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Abstract 

This paper studies the feasibility of implementing an off-grid hybrid power generation system, 

combining renewable energy sources (RES) with diesel generators (DG), for rural electrification in 

Ethiopia, a case study on the Wagesho village. The study employs a comprehensive methodology 

involving energy resource potential assessment, load demand estimation, system design, optimal 

component sizing, and economic analysis.  

The thesis contains the description of load demand for households and community institutions' energy 

requirements in the village and wind and solar energy resource assessment using data from the NASA 

database, showing favorable solar energy potential for the village, whereas wind energy potential is 

found to be inadequate. Afterward, an optimal hybrid system comprising photovoltaic (PV), diesel 

generator (DG), and battery storage is designed using HOMER simulation software, with 87.6% of 

power generation from renewable energy and the remaining 12.4% generated power from DG.  

Economic analysis is done based on the cash flow model determines the net present value (NPV) 

using national grid electricity tariffs. The minimum electricity selling price calculated for the designed 

off-grid hybrid system is 10.98 Birr/kWh ($ 0.19 /kWh) which is found to be higher than the grid 

tariff. However, GoE is planned to achieve 35% of rural electrification through standalone solar home 

systems and mini-grids. Implementing this project for the calculated price will give the required rate 

of return for investors and considering the socio-economic benefits the community in the village will 

get from this project justify the investment. 
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Chapter 1 Introduction 

Energy plays a vital role in socio-economic development, and having access to clean and sustainable 

energy is necessary to meet sustainable development goals such as reducing poverty, enhancing 

education, granting access to clean water, and increasing food yield. As per research by the World 

Bank, a greater proportion of the global population than in previous times had access to electricity. 

There are still 759 million people living without access to electricity globally in 2019. At the same 

time, around one-third of the world’s people (2.6 billion) remained without access to clean cooking 

[1]. 

In Sub-Saharan Africa (SSA), the electricity access rates are very low. Over half of the population 

lives without electricity, while only one-third uses clean cooking. Despite the progress in rural 

electrification, more effort is expected to bridge the gap to reach the sustainable development goal 

(SDG7) by 2030 [2]. 

The primary access to electricity in SSA is via the national grid, which leaves most of the population 

living in rural areas without electricity in most countries in the region. There is also the development 

of decentralized renewable solutions, including mini-grids and off-grid solar home systems, rapidly 

expanding in East Africa, such as Ethiopia, Kenya, and Uganda. Access to electricity via the national 

grid will play an essential role in energy access solutions. Yet, a decentralized renewable solution, 

especially solar, can play an increasing role in expanding the options for remote areas not connected 

to grids [2].  

Implementing off-grid renewable electrification is based on the availability of the source potential, 

energy independence, lowest operational and maintenance costs, and ease of implementation. 

However, because of the periodic nature of renewable energy sources, their seasonal fluctuation is the 

main issue. To improve the source's availability and power quality, system hybridization of solar with 

wind sources, energy storage, and conventional generators is generally used as backup systems [3]. 

In this project, power generation from off-grid hybrid solar, batteries, and diesel generators for rural 

electrification is designed. The Ethiopian government’s National Electrification Program 2.0 (NEP) 

focuses on off-grid electrification to achieve universal energy access. The country presents many 

unique investment opportunities to attract the private sector by opening more landscapes for private 

investment [4]. This project reinforces NEP 2, and the case study is done in the Hadiyya zone, 

Wagesho village. The study includes both system design and feasibility studies from the investor’s 

point of view. 
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1.1  Problem statement  

Ethiopia has abundant potential for renewable energy sources, however, because of the poor 

electrification rate in the country the majority of the population is dependent on biomass, firewood, 

and kerosene lamps for their energy needs. Access to energy plays a pivotal role in promoting socio-

economic growth and raising the living standards of society by creating employment opportunities, 

income, and increased productivity. Lack of access to electricity is the main constraint to these 

benefits and more than 55% of the population, which is more than 60 million people are living 

without electricity [9]. 

“Electricity access rate is not proportional in the urban and rural areas. The gap is very high, 

indicating that about 71.4% of the total households use kerosene for lighting, followed by firewood at 

15.7% and electricity at 12.9%. A higher proportion of urban residents use electricity for lighting, 

around 75%, while in rural areas, approximately 80% use kerosene and 18.5% use firewood. The 

primary type of cooking fuel used in all households is firewood [10]”. 

Due to low access to modern energy in rural areas, the excessive dependence on biomass energy 

involves a trade-off in agricultural productivity. Crop residues and animal waste are being diverted 

from the farms, where they supplement soil nutrition. The primary factor in deforestation is cutting 

down trees for charcoal and firewood. The unavailability of modern energy has also resulted in a need 

for more opportunities to provide social facilities such as clean water supply, health services, and 

educational facilities, for which current energy sources are essential. 

To change this situation, GoE launched the NEP 2.0, which helps to achieve universal electricity 

access nationwide by 2025, fast-paced scaling up connectivity to the grid to reach 65 percent, and off-

grid access to provide access for rural and deep rural households without grid connectivity [7]. The 

main constraints for rural energy development in Ethiopia are that most of the power generation 

capacity is hydropower for the grid-connected area; the main challenge is that during drought time, 

most of the power plants depend on water from the river, and there is low participation of the private 

sector in the energy market, which includes generation, transmission, and distribution due to the 

capital intensity of the industry [10]. One of the options to alleviate this problem is mixing power 

generation from various sources and making policy reforms to support the private sector. 

Because of the deficient consumption level of electricity and the dispersed demand because of 

scattered settlements, grid electricity penetration into the rural population is very limited. Off-grid 

power generation is one of the solutions stated under the NEP 2.0 plan to transfer and encourage the 

gradual shift from traditional to modern energy sources. Depending on the energy tier level and 

population density, off-grid could be deployed in remote places without grid connection [10]. One of 

the disadvantages of renewable sources is their intermittent characteristics and high investment in the 

storage system. This case study focuses on power generation for rural electrification in Wagesho 

village using a hybrid power system. 

1.2 Overview of the energy situation in Ethiopia 

Ethiopia is a country in the SSA, located in the Horn of Africa, and the second-most populous country 

in Africa. The total estimated population is more than 129 million. Of the total population, over 75% 

live in rural areas [5]. GoE policy transforms the agricultural lead economy into an industrial lead 

economy. In the last decade, its economy has been one of the fastest growing in the region. Energy is 

vital to achieving the sustainable developmental goal. However, the energy consumption rate is low. 

Per capita consumption in Ethiopia is 75 kWh, where consumption per capita measures the production 

of power plants less their use by power plants and losses, then divided by the total population in the 
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country. A multi-tier framework approach, which the World Bank defines, is used to assess the state 

of energy access. A multi-tier matrix is used to measure the household electricity supply. 

Categorization of the tier rating is based on the type of appliances used to access electricity and 

services, reflecting the availability of devices despite poor supply [6]. 

Table 1.1: Milt-tier matrix for household energy consumption capacity [based on data from [6]] 

Tier level  Tier criteria  

 Energy consumption ratings [kWh] Power in [kW] 

Tier 0 - - 

Tier 1 > =0.012 > =0.003 

Tier 2 > =0.2 > =0.05 

Tier 3 > = 1 > =0.2 

Tier 4 > =3.4 > =0.8 

Tier 5 > =8.2 > =2 

  

Table 1.2: Milt-tier matrix for household appliances [based on data from [6]] 

Tier level Tier criteria  

Tier 0  -  

Tier 1 Lighting and phone charging  

Tier 2 Lighting, phone charging, television and fan  

Tier 3 Lighting, phone charging, television, fan, and medium size 

appliances  

Tier 4 Tier 3 and any high-power appliances  

Tier 5 Tier 4 and very high-power appliances  

 

Of the total population, only around 44.3% have access to electricity. The remaining 55.7% have no 

access to any electricity source. According to the Energy Sector Management System (ESMS), of 

those who get electricity, around 12% have access starting from tier 1 based on a multi-tier frame 

approach most households connected to electricity use appliances categorized in tier 3, and around 

26%, use high-load appliances [7]. 

 

Figure 1.1: Percentage of population with access to electricity categorized in multi-tier [based on data 

from [6]]. 

55.7%

11.6%
4.3%

16.9%

7.0%
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The GoE started a nationwide electrification effort, a comprehensive scheme to improve the current 

state of the electrification rate. A thorough plan to provide universal access to electricity by 2025 is 

introduced under NEP 2.0, which employs a coordinated strategy combining off-grid and on-grid 

options to achieve this, focusing on customer last-mile service delivery [7]. 

The GoE plan is to reach 65% of the population through national grid access and the other 35% 

through off-grid technologies, like stand-alone solar systems and mini-grids by 2025. Another main 

focus will be ensuring a reliable electricity supply for schools and health facilities. Utilizing an 

advanced geographic information system (GIS) will enhance the planning process for off-grid and 

grid infrastructure [7]. 

Both GIS and MTF combination is a crucial approach for both off-grid and on-grid electrification, 

where GIS tools help to identify where and what kind of technologies are needed, and the MTF 

approach supports the identification of how much service is needed to achieve off-grid and grid 

connection [7]. The combination of both MTF and GIS creates an opportunity to identify 

beneficiaries by location and optimal technology solutions by location in the short-term, 

medium-term, and long-term. 

 
 

  

Figure 1.2: - Geo-spatial map of Ethiopia [8] 

The comprehensive approach of the Ethiopian national electrification program by 2025 has primary 

opponents; On-grid access: the target beneficiaries are those living within 2.5 km of the existing 

national grid system. The plan is to add 8.2 million households to reach a cumulative households 

connected to the grid of 15 million, which is 65% of the population by 2025. Off-grid access: about 

one million households are targeted beneficiaries in remote areas, villages less likely to be served by 

cost- and time-effective ways by grid connectivity [8]. 
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1.3 Objective   

Off-grid systems provide an alternative for remote area with no access to the grid electricity. This 

paper aims to study the feasibility of an off-grid hybrid system from renewable energy sources and 

diesel generators for rural electrification in Ethiopia from both technical and economic points of view. 

Wagesho village which is located in the southern part of Ethiopia in Gibe woreda is chosen for the 

case study. The optimal system component sizing of the hybrid system will be studied using HOMER 

simulation software. 

1.4 Methodology 

The method I used to design the off-grid hybrid system to electrify the selected village includes a 

literature review, energy resource potential assessment, load demand of the village, designing of the 

hybrid system, optimal system component sizing, and study of financial viability of the project. 

Energy resource assessment is the key step to start the designing of the off-grid system in rural areas, 

both wind and solar energy resource potential can be assessed either on-site measurements or other 

available databases such as (NASA, SolarGIS, NREL, etc.), I will take data from the NASA database 

to assess resource potential for this case study. Once the energy potential is assessed, the load demand 

of the village will be studied for optimal hybrid system design.  The load profile estimation will be 

conducted based on localized information and Microgrid Load Profile Explorer which is developed by 

the National Renewable Energy Laboratory (NREL) and used for load profile estimation for rural 

electrification in Africa. 

The methodology can be summarized as follows:  

• Assessment of the renewable energy source potential, mainly for solar and wind resources, for 

the selected site for the case study. 

• Estimating the load demand of the community in the village. 

• Designing the optimal hybrid system to meet the load requirements of the community in the 

village.  

• Evaluation of the feasibility of the project from an economic point of view 
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Chapter 2 Literature review, solar and wind energy, and resource assessment 

2.1 Literature review  

 Many studies on hybrid stand-alone power generation have been conducted worldwide, including in 

Ethiopia. Various articles used different technological approaches and methods to assess the 

combination of different renewable energy resource configurations, including solar energy, wind 

energy, small hydropower, and hybrid designs. According to the findings of numerous investigations, 

many publications have been published for various purposes; some of the research papers are 

reviewed below.  

