Battery, Converter and loads). Most of the power sources have 

several options to decide and customize to the required system. For this study; hydro, PV, Wind, battery, 

converter and primary load have been selected and further detail for each selected components will be 

dealt in detail in each of their sections below together with respective resources and system requirements.  

   

  FIGURE 5-2: The General Homer Layout for Proposed Hybrid System (Hydro/PV/Wind)  

The “Resource” window is a place where the available resources for the selected power source options 

will be incorporated or provided as per the site condition. Based on the proposed hybrid system, the 

expected resources will be hydro, solar and wind data.    

The last window is the “Other” and it is where the system requirements for the hybrid will be set and 

selected such as constraints for the system to consider, economics issues, system control and emission if 

there is. 
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I. Input for the Site Load 
 

The load situation of the site is estimated and presented in chapter six and the summary is displayed as 

follows. The site has a daily average of 47,281 kWh, a peak load of 2,794 kW , average load of 1970 kW 

and load factor of 0.705. A daily and hourly 1% noises are assumed to simulate the irregularity in the 

load.  

The hourly load profile shows the peak loads are almost in the day time which is a praiseworthy strategy  

as the solar PV will also support the hybrid system in that time. The   following figure displays the daily 

load distribution of the site. 

 

Figure 5-3: The Daily Load Profiles of the Site 

The annual load distributions (seasonal profile) demonstrates, the loads in months of June, July and August 

are lower than the other months because of the irrigation pumps will be halted as it is raining season for the 

site 

 

Figure 5-4: The Annual Load Distributions of the Site considering Mean Daily Demand  

II.  Input Data for Hydropower     
 

The hydro input data consist of flow rate for the water turbine, turbine efficiency and other accessary 

features and the economics issues. As described in previous chapters (two and four), the flow rate is 

constant throughout the year, 2.2 m3/s, which is planned to use the ecological flow from the Genale 3 

Power plant [4]. The required technical data for the hydro features are already offered in chapter three 

with the assist of the TURBNPRO program and displayed below in Table 5-1.  
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As the small hydropower is proposed to utilize the Genale 3 hydropower dam as reservoir and channel of 

the ecological flow, the cost for small hydropower plant development is significantly decreased.  Hence 

the small hydro power plant capital cost which includes extension of penstock from the ecological flow, 

turbine, generator, transformer controlling and conditioning electrical equipment and other electro 

mechanical apparatus for the power plant is estimated to be 2,420,000 USD. The capital cost of the 30 

km transmission line with two distribution transformers is estimated to be 1,880,000 USD. The operation 

and maintenance cost is 2% of the capital cost and the power plant life time is at least 30 years [4, 6, 11, 

24, 30 and 31]. 

The replacement cost is the cost of replacing the plant at the end of the life time. As there will be some 

electro-mechanical equipment can still functioning, the replacement cost for the small hydro power with 

its transmission line is estimated 2,500,000 USD [5, 29, 30 and 31].   

Table 5-1: Input Data for Hydro in the Homer  

Required Hydro Data Values Remarks 

Capital cost: $ 4,300,000 The 30 km TL and Transformers costs also considered 

Replacement cost: $ 2,500,000  

O&M cost: $ 86,000/yr.  

Lifetime: 30 yrs.  

Available head: 90 m  

Design flow rate: 2,200 L/s  

Min. flow ratio: 97% In practical it will not happen 

Max. flow ratio: 105% May be rarely happen during high rainy time 

Turbine efficiency: 92.2%  

Pipe head loss: 4%  

 

In the economic data of hydro, the following costs have been taken into account: 

 The cost for civil and mechanical works for water conveyance to the power house 

 The cost for civil and mechanical  structures at the power house 

 The cost for turbine, generator and auxiliary equipment for power generation 

 The cost for step up transformer (6.3/15 kV, 1.9MVA) and electric regulating devices  

 The cost for 30 km transmission line(TL) which connects the small hydropower to the  

distribution transformers near to the selected settlement area, in the PV and Wind installations 

 The cost for step-down distribution transformer and electrical regulating  devices  
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Even though several cost have been considered, some costs which may need for weir or reservoir and 

other supportive arrangement costs have been avoided as we are using the built in structure facilities. The 

small hydropower can be regarded as a generator working with water as it has a constant power 

generation scheme throughout the year.  

III. Input Data for the PV Power System 
 

The inputs for the PV system consists of two categories; solar radiation data for the site and the PV cost 

and other characteristics.  

The solar data is based on the site location with a latitude of 5 degrees 39 minutes North, longitude of 39 

degrees 46 minutes East and time zone of GMT +3:00. The site has a solar radiation with daily average 

of 5.41 kWh/m². The following figure shows the annual solar radiation and clearness index distributions 

for the site.   

  

Figure 5-5: Annual Solar Radiation and Clearness Index of the Site 

The PV system proposed for the site is without tracking due to the complexity for the remote place and 

financial burden. The PV power system will have the following characteristics 

 Slope  of 5.7 degree,  Azimuth angle of 0 degree and ground reflectance of 20% 

 Derating factor of 90% and 20 years of life time 

 The sizes considered are 0, 5, 10, 50, 100, 200, 500, 600, 700, 800, 1,000, 1,100, 1,200, 1,400, 

1,500, 1,700, 1,800, 1,900, 2,000 kW 

For the economic analysis, two market situations have been taken into account; cost of 1 kW capacity 

and cost of 10 kW capacity which doesn‟t have linear relationship [7, 8]. 
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Table 5-2: PV Cost [7, 8] 

Size (kW) Capital ($) Replacement ($) O&M ($/yr) 

1.000 2,106 1755                    5 

10.000 8,680 8,000 120 

 

As the cost has shown significant impact in the hybrid arrangement, it has been taken as a sensitive 

variable for sensitivity analysis to test the uncertainty.  The PV capital and replacement cost multipliers of 

0.5, 1, 1.5 and 2 are also considered for the sensitivity analysis.  

IV. Input Data for the Wind Power System 
 

The wind power data consists of the wind resource data and wind turbine costs.  The wind resource data 

for the site is presented in chapter five and the summary displayed in the following figure, Figure 5-6 at 

hub height of 25m. 

 

Figure 5-6: Annual Wind Resource Distribution for the Site 

There are also some parameters needed to fill such as Weibul factor k (2), anemometer height 25 m, an 

altitude of 1531m and surface roughness length of 0.2m with logarithmic wind shear profile.   

The appropriate wind turbine for the site should have better performance in the lower wind speeds thus 

SW Whisper 500 DC wind Turbine has been found a suitable turbine from the HOMER archives and the 

general characteristic of the wind turbine is reviewed. 

The WS Whisper 500 DC Wind Turbine is a DC generating wind turbine with 3 kW rated capacity and 

25 m hub-height. Besides, the turbine has life time of 20 years. The power curve for WS Whisper 500 DC 

Wind Turbine is as follows. 
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Figure 5-7: Power Curve for WS Whisper 500 Dc Wind Turbine 

The rated wind speed for the wind turbine is 12 m/s which is far away from the site‟s annual average but 

the wind turbine perform relatively better than others at the lower wind speed.  

The unit cost considered for a WS Whisper 500 DC Wind Turbine consists of a capital cost of 9,500 

USD, a replacement cost of 9,000 USD and an annual O&M cost of 250 USD [7]. The life time for the 

proposed wind turbine is estimated 15 years [7]. The quantities considered for the optimization are 0, 5, 

10, 20, 50, 100, 150, 200 and 250. 

