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ABSTRACT

Ethiopian energy sector development is at a very low level. The largest share of the popula-
tion dwells in rural areas using kerosene for lighting and solid bioenergy for cooking and
heating facing indoor air pollution. This study evaluates grid-connected solar energy poten-
tial using two simulation software PVGIS and PVWatt. The first three scenarios examine
household roof-parallel PV system with an installed capacity of 1kW, 3kW and 5kW and
the fourth scenario consider a 45kW PV power plant. The study investigates the capacity
factor using PVGIS software is much greater than PVWatt. Ethiopian annual solar radiation
ranges from 1730kWh/m? in Chencha city to 2481kWh/m? in Asaita city. The annual PV
energy was found to be 1686.579 kWh, 5059.95 kWh, and 83832 kWh respectively. Capac-
ity factor and annual PV energy for 45 kW is 19.14% and 75447kWh respectively. Addi-
tionally, an economic feasibility study was conducted using RETScreen depending on the
living standard of the household and 100 locations in Ethiopia were selected for the study.
The average annual energy production cost is 0.167$/kWh and a maximum payback period
of the roof-parallel systems is 6 year while for a 45kW system the average cost is
0.186%/kWh and a maximum payback period of 18 years. The study will help both govern-

ment and actors investing in rural energy development.

Keywords: Roof-parallel PV system; power plant; grid-connected; clean energy; Ethiopia,

economic analysis



OZET

Etiyopya enerji sektorii gelisimi ¢ok diisiik diizeydedir. Niifusun en biiyiik payi, kirsal alan-
larda, aydmlatma i¢in gazyag1 ve i¢ mekan hava kirliligine bakan yemek pisirmek ve 1sitmak
icin kat1 biyoener;ji kullanarak yasamaktadir. Bu ¢alisma iki simiilasyon yazilim1 PVGIS ve
PVWatt kullanarak sebekeye bagli gilines enerjisi potansiyelini degerlendirmektedir. Sis-
temin finansal analizi, RET Screen adl1 bir simiilasyon yazilimi kullanilarak yapildi. Caligma
icin hanehalkinin yasam standardina bagli olarak dort senaryo ve Etiyopya'da 100 yerlesim
yeri se¢ilmistir. i1k {i¢ senaryo, 1kW, 3kW ve 5kW kurulu kapasiteye sahip ev tipi cat1 par-
alel PV sistemini inceler ve dordiinci senaryo 45kW PV santralini goz 6niinde bulundurur.
Calisma PVGIS yazilimi kullanan kapasite faktoriinii PV Watt'tan ¢ok daha fazla arastiriyor.
Etiyopya yillik glines 1smimmi1 Chencha kentinde 1730kWh / m2'den Asaita kentinde
2481kWh / m2'ye kadar degismektedir. Yillik PV enerjisi sirastyla 1686.579 kWh, 5059.95
kWh ve 83832 kWh olarak bulunmustur. Kapasite faktorii ve yillik 45 kW i¢in PV enerjisi
sirasiyla% 19.14 ve 75447kWh'dir. Ek olarak, her sehirdeki her senaryo i¢in ekonomik bir
fizibilite ¢caligmasi diistiniilmiistiir. Yillik ortalama enerji tiretim maliyeti 0,167 $ / kWh ve
cat1 paralel sistemlerin maksimum geri 6deme siiresi 6 yildir, 45kW sistem i¢in ortalama
maliyet 0,188 $ / kWh ve maksimum geri 6deme siiresi 18 yildir. Calisma hem hiikiimete

hem de kirsal enerji gelisimine yatirim yapan aktorlere yardimci olacaktir.

Anahtar Kelimeler: Cati-paralel PV sistemi; enerji santrali; sebekeye bagli; temiz enerji;
Etiyopya, ekonomik analiz
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CHAPTER 1
INTRODUCTION

1.1 Background

Energy fosters economic growth and essential in human welfare (Tucho, Weesie, &
Nonhebel, 2014). Worlds demand for energy is raising prodigiously due to rapid growth in
population, economic development and industrial evolution (Kabir, Kumar, Kumar,
Adelodun, & Kim, 2018). Energy resources are categorized into Nuclear, Fossil fuel, and
Renewable energy sources. Fossil fuels cover the majority of the world’s energy sources.
However, fossil fuels are an exhaustible type of non-renewable energy source, which has a
negative environmental effect and are the causes of global warming (Adams & Nsiah, 2019).
To meet these rising energy demand and to bypass the energy crises in the future it is very
important to consider different clean, environmentally friendly and renewable Energy

sources (Kannan & Vakeesan, 2016).

Renewable energy is a non-pollutant environmentally friendly energy source that replaces
itself by nature (Gorjian, 2018; Herzog, Lipman, & Kammen, 2001). Renewable energy can
be categorized as traditional and modern or new. Traditional renewable energies are large-
scale hydropower and traditional biomass, whereas the modern ones are small-scale hydro-
power, solar, wind, geothermal, biomass and ocean energy. Renewable energy sources are
eco-friendly and clean. Challenges that arise from environment and energy demand can be
fulfilled by the most common and promising renewable energy sources. However, solar en-
ergy sources are the most promising energy option for the future world (Kannan & Vakeesan,
2016).

Solar energy is an abundant, inexhaustible and freely available source of energy derived
from the sun (Kannan & Vakeesan, 2016). Solar energy reaches the earth in the form of heat
and light. This is a likely energy source in the world because exploitation does not affect the
ecosystem, it is non-exhaustible and provides an increased output efficiencies compared to
the other types of energy sources (Stutenbdumer, Negash, & Abdi, 1999).



Theoretically, it is claimed that if technologies for harvesting and supplying were efficient
and readily available solar energy can satisfy the world’s energy demand (Blaschke,
Biberacher, Gadocha, & Schardinger, 2012).

Solar energy is harnessed by using different technologies (Kabir et al., 2018). This technol-
ogies can be grouped into two. First, technologies that convert sunlight to electricity and
second, technologies that convert sunlight to heat. Photovoltaic (PV) solar energy technol-
ogy is the most common sunlight to electricity conversion technology used for present esti-
mation of solar energy (Kabir et al., 2018). This Photovoltaic technology has the largest

output from lower input.

The adoption of solar technologies would substantially mitigate and alleviate problems re-
lated with electricity security, Unemployment, climate change. For example, in California,
USA 696,544 metric tons of CO2 emissions have been reduced by installing 113,533 house-
hold photovoltaic systems (Kabir et al., 2018). Approximately 40% of the world’s popula-
tion energy source is dependent on solid fuels such as fuelwood, animal dung, charcoal, plant
residue, and coal (FDRE, 2012). The majority of this type of energy source in rural areas of
Latin America, Asia, and Africa is used for lightning and direct heating where the access to
clean, modern and affordable energy sources are limited. Different researches show that in-
door air pollution produced by this practice is responsible for premature deaths an also re-
sponsible for world’s climate change (Downward et al., 2018; Fullerton, Bruce, & Gordon,
2008; “Indoor Air Pollution in Developing Countries and Acute Respiratory Infection in
Children,” 1989). The World health organization report in 2014 shows that household air
pollution from inefficient use of solid fuel is the main causes for premature deaths of four
million people and more in 2012.