For his doctoral dissertation, Bekele G researched solar-wind hybrid energy sources. The study aimed 

to investigate how to provide electric energy from solar-wind hybrid resources to the rural population 

and those moved by the government from overpopulated, dry areas to more productive, fertile areas to 

combat poverty. A hybrid standalone supply system was meant to provide energy for a community of 

200 households. Electric load is used for lighting, water pumping, a radio receiver, and certain 

medical equipment for health centers. He used HOMER software to conduct the analysis. The 

expenses of the viable hybrid set-ups obtained in this study are high, ranging from 30 to 40 cents per 

kilowatt hour, and numerous alternate feasible hybrid systems with various degrees of contribution 

outcomes were found. He claimed that while the hybrid system’s energy costs are considerably high, 

they are still preferable given the country’s power constraint and efforts to preserve the country’s 

timber and nature [11]. This study was conducted in 2009 and covers most technical optimization; 

however, sensitivity analysis from an economic point of view is not discussed.  

Mandefro, Y. conducted a Study in 2017 on the feasibility of off-grid power generation from a small 

Hydro/PV/Wind hybrid system to supply people without access to electricity in a rural area of 

Ethiopia. This paper also prefers to disregard wind turbine from a hybrid system based on technical 

evaluation; wind power generation covers only 5% of the load because of the low wind speed, and as 

mentioned here, a Small Hydro-PV-battery hybrid system is the least cost of power generation which 

is 0.49$/kWh [12]. 

The study by Gebrehiwot, K., Mondal, M. A. H., Ringler, C., & Gebremeskel, A. G. (2019). 

Discusses the potential of hybrid mini-grids for electrifying remote villages in Ethiopia and concludes 

that using a combination of wind, solar, batteries, and diesel generators is the least expensive way to 

solve the problem of access to electricity in remote areas. The paper’s strength is the sensitivity 

analysis done to demonstrate how variations in solar radiation, wind speed, and diesel price affect the 

best system designs and costs. On the other hand, the article does not discuss the effect of the source 

of financing the project by doing sensitivity on loan, the effect of discount rate on Net Present Value 

(NPV), and how affordable the minimum price of electricity from the mini-grid (cost of power 

generation is: $0.207/kWh) is compared to the price of electricity from the national grid. [13]. 

Research conducted by Tamrat B. (2007) [14]. In evaluating the viability of rural electrification 

through solar PV, wind, and micro-hydro power generation in chosen Ethiopian rural locations, this 

study primarily compares the three renewable energy sources by examining the monthly payments per 

household associated with each system. The calculation is based on the energy consumption 

assumption by each household with and without some home appliances like TVs. Based on the paper 

from the given energy sources in both conditions, meaning with and without considering power 

consumption by TV in each household, Hydropower generation is preferable or least cost among the 

others, which are 5.53 Ethiopian Birr/kWh without TV and 9.58 Birr/kWh if there is a TV set, 

followed by power generation by wind turbine and solar PV power generation is more expensive than 

the other two. However, in most areas of the country where there is no river to generate hydropower 

and wind speed is not feasible, solar PV systems remain the only option. This paper also didn’t 
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discuss the hybrid systems to see the effect on the minimum price of power generation and technical 

optimization.  

Most of the authors before me focused on hybrid systems using PV/Wind/small hydropower/diesel 

and batteries to electrify rural areas. Each author designs a hybrid system based on different load 

demands, study areas, and climatic data used to analyze the hybrid system setups in different ways. 

All the above authors also focused their paper on the optimization of the technical parameter.   

This paper focuses on a feasibility study of power generation from the off-grid hybrid system for rural 

electrification in Wagesho village in the southern part of Ethiopia, in the Hadiya zone, focusing on 

mere coverage of the household load profile, a few public institutions such as school, health post and 

churches, and power consumption for water pumping and analyze technical optimization using Homer 

software and the main addition from the previous papers is a calculation of proper discount rate which 

is the expected return from the investment by investors and evaluating a project using project 

evaluation criteria like NPV and Internal rate of return to see economic feasibility of the project from 

an investor point of view. 

 

2.2 Energy Potential in Ethiopia 

“Ethiopia has various energy sources, including solar, biomass, wind, hydropower, geothermal, fossil 

fuels (natural gas and coal reserves), and biofuels (ethanol and biodiesel). From these abundant 

sources, Ethiopia can generate over 60,000 megawatts (MW) of power [9]”. The past ten years have 

seen extremely rapid economic expansion, leading to a steady increase in electricity demand. Ethiopia 

is facing energy shortages despite its potential. The nation's installed capacity is about 4200 MW, and 

some projects are currently being built. Ninety percent of the installed capacity comes from hydro-

power, with the remaining two percent coming from thermal and eight percent from wind sources. 

Eighteen power plants under the management of Ethiopian Electric Power produce 4244 megawatts of 

power for the entire country.  

Because hydropower depends on rainfall to fill the dams, some plants are generating below capacity 

because of less rain in many Ethiopian regions in recent years. GoE is working to diversify its 

generation with other solar, wind, and geothermal sources. A plan is to exponentially increase power 

generation to 17000 MW within the next ten years. One of the megaprojects under construction to 

achieve the goal is the Grand Ethiopian Renaissance Dam (GERD), with an installed capacity of 5150 

MW, which has already started generating with two turbines, each generating 375 MW. To carry out 

additional solar, wind, and geothermal projects, GoE is also working with the private sector [15]. 

Table 2.1: - Ethiopia's energy potential [based on data from [15]] 

Resources Unit Exploitable Potential Exploited percent 

Hydropower MW 45000 <5 

Solar kWh/m2 Average 5.5 <1 

Wind GW 1350 <1 

Wind speed                                 m/s >6.5  

Geothermal MW 7000 <1 

Woody biomass Million tons 1120 50 

Agricultural waste Million tons 15-20 50 

Natural gas Billion/m3 113 0 

Coal Million tons 300 0 
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2.3 Solar energy  

 

“The Sun is the primary energy source that sustains all living activity on Earth, including plant 

photosynthesis, the Earth’s thermal comfort, and the entire biogeochemical system. When the 

electromagnetic radiation from the Sun reaches the Earth’s surface, it is transformed into different 

forms of energy and used for various things. One of the uses of solar energy is photoelectric 

conversion which converts solar radiation to electrical energy using solar cells [16]”.  

 

2.3.1 Photovoltaic system 

A PV system is a solar energy supply system that directly supplies power to the electrical equipment 

or feeds energy into the grid. PV systems consist of all the technologies that convert solar photons 

directly into electricity and supply the load such as solar panels, battery storage, inverters, and charge 

controllers [17]. In some cases, depending on the system, the purpose of storage may not be 

necessary. 

 

PV cells 

 

“Among most PV system elements, the PV cell is a crucial component; it consists of three major 

elements, namely. 

• Semiconductor material that absorbs light and converts it into electron-hole pairs. 

• The junction formed within the semiconductor separates electrons and holes. 

• The contacts in the front and back of the cell allow the current to flow to the external circuit” 

[18]. 

 

Individual PV cells are interconnected and form a PV module called solar panels. PV cells can be 

manufactured using different types of semiconductor materials.  

 

The two broad categories of PV cell technologies are flat plate technology and concentrated 

technology. The flat plate technology is further classified into crystalline technology, which is made 

from ultra-pure silicon raw material, which accounts for the majority of PV cell production, and the 

second one is thin film, which is made by depositing layers of semiconductor materials onto glass. 

Using this material reduces the cost of production because the cost of the material used is cheaper 

than that of the crystalline structure [18].   

Monocrystalline and polycrystalline silicon are the most common solar cells among crystalline silicon 

cells. The polycrystalline cell is formed when molten silicon is cast into ingots, and it is a relatively 

low-cost and fast process for manufacturing thick crystalline cells [20].  

 

The major advantage of polycrystalline cells is the production process is simple and cost-effective, 

and they reduce silicon waste compared to mono-crystalline cells. The main drawback is low 

conversion efficiency compared to monocrystalline cells due to the use of low-purity silicon. 

Monocrystalline PV cell is widely used for both utility-scale and stand-alone PV systems; this 

technology has higher efficiency as they are fabricated from high-grade silicon, the manufacturing 

process of monocrystalline cells is Czochralski process which involves significant silicon wastage 

[19]. 

 

 

Battery Storage 

 

Energy storage devices are getting attention due to the seasonal, daily, and hourly variation of solar 

energy resources for power generation. Therefore, it is a critical component for a stand-alone system 

when there is no sufficient power generation to supply the load such as during cloudy weather and 

night. In all these cases electric energy storage is necessary to enhance the PV performance by 

bridging the gap that occurred due to fluctuations of power generation.  
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Different types of batteries are suitable for use in PV systems for energy storage such as lead acid, 

lithium, and nickel-cadmium batteries. It is one of the most expensive subsystems in standalone PV 

systems [20]. An important aspect of battery in PV systems is sizing, which plays a vital role in terms 

of total plant efficiency, and performance and takes a substantial portion of the total cost of a stand-

alone PV system.  

 

Inverter 

 

Energy from the battery bank or any array is in the form of direct current (DC) this can supply DC 

loads, however, if the loads are operating on alternating current (AC) then current needs to be 

converted from DC to AC. Inverters are power electronics devices used in different PV system 

configurations [19]. 

• grid-connected systems. 

• pumping systems 

•  stand-alone systems with rechargeable batteries. 

 

Because of the specific operating conditions for standalone systems inverters, different conditions 

should be considered during system design. [19] The most important requirements on inverters for 

stand-alone PV systems are:  

• Little fluctuations in the output voltage and frequency. 

• Ability to withstand short-term overloading for appliance starting conditions. 

• Output voltage as close as sinusoidal as possible. 

• Large input voltage ranges up to + 30% of the rated voltage of the system.  

        

 

Charge Controller 

 

The charge controller is necessary for the PV system which involves a battery storage system, its 

basic function is to monitor the charging and discharging of the battery. It prevents the complete 

charging or discharging of the battery which reduces the life span of the battery. It is also used to 

prevent a reverse current flow from the battery to the system. The two mainly used charge controllers 

in the market are pulse width modulation (PWM) and maximum power point tracking (MPPT) [21].  

The pulse width modulation charge controller matches the input power of the battery irrespective of 

the power generated by solar panels. MPPT charge controller helps to have the optimum efficiency 

and provide more power than PWM for similar conditions. However, MPPT charge controllers are 

more expensive than PWM charge controllers [21]. To size the charge controller, it is necessary to 

know the voltage level of the system and the maximum operating current, and the size of the 

controller should be higher than the operating system for safety reasons. 

2.3.2 Factors that affect the PV system performance 

Several factors affect PV system performance, the major factors that affect PV systems' performance 

are tilt angle, orientation, shading, and operating temperature. Optimally designing a PV system by 

considering the above factors is crucial for the PV module output power, their effect on the system is 

discussed as follows. 

The angle of panel orientation 

The optimal mounting position for a solar panel depends on the site’s latitude; on the north side of the 

equator, where the Sun is typically in the southern position, the panel orientation should be pointed 

south, and on the south side, it should be pointed north. Two-axis tracker installation is a more 
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efficient way than a fixed array in terms of energy harvesting. However, fixed array installation is 

more economical and space-advantageous because it has no moving parts, so there is no extra cost for 

motors and controllers. The solar altitude angle (γ) varies from 0-900, and the best absorption of solar 

radiation on the panel occurs when the striking angle is 900. Considering these factors, tilting the solar 

panel towards the Sun, i.e., at an angle ß relative to the horizontal plane, can increase energy yield 

[22]. 

 

 

                                      Figure 2.1: - Solar panel installation angle [22] 

 

Temperature effect 

The operating temperature affects the output power of the PV system by increasing the short-circuit 

current and decreasing the open-circuit voltage of the cell. An increase in temperature above the 

reference temperature significantly affects the output voltage; however, the effect on current is not as 

significant as the voltage. The effect of temperature on PV power can be expressed quantitatively by 

expressing effects on voltage and current as follows [17].                           