During the preliminary optimizations activities, the wind power is found less involved in the proposed 

hybrid system thus to study the situation the wind turbine cost has been considered for sensitivity 

analysis. The sensitive value of WS Whisper 500 DC Wind Turbine cost is multipliers of 0.5, 1, 1.5 and 2.  

V. Input Data for the Converter 
 

The converter which consists of rectifier and inverter by default in the HOMER archive has inverter 

efficiency of 90%, rectifier efficiency of 85% and lifetime of 15 years. The sizes reserved for the 

converter is; 0, 10, 20, 30, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1,000 kW.  

The economic condition has been displayed in the following table with two cost levels which are not 

linear and could reflect the real market situation. The estimated life time is 15 years [7, 8].  

Table 5-3: Converter Cost [7, 8] 

Size (kW) Capital ($) Replacement ($) O&M ($/yr.) 

4.4 2,608 2,608 40 

10.0 3,000 2,800 60 
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VI. Input Data for the Battery 
 

The battery which were considered for this study is H3000 (Hoppecke 24 OPzS 3000) with 3000 Ah 

nominal capacity, a voltage of 2 V, round trip efficiency of 86%, minimum state of charge 30% and 

maximum throughput capacity of 10,196 kWh [29].  

The quantities booked for the system include: 0, 50, 80, 100, 200, 400, 500, 600, 800, 1,000, 1,200, 1,400, 

1,500, 1,600, 1,650, 1,700, 1,750, 1,800, 1,850, 1,900, 1,950, 2,000, 2,200, 2,300, 2,400, 2,500 and 2,600. 

The cost for a single battery is assumed to be 1,010 USD for capital, 920 USD for replacement and 36 

USD for annual O&M costs. The life (design) time stated in the manufacturer specification is 20 years [7, 

32].  

Besides those input data, there are also others parameters which are required for the general system 

requirements. These include the economics, system control, constraints and Emissions. In the 

Economics, it has been assumed that 6% annual real interest rate, 25 years‟  project life and the others 

(system fixed cost, system fixed O&M cost and capacity shortage penalty) are let to kept their default 

value, zero. In the system control, the applicable selection in the dispatch strategy is „load following‟ 

because the system is completely renewable energy source. In the constraints; the maximum annual 

capacity shortage is set to be 3%, minimum renewable fraction set to be 90% and for operating reserve 

calculation only 2% of hourly load, 5 % wind power and 3 % solar output have been considered as the 

main power supply is a stable and reliable power source, hydropower system. 

5.2. Results and Discussion for Hybrid Simulations 

 

The HOMER simulation of a hybrid system for feasibility analysis consists of system optimization and 

sensitivity analysis. Each of the feasible hybrid system configurations meets the system load and 

constraints. The „optimization result‟ presents the feasible hybrid systems in two selective options: 

„overall‟ and „categorized‟. The Overall option will display all feasible hybrid systems in the order of Cost 

of Energy (COE) and NPC increasing. Similar hybrid system arrangements (models) can be displayed 

several times by consisting different amounts in each components. But the categorized option will display 

only the most cost effective (least Cost of Energy) from each feasible hybrid system models as shown in 

the Figure 5-8.   
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The optimization result display consists of quantities from each appropriate power sources (PV, Hydro 

and Wind) in kW, sizes of converter (kW), quantities of battery, total initial cost, annual operating cost, 

total NPC, Cost of Energy per kWh, capacity shortage (%), renewable fraction and battery life. But the 

detail table of the optimization result contains additional parameters which includes; annual productions 

of each power sources, annual total electric production, and annual load served, annual unmet load, 

annual capacity shortage, annual excess electric production, battery throughput and others. 

The optimization result has displayed 200 overall feasible systems which have two types of hybrid system 

arrangements as shown figure below in the categorized; Hydro/PV/Battery and 

Hydro/PV/Wind/Battery. The Cost of energy is in the ranges of 0.049 to 0.067 USD/kWh and capacity 

shortage ranges from 0 % (110 systems) to 2% (49 systems). The detail parameters for each system 

arrangement will be discussed later. 

 

 

Figure 5-8: Categorized (top) and Overall (lower) Optimization Results of Homer Simulation 

The sensitivity analysis will show what will happen if certain parameters vary in the proposed system and 

helps to relate with the present and future of these variables and determine the appropriate hybrid system 

accordingly.  The sensitivity result is displayed in Tabular and Graphic options but the graphic is more 

clear-cut and explanatory. Two –dimensional sensitivity analysis has been carried out as there were two 

sensitive variables; the PV cost (capital and replacement) multiplier (0.5, 1, 1.5 and 2) and Wind turbine 

cost (capital and replacement) multiplier (0.5, 1, 1.5 and 2). The PV cost and wind turbine cost multipliers 

are considered for sensitive variables because to test the wind power involvement in the hybrid system 

and to explore the system levelized COE pattern.  As the sensitivity analysis is an iteration technique, 
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every time after adjusting some values of these sensitive variables, it has to be re-run and the work keeps 

going on until it has been fine-tuned.  

The following figure, Figure 5-9, shows the graphical presentation of the sensitivity analysis by varying 

wind turbine cost and PV cost.  The sensitivity analysis graph shows the system favors the 

Hydro/PV/Battery model regardless of the PV cost and turbine cost variations. Besides, the 

superimposed levelized COE values also demonstrate the energy cost is substantively depend on the PV 

cost.  

 

Figure 5-9: Sensitivity Analysis for PV Cost and Wind Speed Variations 

Even though there are 181 feasible systems consisting of Hydro/Wind/PV/Battery from the displayed 

200 systems, the sensitivity analysis graph has been dominated by Hydro/PV/Battery configuration and 

the Hydro/Wind/PV/Battery configuration has insignificant role.  These two configurations will be dealt 

independently as follows. 
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5.2.1.  Hydro/PV/Wind/Battery Hybrid system  
 

Among 200 feasible hybrid configurations, 181 have been modeled including Wind power 

(Hydro/PV/Wind/Battery) with the range of 5 to 250 wind turbines.  The annual electricity production 

of the wind turbines ranges from 17,193 kWh (with 5 wind turbines) that is 0.094 % of the total 

electricity production to 589,665 kWh (with 250 wind turbines) which is 5% of the total electricity 

production. The cost of energy is varying from 0.049 USD/kWh to 0.067 USD/kWh and the lowest 

COE is attained while including only 5 wind turbines and the highest COE is brought while comprising 

250 wind turbines. The detail table is attached in the Annex. 

The result shows more numbers of wind turbines engagement will have a consequence of higher COE 

increases with smaller share of electric production. The utmost wind engaged model (250 wind turbine) 

with little capacity shortage (1%) and lower COE (0.066/kWh) is placed at 198th in the 200 feasible 

configurations and it delivers the highest possible maximum wind power to the hybrid system. The 

system architecture of this configuration is consisting of 250 SW Whisper 500, 1.791 kW Hydropower, 

1500 kW PV, 1000 kW Inverter, 1000 kW Rectifier and 1856 Hoppecke 24 OPzS battery.  The power 

generation composition is presented in Table 5-4 and Figure 5-10. The wind power parameters of this 

configuration are 750 kW total wind power rated capacity, 98 kW mean output, 729 kW maximum 

outputs and 13.1% capacity factor.     