1.2 Electricity in Ethiopia

Ethiopia is located in the tropical zone lying above the equator and below the tropic of cancer
where renewable energy sources like solar, thermal and wind energy sources are available
with high potential (Ethiopian Economics Association, 2007). Unfortunately, the country
shows a negligible amount of exploiting the opportunity.



Ethiopian modern power generation for electricity at a glance level almost all depend on
hydropower (van der Zwaan, Boccalon, & Dalla Longa, 2018).The power generated from
these hydropower plants is estimated to be 45 GW. The Grand Ethiopian Renaissance Dam
under construction with the installed capacity of 6000MW is the largest hydropower plant
in the country (Kebede, 2015). Other than hydropower the country endowed with the most
common renewable energy sources with an estimated potential of 10 GW of wind and 5
GW of geothermal where solar radiation ranges from 4.5 kWh//m2 day to 7.5 kWh/day
(Ethiopian Economics Association, 2007). Even though, the majority of the population re-
mains un-electrified (Tessema, Mainali, & Silveira, 2014). Among others, the solar energy
potential of the country has got little attention, and poor efforts of exploitation of this poten-
tial have been done. Adoption of solar photovoltaic (PV) technologies remained so sluggish
and only a few studies have attempted to assess the renewable energy potentials of Ethiopia
(Teferra, 1986).

Around 80% of the population in the country lives in the rural areas without access to grid
electricity and uses biomass energy sources (fuelwood, animal dung, charcoal, plant resi-
dues) for cooking and kerosene for lightening at the national level (Gabisa & Gheewala,
2018). In 2016 around 96% of the population in Ethiopia were affected by household air
pollution. Nearly 98% of households in rural areas use biomass as the main energy source
for cooking and heating (Gezahegn, Gebregiorgis, Gebrehiwet, & Tesfamariam, 2018). Dif-
ferent gas emissions like hydrocarbons, carbon dioxide, and particulate matter are produced
from in-efficient burning of biomass fuel and particulate matter (Mondal, Bryan, Ringler,
Mekonnen, & Rosegrant, 2018).

Energy has a substantial effect on the country’s economic and social development (Teferra,
2002). The electricity demand raises by 11.5 % per year. In 2006 it was 2,400 GWh and
11,000 GWh will be expected in 2020 (Ethiopian Economics Association, 2007). As the
economy of the country increases the energy demand also increases significantly and this
will cause the country’s energy scarcity due to the energy sector's low growth (Mondal et
al., 2018).



1.3 Administrative Division

Ethiopia is a land-locked country in eastern Africa (Horn of Africa) covering a total area of
1,104,300 km2 and has a mean elevation of 1,330m above sea level with geographic coor-
dinates of 8 00 N latitude and 38 O0E longitudes. Ethiopia is a home for about 108,386,391
(July 2018 est.) of the population (“The world fact book,” n.d.). The country is divided into
9 regional states namely Somali, Gambela, Afar, Benishangul gumuz, Amhara, Southern
nations, nationalities and people (SNNP), Oromiya, Tigray, and Harari as shown in Figure
1.1. These regional states are further subdivided into weredas and kebele. The country has
two administrative states, Addis Ababa city administrative and Dire Dawa city council
(DPADM, 2004; Proposed New Ethiopian Government Administrative Boundary System
for Unified Nation Building, 2018).

Benishangul-
Gumaz

Dire Dawa

¢
Lo Addis Ababa-Q

Gambela

Southern Nations, Somali

Nationalities,
and Peoples

Oromia

Figure 1.1: Administrative divisions of Ethiopia



1.4 Aim of the Study

The aim of the study was to evaluate solar energy potential as a power generation and finan-

cial feasibility for selected locations in rural areas of the country. The objective of this paper

was to identify the strategy that minimizes the critical factors that affect energy sector de-

velopment issues like:

Heavy economic burden on oil fuel imports

Consumption biomass energy at high level and its environmental and health effect
Shortage of electricity generation capacity

Low level of access to electricity supply

Inefficient energy utilization in all sectors

Low growth in the renewable power industry in addition to the growth of

large-scale hydropower

1.5 Thesis Outline

In this section contents of the thesis were briefly described

Chapter 1: gave an introduction and background about world’s energy situation,
development of renewable energy sources and solar energy potential. This section
also describes electricity problem, demand and consumption in Ethiopia. It also de-
scribed the aim of the thesis and administrative division of regions in Ethiopia.
Chapter2: described different literatures so far done on solar energy assessment
and technologies. It also described important literatures on Ethiopian solar poten-
tial and its applications.

Chapter 3: described about selected locations, methodology and scenarios used in
the study.

Chapter 4: presented the result and discussion of the analysis

Chapter 5: described conclusion and recommendations based on the findings



CHAPTER 2
LITERATURE REVIEW

2.1 Ethiopian Energy Sector

Ethiopian energy sector with the growing economy and energy demand have faced two ma-
jor problems of highly dependent on biomass fuels and access to modern energy resources
are limited (Tessema et al., 2014). Ethiopian power generation is dependent almost entirely
on hydropower. The majority portion of the population (i.e. 83%) inhabit in rural areas of
the country without access to electricity. In the urban areas, the access to electricity is 87%
whereas in the rural side only 5% of the population has access to electricity. The energy
source in the areas without access to electricity (i.e, mostly in the rural area) is highly de-
pendent on poor biomass energy sources for cooking and lighting (Kebede & Muitsufuiji,
2014). Ethiopian per capita electricity consumption has increased from 23kwh in 2000 to
70kwh in 2014. To provide electricity access by 2025, the nation is initiating a domestic
electrification program called “* Light to all’”. The government of Ethiopia aimed at improv-
ing economic development at an annual rate of over 10%. The electricity supply must in-
crease by 14 percent or more per year to accomplish this objective (Ethiopian Economics
Association, 2007).

2.2 Ethiopian Energy Consumption by Fuel Types

This chapter reviewed various types of gas consumed by Ethiopia based on data from various
literature sources, Ethiopian Electric Power Corporation (EEPCo) and Ethiopian Ministry of
Water and Energy. EEPCo owns, produces and distributes electricity in Ethiopia.

2.2.1 Biomass

The vast majority of the population of Ethiopia (i.e., around 80%) dwells in the rural area
without access to grid electricity and uses traditional energy sources such as Biomass fuels
(firewood, animal dung, and agricultural residues) at the national level which accounts
334TWh out of 365TWh of the total primary energy consumption per year (Tucho et al.,
2014).