                                            Isc = Io (1 + α T) and Voc = Vo (1 – β ∆Τ)                                         (2.1) 

                                             P=Po [1 + (α – β) ∆Τ]                                                                          (2.2) 

Where Isc is the short-circuit current (A), Voc is the open-circuit voltage (V), Io and Vo are the short-

circuit current and open-circuit voltage at the reference temperature of the cell, and ∆Τ is the change 

in temperature from the reference temperature (ºC), P is power (W). For a single crystal silicon cell, α 

is about 20×10-6 / ºC, and β is about 5×10-3/ ºC. The power is, therefore, given by the following:  

                                              P=Po [1 - 0.005 ∆Τ]                                                                             (2.3) 

In the above expression, the silicon cell power output drops by roughly 0.5% for each degree Celsius 

of the operating temperature rising above the reference temperature. At a higher working temperature, 

there is a net reduction in power since the rise in current is far smaller than the decrease in voltage 

[17].  
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      Figure 2.2: - Temperature effect on P-V characteristics [17] 

 

Shading effect 

A module or portion of a shaded module (cell) may only partially or not produce power. If this occurs, 

it may also result in hot spots heating up. It is always good to see at the PV installation site if there are 

any possibilities for shading positions. When such objects exist, a minimum distance should be kept. 

The minimum spacing of the rows of PV modules is also crucial to preventing the possibility of 

shading PV modules against each other [23].  

Dirt and other effects  

Dirt and other contaminants like bird droppings on the face of the solar arrays can affect the output 

power of the PV system. Site condition should be assessed to measure such a problem associated with 

the dirt, frequently cleaning the PV array is the mitigating solution to improve the performance. 

2.3.3 Solar resource potential assessment for the Wagesho village  

Accurate determination of the hourly solar radiation received during the average day of each month is 

a requirement for the different applications. Since weather patterns are difficult to predict because of 

their randomness with time and place, historical data records are useful analytical tools.  Long-term 

measured solar radiation data are usually available as monthly averaged total solar radiation per day 

on the horizontal surface.  

 Pvsyst is the most widely used tool for simulating solar energy yield estimation and the optimal 

design of solar power plants. By entering the geographical coordinates, it runs based on directly 

imported solar resources from the NASA Surfaces Methodology and Solar Energy database [24]. So, 

the latitude and longitude of the selected site is 7º 40’ 35” N and 37º 44’ 35” E. The average solar 

radiation for the Wagesho village is presented in the table below.  
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Table 2.2: Average daily solar radiation for each month for the Wagesho village. 

Months  Average daily radiation 

[kWh/ (m2. day)] 

Clearness index  Temperature (ºC) 

January  5.86 0.586 20.8 

February  6.27 0.604 21.9 

March  6.26 0.596 22.3 

April  6.01 0.589 20.7 

May  5.81 0.602 18.7 

June  5.24 0.563 17.7 

July  4.61 0.489 16.8 

August  4.86 0.490 16.9 

September  5.55 0.537 17.4 

October  5.93 0.572 17.6 

November  6.09 0.603 18.5 

December  5.97 0.602 20.0 

 

The above table shows that the village's monthly average daily global horizontal radiation varies 

throughout the year. The highest average daily radiation is in February, which is 6.27 kWh/(m2.day), 

and the lowest solar radiation is during summertime, the rainy season in Ethiopia, with the lowest 

daily average radiation being 4.61 kWh/(m2.day) in July.  

The average solar radiation of the village is 5.71 kWh/(m2.day). The clearness index measures the 

clarity of the atmosphere. It is a dimensionless number that varies from 0 to 1, defined as surface 

radiation divided by extraterrestrial radiation. It has a high value, indicating clear and sunny 

conditions in the atmosphere, and a low value under cloudy conditions. The average annual number of 

hours of utilizing the photovoltaic power in the village is 2084 hours. 

    

 

      Figure 2.3: - Daily radiation pattern of the Wagesho village 
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2.4 Wind energy  

 

Wind is the movement of the air due to the pressure difference within the atmosphere. The pressure 

difference exerts a force that causes the air masses to move from the high-pressure region to the low-

pressure area. Such pressure differences are caused primarily by the Sun's differential heating effect 

on the Earth's surface. The generation and movement of the wind are complicated due to different 

factors such as uneven solar heating, the Coriolis force, the Earth's self-rotation, which affects the 

wind speed and direction, and local geographical conditions [25]. 

2.4.1 Wind energy characteristics  

Wind energy is a form of kinetic energy that can be obtained by air as it flows; it can be used for 

many applications, such as converting it into electrical energy by power-converting machines or 

directly used for pumping water, sailing ships, or grinding gain [26]. 

Principle of wind power 

Wind power depends on the amount of air, speed of the air, and mass of the air. When the wind passes 

over the wind turbine, it slows down the wind speed from v to vd. The power extracted by the wind 

turbine is the kinetic energy per unit of time. The mechanical power generated by the differences 

between the upstream and the downstream velocity is shown in the equation below [12]. 

                     

                             Figure 2.4: Power extraction by wind turbine blades [28]. 

 

                                                                Pmech = 
1

2
 ṁ(v-vd)2                                                              (2.4) 

Where Pmech: is mechanical power extracted by the wind turbine (W), ṁ is the mass flow rate (kg/s), v 

is the upwind speed at the entrance of the rotor blade (m/s), vd is the downwind speed at the exit of the 

rotor blade (m/s). 

The mass flow rate ṁ at the plane of the rotor can be explained using the following expression [26].  

          

                                                               ṁ=ρA ( 
V+Vd

2
 )                                                               (2.5) 

Where  ṁ is the mass flow rate (kg/s), ρ is air density (kg/m3) and A is the swept area by the rotor 

blade (m2). The output power of the turbine can be expressed as follows 
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                                                           P = 
1

2
 ρAv3Cp                                                                         (2.6) 

 

Cp is called the power coefficient of the rotor efficiency. It is a dimensionless power coefficient or 

Betz limit, and it measures the efficiency of the wind turbine when it extracts the kinetic energy of the 

wind stream to convert it into electrical energy [27,17]. The maximum theoretical achievable power 

coefficient is 59.26%; this number will be achieved when the downstream speed equals one-third of 

the upstream wind speed. However, the practically obtainable value is lower than the theoretical 

value, around 45%. Not achieving a theoretical limit of power coefficient is caused by the losses and 

inefficiencies of different configurations like rotor blades, frictions, and turbine designs [28, 17].  

Tip speed ratio (TSR) is related to extracting power from a wind turbine. It is the relationship between 

the rotor tip speed and the wind speed in the free stream, primarily influenced by factors such as wind 

speed, the radius of the wind turbine blade, and angular velocity. If the rotor turns too slow its 

efficiency is reduced because the blades let too much wind pass unaffected and, when the rotor turns 

too fast reduces the efficiency of the rotor as the turbulence caused by one blade affects the following 

blade [28].       

 

                                                             TSR = 
⍵𝑅

V
                                                                       (2.7) 

 Where ⍵ is the angular velocity of the rotor in rad/s, v is the wind speed in m/s, and R is the radius of 

the rotor blade. 

2.4.2 Wind power density 

The power the wind transfers to the rotor of a wind turbine is proportional to the density of the air, the 

rotor area, and the cube of the wind speed [17]. The available power P in the wind speed v for the area 

of the rotor A is.  

                                                      
P

A
  = 

1

2
 ρv3                                                                           (2.8) 

The air density ρ (kg/ m3) is an important parameter for the estimation of wind power density. It has a 

significant effect on the performance of the wind energy system. The following correlation can be 

used to estimate air density at different elevations z (m) of the wind speed measurement [17,11]. 

                                                                ρ = 1.225 – (1.194 ×10-4) z                                                 (2.9) 

 

2.4.3 Wind turbine technology  

The wind turbine first converts kinetic energy in the wind to the rotational kinetic energy in the 

turbine and then to electrical energy. The energy available for the conversion depends on the available 

wind speed and the swept area of the turbine. Wind turbines are available in different types and 

various sizes. 

The dynamic behavior, strength, qualities of the materials, and complete assembly are all things that 

must be considered while constructing a wind turbine. And there are different designs of turbines. 

Based on the position of the rotor shaft, the wind turbine can rotate either on the horizontal axis or the 

vertical axis to generate electricity [17]. 
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Vertical-axis wind turbine: The main rotor shaft is positioned vertically. The yaw mechanism is not 

necessary for vertical axis turbines since they receive wind from any direction. The turbine doesn’t 

need to be oriented into the wind to be effective, which is a major benefit of the vertical axis wind 

turbine, especially in areas where wind direction is highly variable [17]. 

Horizontal-axis wind turbine: - The main rotor shaft and electrical generator of horizontal-axis wind 

turbines are located at the top of a tower, and they must face the wind direction The most common 

turbines currently used in wind farms to produce electric power are usually three-bladed horizontal 

axis turbines. The reason for this is stability, and using an uneven number of blades helps to avoid 

stability problems during the rotation of the blade [11]. 

 The main parts of a modern horizontal-axis wind turbine are the tower, the rotor, the main prime 

mover, the nacelle, which houses the generator and gearbox, and the yaw. The tower supports the 

wind turbine and maintains the blades at the height so that they can effectively harness wind energy. 

The yaw mechanism turns the wind turbine rotor blades counterclockwise. The gearbox is used to 

increase the wind turbine rotational speeds to a higher rotational speed that is suited for the electrical 

generator by connecting the low-speed shaft with the high-speed shaft [17].  

 

            

          Figure 2.5: Horizontal-axis wind turbine [29] 
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2.4.4 Wind speed distribution 

Wind speed distribution can be 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 minute, hour, day, and season. 

The statistical function that describes the wind variation in the best way is the 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, specifically known as the Rayleigh 

distribution, and given as follows with wind speed [12, 17].    

 

                                                     f (v) = 
πv

2𝜈2
 exp [- 

π

4
 (

v

𝜈.
)2]                                                       (2.10) 

 

Where f (v) is the Weibull probability density function of wind speed, v is instantaneous wind speed 

(m/s), and  𝜈 . is mean speed (m/s) 

 

2.4.5 Wind energy resource  

The different classes of wind resources are categorized into poor, marginal, moderate, good, and 

excellent based on the mean annual wind speed or corresponding wind power density at different 

height measurements above ground level based on the wind power classification by the US 

Department of Energy (DOE) [30]. The wind class ranges from poor to excellent wind regimes, 

identifying the country's land area that falls under this category is explained in the table below. 

Table 2.3: - Categorizing wind resources and their power density into classes [30]. 

Wind power 

class 

Description  Wind power 

density[W/m2] 

Wind speed 

[m/s] 

Wind power 

density[W/m2] 

Wind speed 

[m/s] 

                    At 10 m                   At 50 m 

1 Poor class <100 <4.4 <200 <5.6 

2 Marginal 100-150 4.4-5.1 200-300 5.6-6.4 

3 Fair 150-200 5.1-5.6 300-400 6.4 -7.0 

4 Good  200-250 5.6-6.0 400-500 7.0 -7.5 

5 Excellent  250-300 6.0-6.4 500-600 7.5-8.0 

6 Outstanding  300-400 6.4-7.0 600-800 8.0-11.9 

7 Superb  >400 >7.0 >800 >11.9 

 

The above table explains different classes of wind resources and power density based on the mean 

wind speed at different elevations, Using wind turbines for power generation, an increase in wind 

speed leads to a considerably more significant increase in power output. Due to its fluctuation, it has 

an impact on power generation. Usually, class 3 and above are considered more economical for power 

generation.  

Wind energy resource in Ethiopia 

Ethiopia’s total land area falls under the class 1 wind rating in about 35% of cases. Nearly 50% of the 

total land area is in low-wind areas. From this, it may be concluded that just 15% of the nation’s total 
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land area possesses viable wind resources. Nearly 7% of the overall land area has a moderate-to-

excellent wind region, while the actual potential will be smaller due to the exclusion of regions set 

aside for other uses. The map below displays the distribution of wind resource areas by region [30]. 