Table 5-4: General Characteristics of Maximum Wind Power mix model 

SN Component kWh/yr. % 

1 Wind turbines  Production 859,665 5 

2 PV array 2,691,247 14 

3 Hydro turbine 15,059,048 81 

4 Total Electric Production 18,609,960 100 

5 AC primary load consumption 16,454,286 100 

6 Excess electricity 1,551,100 8.33 

7 Unmet electric load 79,820 0.48 

8 Capacity shortage 157,559 0.95 

 

The monthly electric energy production by the Hydro/Wind/PV/Battery system with utmost wind turbine 

involvement is displayed in the following chart, Figure 5-10.  
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Figure 5-10:  Monthly Average Wind Power Distribution for maximum wind power mix model 

Therefore, Hydro/PV/Wind/Battery hybrid system can‟t be the optimum system model even with 

increasing the PV cost and decreasing the wind turbine cost based on the results.   

This is due to the site has an average of 4.5 m/s wind speed which is a very low wind speed for this 

simulation to be considered for wind power included hybrid system whatever happens in the PV cost.   

Even considering for the sake of energy source mix, the maximum possible electricity production by 

wind power is only 5% of the total electricity production with highest COE which is very insignificant to 

get attention. Thus the wind power shall be disregard from the proposed hybrid system.   

5.2.2. Hydro/PV/Battery Hybrid System  

 

The Hydro/PV/Battery hybrid system is the dominant system in the graph and even in practical 

possibilities. There are nineteen Hydro/PV/Battery hybrid feasible configurations which are shown 

below in Table 5-5 out of 200 feasible hybrid configurations. 
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Table 5-5: Lists of Feasible Hydro/PV/Battery Hybrid System 

Ran

k 

PV 

(kW) 

Total 

NPC 

(1,000 $) 

COE 

($/k

Wh) 

PV Prod. 

Fract. (%) 

Total 

Electrical 

Prod. 

(MWh/yr) 

Load 

Served 

(MWh/yr) 

Capacity 

Shortage 

Fraction 

(%) 

Unmet 

Load 

Frac.(%

) 

Excess 

Elect. 

Prod. 

Fraction 

(%) 

1 1,800 10,164.44 0.049 17.66 18,288.54 16,295.89 2.02 1.42 7.56 

3 1,900 10,263.33 0.049 18.46 18,467.96 16,299.94 2.00 1.40 8.54 

4 1,900 10,276.06 0.049 18.46 18,467.96 16,432.81 1.06 0.58 7.63 

5 1,900 10,288.79 0.049 18.46 18,467.96 16,493.49 0.37 0.21 7.22 

9 2,000 10,362.22 0.05 19.24 18,647.37 16,303.23 1.97 1.37 9.49 

11 2,000 10,374.95 0.049 19.24 18,647.37 16,437.75 1.03 0.55 8.60 

13 2,000 10,387.68 0.049 19.24 18,647.37 16,498.78 0.33 0.17 8.19 

15 2,000 10,400.41 0.049 19.24 18,647.37 16,502.74 0.18 0.15 8.16 

16 2,000 10,413.14 0.049 19.24 18,647.37 16,502.74 0.18 0.15 8.16 

23 2,100 10,461.11 0.05 20.01 18,826.79 16,305.68 1.95 1.36 10.42 

26 2,100 10,473.84 0.05 20.01 18,826.79 16,442.02 1.00 0.52 9.53 

29 2,100 10,486.57 0.05 20.01 18,826.79 16,503.66 0.30 0.14 9.13 

31 2,100 10,499.30 0.05 20.01 18,826.79 16,507.65 0.14 0.12 9.10 

32 2,100 10,512.03 0.05 20.01 18,826.79 16,507.65 0.14 0.12 9.10 

39 2,200 10,560.00 0.051 20.77 19,006.20 16,307.15 1.94 1.35 11.33 

42 2,200 10,572.72 0.05 20.77 19,006.20 16,445.09 0.97 0.50 10.44 

45 2,200 10,585.45 0.05 20.77 19,006.20 16,507.70 0.27 0.12 10.04 

48 2,200 10,598.18 0.05 20.77 19,006.20 16,511.76 0.11 0.10 10.02 

50 2,200 10,610.91 0.05 20.77 19,006.20 16,511.76 0.11 0.10 10.02 
 

The levelized COE for this model varies from 0.049 to 0.051 $/kWh and capacity shortage varies from 

0.11% to 2.02%. The unmet load is within a range of 0.10% to 1.42% while the excess electric 

production is within the range of 7.22% to 11.33%. Generally, the excess electric production sounds 

somewhat high because of more than half of the hydropower energy generated between the mid night 

and down (00:00 to 04:00) is not consumed. Hence, in this time slot, there is 3,660.7 kWh/day or 

1,336,162.8 kWh/year unused (excess) electric energy which is 87.8% of the total excess energy. As this 

period is a sleeping time, there is only small opportunity to engage this energy for consumption but the 

utmost possible has been tried to consume 876kW out of 1791 kW.  

 This model consist of hydro, PV and battery but the hydro component is the dominant power source 

which feeds the base load in any of the hybrid configurations and it shares 79.23% to 82.34% of the total 
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annual electricity production. The hydropower system delivers a constant power of 1719 kW every time 

and constant annual production of 15,059,048 kWh. The hydropower electricity is generated from the 

small hydropower generator with a voltage level of 6 kV. Then it will be connected to the step-up 

transformer to adapt a voltage level of 15 kV to feed the power to the 30 km transmission line to reach in 

the PV/battery station. The coming transmission line will be connected to the step-down transformer to 

customize the voltage to 400 V in three phases (220 V in single phase). This can be inter-connected with 

the PV, Battery and other electrical regulating devices then distribute to the consumers.   

The PV has proven its substantial involvement on the hybrid system by comprising 17.66% to 20.77% of 

the total annual electricity production. The PV has a rated capacity within 1800 kW to 2200 kW.  

The anticipated back-up system is Hoppecke 24 OPzS (H3000) battery which has 2V, 3000 Ah and 

6kwh. Thus to attain the 220V single phase voltage, a string size of 110 batteries have been taken 

(2Vx110=220 V) and a total of 1856 batteries applied in the system with a bus voltage of 220 V DC. The 

battery system has 4.13 hours an autonomy operation period.  

5.2.3. Optimum Hybrid system Selection 
 

Based on the analysis and discussions above, the optimum hybrid system model will be 

Hydro/PV/Battery system as Hydro/PV/Wind/Battery is already disregarded due to its lower wind 

speed (4.5 m/s) which couldn‟t have any noticeable impact on the proposed hybrid system model energy 

production.    Hence, one of the nineteen Hydro/PV/Battery configurations will be the optimum hybrid 

system.   

All feasible Hydro/PV/Battery configurations are presented in Table 5-5 above. The optimum 

configuration should have a lower COE value with fairly low capacity shortage, unmet load and excess 

electric energy production. The first configuration has the least COE (0.049 $/kWh) and NPC 

(10,164,440 USD) but it has higher capacity shortage (2.02%) and unmet load (1.42%).  The last one (50th 

rank) has fair COE (0.5 $/kWh) and highest NPC in this model (10,610,914 USD) but the lowest 

capacity shortage (0.11%) and unmet load (0.1%) with the high side of excess electric energy production 

(10.02%). Hence both of them couldn‟t be optimum configuration.  

The configuration placed in 15th rank (order) which has been shaded in green in Table 5-5 above is the 

possible optimum hybrid system with the following features. The characteristics of the configuration is 

consists of the least COE (0.49 $/kWh) and lesser NPC in this model (10,288,788 USD).  Besides, the 

configuration has lesser capacity shortage (0.18%), unmet load (0.15%) and excess electric energy 
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production (8.16%). This configuration allows the hybrid system to provide the electricity to the 

consumers with lower shortage capacity and more reliable scheme. The slightly higher excess electric 

energy production is due to unused energy during mid-night to down (00:00 to 04:00) which is generated 

from the hydropower as explained in the above section.      