In 2016 around 96% of the population in Ethiopia were exposed to household air pollution
from an in-efficient burning of biomass fuels and results in the premature death of infants.
CO; emission in Ethiopia is increasing from 0.06 tons in 2005 to 0.19 tons in 20014 per
capita basis (Ethiopian Economics Association, 2007).

2.2.2 Petroleum

Ethiopian petroleum consumption is 100% imported since the country is non-oil producing.
In 2009, domestic oil consumption was 25TWh. Out of this 81% is used in the transportation
sector, 13% in the residential sector and 6% in the industrial sector. Kerosene is used by 64%
of the rural and 8% of the rural population for lightning and 0.2% of the rural and 5% of the
urban population for cooking.

2.2.3 Electricity

Ethiopian electricity production is almost all depends on renewable energy sources. The
electricity sector accounts for only 2% of the overall primary energy consumption. The main
consumers of these fuel type are industry and households. Wind, hydro and geothermal are
the main energy sources of electricity (Tucho et al., 2014).

A. Hydropower

Ethiopian electricity generation is almost entirely dependent on a hydropower energy source
with an estimated potential of 45GW (van der Zwaan et al., 2018). From the overall esti-
mated potential about 2GW of hydropower is in operation (Tucho et al., 2014). EEPCo is
developing large scale hydroelectric projects including the new under-construction mega
project which is anticipated to be the largest output from all hydropower projects with the
installed capacity of 6000MW (Kebede, 2015). One of the drawbacks of this source of en-
ergy is during drought time (Ethiopian Economics Association, 2007). When the dam is lack
of enough water mostly from April to June there is power- cut.

B. Solar energy

Ethiopia has estimated solar radiation ranges between 4.5kwh/m?/day to 7.5kwh/m?/day. So-
lar energy in the country is not yet exploited and as some research papers and data shows
only 150,000 solar home systems are scheduled for implementation in rural areas and organ-
izations (Bekele & Palm, 2010).



2.3 Recent Studies on Solar Energy Potential and Application in Ethiopia

An investigation conducted on the feasibility of a 5MW grid-connected solar photovoltaic
system of 35 places across Ethiopia (Kebede, 2015). The study considers only the capital
city Addis Ababa for the feasibility study and the rest locations were selected to show the
capacity of grid-connected farms across the country. RETScreen software was used to ana-
lyse and compare the potential of selected locations. The study used NASA's worldwide
database on solar radiation. For each location, the researcher used a fixed slope facing south
and zero azimuth angle was assumed for all locations. The study showed that Tepi has a
minimum grid electrical feed (7730.8MWh / year) and that Debre-Tabor has the largest an-
nual output of electricity (9331.2MWh). The study concluded that Ethiopian solar energy
capacity for on-grid and off-grid potential consumption is very high and the detailed feasi-
bility study in Addis Ababa shows that the investment on the system is financially viable but
still not appealing to business investors.

A study conducted using a logit model of analysis to assess the factors that affect the imple-
mentation of solar energy technology in Ethiopia. The analysis was conducted in two kebeles
found in Weliso town, in central Ethiopia and these locations were considering the lack of
connection the power grid, the accessibility of solar energy and the drop in the price of the
technology (Guta et al., 2017). Households live in this location use kerosene for lighting and
solid bioenergy sources which causes indoor air pollution that led to health risk and environ-
mental impact. To come up with this problem introducing renewable energies, especially
solar energy source is the more likely way. Research results indicate that well-educated and
rich families are more likely to adopt solar technologies.The outcome also illustrates that
households that are headed by women adopt technology than households that are headed by
men. The outcome states that the adoption of photovoltaic technology will also increase as
the country's economy rises. The finding of the research showed the direction to the govern-
ment and non-government organizations working in the rural energy access to address solu-

tion towards the energy access problem of the area.



A study conducted by Mahmud et al., (2014) in Geba catchment of northern Ethiopia (i.e,)
has undertaken using a different measurement at the selected sites of the area that include
Dera, Hagereselam, Mayderu and Mekele University campus. Pyranometer sensor was used
to measure solar irradiance and global radiation. Measurement was conducted from 2010
and the analysis was for 1 year from June 2011 to May 2012. The highest value
(>6.5kwh/m?/day) of average daily solar radiation was recorded in February where the low-
est average daily solar radiation was measured in July. The finding of the study showed that
Geba catchment has the substantial potential of average horizontal solar radiation of
5.59kwh/m?/day and this potential could be an alternative energy source for the rural popu-

lation.

A study aimed at the techno-economic analysis of electrifying a district called Werder with
a hybrid renewable energy system. The district is located in the Somali region of Ethiopia
far from the national grid and extension is not economically feasible. The study considers
different hybrid energy alternatives PV/wind/diesel hybrid system has been considered and
to calculate the technical and economic feasibility of the systems HOMER simulation soft-
ware was applied. The hybrid system was regarded to be based on lower annual diesel con-
sumption, lower unmet load, high renewable penetration, lower capacity shortages, and low
Levelized energy costs. The findings showed that PV/wind/diesel generator hybrid power
systems are feasible (Tesema, 2015) .

A survey aimed at investigating issues affecting the spread of solar technology in Ethiopia
using the Innovation System Framework to investigate the variables. The findings indicate
that the critical variables for the slow pace of diffusion are the absence of inclusion between
the solar actors and the economic issue that both parties of the supply chain are facing
(Kebede & Mitsufuji, 2014).

In addition to this study, a report by Ethiopian ministry of water and energy in 2012 showed
that some most important constraints of energy development in Ethiopia included a low level
of socio-economic and infrastructure development, insufficient assessment of biomass en-
ergy resources and technologies, lack of information and under-developed rural energy mar-
kets.



A study aimed at investigating the possibility of electricity supply from the solar-wind hy-
brid system to households dwelling far away from the electricity grid in Ethiopia. Wind and
solar energy potential for the selected four locations were assessed and the results were taken
from previous studies of the author. Feasibility study concentrating on the supply of elec-
tricity generated from the hybrid system to 200 families was carried out using a simulation
tool called HOMMER. The findings from the feasibility study showed that the most cost-
effective system was the generator-battery-convertor setup with $201,609 net present cost.
The finding also recommended that if the hybrid system was implemented it would benefit
the country through minimizing deforestation, improving the quality of life in the area and
others (Bekele & Palm, 2010).

A study conducted on testing the economics, performance and potential of a small-scale
photovoltaic system in Addis Ababa Ethiopia. Climate datas were collected from the stations
located in the rift valley. The finding showed that implementation of the small-scale photo-
voltaic systems are cost-effective for Ethiopia (Stutenbdumer et al., 1999).