      

 

       Figure 2.6: -Wind speed and power density of Ethiopia at 50m height [30] 

 

Wind energy resource in Wagesho village 

This study assess the potential of wind energy resources in a Wagesho village by analyzing wind 

speed data obtained from NASA. The organization provides meteorological data that includes wind 

speed measurements at different heights for specific locations. Wind speed data was taken at a height 

of 10 m for five years, from 2017 to 2021, as presented in the table below. 

The data obtained from NASA is a useful resource for renewable energy research, and it allows us to 

accurately assess the feasibility of wind energy projects in the selected village. Utilizing this data can 

be useful for better understanding the wind energy potential of the area which helps decision-making 

regarding the design and implementation of the wind energy project. 
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Table 2.4: - Wind speed (m/s) [31] 

year  2017 2018 2019 2020 2021 Average 

from 2017-

2021 

Jan 2.82 2.0 2.91 2.09 2.38 2.44 

Feb 2.15 2.09 2.27 2.43 1.96 2.18 

Mar 1.99 2.07 1.74 1.84 2.8 2.09 

Apr 2.66 1.41 1.77 1.95 2.09 1.98 

May 1.77 1.88 1.88 1.73 1.56 1.76 

Jun 1.84 1.92 1.81 1.97 1.88 1.88 

Jul 2.13 2.11 2.09 2.2 2.4 2.19 

Aug 2.1 2.08 1.98 2.1 2.02 2.06 

Sep 1.91 2.0 1.91 1.8 1.95 1.91 

Oct 2.23 2.12 2.45 2.2 2.37 2.27 

Nov 2.38 2.53 2.16 2.45 2.57 2.41 

Dec 2.42 2.43 2.12 2.52 2.47 2.39 

 

The maximum mean wind speed at the height of 10 m is 2.44 m/s, which can be observed in January. 

In comparison, the minimum speed can be observed in May, with a mean speed of 1.76 m/s. The 

average wind speed is 2.13 m/s. The average speed obtained at a height of 10 m for the village falls 

under class one based on the evaluation of the wind power classification by the US Department of 

Energy (DOE) [30].  

 

Figure 2.7: -Monthly average wind speed (m/s) at a height of 10 m for Wagesho village [31]. 

Since wind power is proportional to the cube of the wind speed, the economic impact of wind speed 

on wind power is significant. One approach to generating wind power at high wind speed is mounting 

wind speed on the taller tower.  

In the few hundred meters above the ground, wind speed is greatly affected by the air friction that can 

be experienced as it moves across the earth's surfaces. The surface wind speed can be slowed with 

considerable high irregularities such as buildings and forests. The variation of the speed with 

elevation is modest, and the following expression is used to characterize the impact of the roughness 

of the earth's surface on the wind speed [26].  
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V2

V1
  = (

h2

h1
)

α
                                                                    (2.11) 

 

Where v2 (m/s) is the wind speed at height h2 (m), v1 (m/s) is the wind speed at height h1 (m), and α is 

friction coefficients, which is a function of the terrain over the wind blows.  

Table 2.5: Friction coefficient α for various terrain characteristics [32] 

Terrain characteristics Friction coefficient (α) 
Lakes, ocean, and smooth hard ground 0.1 

Grasslands (ground level) 0.15 

Tall crops, hedges, and shrubs 0.2 

Heavily forested land 0.25 

Small town with some trees and shrubs 0.3 

City areas with high-rise buildings 0.4 

 

The wind speed data for the village at the height of 10 meters is extrapolated for different turbine hub 

heights using equation 2.11, and the value of friction coefficient factor α is taken as 0.2 and. The 

following table summarizes wind speed and power density at 10 m, 30, and 50 m above the ground. 

Table 2.6: - Wind speed and power density at the different heights for the Wagesho village  

 

Months 

At 10 m At 30 m At 50 m 

Wind speed 

(m/s) 

Power 

density 

(W/m2) 

Wind speed 

(m/s) 

Power 

density 

(W/m2) 

Wind speed 

(m/s) 

Power 

density 

(W/m2) 

Jan 2.44 7.30 3.04 14.05 3.36 18.97 

Feb 2.18 5.18 2.72 10.06 3.00 13.5 

Mar 2.09 4.56 2.60 8.78 2.88 11.95 

Apr 1.98 3.88 2.46 7.44 2.73 10.17 

May 1.76 2.73 2.20 5.32 2.43 7.17 

Jun 1.88 3.32 2.34 6.40 2.60 8.78 

Jul 2.19 5.25 2.73 10.17 3.02 13.77 

Aug 2.06 4.37 2.56 8.38 2.84 11.45 

Sep 1.91 3.48 2.38 6.74 2.64 9.20 

Oct 2.27 5.85 2.83 11.33 3.13 15.33 

Nov 2.41 7.00 3.00 13.50 3.33 18.46 

Dec 2.39 6.83 2.97 13.10 3.30 17.97 

Average 2.13 4.90 2.43 7.17 2.94 12.7 

 

The above table shows extrapolated wind speed and power density for the study site. 

According to wind power density classification by the US Department of Energy (DOE) [ 30], areas 

designated in class 4 and higher are generally considered suitable for most wind turbine applications, 

class 3 is suitable for the application of wind turbines with tall hub height is used and class 2 is 

marginal, and areas categorized into class 1 are not suitable for wind energy development.  

The average speed obtained at a height of 10 m, 30 m, and 50 m above the ground for the Wagesho 

village falls under class 1. Therefore, wind energy development does not apply to the village based on 

wind energy assessment results and evaluation based on wind power density classification. 
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Chapter 3 Load profile estimation 

 

3.1 Study site description 

 

The selected village for the case study is in the southern part of Ethiopia, in the SNNP region, in the 

Hadiya zone, specifically in Gibe Woreda. The village's name is Wagesho, which is geographically 

located at the latitude and longitude of 7º 40' 35" N and 37º 44' 35" E. This village has 215 

households; the community is made up of smallholder farmers, and the main sources of income in the 

village are mixed farming for crop production and livestock. Since there is no access to electricity, the 

main energy sources of the community in the village are firewood, biomass combustion, candles, and 

kerosene light lamps (Kuraz) for cooking and lighting.  

 

 

Figure 3.1; Image of the Wagesho village, taken from Google Earth. 

3.2 Load profile estimation for household 

The consumption profile describes the hourly energy use schedule anticipated for the village's rural 

community. In cases where there are already electricity consumers, this information can be obtained 

directly by measuring the amount of electricity consumed over a specific period. However, for the 

communities with no access to electricity, the demand and load pattern can be estimated based on the 

type of appliances and their respective duration of usage by households.  

The assumption made to estimate the load profile of the village is that the household consumption in 

the village is not uniform. The main reasons for this assumption are differences in the income level of 

households in the village and the ability to own appliances. 

The load profile estimation is made based on the above assumption for the community in the village; 

the total households of the village are categorized based on their income levels into three groups such 

as households having a relatively low standard of living, households with relatively medium standards 

of living, and household having a relatively high standard of living. According to the Ethiopian Rural 

Socioeconomic Survey (ERSS) of 2013 [38], the average household size in the rural part of the 

SNNPR is 5.3 individuals. Based on the information obtained from the local administration in the 

selected village; Table 3.1 shows the demographic and income level data of the village. 
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Table 3.1 Data for the case study village 

Household category  Quantity 

Low-income household 102 

Medium-income household 75 

High-income household 38 

Average population size per household 5.3 

  

For the load estimation, I considered the following electrical equipment, lighting, mobile phone 

chargers, television, refrigerators, and radio. The wattage of the proposed appliances and the number 

of appliances per household categorized by income level are explained in the table below. The 

wattage for the proposed appliances listed in Table 3.2 and Table 3.5 is based on the standard wattage 

values for home appliances [33,34]. 

Table 3.2: Proposed household appliances and their wattage. 

Appliances Wattage 

[W] 

Low-income 

household 

number of 

appliances 

Middle-income 

household number 

of appliances 

High-income 

household number 

of appliances 

 Light bulbs 10 2 3 3 

 Radio/tape 5 1 1 1 

 Mobile phone  5 1 2 2 

Television 60 1 1 1 

 Refrigerator  300 1 1 1 

 

The appliance ownership is considered for the households based on their income level category. I 

adapted Table 3.3 from the USAID Power Africa Project in Ethiopia, which did off-grid solar market 

assessment projects in different rural areas of Ethiopia [35], and Power Africa Load profile estimation 

[36].  

Table 3.3: Household appliance ownership [based on data from [35,36]]  

Appliances Low-income 

household 

Ownership (%) 

Medium-income 

household  

Ownership (%) 

High-income 

household 

Ownership (%) 

Light bulb  100 100 100 

Mobile phone  37 62 78 

Radio  3 15 76 

Television (TV) 16 45 82 

Refrigerator  1 4 17 

 

To estimate the load pattern of an unelectrified rural community using a data-driven load profile helps 

to minimize the differences between the estimated and later consumption patterns for off-grid 

electrification. I adapted Table 3.4 from the Power Africa load profile estimation [36] for household 

appliance consumption, which is used to calculate consumption throughout each hour of the day. It 
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provides data to estimate the energy consumption pattern for various appliances proposed for 

households.   

 Table 3.4: - Assumed hourly appliance usage by households (%) [based on data from [36]] 

Hours Light bulb Radio Charger TV Refrigerator  

0:00 0 0 0 0 1 

1:00 0 0 0 0 1 

2:00 0 0 0 0 1 

3:00 0 0 0 0 1 

4:00 0 0 0 0 1 

5:00 0 0 0 0 1 

6:00 0 0 0.1 0 1 

7:00 0 0 0.1 0 1 

8:00 0 0.25 0.1 0 1 

9:00 0 0.25 0.1 0 1 

10:00 0 0.25 0.1 0 1 

11:00 0 0.25 0.25 0 1 

12:00 0 0.5 0.25 0 1 

13:00 0 0.5 0.25 0 1 

 14:00 0 0.25 0.25 0 1 

15:00 0 0.25 0 0 1 

16:00 0 0.25 0 0 1 

17:00 0 0.25 0.25 0 1 

18:00 0.75 0.25 0.5 0.3 1 

19:00 1 0.25 0.5 1 1 

20:00 1 0.25 0.5 1 1 

21:00 1 0.25 0.5 1 1 

22:00 1 0 0.25 0.6 1 

23:00 0.25 0 0 0.1 1 

Total hours in the 

day  

5 4 4 4 24 

  Consumption for the refrigerator will be calculated by considering the duty cycle for the compressor. 

3.3 Load profile estimation for community institutions 

Community services consist of activities necessary to satisfy the needs of the population such as 

education, clean water, and good health. Some of the community loads considered in this study 

include one school, two churches, one health post, street lighting, and a public water system.  

School load: - estimating school load is determining which appliances the school will use by 

considering the state of the local community. There is one primary school in the Wagesho village, and 

it has eight classrooms, three offices, and one toilet; the proposed appliances are desktop computers, 

lighting, fans, and radio. The wattage of the proposed appliances and the number of appliances will be 

explained in the table below. 

Church load: - there are two churches in the village. The churches have four small rooms and one 

main hall each; the main energy-consuming appliances proposed for churches are lighting for each 

room, air conditioning for the main hall used for worship, and a microphone.  Types of appliances and 

their wattage are explained in the table below. 
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Health post load: health posts are the smallest with the most basic facilities, and energy demand is 

relatively lower than that of health clinics. The proposed appliance for the health post in the village 

includes a vaccine refrigerator, lighting, television, fan, and desktop computer.  

Table 3.5: Proposed appliances and their wattage for community institutions in the village  

Estimated appliances and their load for churches.  