The optimum hybrid system architecture consists of 1791 kW hydro, 2000 kW PV, 1200 kW Converter 

(Inverter and Rectifier) and 1856 Hoppecke 24 OPzS battery. Generally, this configuration has 

$0.049/kWh COE and requires 10,400,406 USD total NPC and 209,435 USD annual operating cost. 

The participating components‟ of the optimum configuration have their respective features based on 

their shares to the electric generation of the system.  

The hydropower has 1791 kW nominal capacity and mean output. This power source delivers annually 

15.059 MWh that consists of 81% of the total electric energy generation with a capacity factor of 96%. 

The hydropower has 0.0275 $/kWh levelized energy cost which is lower than the complete system 

levelized COE. The hydropower supports the base load of the community. 

The PV has 2000 kW rated capacity, 410 kW mean output and 2191 kW maximum output. This power 

source delivers annually 3,588,324 kWh that consists of 19% of the total electric energy generation with a 

capacity factor of 20.5%. The PV has 0.0431 $/kWh levelized energy cost which is slightly lower than the 

complete system levelized COE. The PV power source supports the peak load of the community in the 

daytime. 

The backup mechanism is Hoppecke 24 OPzS battery which consists of 1856 batteries and 110 string 

sizes. The battery system has 16 strings in parallel with bus voltage of 220 V. The battery system has 

Nominal capacity of 11,136 kWh, Usable nominal capacity 7,795 kWh and 4.13 hours autonomy. 

The converter consists of both inverter and rectifier for their specific duties. The inverter helps to change 

the DC power of the PV and battery in to consumable AC power, and the rectifier changes the excess 

AC in the system to DC power for storage in the battery. The general features of inverter and rectifier are 

summarized in the table below. 
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Table 5-6: General Features of the Converter  

SN Quantity Inverter Rectifier Units 

1 Capacity 1,200 1,200 kW 

2 Mean output 380 78 kW 

3 Minimum output 0 0 kW 

4 Maximum output 1,188 751 kW 

5 Capacity factor 31.7 6.5 % 

6 Hours of operation 4,899 3,773 hrs/yr 

7 Energy in 3,697,585 800,297 kWh/yr 

8 Energy out 3,327,831 680,253 kWh/yr 

9 Losses 369,754 120,044 kWh/yr 
  

The optimum configuration has the following summarized features which are shown in the table below.  

The summarized average monthly electric energy production of the optimum hybrid system is shown in 

the following chart. 

 

Figure 5-11: Monthly Average power Production of the Optimum Hybrid Model  

The financial Summary of the optimum hybrid system is displayed in Table 5-9 which is based on NPC 

and component category.   
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Table 5-7: Summarized Financial Cost of the Hybrid System by NPC and component  

Component Capital ($) Replacement($) O&M ($) Salvage ($) Total ($) 

PV 1,462,265 433,047 326,586 -242,699 1,979,199 

Hydro 4,300,000 0 1,099,369 -97,083 5,302,286 

H300 1,874,560 532,413 854,133 -298,388 2,962,719 

Converter 86,300 18,193 55,096 -3,386 156,203 

SYSTEM 7,723,125 983,653 2,335,185 -641,555 10,400,410 

 

The schematic diagram will be restructured and comprises of hydropower and PV as main power sources 

and H300 battery as backup mechanism. Figure 5-12, below indicates the updated schematic illustration 

for the electrification of the proposed site by the hybrid system which consists of Hydro/PV/Battery.  

 

Figure 5-12: The Updated Schematic Diagram for the Hybrid System 
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Chapter Six 

6. Conclusions and Recommendation  
 

6.1. Conclusions 
 

The feasibility study of the hybrid system which consists of small Hydropower, Solar PV and Wind for 

electrification of the Tadacha Ararasa settlement area with 4100 households (24,600 people) has been 

carried out. The small hydropower, solar PV potentials and the wind power potential in the site are 

studied and evaluated. The optimization and sensitivity analysis of the proposed hybrid system model has 

been carried out using HOMER software.  

The small hydropower is proposed to use the ecological water flow from the reservoir of Genale 3 HPP 

which is a constant flow rate of 2.2 cubic meters per second (2200 liter per second) throughout the year 

with 86.5 m net head. This makes the small hydropower as a generator using water as a fuel for 

operation. The TURBNPRO program is used to carry out the optimization and turbine sizing analysis for 

the small hydropower which helps later as input to the HOMER hybrid simulation. The hydropower has 

a mean power output of 1719 kW with capacity factor of 96% and generates a total of 15,059.05 

MWh/year which covers 81% of the total electrical production. 

The daily and monthly solar radiation data for the site has been collected from NASA website using its 

latitude and longitude, and it is 5.4 kW per square meter per day. The mean daily solar radiation data and 

location specific parameters of the site are input to HOMER to compute the PV power system. In the 

optimum hybrid system of Hydro/PV/Battery configuration; the PV has a rated capacity of 2,000 kW, 

mean power output of 410 kW (with minimum output of 0 kW and maximum output of 2,191 kW), daily 

mean power output of 8,356 kWh and shares 19% of the total annual electric production (3,588.324 

MWh/yr).     

The daily and monthly wind speed data for the site has been collected from NASA website using its 

latitude and longitude, and the site has an annual average wind speed of 4.49 m/s. The monthly average 

wind speed and parameters required by HOMER for Wind Power calculation are provided and a wind 

turbine relatively better performance at lower speed has been selected, WS Whisper 500 DC wind turbine 

with 3 kW capacity. But the utmost possible participation of wind turbines (250 Whisper 500 DC wind 

turbines) could only share 5% of the total electric generation with the highest COE, $0.067/kWh because 
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of the lower wind speed in the site, 4.5m/s. Hence, the wind turbine is disregarded from the hybrid 

system model.  

The electric load of the community is estimated considering socio-economic situation after the Genale 3 

Multi-purpose project completion which will bring small scaled irrigation, fishing activities and others. 

Hence, the anticipated electric load include: residential loads (light, electric stove, electric Mitad, fridge, 

tape/radio and TV set), pumps load for potable and irrigation water supply, public loads ( schools, 

clinics, local administration offices and religious places) and Commercial loads (café, restaurant, small 

hotel, workshops, fishery, bakery and others). All loads are considered as primary loads but they are 

managed with little scheduling. The hourly sum of these loads are estimated and provided to HOMER.  

The total estimated daily residential energy consumption by the population is 37,384.073 kWh and the 

average daily residential energy consumption by each family is 9.118 kWh. As each family consists of 6 

members, the daily average residential energy consumption per person is 1.52 kWh. The total daily load 

of the community is 46,051.1kWh and the average hourly load is 1,918.8 kWh except the months of June, 

July and August which the irrigation will be halted due to the rainy season. The average daily total energy 

consumption by each family is 11.232 kWh and the daily average total energy consumption per person is 

1.872 kWh. More than 81% of the total load is for domestic or residential consumption.  

The HOEMER simulation has produced around 200 feasible hybrid system configurations with ranges of 

levelized CoE 0.049 to 0.067 USD/kWh. Two-dimensional sensitivity analysis is carried out to answer 

the “what if...” inquiries such as what will be the impact of PV cost and wind turbine cost on the wind 

power involvement within the optimum hybrid system and levelized COE.  