A Dbrief study was conducted on different renewable energies (i.e solar, wind and hydro)
potential for large-scale and standalone application and energy consumption in Ethiopia.
Solar energy potential assessment was carried out in 19 selected locations based on annual
solar radiation and land resource data from FAO statistics. The findings showed that there is
a large difference between the urban and the rural energy consumption and the energy share
in the country is composed of biomass, petroleum, and electricity where biomass accounts
for the leading share. The findings also showed that the country has a huge amount of ex-
ploitable electricity potential of 0.2PWh from hydroelectric, 4PWh from wind energy and
7.5PWh from solar energy. The finding also showed that biomass energy was the most dom-
inant energy source in Ethiopia (Tucho et al., 2014).
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A study aimed at designing a hybrid power generation system for Ethiopian remote area was
conducted by Bekelea & Boneya, (2012). The hybrid system was comprised of Photovoltaic
arrays, wind turbines, and diesel generator with battery banks and power condition units for
a standalone system. The datas were gathered from the National Meteorological Agency
(NMA) for the years 2003 up to 2005 and analysed using HOMMER simulation tool. The
finding showed that huge utilizable solar energy potential was available at the site. The find-
ings also showed that there were several alternatives of feasible hybrid systems with differ-
ent levels of renewable energy sources by changing the net present cost for each setup.

Some of the researches conducted on the application of solar energy; solar energy application
using a solar box cooker (Weldu et al., 2019). Solar powered heat storage for Injera (i.e, the
national food of Ethiopia) baking (Tesfay, Kahsay, & Nydal, 2014).
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CHAPTER 3

METHODOLOGY

3.1 Material and Method

In this chapter financial analysis and the solar energy potential in the selected 100 cities

throughout the country was analysed. The analysis was based on 3 simulation software and

four scenarios. Figure 3.1 shows the flow chart that describes the analysis procedure.

Simulation Tool

v v

PVGIS PVWatt

— RETScreen

)
—> Solar Irradiation
Daily Solar Radiation
_4
e )
—» Energy Generated Electricity exported to
grid
N~ _4
—
» Capacity Factor > Equity Payback Period
S
v Energy Production
Cost

,

Global Solar Atlas Map
—

Photovoltaic Power Potential
(PVOUT)

Lb’ Global Horizontal Irradiation (GHI) ’

*{ Direct Normal Irradiation (DNI) ’

*{ Diffuse Horizontal Irradiation (DHI) ’

»L Air Temperature (°C) ’

Global Irradiation for Optimally
Tilted Surface (GIT)

Figure 3.1: Flowchart describing analysis of study
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3.2 Scenarios

In this study four scenarios in the selected locations were considered. This scenarios were

considered based on household PV system and as a power plant.

A. First Scenario
A roof parallel solar PV system with 1kW installed capacity and system cost of 1430 USD
were considered in this scenario. There were three mono-crystalline fixed mounting modules
with an area of 100ft2.

Table 3.1: A 1kW solar PV system for a household

First System

Installed power 1 kWp

Installation type Roof Parallel

Type of modules Mono Crystalline, Efficiency 14.9%
No. of Module (340 Wp) 3 Module

Mounting system Fixed mounting, free standing

1 Panel dimension Length — 6.2 ft, width — 3.2 ft

Space required 100 ft2

Life 25 years

Cost of the system 1430USD

B. Second Scenario

A roof parallel solar PV system with 3 kW installed capacity and system cost of 3932USD
were considered in this scenario. There were nine mono-crystalline fixed mounting modules
with an area of 300ft2.
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Table 3.2: A 3 kW solar PV system for a household

Second System

Installed power 3 kWp

Installation type Roof Parallel

Type of modules Mono Crystalline, Efficiency 14.9%
No. of Module (340 Wp) 9 Module

Mounting system Fixed mounting, free standing

1 Panel dimension Length — 6.2 ft, width — 3.2 ft

Space required 300 ft?

Life 25 years

Cost of the system 3932USD

C. Third Scenario
A roof parallel solar PV system with 5 kW installed capacity and system cost of 6792 USD
were considered in this scenario. There were fifteen mono-crystalline fixed mounting mod-

ules with an area of 500ft2.

Table 3.3: A5 kW solar PV system for a household

Third System

Installed power 5 kWp

Installation type Roof Parallel

Type of modules Mono Crystalline, Efficiency 14.9%
No. of Module (340 Wp) 15 Module

Mounting system Fixed mounting, free standing

1 Panel dimension Length — 6.2 ft, width — 3.2 ft

Space required 500 ft?

Life 25 years

Cost of the system 6792 USD
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D. Fourth Scenario

A solar farm with 45 kW installed capacity and system cost of 145357 USD were considered

in this scenario. There were 150 mono-crystalline fixed mounting modules with an area of

4500ft2. The analysis has gone through the evaluation of solar energy potential and financial

analysis in the selected locations.

Table 3.4: A 45 kW PV system description

Forth System

Installed power
Installation type

Type of modules

No. of Module (340 Wp)
Mounting system

1 Panel dimension
Space required

Life

Cost of the system

45 kKWp

Power Plant

Mono Crystalline, Efficiency 14.9%
150 Module

Fixed mounting, free standing
Length — 6.2 ft, width — 3.2 ft

4500 ft?

25 years

145357 USD

3.3 Feasibility Study

A clean energy management software called RETScreen was applied for the feasibility anal-

ysis of the PV system considered in all scenarios. The equity payback period and the cost of

energy generation for each location were determined in this study. Some financial parame-

ters considered in the study were tabulated in Table 3.5.

15



Table 3.5: Financial considerations for the PV system

Financial Parameters Value
Inflation rate 8%
Discount rate 6%
Reinvestment rate 18%
Project life 25 Years
Electricity export escalation rate 5%

3.4 Global Solar Atlas

Global solar atlas is provided by International Finance Corporation and World Bank. Solar

resource information on maps offers an excellent opportunity for site exploration and pre-

assessment of solar energy potential in different countries and areas. It also provides an

online simulation tool and different map layers (“Global Solar Atlas,” n.d.). This Atlas offers

average annual long-term solar resource and PV potential values defined below.

Global Horizontal Irradiation (GHI): is the quantity of solar irradiation that
falls horizontally on the surface of the earth. It is the sum of standard direct irradi-
ance and horizontal diffusive irradiation. As a measuring instrument, a pyranome-
ter is used.

Direct Normal Irradiation (DNI): is a part of directly reaching the surface of
the solar radiation. It's often measured by absolute cavity radiometer and pyrheli-
ometer.

Diffuse Horizontal Irradiation (DIF): is the earth's irradiance of a horizontal
surface dispersed or diffused by the atmosphere. As a measuring instrument, a py-
ranometer is used.