 

Appliances Power[W] Quantity Total load[W] 

Light bulbs 10 16 160 

Fan  70 8 560 

Microphone              5 2 10 

Proposed appliances and their load for school 

Appliances  Power[W] Quantity Total load[W] 

Light bulbs 10 12 120 

Radio/tape   5 1 5 

Desktop computer 150 3 450 

Fan  70 22 1540 

Proposed appliances and their load for health post 

Appliances  Power[W] Quantity Total load[W] 

Light bulbs 10 4 40 

Vaccine refrigerator 400 1 400 

Fan  70 3 210 

TV   60 1 60 

Desktop computer 150 1 150 

Proposed street light load 

Streetlight  25 30 750 

 

Table 3.6: Consumption hours for community institutions  

Appliances  School load 

consumption 

time(h) 

Health-post load 

consumption 

time(h) 

Churches load 

consumption time(h) 

Streetlight load 

consumption 

time(h) 

Light bulb 18:00-21:00 8:00-18:00 18:00-21:00 19:00-6:00 

Fan  11:00-14:00 11:00-14:00 11:00-14:00 - 

Desktop 

Computer 

9:00-14:00 8:00-18:00 - - 

Refrigerator  - 0:00-23:00 - - 

Microphone - - 10:00-13:00,18:00-20:00 - 

Radio  9:00-14:00 - - - 

TV  - 8:00-18:00 - - 

 

Load estimation to supply clean water 

Estimation of consumption to supply clean water for community water demand involves determining 

the amount of water needed to meet the daily demand of the community. To fulfill the goals of the 

MoWIE's GTP-2 strategy, which aims to offer clean water to rural areas, a minimum daily water 

consumption of 25 liters per person per day has been established [37]. Based on this information, the 

village's daily water consumption is 28,488 liters.  
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According to a study conducted in the Hadiya zone, households with higher incomes own an average 

of 7 cattle and 4 sheep. In comparison, households with medium and low incomes own 5 cattle and 3 

sheep, and 2 cattle and 2 sheep, respectively [39]. It should be noted that the water consumption of 

livestock is influenced by their size and seasonal variations; however, for this project, water 

consumption is assumed to be uniform throughout the year. A study on water resources for livestock 

in Ethiopia [40] has been adapted for this project. The assumed water consumption of the livestock is 

explained in the table below. 

Table 3.7: Average daily water consumption by livestock. 

Livestock  The average 

number of 

livestock for 

lower-income 

household 

The average 

number of 

livestock for 

medium-income 

household 

The average 

number of 

livestock for 

higher income 

household 

Estimated 

average daily 

water 

consumption 

per head 

Cattle  2 5 7 25 liters 

Sheep 2 3 4 5 liters 

Donkey 0 0 1 15 liters 

Total 

consumption per 

day 

 24,600 liters 

 

According to the estimated water demand for the community, the total water requirement per day is 

53,100 liters, equivalent to 53.1 m3 (1 m3 = 1000 liters). I assumed that the pumping operation would 

run for 12 hours per day and that the flow rate required for the pump would be 4.45 m3 per hour. 

It is necessary to consider the total dynamic head (h), the sum of the perpendicular distance from the 

water surface level to the water supply end, and the total friction losses. For this study, the total 

pumping head has been determined to be 122 meters. 

 

The energy required per day (kWh) for water pumping can be calculated using the following formula 

[41]  

           

                    Energy required = 𝜌Vgh                                                                                             (3.1) 

Where 𝜌 is supplied water density (1000 kg/m3), g is the acceleration due to gravity (9.81 m/s2), h is 

the total pumping head (m), and V is the volume of water required per day (53.1 m3). 

           Energy required = (1000 kg/m3) (53.1 m3) (122 m) (9.81 m/s2)  

                  =63551142 J 

                  =63.6 MJ 

1 kWh = 3.6 MJ; therefore, the energy required per day is 18 kWh. However, pumps are not 100% 

efficient, and there are energy losses due to friction and other factors. The efficiency of motor 

pumping is about 40–60%, considering the optimum efficiency of the motor is about 85% and the 

pump is about 70% [42]. For this project, 60% efficiency for water pumping is taken. 

Using this efficiency factor, calculate the total energy needed to supply water. It divides the required 

energy of 18 kWh by the efficiency of 0.6, resulting in a total energy requirement of 30 kWh per day. 

An estimate of the daily energy consumption has been calculated based on the proposed household 

appliances, resulting in a figure of around 72 kWh per day. Additionally, the daily consumption of 

other crucial facilities, including churches, schools, health posts, and streetlights, has been calculated 
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to be approximately 26 kWh per day. The village’s estimated daily load demand amounts to around 

124 kWh on weekdays, while it decreases to approximately 121 kWh on weekends. The daily 

consumption for the village between weekdays and weekends has a few variations. Consumption 

during the weekdays is higher than on weekends, and the difference is around 3 kWh, which is 

insignificant. The daily load curve is shown in the figure below. 

      

   Figure 3.2: Estimated daily load profile of the village for weekdays and weekends.  

The daily load profile in the figure shows that demand in the village varies during the day. The load is 

constant between midnight and morning because only a few appliances, like refrigerators and 

streetlights, consume power during this time. Peak demand time is between 7:00 p.m. and 9:00 p.m. 

During this time, almost all people are at home, and most appliances consume power. 

Monthly energy consumption can be divided into three parts, and the first part is from December to 

April; these months are the winter season with high temperatures, so these months are the peak 

consumption months. In May, June, September, October, and November, Fan will not be used for 

cooling, so the consumption difference from the peak months is by 2.5%; for July and August, the 

school will be closed, and there will be no cooling, so the consumption decreases from the peak 

months by 5.5%. The pattern of consumption is described in the figure below. 

 

Figure 3.3: - Monthly energy consumption for the Wagesho village 
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Chapter 4 Hybrid system, system components, and sizing 

In this chapter, I will focus on the study of the benefits of an off-grid hybrid energy system and the 

optimal system components sizing using HOMER simulation software.  

Due to geographical location, long distance from the main grid, and high cost of the electric power 

transmission lines, access to electricity has become a main concern in remote rural areas. Because of 

the distributed power generation advantage, renewable energy sources, mainly solar and wind, can be 

a good solution to a power supply in remote rural areas. The standalone solar home system and mini-

grid system are more appropriate when the main interests are related to the following [44]:  

• Constructing power transmission lines expensive or technically constrained 

• When the location of the site is a remote rural area, connecting to the main grid is not 

possible. 

• When preference is given to renewable energy sources for environmental concerns. 

• Low operating cost 

 

4.1 Hybrid system 

The intermittent nature is one of the main problems of renewable energy sources, which results in 

energy supply fluctuation due to load demand. This problem can be avoided by a hybrid system, 

which provides stable power output from the resources. In addition, it maximizes the utilization of 

various accessible renewable energy sources. In most applications, a hybrid energy system is a 

parallel combination of different but complementary power generation systems [43].  

Hybrid energy systems combine different forms of energy to generate electricity [11], and they may 

contain a combination of: 

• Renewable energy sources (solar, wind, micro-hydro, biomass) 

• Internal combustion generator (diesel/gasoline generator) 

• Energy storage (battery) 

• Power conditioning equipment (inverter, battery charge controller) 

The combination of hybrid systems can vary widely depending on the specific requirements. Hybrid 

renewable energy resources are the combination of PV and wind or one of the renewable energies 

with conventional energy sources. Diesel generators and energy storage systems are considered 

energy sources in mini-grids to maintain the system reliability under the renewable energy sources 

(RES) intermittent behavior over the period. Consideration and preference are given to RES to charge 

the storage system to keep the operation flexible [44]. 

The proposed hybrid energy system comprises a Photovoltaic (PV) array, battery, diesel generator, 

and power converter. Wind energy is not included in the hybrid system based on the wind resource 

potential assessment for the Wagesho village. The estimated mean wind speed for the village is 

categorized into the poor class with very low wind power density according to the US Department of 

Energy wind resource classification, which is explained in the previous chapter. The hybrid system is 

designed to supply power to the village load requirement on 24/7 basses. HOMER software is used in 

this paper to optimize system components sizing and operational strategy for the hybrid energy 

system. 

4.2 HOMER simulation software 

HOMER is a hybrid optimization model for electric renewable energy, which is computer-based 

software provided by the Midwest Research Institute in the National Renewable Energy Laboratory 

(NREL) operated by the USA Department of Energy [45]. 
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It is mainly used for optimization and decision analysis of hybrid renewable projects for grid-

connected and off-grid systems. HOMER simulate the system's operation by calculating the energy 

balance between demand and production for each of the hours in a year, by comparing the demands in 

each hour to the energy the system can provide in that time frame, and by calculating the energy flow 

to and from each component of the system for the system that has a battery bank [46]. 

 HOMER also decides how to operate the generator and when to discharge and charge batteries. To do 

this simulation, HOMER needs a model with inputs that describe technology options and resource 

availability. Then, it takes input to simulate system configurations or combinations of the 

components. Its fundamental capability is to size the system setup optimally such that there is no 

capacity deficit, and it considers the system feasible when the produced power adequately serves the 

hourly electric load demand; if not, it considers the system infeasible [46]. 

HOMER software allows us to perform three principal tasks simulation, optimization, and sensitivity 

analysis based on the input data. The input data are the daily load profiles for weekdays and weekends 

for each month, energy resources: - input data for solar radiation, wind speed, and temperature, and 

system design: - it includes all technical and economic parameter settings for components such as PV, 

wind turbine, battery, generator, and DC-AC converter. The simulation compares the energy supply 

from the system with the load demand on an hourly basis throughout the year and decides on the 

strategy to operate the battery and diesel generator. The purpose of the optimization is to have 

multiple simulations and decide the optimal configuration based on the decision variables. The 

decision variables are PV array size, number of wind turbines, size of the generator, size of DC-AC 

converter, battery size, and dispatching strategy. The optimized system minimizes the size of battery 

and fuel consumption. Sensitivity analysis helps to examine the effect of the change on the input 

parameter on the system design [46]. 

 

                       

                         

Figure 4.1: Simulation, optimization, and sensitivity analysis by HOMER software on system 

modeling [46]. 
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4.3 System configuration  

The designed system comprises of PV, battery bank, Inverter, and DG. Optimized modeling of the 

system involves determining the appropriate size of the system components that provide the necessary 

power supply to meet the demands of the village with zero unmet loads. The system schematic 

structure is described in the figure below. 

                                 

       DC                                                         AC  

 

  

 

  

 

 

      

 

 

  Figure 4.2: Schematic diagram of power generation model on HOMER software from PV/DG.  

In the above schematic, both the renewable energy source and diesel generator supply the load 

requirements of the village directly, which increases overall system reliability. The inverter and diesel 

generator can provide load in parallel mode. When there is enough power generation from the PV 

system is obtained then it supplies the load and charges the battery. When the power generated from 

PV is not enough to satisfy the village load demand, then stored energy from the battery is used to 

meet the requirements. However, power generation is not possible during nighttime, at times of high 

demand, or when battery storage is not enough, then diesel generator supply load. 

 

4.4 System components  

 Photovoltaic (PV) module 

From the designed system PV array is the primary source that provides energy to the customer and 

charges the battery. When selection is made for the photovoltaic (PV) modules it is essential to make 

careful consideration, as it impacts the project's financial and technical viability. The two most 

common used types of PV modules are polycrystalline and monocrystalline, and each has a unique set 

of advantages and characteristics. 

For the proposed system, polycrystalline silicon cell PV modules with 300 Wp manufactured by Jinko 

Solar are selected based on cost and technical performance, and their price is $0.1/watt [47]. 

 

 

PV system 

Battery 

bank 

DG 

AC 

load 

Hybrid  

Inverter 
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Figure 4.3: - Eagle PERC 60 300 model solar panel [47] 

HOMER software models a PV array as a device that produces DC electricity directly proportional to 

the global solar irradiation incident upon it. HOMER uses the following equation to determine the 

amount of power generated by the PV array [46]. 

                                                   Ppv = fpv Ypv 
It

Is
 (1- αp T)                                                                (4.1) 

 

Where Ppv is the output power of the PV array, fpv is the derating factor which includes dust, shading, 

and panel degradation which deviate from PV power output, Ypv is the rated capacity of the PV array 

in (kW) at the standard test condition, It is the solar radiation in PV array in current time step 

(kW/m2), Is is incident radiation at standard test condition (1 kW/m2), αp is the temperature coefficient 

of the power (0.5%/ºC), and T is the temperature difference between the PV cell under standard test 

conditions and the PV cell in the current time step (ºC). 