The optimum hybrid system is from the 19 configurations of the Hydro/PV/Battery model with 

different costs of energy, capacity shortages and excess electricity productions. Therefore, a trade off 

technique has been applied to get the optimum hybrid system and then the configuration at 15th rank has 

been selected. The nominated optimum hybrid system has 0.049 USD/kWh levelized energy cost, 0.18% 

capacity shortage, 0.15% unmet electric load and 8.16% excess electricity production.  

This levelized cost of energy is lower compared with other similar studies discussed earlier but a little bit 

higher than the national tariff which is on average around 0.032 USD/kWh. The main advantage which 

has been considered here to lessening the cost is utilizing the already built reservoir scheme which is also 

available in most large dam power plants. 

Electrification of such areas, nearby to the large dams and power plants, will avoid the community‟s bitter 

fillings and helps to develop a custom to care for the infrastructure. Besides, with the energy availability 
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the community will participate in the socio-economic development such as irrigation, fishery and others 

in equity and justice.   

Nevertheless, this study is specific to the vicinity of Genale 3 Hydropower plant by using its ecological 

water; it has high importance to utilize such potentials in the future hydropower developments in the 

country. If possible conditions available, assessing the operating power plants also advisable.    

If the rural electrification is not needed due to some reasons, this small hydropower can also be 

applicable for the power plant station service (electricity supply) including firefighting power supply. Such 

consideration will avoid installation of big sized diesel generator (around 1000 kW) dedicated for 

firefighting and halt maintenance power supply.  

6.2. Recommendation  
 

The wind and solar data are collected from the NASA website but should be supplemented with 

practically site collected data. This may have an impact in the relegation of the wind power from the 

proposed hybrid system. Thus appropriately configured measuring instruments for the wind and solar 

will make the study more implementable.  

Moreover, construction (arrangement) of features of the small hydropower plant shall be   started in 

sooner time before starting of water impounding to the Genale 3 HPP reservoir.  This will make the 

implementation work technically easier and financially advantageous.  The Genale 3 multipurpose 

project‟s contractor has also a willing to build it if the study data is submitted and finically agreed with 

EEP before such time. So, it is highly recommended achieving it on time before it is so late and costing 

more. 

Future developing hydropower plants should give attention for such potential rather than dumping and 

wasting it.   

6.3. Suggestion for Future Work 

 

This thesis work may be refined and expanded by considering: 

1. Exact measured solar radiation and wind speed 

2. Considering Solar thermal and biomass potentials  

3. Detail design of each components and steady state and dynamic performance of the overall system. 
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Appendix A 

A. Optimization Results for Small Hydropower Plant 

Using TURBNPRO 
 

Table A-1: Performance of the Selected Francis Turbine 

 

Net 
Head(m) 

Turbine 
Output 
(KW) 

Turbine 
Efficiency 
(%) 

Flow 
rate 
(m3/S) 

Remarks 

86.5 2024.70 90.36 2.64 Cavitation Problem! 

86.5 1974.13 90.93 2.56 Cavitation Power Limit 

86.5 1943.10 91.28 2.51 Additional Output Capability 

86.5 1851.98 91.83 2.38 Additional Output Capability 

86.5 1754.36 92.11 2.24 Additional Output Capability 

86.5 1721.23 92.20 2.20 Rated Flow/Head Condition 

86.5 1650.05 92.05 2.11 - 

86.5 1541.48 91.72 1.98 - 

86.5 1429.33 91.12 1.85 - 

86.5 1313.99 90.22 1.72 - 

86.5 1194.74 88.86 1.58 - 

86.5 1070.46 86.86 1.45 - 

86.5 945.28 84.37 1.32 - 

86.5 817.64 81.09 1.19 - 

86.5 692.18 77.23 1.06 - 

86.5 570.11 72.69 0.92 - 

86.5 451.98 67.24 0.79 - 

86.5 339.03 60.52 0.66 - 

86.5 235.66 52.58 0.53 Low efficiency  

86.5 135.98 40.46 0.40 Low efficiency 

86.5 59.12 26.38 0.26 Low efficiency  

86.5 7.53 6.72 0.13 Low efficiency 
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Figure A-1: Characteristics of the SHP Francis Turbine 

 

 

Figure A-2: Design of the Distributor section of the Turbine 
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Appendix B 

B. Overall Optimization Results for Hybrid System 
 

Table B-1: Overall Result of Hydro/PV/Battery Hybrid System 
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1 1800 $10,164,438  0.049 17.659 18,288,540 16,295,892 2.02 1.42 912,190 

3 1900 $10,263,328  0.049 18.459 18,467,958 16,299,935 2.00 1.40 854,702 

4 1900 $10,276,058  0.049 18.459 18,467,958 16,432,813 1.06 0.58 918,024 

5 1900 $10,288,788  0.049 18.459 18,467,958 16,493,493 0.37 0.21 945,801 

9 2000 $10,362,217  0.05 19.243 18,647,372 16,303,226 1.97 1.37 802,481 

11 2000 $10,374,947  0.049 19.243 18,647,372 16,437,750 1.03 0.55 862,474 

13 2000 $10,387,677  0.049 19.243 18,647,372 16,498,778 0.33 0.17 888,075 

15 2000 $10,400,406  0.049 19.243 18,647,372 16,502,743 0.18 0.15 889,573 

16 2000 $10,413,136  0.049 19.243 18,647,372 16,502,743 0.18 0.15 889,573 

23 2100 $10,461,106  0.05 20.013 18,826,792 16,305,678 1.95 1.36 755,054 

26 2100 $10,473,836  0.05 20.013 18,826,792 16,442,018 1.00 0.52 812,514 

29 2100 $10,486,565  0.05 20.013 18,826,792 16,503,664 0.30 0.14 836,324 

31 2100 $10,499,295  0.05 20.013 18,826,792 16,507,649 0.14 0.12 837,676 

32 2100 $10,512,025  0.05 20.013 18,826,792 16,507,649 0.14 0.12 837,676 

39 2200 $10,559,995  0.051 20.768 19,006,204 16,307,146 1.94 1.35 710,937 

42 2200 $10,572,724  0.05 20.768 19,006,204 16,445,093 0.97 0.50 765,486 

45 2200 $10,585,454  0.05 20.768 19,006,204 16,507,704 0.27 0.12 788,257 

48 2200 $10,598,184  0.05 20.768 19,006,204 16,511,759 0.11 0.10 789,499 

50 2200 $10,610,914  0.05 20.768 19,006,204 16,511,759 0.11 0.10 789,499 
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MSc Thesis by Yalewayker M. in KTH, DSEE   85 

Table B-2: Overall Results of Hydro/PV/Wind/Battery Hybrid System 
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2 1.8 5 0.9 7603.5 0.049 0.09 17.64 18305.73 16296.81 1.80 1.41 905.49 