Global Tilted Irradiation (GTI): is the quantity of solar irradiation that falls on
a tilted photovoltaic surface. It is the sum of standard direct irradiance and hori-
zontal diffusive irradiation. The inclined surface also gets a tiny quantity of
ground-reflected solar radiation compared to the horizontal surface.
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e PV Electricity output (PVOUT): is the quantity of energy, converted via a PV
system into electricity [KWh / kWp] to be produced in accordance with the geo-
graphical circumstances of the site and the PV system setup.

e Air Temperature (TEMP): The air temperature [°C or °F] determines the tem-
perature of PV cells and modules and has a direct impact on the efficiency of PV
energy conversion and consequent loss of energy. A significant aspect of each
solar energy project evaluation is air temperature and some other meteorological
parameters as they determine the solar power plant's working circumstances and
operating efficiency.

3.5 Selected Cities

Ethiopia is divided in regions zones and districts (Divisions, 2017). Accessibility of data,
low attention paid to the country's solar energy potential, and poor efforts to exploit this
potential are some of the site selection factors. Among others, Adoption of solar photovoltaic
(PV) technologies remained so sluggish and only few studies have attempted to assess the
renewable energy potentials of Ethiopia. Traditional use of biomass fuels in this areas is very
high, which is the cause of both health and environmental impacts. Geographical location
and elevation of selected cities is tabulated in Table 3.6 and presented in Figure 3.3. In this
study PVGIS and PVWatt software’s were used to analyse and compare the solar potential
of the selected locations and RETScreen was used to analyse the financial feasibility of the

proposed systems in each site.
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Table 3.6: Geographical locations and elevation of selected cities

3 S S 2 S 15

S I
O 5 e wE O 5 e wE
Abiy Adi 14.442 39.080 1856  Gore 8.344  36.087 2042
Adaba 7.006  39.394 2420 Gorgora 12.257 37.260 1819
Addis Alem  10.817 37.055 2364 Goro 6.991  40.480 1062
Addis Zemen 12.125 37.778 1942  Gouder 8.977 37.766 2355
Adet 11.233 39.383 2211 Harbu 10.923 39.785 2464
Adwa 14165 38.895 1885 Haromaya 9.395 42.013 1146
Agarfa 7.269  39.823 2469 Hossa'ina 7.548  37.855 1652
Agaro 7.857  36.590 1685 Humera 14.288 36.609 603

Alaba 7.388  38.029 1963  Huruta 8.183  39.283 2008
Alamat'a 12,418 39.558 1864  Hyke 11.313 39.677 1864
Alem Ketema 10.057 38.987 2242 Injibara 10.959 36.935 1820
Aleta Wondo  6.603 38.422 1921 jinka 5.786 36.565 1676
Ankober 9.501  39.734 2887 kemise 10.716  39.867 1864
Asaita 11565 41.439 355 Konso 5.340  37.442 1652
Azezo 12549 37.427 2070 Lailibela  12.036 39.046 1864
Babile 9.226  42.332 1649 Logiya 11.723  40.976 1864
Bati 11.192 40.020 1640 Maychew 12.784 39.540 2432
Bedele 8.456 36.353 2018 Mechara  8.600 40.324 1062
Berhale 13.863 40.022 1864 Meki 8.152  38.821 2355
Bichena 10.452 38.202 2538 Mendi 9.800 35.100 1661
Boditi 6.950 37.857 1652 Metehara 8.903  39.918 1062
Bonga 7.265 36.248 1712 Metema 12.958 36.153 718

Burie 10.717 37.062 2066 Metu 8301 35581 1725
Butajira 8.117 38.381 2355 Mieso 9.233 40.755 1062
Chelenko 9.397 41560 2172 Mille 11.350 39.633 1864
Chencha 6.251  37.573 2704 Mojo 9.767  36.667 1780
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Table 3.6 Continued

g 5 B s & s
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Dhera 8.334  39.318 1062 Sodo 6.864  37.763 2026
Chiro 10.953 39.231 1779 Mota 11.081 37.881 2433
Dabat 13.017 37.767 2581 Moyale 7.504 36.070 1951
Dalocha 7.790 38.246 1956 Nejo 9.505 35.502 1676
DebreMarkos 10.340 37.729 2420 Nekemte 9.088 36.547 1676
Debre Tabor 11.857 38.008 2669  sekota 12.626  39.035 2250
Debre Werk  6.867 35.517 2500 Sendafa 9.156 39.024 2355
Dejen 10.164 38.150 2470  Shakiso 5.775 38.903 1652
Delgi 12,196 37.051 1807  Shambu 9.566 37.100 2476
Dembi 8.081  36.463 1931  Sheno 9.316  38.272 2355
Deneba 9.762 39.192 2680  Shire 14.102 38.283 1921
Dil Yibza 13.115 38.441 3236  Sokoru 7.926 37.418 1922
Dinsho 7.108 39.780 1652  Tefki 8.848 38.499 2075
Dodola 6.975 39.181 2477 Tenta 11.317 39.250 2915
Durame 7.244 37.905 1652  Tulu Milki  9.908 38.347 2578
Fiche 9.772 38.739 2355  Weldiya 11.829 39.596 1864
Finote Selam 10.680 37.261 1864  Weliso 8.539 37.976 2043
Gasera 7.368 40.199 2369  Welkite 8.286 37.782 1676
Gelemso 8.813 40.522 1818  Wereta 11.924 37.696 1858
Gewane 10.159 40.662 1864  Wonji 8.407 39.272 1062
Ghimbi 9.172 35.838 1922  Wukro 13.787 39.603 2005
Gidole 5650  37.367 1652  Yabelo 4893  38.095 1097
Goba 7.007 39.969 2710 Yirga Alem 6.747 38.405 1768
Gololcha 9.545 41.768 1649  Ziway 7.929 38.719 1649
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Figure 3.2: Geographical location of selected cities on Ethiopian map

3.6 Simulation Analysis

3.6.1 PVGIS

PVGIS (Photovoltaic Geographical Information System) is a freely available web-based
calculation tool with bulky and comprehensive database that is comparatively simple to use
and accurate (Huld, Miiller, & Gambardella, 2012). The software was developed by the Eu-
ropean Commission to predict solar power generation of a photovoltaic technologies for
stand-alone or grid-connected PV (Sharma, Verma, & Sing, 2014). PVGIS provides enor-
mous and precise solar radiation free database (Paper & Sciences, 2014). The software was
applied to estimate stand-alone photovoltaic installations output.

20



PVGIS software was used in targeted locations to analyse and compare the grid connected
solar PV energy potential. Solar radiation database, crystalline PV technology, 14% system
loss and a fixed free standing mounting option were considered for different scenarios
(“PVGIS (Photovoltaic Geographical Information System),” n.d.). The key steps involved

in the software are given bellow.

Step 1

Start with http://re.jrc.ec.europa.eu/pvg_tools/en/tools.html for online simulation and enter

the location name.