 Battery storage system  

The storage system is a crucial component in off-grid renewable power generation systems to keep 

load demand and power supply in balance by storing the excess energy produced from RES for later 

use when power generation from RES is not available or sufficient.  

The important aspect of batteries in the standalone system is sizing, it plays a vital role in terms of 

system efficiency, performance, and operating cost of the off-grid system. It also takes up a 

substantial portion of the total cost of the system. Its sizing should be carried out to optimize the cost 

and performance of the system. Lower sizing results in reduced battery lifetime due to the higher 

charge and discharge rate of the batteries [20].  

           

        Figure 4.4: - Battery service life dependence on depth of discharge (DoD) [48] 
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For the proposed system, a 6-GFM-250 lead acid battery with a nominal capacity of 250 Ah and a 

nominal voltage of 12 V, and a designed life is 12 years, manufactured by Yangtze Solar, is chosen 

with a cost price of $170 per piece. The key feature of the selected battery is its low self-discharge, 

maintenance-free, and wide suitability of the ambient temperature range. The technical specification 

is attached in appendix [49]. 

                   

                  Figure 4.5: 6-GFM-250 lead acid battery [49] 

Two independent factors may limit the lifetime of the storage bank. The storage floats life and 

lifetime throughput, which means batteries can die either from old age or from use. HOMER software 

uses the following equation to estimate the life of the battery bank in years when the life of the battery 

is limited by time and throughput [46]. 

 

                                                  Rb =MIN { 
Nbatt Qlifetime

Qthrput
 , Rbatf}                                                (4.2) 

Where Rb is the service lifetime of the battery, Nbatt is the number of batteries in the storage bank, 

Qlifetime is the lifetime throughput of the single storage (kWh), and Qthrput is the annual storage 

throughput in (kWh/yr), and Rbatf is storage battery float life [yr]. 

 Inverter  

To decide the proper size of the inverter, which needs to have the ability to deal with all the power 

that the appliances consume at the same time, this paper proposes an inverter made and provided by 

Schneider. Its rated power is 6.8 kW, with an efficiency of 96% and a life range of 10 years. The 

selected inverter costs $2999 per unit, and a complete Conext power system can feature solar charge 

controllers, monitoring, and automated generator control modules which enable further adaptability 

[50]. For this paper, two inverters will be associated with 13.6 kW, which assists with providing peak 

load. 

                    

         Figure 4.6: - Schneider Conext XW inverter [50] 
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 Diesel generator   

In the hybrid system, the energy generated by the PV panels and stored in the battery bank has priority 

to supply the load. When the stored energy in the battery is discharged to its minimum allowable level 

then the diesel generator as a backup source starts to supply the load.  

HOMER simulation software compares the load requirement with the available generated energy by 

PV for each hour step and decides to charge or discharge the battery and operate the diesel generator 

[46]. 

When selecting a diesel generator, its output power should be sufficient to meet the needs of the 

system in case there is no power supply from other sources; fuel efficiency is also an important 

consideration; selecting a fuel-efficient generator leads to a lower operational cost of the system, 

lifetime of the generator is its operation hours, so generator should be reliable for long time operation 

without failure, to manage the efficient operation of the generator require regular maintenance. The 

size and brand of the diesel generator are the two factors that have the biggest impact on price [51].  

The Caterpillar automatic standby diesel generator- DE14E3S; its fuel is diesel, and a rated power of 

13 kW is used for the optimal configuration. The price of the select generator is $7267 [52]. 

                                        

                          Figure 4.7: - Caterpillar automatic standby diesel generator- DE14E3S [52] 

 Table 4.1: Description of DE14E3S diesel generator [52] 

Generator technical data 

Nominal power  13 kW 

Nominal voltage  230 V 

Rotational speed 1500 RPM  

Frequency  50 Hz 

Fuel consumption  

   At 100% 4.3 l/h 

   At 75% 3.3 l/h 

   At 50 % 2.6 l/h 

 

Unlike the lifetime for the other components, the generator lifetime is specified in hours of operations 

instead of years. This is because the generator’s life largely depends on its hours of operation rather 

than its age. Obtaining the lifetime of the generator is not easy, as it can depend on operating 

conditions, maintenance frequency, fuel quality, generator sizing, and other factors. Considering that a 

diesel generator is cooled by water and runs at low speed it can go to an estimated lifetime of 20000 

hours [46]. 
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4.5 HOMER simulation result  

The HOMER optimization software study is made for component sizing of a PV system combined 

with a diesel generator, battery, and inverter for power generation to supply load demand. 

I considered in the sizing of the system the overall derating factor of 85% which is obtained by 

multiplying the individual factors such as 95% for soiling, 98% for DC wiring, 103% for module 

power tolerance, and 99.5% for diode and connections, and 90% for solar module aging factor 

[53,47], this derating factor is without including inverter efficiency and temperature loss which are 

given to HOMER as input separately.  

HOMER software performed the optimization process of the system components sizing by calculating 

the hourly energy production throughout the year, and based on the calculation, the proposed system 

is composed of a 26 kW PV panel, 60 batteries each of 250 Ah, 13 kW diesel generator, and two 

inverters of 6.8 kW each. 

The projected project lifespan is 25 years, and the expected lifespan of the diesel generator is 20 

years. The following table depicts the share of the electricity production from each major system 

component. 

Table 4.2: - Size of the component used and energy produced by PV/DG/battery system. 

Component Size The energy produced by 

PV and DG 

Renewable fraction 

% 

PV panel 26 kW 43.95MWh/yr 87.6 

Diesel Generator 13 kW 6.20 MWh/yr 12.4 

Batteries 180 kWh  

Hybrid inverter 13.6 kW 

 

The village electricity demand is mainly covered by renewable energy sources; the PV system covers 

around 87.6% of production, and DG produces the remaining 12.4%. The total energy produced is 

approximately 50 MWh/year; from this, about 45 MWh/year will be consumed. The energy produced 

exceeds consumption by 5 MWh.  

 

          

         Figure 4.8: Electricity generated, consumed, and excess energy by the designed system 
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From hourly production for the year, the following figure shows the load demand served, generator 

output, PV output, and storage system charge and discharge for a day. 

 

Figure 4.9: Hourly power production and consumption from PV/DG/battery system from HOMER 

simulation result for April 12 

4.6 Sensitivity analysis on technical parameters 

Sensitivity analysis is used to study the impact of the input parameter change when we are uncertain 

about the value of the decision variables. The two sensitivity variables considered in this paper are 

amount of the solar radiation for the study site and temperature. The average annual solar radiation for 

the study site was 5.71 kWh/ (m2. day) then three values were given to HOMER software (5.14 and 

6.28 kWh/(m2. day) which are 10% variations from the annual average annual radiation. The annual 

average temperature of the study site is 19.1 ºC. Plus, and minus 10% from the annual average 

temperature value is given to HOMER to study the effect on the system performance. The output of 

the sensitivity analysis from the simulation software is shown in the figure below. 

 

Figure 4.10: scaled annual solar radiation and temperature and system configuration. 
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The following figure shows that the annual electricity produced by the designed system under the 

varying conditions of solar radiation and temperature. From the figure, it can be seen how the 

fluctuation in the environmental conditions (temperature and solar radiation) impacts the energy yield. 

This two-variable sensitivity analysis shows their combined effect on the system performance. 

 

 Figure 4.11: Effect of solar radiation and temperature on energy production 

In the above figure, the HOMER simulation software uses the unit kWh/m2/day instead of 

kWh/(m2.day) for the average solar radiation a certain area receives in a day. 

4.7 Distribution system components  

Since there is no national grid transmission line in the village, the generated power from the off-grid 

hybrid system will be distributed through the distribution line. Important factors to consider when 

designing the distribution network for mini-grid systems are the location of the powerhouse, placing 

the line, locating poles, and line configuration [54]. 

Distribution Method 

For this project, the powerhouse location is assumed to be at the centre of the village, a single-phase 

two-wire feeder line will be taken from the powerhouse to serve the entire community. The main 

feeder route will be constructed along the road.  
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Table 4.3: Condition for planned distribution route 

Project area  Length of distribution line (km) Conditions 

Wagesho village 1.5 • Poles will be erected along the 

route possibly by vehicles. 

• Vehicles will be used to 

transport equipment to the 

construction site. 

 

Support 

Poles of concrete, wood, and steel are the most commonly used to support the conductor. The pole 

height from the earth should not be lower than 6 meters, and the minimum distance between the two 

poles could be in the range of 30–50 meters [54]. The wooden pole is considered to support the 

distribution line because of its cost-benefit and local availability.  and 30 meters between the two 

poles is considered. Considering the local availability of the trees, I considered $25 per piece for a 

wooden pole. 

Types of cable 

For electricity distribution copper and aluminium are generally used materials. The proper conductor 

size should be selected to reduce the voltage drop, and the maximum voltage drop should not be 

higher than 5% for the feeder line.  Bare conductors are one of the most common types of conductors 

used with the conventional low voltage distribution system around the world because they provide an 

increased safety hazard for people working with the line or the villagers [54]. For this case study bare 

copper conductor with a cross-sectional area of 29 mm2 is considered for distributing power to 

consumers, the price of the conductor is $0.95 per meter [55]. 

Insulator 

The insulators are used to isolate the conductors from the poles and are mounted on every pole of the 

electrical line. Spool insulators are used in low-voltage distribution lines. They can be mounted in 

either vertical or horizontal positions. The price of the selected spool insulator is $3 per piece [56].  

Other equipment 

Other equipment used in overhead low-voltage distribution lines are cross-arms, line accessories, 

guard wires, and earth coils [54]. 

4.8 Fuel consumption calculation for DG 

To analyse the technical and economic indicator of the generator, it is necessary to evaluate the fuel 

consumption dependency of the diesel generator on the degree of its load, using the linear relationship 

of fuel consumption characteristics with power generation for a diesel generator engine the following 

approximate formula can be used to determine specific fuel consumption for generating 1 kWh [57]. 

    

                                                 Qs= Knl Qn + (1-Knl) Qn 
P𝑜𝑢𝑡

Prated
  [g/kWh]                                         (4.3) 

 

Where Pout is the actual power produced by the diesel generator (6.44 kW), Prated is the rated capacity 

of the DG (13 kW). Knl is the no-load fuel consumption coefficient of a diesel engine which can be 
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approximated to 0.3 [57], Qs is the specific fuel consumption, and Qn is the nominal fuel consumption 

of the chosen generator (Qn= 271 g/kWh). 

With the knowledge of specific fuel consumption for the corresponding load mode, then the fuel 

consumption for the volume of energy generated by the DG over the given period can be calculated 

by the following formula [57]: 

                                                               Qa = Qs Egen                                                                                                          (4.4) 

 

Where Qa is annual fuel consumption, and Qs is specific fuel consumption, which can be calculated by 

the above formula. Egen is the annual energy generated by diesel generators to supply the village's load 

demand when RE generation and battery storage are insufficient. Egen by DG for the PV/DG/battery 

hybrid system is 6.2 MWh.  

Based on the above two formulas and information on the energy generated, the annual fuel 

consumption is calculated as (Qa = 1087 kg). 

4.9 Emission calculation 

Carbon dioxide (CO2) emission is crucial when evaluating how energy use affects the environment, 

especially when burning fossil fuels. CO2 is one of the main greenhouse gases that causes climate 

change. The following method can be used to calculate CO2 emissions from fuel usage for energy 

generation [58]. 

                                                         CO2= Qa K1 NCV K2  
44

12
                                                  (4.5) 

 

Where CO2 is annual emissions in tons (t), Qa is annual fuel consumption (t), K1 is the coefficient of 

carbon oxidation in fuel which shows the carbon combustion efficiency factor (0.99), NCV is the net 

calorific value that measures heat content on diesel oil (43.33 TJ/ 1000 t), K2 is carbon emission factor 

(20.2 tC/TJ), and  
44

12
  is the conversion factor of carbon into carbon dioxide which represents the 

molecular weight of carbon dioxide relative to that of carbon [58]. 