6 1.8 10 0.9 7651.0 0.05 0.19 17.63 18322.93 16297.69 1.79 1.41 898.91 

7 1.9 5 0.9 7676.6 0.05 0.09 18.44 18485.15 16300.73 1.75 1.39 848.21 

8 1.9 5 1 7683.6 0.049 0.09 18.44 18485.15 16433.71 0.94 0.57 911.46 

10 1.9 5 1.1 7690.6 0.049 0.09 18.44 18485.15 16494.50 0.32 0.20 939.29 

12 1.9 5 1.2 7697.6 0.049 0.09 18.44 18485.15 16498.45 0.19 0.18 941.00 

14 1.9 5 1.3 7704.6 0.049 0.09 18.44 18485.15 16498.45 0.18 0.18 941.00 

17 1.9 10 0.9 7724.1 0.05 0.19 18.42 18502.34 16301.49 1.75 1.39 841.83 

18 1.9 10 1 7731.1 0.05 0.19 18.42 18502.34 16434.59 0.93 0.56 905.02 

19 2.0 5 0.9 7749.6 0.05 0.09 19.23 18664.57 16303.97 1.72 1.37 796.27 

20 1.9 10 1.1 7738.1 0.05 0.19 18.42 18502.34 16495.48 0.32 0.19 932.87 

21 2.0 5 1 7756.6 0.05 0.09 19.23 18664.57 16438.59 0.90 0.54 856.20 

22 1.9 10 1.2 7745.1 0.05 0.19 18.42 18502.34 16499.44 0.18 0.17 934.58 

24 2.0 5 1.1 7763.6 0.05 0.09 19.23 18664.57 16499.71 0.29 0.17 881.78 

25 1.9 10 1.3 7752.1 0.05 0.19 18.42 18502.34 16499.44 0.18 0.17 934.58 

27 2.0 5 1.2 7770.6 0.05 0.09 19.23 18664.57 16503.67 0.15 0.14 883.28 

28 1.8 20 0.9 7746.0 0.05 0.37 17.59 18357.31 16299.38 1.78 1.40 886.08 

30 2.0 5 1.3 7777.6 0.05 0.09 19.23 18664.57 16503.67 0.15 0.14 883.28 

33 2.0 10 0.9 7797.1 0.05 0.18 19.21 18681.76 16304.70 1.71 1.37 790.21 

34 2.0 10 1 7804.1 0.05 0.18 19.21 18681.76 16439.42 0.89 0.54 850.08 

35 2.1 5 0.9 7822.7 0.051 0.09 19.99 18843.98 16306.19 1.69 1.36 748.90 

36 2.0 10 1.1 7811.1 0.05 0.18 19.21 18681.76 16500.58 0.28 0.16 875.58 

37 2.1 5 1 7829.7 0.05 0.09 19.99 18843.98 16442.73 0.86 0.51 806.37 

38 2.0 10 1.2 7818.1 0.05 0.18 19.21 18681.76 16504.55 0.15 0.14 877.07 

40 2.1 5 1.1 7836.7 0.05 0.09 19.99 18843.98 16504.49 0.26 0.14 830.23 

41 2.0 10 1.3 7825.1 0.05 0.18 19.21 18681.76 16504.55 0.14 0.14 877.07 

43 2.1 5 1.2 7843.7 0.05 0.09 19.99 18843.98 16508.47 0.12 0.12 831.56 

44 1.9 20 0.9 7819.1 0.051 0.37 18.39 18536.73 16303.01 1.74 1.38 829.46 

46 2.1 5 1.3 7850.7 0.05 0.09 19.99 18843.98 16508.47 0.12 0.12 831.56 

47 1.9 20 1 7826.1 0.05 0.37 18.39 18536.73 16436.31 0.92 0.55 892.43 

49 1.9 20 1.1 7833.1 0.05 0.37 18.39 18536.73 16497.34 0.31 0.18 920.24 

51 1.9 20 1.2 7840.1 0.05 0.37 18.39 18536.73 16501.30 0.17 0.16 921.96 

52 2.1 10 0.9 7870.2 0.051 0.18 19.98 18861.18 16306.60 1.68 1.35 742.75 

53 1.9 20 1.3 7847.1 0.05 0.37 18.39 18536.73 16501.30 0.16 0.16 921.96 

54 2.1 10 1 7877.2 0.051 0.18 19.98 18861.18 16443.41 0.86 0.51 800.33 
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MSc Thesis by Yalewayker M. in KTH, DSEE   86 