= IRC Photavoltaic Geographical | X = = a X

(— c A Notsecure /en/toolshim *

T JICEC.2UTOpa.£U/ pv_fo
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IBERICA FEE
o : L e Solar radiation database” v
= !IJ W PV technology Crystalling sllicon v
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it ‘I \‘\\ .‘n-‘\l?h‘l(‘% A RABIIAN | o System loss 1] 19
- LEIN| 5 " 4 4
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Figure 3.3: PVGIS Software interactive tool page
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http://re.jrc.ec.europa.eu/pvg_tools/en/tools.html

Step 2

Select the solar radiation database (PVGIS-CMASAF used by default), PV technology,
installed peak PV power in kW, system loss (14% by default) and fill the fixed mount-
ing options as your system.

Step 3

Click on “’visualize results’” to see the system output

@ IRC Photovoltaic Geographical I X 4+ = X

& C A Notsecure | reJrc.ec.europa.eu/pvg_tools/enftoolshiml *

Eurapean
Commission

European Commission > PYGIS > Tools = Interactive tools.

Home  Tools~  Download ~  Documentation »  Aboutus ~  News

n Cursor: Use terrain shadows:
=-__ n Selected: 14442, 39.080 ¥ Calculated horizon m

Elevation 1864 Upload horizon file Choose File | No file chosen
(m):
May 5|
GRID CONNECTED
TR Solar radiation database™ DVGIS-CNISAF
OFF-GRID PV technology® Crystalline silicon

—

Installed peak PV power KA
Abiy Adi

| NONTHLY DATA System loss [%]
| LT Fixed mounting options
Mounting position ™ Free-standing \
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Figure 3.4: PVGIS Software performance of grid connected PV data logging page
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Step 4

Click on “’pdf’” to download the pdf file of the results

PERFORMANCE OF GRID-CONNECTED PV: RESULTS

Summary

3
Provided inputs:
Location [Lat/Lon] 14442, 38080
Horizon: Calculated
Dafabase used: PVGIS-CMSAF
PV technology: Crystalling silicon
PV installed [kip]: 4
System loss [%]: 19
Slope angle [T 20 (opt)
Azimuth angle [ 23 (opt)

Yearly PV enerqy production [KWh] 81600
Yearly in-plane iradiation [KWhime]; 400

Year toyear vanabilty (kW) 122000
Changes in output dug to;
Angle of incidence [%] 24
Spectral effects [%] 04
Temperature and low imadiance [%: 438
Total loss [%]: 246

PY energy aoutput [kKuvWwh]

=
=2

ES

(=3

k

Ok

® PVoupst ® Radiaion | @ nio

Monthly energy output from fix-angle PV system Qutline of horizon

Jan Feb  Mar  Apr May Jun Jul Aug
Month

Last update: 21/092017 Tap

=

N
]
I Horizon height

Sep Oct MNov Dec == Sun height, June
““““ Sun height, December

Figure 3.5: PVGIS Software output download page
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Step 5

Once you get the pdf file then copy the useful data’s like slope and azimuth angle,
Yearly PV energy production, yearly in-plane irradiation and Monthly PV energy and

solar irradiation and then paste to excel file for further analysis.

L

Evrpean
T mrnrm e

. Performance of gﬁd@nnaﬂ%_«__f s

FUDEIS- B eshmates of solar

Figure 3.6: PVGIS Software output in pdf format

3.6.2 PVWatt calculator

PVWatt is a freely accessible web-based, comparatively easy to use and precise software
created by the U.S. National Renewable Energy Laboratory (NREL). This software calcu-
lated the energy generation of a photovoltaic (PV) grid-connected system (Sharma et al.,
2014). Depending on the location, PVWatt reads solar resource data from various databases:
the Solar and Wind Resource Assessment Program (SWERA) (Dobos, 2014; Paper &
Sciences, 2014).
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PVWatt Calculator was used to estimate and compare grid-connected PV systems for energy
production (“National Renewable Energy Laboratory (NREL).,” n.d.) (Paper & Sciences,
2014). The key steps involved in the software were given bellow.

Step 1

Start with https://pvwatts.nrel.gov/ for online simulation enter selected location name

BB oWatts Caleulator X+ - X
€ = C # hitps//pwattsnrelgov Q % H
5y
PVWatts' Calculator MNRE

e rem

NREL s PYWaits® Calculator

Estimates the energy production and cost of energy of qrid-connected

photovoltaic (PV) energy systems throughout the world. It allows homeowners, .

small building owners, installers and manufacturers to easily develop estimates Whit shew
of the performance of potential PV installations. ;

NREL is & national labaratory of the .S, Department of Energy, Office of Enerqy Efficiency and Renewable Enaray,
operated by the Alliance for Sustainable Energy, LLC.

) =

Figure 3.7: PVWatt software interactive tool page
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Step 2
Confirm location of the solar resource data site and verify the place chosen on the
map.

PVWatts" Calculator NREL
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010
sitemm
Solar resource
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data site

Resource Data Map
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MREL tional dala sile
E-click The map to mave e rectangie
2k baxes ta show pins for legacy data s
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Figure 3.8: PVWatt software showing solar resource data site and site location map
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Step 3

Fill out the system information like, installed capacity, array type, and tilt

and azimuth angle.

PVWatts® Calculator INREL

Wy Location | Metehar, Ethiopla FEEDBACK

RESOUACE DATA SYSTEM INFD RESULTS

SYSTEM INFO 3

WMadify the inputs below to run tgfsimulation

Go to DC Syster Size [KW): I [i] Oraw Your System 0to
resource PiWatts'™
dak Click balow 1o rosults
Module Type: Standard [i] custonize your systen
ana mep. (oplional)
Array Typa: Fixed (apen rack) i ]

System Losses (%):
Tilt deg):

Azimuth [deg)

Figure 3. 9: PVWatt software system information filling page

Step 4

From the results download monthly output and the results are in excel format

(|
4
RESULTS sg 118 [(Wh/‘v{ear* 21 Dorrlod e @ !
p— ’ * Caution: Tre FYTTERE ” enercy s51 an houry oerlermance simulaion
Q Print Results using & ypicalyear weather T thalrepresert Jar istor cal period or for a Fixed icpen rack) phctoolaic sys'em. The
KWinarge i basec 1 anayss of 2 near daa e Cescribed hete.
Worth ‘Solr Radlation ACEnergy Vel boto Thessina or P e it vy et AC ey ans o gt ety s Mol
o2lday) (kwh) (5) " based o assumpins Heptha oy retesent tectrical orthe
boto (KN I day) systeminio Eroectyou ars maceling
system info January 5.08 5,228 NA
February 562 5130 NA Location and Station Identification
March 602 6127 NA
Requested Location Metenara, Ethiopia
April 586 5828 NA
Weather Data Source (INTL) METEHARA, ETHIOPIA 11 mi
May 625 6371 NA
Latitude 883N
June 649 6428 NA
July 584 6139 NA Longitude WIEE
August 594 6,151 NA PV System Specifications (Residential)
September 567 5,683 NA DC System Size 5K
October 556 5745 NA Wodule Type e
November 532 5249 NA . .
Array Type Fixed (open rack]
December 486 5041 NA
Array Tilt 11
Annual 511 69,120 0 Amay Agimuth o

Figure 3.10: PVWatt Software showing annual and monthly results
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Parameters used in the performance assessment of solar energy using PVGIS and PVWatt

simulation tools were discussed below:

Solar irradiation: is an integrated solar irradiance in which solar irradiance is the
power per unit area (W/m?), received from the Sun in the form of electromagnetic
radiation as shown in the measuring instrument's wavelength range. In order to
report the radiant energy emitted into the surrounding area (J/m) during this period,
solar irradiance is often incorporated over a specified time period.