Using the above formula and fuel consumption by the PV/DG/battery hybrid system, I calculated the 

annual CO2 emission as: 

CO2 = (1.087) (0.99) (0.04333) (20.2) (
44

12
)  =3.45 t 
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Chapter 5  Evaluation of the designed hybrid system from an economic point of view 

In this chapter, I describe and discuss the important economic evaluation criteria that will be used to 

evaluate the attractiveness and decide whether the designed off-grid hybrid system is worth the 

investment from an investor's point of view. The most important input parameter for the project 

evaluation is future cash inflows and outflows. Alongside the cash flow model, sensitivity analysis 

will be conducted to see the impact of change on the input parameter on the decision-making process. 

5.1 Evaluation criteria  

Evaluation of the projects is a vital process that helps to determine the effectiveness of the project and 

provides necessary data and information for decision-making by assessing the economic viability of 

the project by analyzing cash flows and potential return on investment. Important economic 

evaluation criteria such as NPV, IRR, and payback period are valuable tools for project evaluation 

[59].  

Net Present Value (NPV) 

Net present value (NPV) is the return on the investment respecting the time value of money. Cash 

flow from each year is discounted back to the present and summed [59].  

                                              NPV= ∑ Ct . (1 + r)−t𝑇

𝑡=1
 − C0                                                     (5.1)     

     Where  

              C0 - initial investment 

               T- lifetime of the project, 

                r - discount rate, 

               Ct - cash flow at t year. 

The investor prefer to invest on the project that offer greater value than their costs and evaluates them 

using NPV, representing the current worth of a project's cash inflows when weighed against its 

expected lifetime cash outflows. If the NPV is positive, it indicates that the project is profitable, 

increases investor value, and is attractive to invest in. Zero NPV suggests the return on the investment 

is the same as the expected rate of return or discount rate, and the project may still be acceptable; 

however, if NPV is less than zero, it is not acceptable to invest [59].  

 Internal Rate of Return (IRR) 

Internal rate of return (IRR) is the discount rate required to achieve zero net present value for an 

investment [59].  

                         NPV = ∑ Ct . (1 + IRR)−t𝑇

𝑡=1
 − C0 = 0                                       (5.2) 

When considering a possible project, IRR is compared with a required rate of return (discount rate); 

the IRR rule is to accept investment on the project if the discount rate is less than the IRR and to reject 

if the discount rate is greater than the IRR [59]. 

Payback Period  

The payback period (PP) is the time takes to fully recover the initial investment in the project. It does 

not consider the time value of money and the cash after the payback period will not be considered in 

decision-making [59].       
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                                                            ∑ Ct
PP
𝑡=0   =0                                                                         (5.3) 

Where  

         Ct  - cash flow in period t 

           t – time period    

For decision-making, the shorter is PP, the more attractive the project is for investors. 

5.2 Input parameter for evaluation criteria 

It is essential to consider all significant input parameters when calculating the evaluation criteria, 

including the discount rate, inflation, expenditure (which includes the project's initial investment, and 

operating expense fuel costs, maintenance costs, loan interest if the project is financed by a loan), as 

well as personal costs. 

Discount rate 

The discount rate is the rate of return an investor wants from investing in a specific project. The 

capital asset pricing model (CAPM) is used to estimate the required rate of return on investment by 

reflecting investment risk. The expected return from an investment based on CAPM can be calculated 

using the following formula [59].  

                                                                 r = rf + β (rm - rf)                                                             (5.4) 

 

Where  

         rf - the risk-free return in the Ethiopian government's long-term bond is 6% [60] 

          rm - rf - the risk premium investors require for investing in risky businesses is 17.77% [61]. 

          β - the systematic risk of the investment 

Estimating the beta for a firm that does not have publicly traded stock can be done by using a 

comparable firm's unlevered beta and adjusting for the levered beta for the specific company.  

Adjusting both levered and unlevered beta can be done by using the following formula [59]. 

  

                                                          βl =   βu. (1+ (1-Tax) 
D

E
))                                                (5.5) 

  Where  

           βl - levered beta,  

           βu - unlevered beta for the power sector for the emerging market (βu =0.53) [62],  

              (1-Tax) - a tax shield; the tax rate in Ethiopia is 30% [63] 

               
D

E
 - debt to equity ratio, I assumed the debt financing 40%.   

Based on the above information I calculated βl = 0.77. The discount rate for the project is therefore 

calculated as r = 19.6%. 
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Inflation 

Inflation is an increase in the price of services and goods over time; inflation decreases the purchasing 

power of money, and future cash flow needs to be inflation-adjusted. The historical inflation rate 

recorded in Ethiopia by the Ethiopian Statistical Agency is shown in the figure below [64]. 

Table 5.1: -Historical inflation rate in Ethiopia  

Year 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 

Inflation 

% 

13.9 8.1 7.7 9.7 7.0 14.4 12.6 19.9 20.1 33.7 32.6 

Average 

inflation 

% 

16.3% 

 

From this historical inflation rate, there is a high inflation rate rise between 2019-2022 averaging 

around 26.6%. The main reason for the sharp rise between this time interval is a civil war in the 

country caused political tension between different ethnic armed groups, global geopolitical situation 

and covid-2019 have also impacts for the sharp rise of inflation.  I decided to use the long-term 

average value of the inflation rate which is 16.3% for the economic model of the long-term project. 

Using data from Table 4.1, plot of the historical inflation rate is drawn in the following figure below. 

 

Figure 5.1: Historical inflation rate in Ethiopia [64]. 

Corporate tax rate  

The corporate tax rate is the percentage of the income generated by businesses required to be paid as a 

tax to the government. Tax is levied on the profits earned by the company after deducting allowable 

business expenses; the corporate tax rate varies from country to country; some nations impose high 

rates, and the corporate income tax (tax on profit) in Ethiopia is 30 percent [63]. 
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Depreciation  

Deprecation is used to distribute the cost of an asset over its useful life. It shows the decrease in the 

value of an asset over time due to wear and other factors, and it is used as a tax shield. Different 

methods can be used to calculate the asset's depreciation, such as straight-line and accelerated 

methods [65].  

Based on the Ethiopian income tax regulation, Taxpayers choose from the following depreciation 

methods and use the same method of deprecation in the financial account for all depreciable assets 

[66].  

• Straight line deprecation method  

• Accelerated depreciation method   

The annual amount of deprecation in relation to an asset is the product of the capital expenditure on 

the asset and rate of the deprecation determined for the asset. The depreciation rate for the depreciable 

asset is determined using the following formula [65]. 

 

                              Dep =   
1

T
 Capex                                                                       (5.6) 

   Where 

             Dep - deprecation 

             Capex- capital expenditure on the asset 

             T- useful life of the depreciable asset. 

Land rent expense 

As per the Federal Democratic Republic of Ethiopia's constitution, land is the property of the state and 

the people of Ethiopia. Both urban and rural land is available for investment on a leasehold and rental 

basis. The value of the land for rent in the SNNPR, Hadiya zone, is 103 Ethiopian Birr per hectare per 

year [67]. Since the rent value is so small that it will not be significant in the cash flow calculation, I 

decided not to consider rent expenses. 

Installation and Transportation cost 

All the components are selected from the manufacturer’s websites, and their costs also include the 

shipping cost. The installation cost and transportation of the component to the project site are very 

uncertain and depend on different factors, including the location of the site, the technician, and the 

person selected to transport the component. By assuming all these factors, I assumed 10% of the 

initial investment for installation and transportation costs. 

Initial project investment  

The initial investment for proposed hybrid system components includes the costs of the PV panels, 

inverters, battery bank, and diesel generator, as well as transportation and installation. The initial 

investment costs for each component are described in the following tables below. Using the USD ($) 

and Ethiopian Birr, the exchange rate from USD to Ethiopian Birr is 56.9 based on Commercial Bank 

of Ethiopia exchange rate information [68].  

 

 



   

 

41 | P a g e  
 

Table 5.2: - Components cost for the proposed hybrid system.            

System components Size  Cost in USD ($) Cost in Ethiopian 

Birr (Birr) 

PV panels 26 kW 2,860 162,734 

Inverter  13.6 kW 6,600 375,540 

Diesel generator  15 kW 7,994 454,858 

Battery bank  168 kWh 13,200 751,080 

Total cost 30,654 1,744,212 

 

 Table 5.3: - Distribution components cost.            

System Component Quantity Unit price ($) Total cost ($) Total cost in 

Ethiopian Birr 

(Birr) 

Bare copper conductor (29 mm2) 3,000 0.95 per meter            3,135 178,382 

Wooden pole (6-meter).                            50 25 1,375 78,238 

Spool insulator                                             100 3 330 18,777 

Total cost 4,840 287,856 

Other costs 25% 1,210 68, 849 

Grand total cost                                                                                                                                                                                                      6,050 344,246 

 

The cost of the component is calculated in the above tables including installation and transportation 

cost which is 10% of the cost of the individual components. Based on the above tables, the total cost 

of PV/DG/battery hybrid power generation system components is $ 30,654 (1,744,213 Birr), and the 

cost of the distribution network is $ 6,050 (344,246 Birr). Therefore, the initial investment in the 

project components is (C0 = 2,088,458 Birr).                   

Since the project life is 25 years, the selected component's service life should be the same as the 

designed project life. The useful life of the selected battery is 12 years, the useful life span of the 

diesel generator is approximately 20 years, and the life span of the inverter is 10 years. Therefore, it is 

necessary to replace this componenets at the end of their useful life span. 

The initial price of the battery is 751,080 Birr, this value should be adjusted with an inflation rate of 

16.3% to get the replacement cost of the battery: 

 

                                   C𝑏𝑎𝑡𝑡𝑒𝑟𝑦,   12 = 751,080 (1+0.163)12 = 4,598,781 Birr                                     (5.7) 

                                   C𝑏𝑎𝑡𝑡𝑒𝑟𝑦,   24 = 751,080 (1+0.163)24 = 28,157,841 Birr                                   (5.8) 

The battery will be sold for the residual at the end of the project life and the residual value of the 

battery is calculated as follows: 

                                   Residual value, battery = 28,157,841 (
11

12
) =25,811,354 Birr                              (5.9) 

The initial price of the diesel generator is 454,858 Birr, this value should be inflated to get the 

replacement cost: 

                                           C𝐷𝐺,20=454,858 (1 + 0.163)20 = 9,321,164 Birr                                   (5.10) 
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Therefore, there is an investment for a diesel generator in the first and twenty years which is equal to 

454,858 Birr and 9,321,164 Birr respectively. After 25 years, the diesel generator will have a residual 

value for the remaining years, which means after the end of the project life the generator can be sold 

for the residual value and it can be calculated as follows: 

                                   Residual value, DG = 9,321,164 (
15

20
) =6,990,872 Birr                              (5.11) 

 The initial price of the inverter is 375,540 Birr, this value should be inflated to get the replacement 

cost of the inverter in the 10th and 20th years are calculated as follows. 

 Replacement cost of inverter:   

                                  CInverter,10= 375,540 (1 + 0.163)10 = 1,700,017 Birr                                 (5.12) 

                                  CInverter,20= 375,540 (1 + 0.163)20 = 7,695,741 Birr                                 (5.13)                                             

Inverter after the end of the project life can be sold for the residual value and it can be calculated as 

follows: 

                                 Residual value, Inverter = 7,695,741 (
5

10
) =3,847,870 Birr                             (5.14) 

 

Operating and maintenance cost 

Maintenance costs for RES depend on different factors, like the location of the project site, system 

types, system component size, and environmental conditions. Main maintenance activities include 

cleaning and inspecting all equipment, checking the cabling system, and inspecting battery 

connections and inverter settings [69]. I considered 2% of the initial investment for the operation and 

maintenance cost of PV panels yearly; the battery and inverter are maintenance-free based on the 

manufacturer data. 