55 2.2 5 0.9 7895.7 0.051 0.09 20.75 19023.40 16307.55 1.66 1.35 704.97 

56 2.1 10 1.1 7884.2 0.05 0.18 19.98 18861.18 16505.31 0.25 0.13 824.27 

57 2.2 5 1 7902.7 0.051 0.09 20.75 19023.40 16445.75 0.84 0.50 759.60 

58 2.1 10 1.2 7891.2 0.05 0.18 19.98 18861.18 16509.30 0.12 0.11 825.58 

59 2.2 5 1.1 7909.7 0.051 0.09 20.75 19023.40 16508.38 0.23 0.12 782.31 

60 2.1 10 1.3 7898.2 0.051 0.18 19.98 18861.18 16509.30 0.11 0.11 825.58 

61 2.2 5 1.2 7916.7 0.051 0.09 20.75 19023.40 16512.44 0.10 0.09 783.54 

62 2.0 20 0.9 7892.1 0.051 0.37 19.17 18716.15 16305.86 1.70 1.36 778.14 

63 2.2 5 1.3 7923.7 0.051 0.09 20.75 19023.40 16512.44 0.09 0.09 783.54 

64 2.0 20 1 7899.1 0.051 0.37 19.17 18716.15 16441.07 0.88 0.53 838.21 

65 2.0 20 1.1 7906.1 0.051 0.37 19.17 18716.15 16502.29 0.27 0.15 863.54 

66 2.0 20 1.2 7913.1 0.051 0.37 19.17 18716.15 16506.26 0.14 0.13 865.00 

67 2.2 10 0.9 7943.2 0.051 0.18 20.73 19040.59 16307.95 1.66 1.35 699.13 

68 2.0 20 1.3 7920.1 0.051 0.37 19.17 18716.15 16506.26 0.13 0.13 865.00 

69 2.2 10 1 7950.2 0.051 0.18 20.73 19040.59 16446.35 0.83 0.49 753.79 

70 2.2 10 1.1 7957.2 0.051 0.18 20.73 19040.59 16509.06 0.23 0.11 776.50 

71 2.2 10 1.2 7964.2 0.051 0.18 20.73 19040.59 16513.12 0.09 0.09 777.73 

72 2.2 10 1.3 7971.2 0.051 0.18 20.73 19040.59 16513.12 0.09 0.09 777.73 

73 2.1 20 0.9 7965.2 0.052 0.36 19.94 18895.56 16307.41 1.68 1.35 730.87 

74 2.1 20 1 7972.2 0.051 0.36 19.94 18895.56 16444.74 0.85 0.50 788.63 

75 2.1 20 1.1 7979.2 0.051 0.36 19.94 18895.56 16506.91 0.24 0.12 812.69 

76 2.1 20 1.2 7986.2 0.051 0.36 19.94 18895.56 16510.90 0.11 0.10 813.99 

77 2.1 20 1.3 7993.2 0.051 0.36 19.94 18895.56 16510.90 0.10 0.10 813.99 

78 1.7 50 0.9 7958.0 0.052 0.94 16.68 18281.05 16299.67 1.78 1.40 909.83 

79 2.2 20 0.9 8038.2 0.052 0.36 20.69 19074.98 16308.64 1.65 1.34 687.75 

80 2.2 20 1 8045.2 0.052 0.36 20.69 19074.98 16447.51 0.83 0.49 742.53 

81 2.2 20 1.1 8052.2 0.052 0.36 20.69 19074.98 16510.32 0.22 0.10 765.19 

82 2.2 20 1.2 8059.2 0.052 0.36 20.69 19074.98 16514.42 0.08 0.08 766.46 

83 2.2 20 1.3 8066.2 0.052 0.36 20.69 19074.98 16514.42 0.08 0.08 766.46 

84 1.8 50 0.9 8031.0 0.053 0.93 17.49 18460.47 16303.96 1.74 1.37 849.44 

85 1.8 50 1 8038.0 0.052 0.93 17.49 18460.47 16436.44 0.92 0.55 916.13 

86 1.8 50 1.1 8045.0 0.052 0.93 17.49 18460.47 16497.17 0.31 0.18 946.08 

87 1.9 50 0.9 8104.1 0.053 0.92 18.29 18639.89 16306.96 1.70 1.35 794.52 

88 1.9 50 1 8111.1 0.053 0.92 18.29 18639.89 16441.33 0.88 0.52 857.58 

89 1.9 50 1.1 8118.1 0.053 0.92 18.29 18639.89 16502.47 0.28 0.15 884.72 

90 1.9 50 1.2 8125.1 0.053 0.92 18.29 18639.89 16506.44 0.14 0.13 886.43 

91 1.9 50 1.3 8132.1 0.053 0.92 18.29 18639.89 16506.44 0.13 0.13 886.43 

92 2.0 50 0.9 8177.1 0.053 0.91 19.07 18819.31 16308.46 1.68 1.34 743.80 

93 2.0 50 1 8184.1 0.053 0.91 19.07 18819.31 16445.40 0.85 0.50 804.67 

94 2.0 50 1.1 8191.1 0.053 0.91 19.07 18819.31 16507.09 0.24 0.12 829.98 

95 2.0 50 1.2 8198.1 0.053 0.91 19.07 18819.31 16511.12 0.11 0.10 831.45 
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MSc Thesis by Yalewayker M. in KTH, DSEE   87 

96 2.0 50 1.3 8205.1 0.053 0.91 19.07 18819.31 16511.12 0.10 0.10 831.45 

97 2.1 50 0.9 8250.2 0.054 0.90 19.83 18998.72 16309.65 1.65 1.33 698.12 

98 2.1 50 1 8257.2 0.054 0.90 19.83 18998.72 16448.32 0.83 0.48 756.11 

99 2.1 50 1.1 8264.2 0.053 0.90 19.83 18998.72 16510.94 0.22 0.10 780.17 

100 2.1 50 1.2 8271.2 0.053 0.90 19.83 18998.72 16514.97 0.08 0.08 781.45 

101 2.1 50 1.3 8278.2 0.054 0.90 19.83 18998.72 16514.97 0.08 0.08 781.45 

102 2.2 50 0.9 8323.2 0.054 0.90 20.58 19178.14 16310.69 1.63 1.33 656.82 

103 2.2 50 1 8330.2 0.054 0.90 20.58 19178.14 16450.58 0.80 0.47 711.25 

104 2.2 50 1.1 8337.2 0.054 0.90 20.58 19178.14 16513.89 0.20 0.08 733.93 

105 2.2 50 1.2 8344.2 0.054 0.90 20.58 19178.14 16517.99 0.06 0.06 735.20 

106 2.2 50 1.3 8351.2 0.054 0.90 20.58 19178.14 16517.99 0.06 0.06 735.20 

107 1.7 100 0.9 8433.0 0.056 1.86 16.53 18452.99 16307.07 1.72 1.35 853.91 

108 1.7 100 1 8440.0 0.055 1.86 16.53 18452.99 16439.19 0.91 0.54 924.20 

109 1.8 100 0.9 8506.0 0.056 1.85 17.33 18632.41 16309.64 1.69 1.33 795.61 

110 1.8 100 1 8513.0 0.056 1.85 17.33 18632.41 16444.03 0.87 0.51 862.25 

111 1.8 100 1.1 8520.0 0.056 1.85 17.33 18632.41 16505.15 0.26 0.14 891.47 

112 1.8 100 1.2 8527.0 0.056 1.85 17.33 18632.41 16509.16 0.12 0.11 893.25 

113 1.8 100 1.3 8534.0 0.056 1.85 17.33 18632.41 16509.16 0.12 0.11 893.25 

114 1.9 100 0.9 8579.1 0.057 1.83 18.12 18811.82 16310.95 1.66 1.33 742.74 

115 1.9 100 1 8586.1 0.056 1.83 18.12 18811.82 16448.03 0.84 0.48 806.67 

116 1.9 100 1.1 8593.1 0.056 1.83 18.12 18811.82 16509.73 0.23 0.11 833.38 

117 1.9 100 1.2 8600.1 0.056 1.83 18.12 18811.82 16513.75 0.09 0.08 835.01 

118 1.9 100 1.3 8607.1 0.056 1.83 18.12 18811.82 16513.75 0.09 0.08 835.01 

119 2.0 100 0.9 8652.1 0.057 1.81 18.89 18991.24 16311.68 1.64 1.32 694.52 

120 2.0 100 1 8659.1 0.057 1.81 18.89 18991.24 16451.17 0.81 0.46 755.98 

121 2.0 100 1.1 8666.1 0.057 1.81 18.89 18991.24 16513.63 0.20 0.08 781.18 

122 2.0 100 1.2 8673.1 0.057 1.81 18.89 18991.24 16517.66 0.07 0.06 782.55 

123 2.0 100 1.3 8680.1 0.057 1.81 18.89 18991.24 16517.66 0.06 0.06 782.55 

124 2.1 100 0.9 8725.2 0.058 1.79 19.65 19170.66 16312.25 1.62 1.32 651.17 

125 2.1 100 1 8732.2 0.057 1.79 19.65 19170.66 16453.08 0.79 0.45 709.32 

126 2.1 100 1.1 8739.2 0.057 1.79 19.65 19170.66 16516.69 0.18 0.07 733.46 

127 2.1 100 1.2 8746.2 0.057 1.79 19.65 19170.66 16520.82 0.05 0.04 734.78 

128 2.1 100 1.3 8753.2 0.057 1.79 19.65 19170.66 16520.82 0.04 0.04 734.78 

129 2.2 100 0.9 8798.2 0.058 1.78 20.40 19350.07 16312.74 1.60 1.32 611.83 

130 2.2 100 1 8805.2 0.058 1.78 20.40 19350.07 16454.18 0.77 0.44 665.96 

131 2.2 100 1.1 8812.2 0.058 1.78 20.40 19350.07 16518.66 0.17 0.05 688.91 

132 2.2 100 1.2 8819.2 0.058 1.78 20.40 19350.07 16522.79 0.03 0.03 690.20 

133 2.2 100 1.3 8826.2 0.058 1.78 20.40 19350.07 16522.79 0.03 0.03 690.20 

134 1.5 150 0.9 8761.9 0.059 2.82 14.73 18266.09 16305.40 1.75 1.36 933.88 

135 1.7 150 0.9 8908.0 0.06 2.77 16.38 18624.92 16311.39 1.68 1.32 804.04 

136 1.7 150 1 8915.0 0.059 2.77 16.38 18624.92 16446.23 0.86 0.49 875.01 
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MSc Thesis by Yalewayker M. in KTH, DSEE   88 