Energy generated: is the entire electricity produced for each month by the photo-
voltaic system. The values are based on typical year solar resource data, represent
the typical monthly generation of the system over a period of many years, not the
monthly generation for a given year's months.

Capacity factor: is the proportion of the real electrical yield to the maximum elec-
trical output feasible over that period of time (U.S.Energy Information

Administration, n.d.).

Annual Capacity Factor

Actual annual energy generation
= (Mo . )+ 100% (3.1)
Maximum plant rating * 8760

3.6.3 RETScreen
RETScreen is a software for the analysis of a clean energy project. It was previously devel-

oped for the analysis of renewable energy technologies by Natural Resources Canada
NRCan) CANMET Energy Technology Centre (Sharma et al., 2014). RETScreen can be

used globally to calculate power output and investment, expenses, reductions in emissions,

economic sustainability and risk for various kinds of renewable energy and energy efficient

systems. Meteorological parameters (e.g. temperature, moisture, etc.) are derived from the
NASA Global Modeling and Analysis Office (GMAO) meteorological evaluation of the
Goddard Earth observation scheme (GEOS v. 4.0.3) (Pan, Liu, Zhu, Zhang, & Zhang, 2017;
Sharma et al., 2014).
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In this study RETScreen software was applied to analyse and compare the potential and
financial feasibility of the selected locations. For each location a fixed solar tracking mode
was considered. Solar tracking mode one-axis and two-axis have not been considered as it
needs due maintenance after seasonal variation. Azimuth and slope angle were taken from

PVGIS software. The key steps used in the simulation software were described below.

Step 1: RETScreen Expert simulation software from the getting started options

listed choose virtual energy analyser.

ff RETScreen Expert - O X
File = location  Faclty Energy Cost Emission  Finance Risk  Data  Analytics  Report Language ¥ | Share ¥ | Subscribe Y LY EY ﬂ ‘ 29
I o e Canadi
I
4[ U S B
Facility types Intel
A P [ant: ‘
. [\ Power plants
_/ Close
Analysis type - Worksheets 000 E
? Setings h Power | Heating | Cocling
|
i P" Benchmark —
0\ Help Real property: Data
= | od Feshitty £ st Yf
‘a Subscribe 1 hﬂ
Performance Virtual Energ
L-_[I Save A Performance Tracker Anlyzer ﬁ Commercial/Institutional
=y Save fs |t )
H; Al A’ﬂ_’.‘f(;’mﬂ; —_— rﬁ Residential g}
- i bngine
@ Bt - - ‘
fil -y . E | Agricuttural
(7 My s ) Financial Risk Smart Project “ grada
- Assessor Identifier { ]
I 1
B . hﬂ
‘ a‘ My templates "f\ ™~ User-defined
‘ i&sestudiesﬂemp\ates .‘”' Individual measure

RETScreen Expert - Viewer - 7.00.12 © Minister of Natural Resources Canada 1997-2019. NRCan/CanmetENERGY Varennes

Figure 3.11: RETScreen expert software front end
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Step 2 choose the facility information and location of your system

@ RETScreen - Virtual energy analyzer

Facility information

B Facility type |
Type (
Description |

Power plant

Photovoltaic

Figure 3.12: RETScreen expert software facility information and location setting page

Step 3: click on energy tab and fill the azimuth and slope angle data you get from PVGIS

software and the system information.

Finance  Risk  Report

s Dashboard... Target.

[0 = Show notes
D Ha i
C 3

- o

Langusge v | Snare v | suoscroe v v v |

T Slope
L Azimuth

(®) Show data
January 608 663 010 7.006
February 657 694 10 6562
March 652 662 10 6914
April 631 616 10 6261
May 636 603 010 6202
June 577 541 10 5423
July 523 496 10 5274
August s36 s19 10 5531
Septemb: 584 583 010 5577
Octobs 631 657 10 6931
November 627 670 10 6947
December 608 571 a0 7111
Annual 6.05 Ces ) 0.10 < 76.207 >

Annual solar radiation - horizontal  MWh/m® 221

Annual solar radiation - filted MWh/m® 224

Photovoltaic

Type [ mono-Si ~|

Power capacity W - 25 al@

Manufacturer Canadian So

Figure 3.13: RETScreen expert showing Data generated from the energy analysis
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Step 4: Click on the finance tab and input financial parameters for the analysis

i RETScreen Expert

. location  Faclity  Energy  Cost  Emission Jf Finance § Risk  Report Language
= EE s Show graph 5] Export to file 4
= | F [l Show notes
Level 1|Level 2 Dashboard... 8 Copy - Level 1->2
Incentives and grants 5 Debt payments - 15 yrs $ 1172 6 22118 -539483
’ 7 -2,039 -61,522
Debt ratia % T Total annual costs $ 11,172 g 1857 63379
Debt § 101,730 a 1670 65‘0'0
Equity [ 43607 Annual savings and revenue o :1'40 :66‘520
Debt interest rate % 7% Electricity export revenue $ 7950 1 _1.237 -67‘816
Debt term yr 15 GHG reduction revenue $ 0 12 -1,089 68,005
Debt payments yr 1172 COther revenue (cost) § 0 13 -887 -69,793
CE production revenue $ 0 14 -682 -70474
Income tax analysis O 15 72 70946
Total annual savings and revenue $ 7,950 1% 10914 60032
Met yearly cash flow - Year 1 $ -3.221 i 1,132 48,900
18 11,353 -37,545
Electricity export revenue Pre-tax IRR - equity % 2.9% 0 11814 -14150
2 051 5
Electricity exported to grid MWh ~ 80 || Pre-tax MIRR - equity % 6% s; :;?g? 1313?
Elactricity export rate $/kWh v 010 Pre-tax IRR - assets b -1.9% 2; 1;;37 23‘723
Electricity export revenue § 7,950 || Pre-tax MIRR - assets * 21| oy 12787 25515
Electricity export escalation rate % 2% 25 13,043 48558
HE red Simple pavback yur 183
i AL =
reduction revenue Equity payback yr 212 )
Gross GHG reduction tCCfyr
Gross GHG reduction - 25 yrs tCO: 15 Net Present Value (NPV) H -26874
GHG reduction revenue § 0 || Annual life cycle savings Syr -2102
Other revenue (cost) O Benefit-Cost (B-C) ratio 038
Debt service coverage 0.73
Clean Energy (CE) production revenue O
GHG reduction cosf 40 3282
Energy production cost $/kWh * 015 -