Maintenance costs for diesel generators depend on the operating time. When the operating time is 

shorter, the maintenance cost is smaller, and the operational lifetime increases. The maintenance 

schedule varies on a daily, weekly, monthly, and yearly basis. The typical maintenance cost is 

0.02$/kWh [70]. I also considered 5% of the initial investment for the operation and maintenance cost 

of the distribution system. 

Financing of the project 

This project can be financed using investor equity, and part of the investment can be financed by a 

loan from the government bank. For financing by loan, the Commercial Bank of Ethiopia provides 

loans in different terms, which are loans for working capital or project financing. These can be short-

term for up to one year, medium-term for up to five years, and long-term for over five years. The 

interest rate differs for each term; I considered a long-term loan, which is 16.5% [71]. 

Fuel expense 

For the proposed PV/DG/ battery hybrid systems, DG generates 6.2 MWh yearly, and the annual fuel 

consumption for the generated power is calculated at 1087 kg. According to [72], the density of the 

diesel fuel is 0.873 kg/l. Based on this information, annual fuel consumption is 1,245 liters. The diesel 

fuel price in Ethiopia is 79.75 Birr per litter [73]. Using all the inputs, fuel expense for power 

generation from DG is calculated as follows: 

                                  Cfuel = (79.75) (1,245) = 99,288 Birr                                                      (5.13) 
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This expense will be recalculated with an escalation rate from the second year to the project's lifespan. 

Salary expense  

For the proposed system, I assumed two electricians would monitor the operating conditions of the 

system. To estimate the expense, the Ethiopian civil servant salary scale is taken as the base, and the 

monthly salary expenditure for employees is 4,130 Birr [74]. Employers are required to contribute 

11% of their salary to social security [75]. So, the annual salary expense is calculated as follows: 

                                    Csalary = (2) (4,130) (1+0.11) (12) = 110,023 Birr                             (5.14)                            

The salary expenses will be recalculated for the following years using the inflation rate. 

Revenue from selling electricity.  

Revenue generated from electricity sales can be calculated using currently existing electricity prices in 

Ethiopia. According to the Ethiopian Electricity Utility, electricity tariffs are classified into business 

and household tariffs; for households, the tariff is also classified into a different block; for 

consumption up to 300 kWh per month, the tariff is 2 Ethiopian Birr per kWh [76]. Since the 

proposed power consumption for the village is very low, this tariff is used to calculate the revenue. 

 

                                      R = Ec Cet = (45,000 kWh) (2 Birr/kWh)                                          (5.15) 

Where 

          R– revenue from selling electricity. 

          Ec – annual energy consumption [45,000 kWh]. 

          Cet - an electricity tariff [2 Birr/kWh].  

Revenue generated from sales of electricity will be 90,000 Birr; this value in year “t” will change with 

the escalation rate, as follows: 

                                            R =90,000 (1+escalation) t Birr                                                          (5.16) 

The above result is based on the Ethiopian electricity utility tariff. In the next economic model, I will 

also calculate the minimum price for selling electricity to the consumers from a mini-grid and 

compare it with the current existing tariff. 

5.3 The economic model calculation result 

In this section, I created an economic model on an Excel sheet. Cash inflows represent revenue 

generated by selling electricity to the village consumers. I used the existing electricity price to sell 

electricity to the village consumers, while cash outflows included all the expenses related to this 

project which are mentioned in the above section. The straight-line deprecation method is used for 

asset depreciation over time. 

Net present value with grid tariff 

Based on the cash flow calculation, the designed off-grid hybrid system has a negative net present 

value (NPV of the designed project is -6,349,161 Birr. The negative NPV of the project can be 

explained as selling the electricity to consumers from the mini-grid system to the village consumer 
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with the existing electricity price will not be profitable. However, the designed system is for remote 

areas without access to the national grid, so investors can calculate the minimum selling price to 

invest in this project. 

Minimum price 

Since investors do not prefer to invest in a project with a negative NPV, I calculated the minimum 

price for this project by setting the net present value to zero, which means the investor would sell at a 

minimum price to get the return, which is equal to the discount rate. The minimum price calculated 

for this project is 10.98 Birr/kWh ($ 0.19/ kWh).  

The current electricity tariff structure in Ethiopia is set below electricity generation cost, which means 

the current tariff falls significantly short of covering the actual expenses. In Ethiopia, the average 

power generation cost is about 5.12 Birr/kWh, but the tariff is about 2 Birr/kWh [77].  

The minimum selling price calculated for this project is significantly higher than the current 

electricity selling price. Many scholars designed off-grid hybrid systems for rural electrification in 

different parts of the country. From their results, the cost of electricity for the mini-grid is higher than 

the cost of electricity for the grid system. Based on the literature review from previous works, 

particularly from the work of  Dr. Getachew Bekele, who is currently an assistant professor at Addis 

Ababa University in Ethiopia, conducted a feasibility study for power generation from a hybrid off-

grid system in Ethiopia for his doctoral degree dissertation in KTH Royal Institute of Technology in 

Sweden, from the result of his work, the cost of electricity was 17 Birr/kWh ($ 0.3 /kWh)[11], which 

is almost eight times higher than national grid electricity tariff.  

According to [79], a typical household in the rural area of the southern part of Ethiopia spends on 

average 343 Birr on firewood and 263 Birr on electricity monthly. The average monthly electricity 

price for this project is 192 Birr which is lower than the average electricity price of households in 

rural areas of the southern part of Ethiopia.   

5.4 Sensitivity analysis 

Sensitivity analysis is used to investigate the effect that a change in the value of various variables 

would have on the NPV. Finding the factors that affect the project and identifying the critical variable 

that affects the project the most are helpful [78]. 

 

Sensitivity analysis will be performed to see the effect of changes in the NPV when the following 

parameters change: 

• discount rate, 

• bank loan, 

• electricity price 

• fuel price 
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Figure 5.2: Dependence of NPV on discount rate 

 

There is an inverse relationship between NPV and discount rate; the higher the discount rate, the 

lower the NPV. This is because future cash flows reduce in value when discounted at a higher rate. 

The above figure shows that NPV is increasing with an increasing discount rate, which is because of 

the negative cash flow. 

 

           

Figure 5.3: Dependence of NPV on financing method 

 

From the NPV and bank loan relationship in the above figure, the financing method of the project has 

a direct effect on the NPV. Investing in a project by loan helps the project investor spread the 

investment cost over the project duration. 

 

-35,000,000

-30,000,000

-25,000,000

-20,000,000

-15,000,000

-10,000,000

-5,000,000

 -

0% 5% 10% 15% 20% 25% 30%

N
P

V
[B

ir
r]

Discount rate[%]

NPV Vs Discount rate

-6,800,000

-6,600,000

-6,400,000

-6,200,000

-6,000,000

-5,800,000

-5,600,000

-5,400,000

0% 20% 40% 60% 80% 100% 120%

N
P

V
 [

B
ir

r]

Bank loan [%] 

NPV Vs Bank loan



   

 

46 | P a g e  
 

          

Figure 5.4: Dependence of NPV on electricity price 

 

The above figure shows the direct relationship between the selling price of electricity and NPV. As 

calculated above, the breakeven point for investors to sell electricity to the village is $0.19/kWh 

(10.98 Birr/kWh).  

Selling electricity below breakeven point makes the NPV value negative, which make the project 

nonprofitable, and any price above the minimum price will also make the NPV positive. 

         

           

Figure 5.5: Dependence of NPV on fuel price 

 

  Fuel cost is the operating cost of the project, which means operating costs have an inverse 

relationship with the NPV because they increase cash outflow. The above figure shows the effect of 

the diesel fuel price change on the NPV.        
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Chapter 6  Conclusion  

 

This study presents the feasibility analysis for power generation from off-grid hybrid systems from 

RES and DG in the rural area of Ethiopia. The case study is done for a community of 215 households 

living in the Wagesho village. 

To achieve the objective of this paper by designing the off-grid hybrid system, firstly feasibility of the 

energy resources in the selected site is conducted by assessment of energy resource potential for both 

solar energy and wind energy resources. For wind energy potential, the wind speed for the village 

based on five-year average data from the NASA database obtained at the height of 10 m is 2.13m/s 

based on the wind power density classification this speed is classified into the poor class which is not 

suitable for application of wind power generation, whereas the solar energy potential of the selected 

village is 5.71 kWh/m2, which is higher than the average exploitable potential in the country level, 

which is 5.5 kWh/m2 [15].  

Load demand estimation is made for households based on their income level for ownership of the 

appliance using Microgrid Load Profile Explorer which is developed for Power Africa load profile 

estimation using inputs from Power Africa projects which is a data-driven approach for estimation of 

load demand in the rural area connecting to electricity for the first time. Moreover, energy demand for 

community institutions such as school, churches, streetlights, and heal-post is also calculated. 

After load profile estimation and energy resource potential assessment off-grid hybrid system 

consisting of PV, DG, and battery is optimally designed using HOMER simulation software.  From 

the proposed hybrid system 87.6% of power generation is achieved by a renewable fraction and the 

remaining 12.4% is generated using DG. The annual CO2 emission calculated from DG is 3.45 t. 

Economic analysis is conducted for the designed PV/DG/battery hybrid systems using the cash flow 

model, the NPV is calculated using the electricity tariff from the national grid, which gives the NPV 

of (-6,349,161 Birr). From the investor's point of view, the minimum electricity selling price is 

calculated to invest in this project to get the return, which is the same as the discount rate and the 

result is 10.98 Birr/kWh ($ 0.19/kWh). 

The minimum electricity selling price calculated for the proposed system is higher than the electricity 

tariff. However, the village is not near the national grid and GoE short-term plan is to extend grid 

connectivity to the area near the existing national grid. By implementing this project in the village 

investors will get the required rate of return from the investment and the benefits for the community 

are reducing deforestation which helps to protect against soil degradation and improve the 

productivity of the farmers in the village, providing clean water also helps to avoid water diseases and 

costs for medication, helps to avoid the traditional lighting system (kerosene lamp) which has 

hazardous gas, and improve the quality of the life of the people living in the village.  

Sensitivity analysis is also conducted to see the effect of different variables on NPV. The effect of 

changing the discount rate, loan, and fuel price on NPV is also examined, and increasing financing by 

loan has a positive effect on NPV. However, an increase in the discount rate, and fuel price has a 

negative relationship with NPV. 
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Appendices 

Appendix A:  Components technical specification 

  

     Technical data for Eagle PERC 60 300 model solar panel 

Electrical data at 

STC 
• Maximum power(Pmax) 300 Wp 

• Voltage at maximum power  32.6 V 

• Current at maximum power 9.21 A  

• Voc 40.1 V 

• Isc 9.71 A 

• Panel efficiency 18.3% 

Thermal ratings   • Operating temperature  -40 to 85 0C 

• Temperature coefficient of Pmax -0.39 %/°C 

• Temperature Coefficient of Voc -0.29 %/°C 

• Temperature Coefficient of Isc 0.05 %/°C 

Panel dimension  • Length, width and height 1650x992x40 mm 

Design parameter  • Life span 25 years 

 

     Technical data for 6-FM-250 lead acid storage battery 

Functional 

parameters  
• Nominal Voltage  12 V 

• Nominal Capacity 250 A.h 

• Number of Cells 6 cells  

• Internal resistance  2 mOhom 

• Maximum Discharge Current 3750A (5s) 

• Maximum charging current  62.5 A 

Environment 

temperature   
• charge temperature  0-50 0C 

• discharge temperature  -20-60 0C 

• storage temperature  -20-60 0C 

dimension  • Length, width and height  520x269x225 mm 

Wight  • weight  68 kg 

Design parameter  • Life span 12 years 
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Appendix B: HOMER simulation result 

Monthly electricity production from PV and DG 

 

 

 

       Production, consumption and storage pattern from the hybrid system 
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Appendix C: -Cash flow model calculation result 

Calculation for the proposed system  
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Appendix D: Hourly load profile 

 Hourly load profile 

 