137 1.7 150 1.1 8922.0 0.059 2.77 16.38 18624.92 16507.35 0.25 0.12 906.41 

138 1.7 150 1.2 8929.0 0.059 2.77 16.38 18624.92 16511.36 0.11 0.10 908.32 

139 1.7 150 1.3 8936.0 0.059 2.77 16.38 18624.92 16511.36 0.10 0.10 908.32 

140 1.8 150 0.9 8981.0 0.06 2.74 17.17 18804.34 16312.21 1.65 1.32 747.39 

141 1.8 150 1 8988.0 0.06 2.74 17.17 18804.34 16450.16 0.82 0.47 816.05 

142 1.8 150 1.1 8995.0 0.059 2.74 17.17 18804.34 16511.94 0.22 0.09 844.58 

143 1.8 150 1.2 9002.0 0.06 2.74 17.17 18804.34 16515.98 0.08 0.07 846.33 

144 1.8 150 1.3 9009.0 0.06 2.74 17.17 18804.34 16515.98 0.07 0.07 846.33 

145 1.9 150 0.9 9054.1 0.061 2.72 17.96 18983.76 16312.80 1.64 1.32 696.75 

146 1.9 150 1 9061.1 0.06 2.72 17.96 18983.76 16453.14 0.80 0.45 762.43 

147 1.9 150 1.1 9068.1 0.06 2.72 17.96 18983.76 16515.63 0.19 0.07 789.07 

148 1.9 150 1.2 9075.1 0.06 2.72 17.96 18983.76 16519.69 0.05 0.05 790.64 

149 1.9 150 1.3 9082.1 0.06 2.72 17.96 18983.76 16519.69 0.05 0.05 790.64 

150 2.0 150 0.9 9127.1 0.061 2.69 18.73 19163.17 16313.18 1.62 1.31 650.94 

151 2.0 150 1 9134.1 0.061 2.69 18.73 19163.17 16454.84 0.78 0.44 712.62 

152 2.0 150 1.1 9141.1 0.06 2.69 18.73 19163.17 16518.48 0.17 0.05 738.20 

153 2.0 150 1.2 9148.1 0.06 2.69 18.73 19163.17 16522.55 0.04 0.03 739.56 

154 2.0 150 1.3 9155.1 0.06 2.69 18.73 19163.17 16522.55 0.03 0.03 739.56 

155 2.1 150 0.9 9200.2 0.061 2.67 19.48 19342.59 16313.50 1.60 1.31 609.92 

156 2.1 150 1 9207.2 0.061 2.67 19.48 19342.59 16455.57 0.77 0.44 667.23 

157 2.1 150 1.1 9214.2 0.061 2.67 19.48 19342.59 16520.47 0.16 0.04 691.85 

158 2.1 150 1.2 9221.2 0.061 2.67 19.48 19342.59 16524.60 0.02 0.02 693.14 

159 2.1 150 1.3 9228.2 0.061 2.67 19.48 19342.59 16524.60 0.02 0.02 693.14 

160 2.2 150 0.9 9273.2 0.062 2.64 20.22 19522.00 16313.82 1.58 1.31 573.07 

161 2.2 150 1 9280.2 0.061 2.64 20.22 19522.00 16456.11 0.76 0.43 625.94 

162 2.2 150 1.1 9287.2 0.061 2.64 20.22 19522.00 16521.56 0.15 0.04 649.23 

163 2.2 150 1.2 9294.2 0.061 2.64 20.22 19522.00 16525.74 0.01 0.01 650.49 

164 2.2 150 1.3 9301.2 0.061 2.64 20.22 19522.00 16525.74 0.01 0.01 650.49 

165 1.5 200 0.9 9236.9 0.062 3.73 14.60 18438.03 16309.53 1.71 1.34 884.06 

166 1.7 200 0.9 9383.0 0.063 3.66 16.23 18796.85 16313.29 1.65 1.31 758.80 

167 1.7 200 1 9390.0 0.063 3.66 16.23 18796.85 16450.81 0.82 0.47 830.78 

168 1.7 200 1.1 9397.0 0.063 3.66 16.23 18796.85 16512.98 0.21 0.09 862.03 

169 1.7 200 1.2 9404.0 0.063 3.66 16.23 18796.85 16517.02 0.07 0.06 863.93 

170 1.7 200 1.3 9411.0 0.063 3.66 16.23 18796.85 16517.02 0.07 0.06 863.93 

171 1.8 200 0.9 9456.0 0.064 3.62 17.02 18976.27 16313.62 1.63 1.31 704.93 

172 1.8 200 1 9463.0 0.063 3.62 17.02 18976.27 16454.01 0.79 0.45 774.18 

173 1.8 200 1.1 9470.0 0.063 3.62 17.02 18976.27 16516.44 0.19 0.07 802.44 

174 1.8 200 1.2 9477.0 0.063 3.62 17.02 18976.27 16520.50 0.05 0.04 804.13 

175 1.8 200 1.3 9484.0 0.063 3.62 17.02 18976.27 16520.50 0.05 0.04 804.13 

176 1.9 200 0.9 9529.1 0.064 3.59 17.80 19155.69 16313.94 1.61 1.31 657.05 

177 1.9 200 1 9536.1 0.064 3.59 17.80 19155.69 16455.81 0.77 0.44 721.86 
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178 1.9 200 1.1 9543.1 0.064 3.59 17.80 19155.69 16519.42 0.17 0.05 748.96 

179 1.9 200 1.2 9550.1 0.064 3.59 17.80 19155.69 16523.49 0.03 0.02 750.45 

180 1.9 200 1.3 9557.1 0.064 3.59 17.80 19155.69 16523.49 0.03 0.02 750.45 

181 2.0 200 0.9 9602.1 0.065 3.56 18.56 19335.10 16314.17 1.60 1.31 614.06 

182 2.0 200 1 9609.1 0.064 3.56 18.56 19335.10 16456.67 0.76 0.43 674.31 

183 2.0 200 1.1 9616.1 0.064 3.56 18.56 19335.10 16521.44 0.15 0.04 700.11 

184 2.0 200 1.2 9623.1 0.064 3.56 18.56 19335.10 16525.53 0.02 0.01 701.43 

185 2.0 200 1.3 9630.1 0.064 3.56 18.56 19335.10 16525.53 0.01 0.01 701.43 

186 2.1 200 0.9 9675.2 0.065 3.52 19.31 19514.52 16314.17 1.58 1.31 575.56 

187 2.1 200 1 9682.2 0.065 3.52 19.31 19514.52 16457.14 0.75 0.43 631.59 

188 2.1 200 1.1 9689.2 0.065 3.52 19.31 19514.52 16522.58 0.14 0.03 655.86 

189 2.1 200 1.2 9696.2 0.065 3.52 19.31 19514.52 16526.78 0.01 0.00 657.19 

190 2.1 200 1.3 9703.2 0.065 3.52 19.31 19514.52 16526.78 0.01 0.00 657.19 

191 1.4 250 0.9 9638.9 0.066 4.66 13.63 18430.54 16309.68 1.71 1.33 910.74 

192 2.2 200 0.9 9748.2 0.066 3.49 20.04 19693.94 16314.17 1.57 1.31 540.70 

193 2.2 200 1 9755.2 0.065 3.49 20.04 19693.94 16457.14 0.74 0.43 592.29 

194 2.2 200 1.1 9762.2 0.065 3.49 20.04 19693.94 16523.23 0.14 0.03 615.39 

195 2.2 200 1.2 9769.2 0.065 3.49 20.04 19693.94 16527.45 0.00 0.00 616.64 

196 2.2 200 1.3 9776.2 0.065 3.49 20.04 19693.94 16527.45 0.00 0.00 616.64 

197 1.5 250 0.9 9711.9 0.066 4.62 14.46 18609.96 16312.35 1.67 1.32 839.86 

198 1.5 250 1 9718.9 0.066 4.62 14.46 18609.96 16447.58 0.85 0.49 922.18 

199 1.7 250 0.9 9858.0 0.067 4.53 16.08 18968.79 16314.17 1.63 1.31 719.16 

200 1.7 250 1 9865.0 0.067 4.53 16.08 18968.79 16454.29 0.79 0.44 791.78 

 

 

 