Figure 3.14: RETScreen expert software showing financial analysis

Parameters used in the financial assessment of solar energy using RETScreen simulation
software discussed below:

e Daily solar radiation — tilted: The incident of energy on a PV module relies on the
energy from sunlight and the angle of the module to the sun. The quantity of solar
radiation incident on a tilted surface of the module is the element of the solar radia-
tion incident perpendicular to the surface of the module. The RETScreen simulation
tool calculates the average quantity of solar radiation on a tilted surface at the site

during one day. Model range of typical values from 0 to 10 kWh /m?/d.
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Electricity exported to grid: it is the amount of surplus energy exported to the
grid. A grid-tied PV system's operating principle is to synchronize the installation
with the voltage, frequency, and phase of the electrical utility, which essentially
transforms the PV system into part of the grid. If the system output exceeds the
owner's demand at any given time and there is no energy storage available, the
surplus production is automatically exported and metered to the electric utility grid.
Equity payback: RETScreen simulation software calculates the equity payback,
which shows how long it takes a facility owner to recover their own initial invest-
ment (equity) from the project's cash flows. The equity payback takes into account
the project's cash flows from its inception including the project's leverage (debt
level), which makes it a better time indicator of project merits than simple payback.
To calculate this value, the model uses the year number and the cumulative after-
tax cash flows.

Energy production cost: RETScreen simuation software calculates the energy
(electricity) production cost per kWh (or MWh). This value (also known as the
Levelized Electricity Cost or LCOE) reflects the export rate of electricity needed
to have a Net Present Value (NPV) of 0. The GHG reduction revenue, the customer
premium income (rebate), the other revenue (cost) and the Clean Energy (CE) pro-

duction revenue are not included in this calculation.
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 Solar Irradiation

Solar irradiation data obtained using the online software PVGIS and PVWatts are tabulated
in Table 4.1. PVGIS showed that the annual in-plane normal irradiation data in the selected
cities varies from 1730 to 2481 kWh/m?. The maximum annual solar irradiation was rec-
orded in Asaita city located in east Ethiopia and the lowest in-plane normal irradiation was
recorded in chencha city located in north Ethiopia. PVWatt showed that the Annual in-plane
normal irradiation data in the selected cities varied from 1794.112 to 2236.804 KWh/m?. The
maximum in-plane normal irradiation was recorded in Chelenko city located in east Ethiopia
and the lowest annual solar irradiation is recorded in yabelo city located in south west Ethi-
opia. PVGIS and PVWatt result for 1 kW system was shown in the Figures 4.1 — 4.5.

Table 4.1: Annual solar irradiation (KWh/m?)

No City PVGIS Pvwatt No City PVGIS PVWatt
1 Abiy Adi 2406 1874.42 51 Gore 2368 1840.18
2  Adaba 2216 1970.23 52 Gorgora 2369 1936.12
3 Addis Alem 2033 1902.45 53 Goro 2324 2146.07
4  Addis Zemen 2373 1936.09 54  Gouder 2160 1986.54
5 Adet 2335 1998.31 55 Harbu 2317 1888.14
6 Adwa 2355 1875.78 56 Haromaya 2369 2150.82
7  Agarfa 2108 2117.36 57 Hossa'ina 2163 1948.57
8 Agaro 2084 1849.71 58 Humera 2409 1921.35
9  AlabaQulito 2247 1959.03 59 Huruta 2248 2093.94
10 Alamat’A 2299 194726 60 Hyke 2265 2075.67
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Table 4.1 Continued

No City PVGIS PVWatt No City PVGIS PVWatt
11 Alem Ketema 2317 1897.93 61 Injibara 1896 1999.79
12 Aleta Wendo 1963 1940.70 62 Jinka 1832 1876.70
13 Ankober 2135 2083.43 63 Kemse 2338 2035.98
14  Asaita 2481 2034.64 64 Konso 2210 1982.87
15 Azezo 2153 1940.90 65 Lailibela 2287 1975.34
16 Baille 2352 2147.37 66 Logiya 2454 2032.42
17 Bati 2388 2063.20 67 Maychew 2251 1968.98
18 Bedele 2177 184151 68 Mechara 2016 2088.63
19 Berhale 2440 2002.27 69 Meki 2393 1945.57
20 Bichena 2298 1864.25 70 Mendi 2058 1864.54
21 Boditi 2103 195138 71 Metehara 2434 2084.04
22 Bonga 1819 1849.87 72 Metema 2331 1936.96
23 Burie 2165 1829.49 73 Metu 2031 1840.55
24  Butajira 2245 1946.16 74 Mieso 2323 2140.97
25 Chelenko 2183 2236.80 75 Mille 2476 2042.98
26  Chencha 1730 1968.94 76 Mojo 2399 1949.96
27  Chiro 2044 2082.83 77 Mota 2343 1989.08
28 Dabat 2182 1925.41 78 Moyale 2056 1796.80
29 Dalocha 2247 1950.06 79 Nejo 2036 1829.55
30 Debre Markos 2145 1842.00 80 Nekemte 2018 1809.90
31 Debre Tabor 2095 2074.04 81 Sekota 2334 1907.65
32  Debre Werk 2250 1865.87 82 Sendafa 2144 1899.51
33 Dejen 2385 1880.00 83 Shakiso 1999 1988.71
34 Delgi 2270 1921.74 84 Shambu 1996 1855.35
35 Dembi 2141 1850.24 85 Sheno 2028 1941.94
36 Deneba 2217 1827.73 86 Shire 2310 1875.08
37 Dhera 2366 2181.02 87 Sodo 2086 1951.38
38 Dil Yibza 2280 1910.40 88 Sokoru 2176 1850.72
39 Dinsho 1941 1968.68 89 Tefki 2308 1910.04
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Table 4.1 Continued

No City PVGIS PVWatt No City PVGIS PVWatt
40 Dodola 2189 1972.03 90 Tenta 2369 2001.27
41 Durame 2129 1942.75 91 Tulu Milki 2251 1888.15
42  Fiche 2202 1912.23 92 Weldiya 2263 2012.12
43  Finote Selem 2250 1840.88 93 Weliso 2202 1910.04
44  Gasera 2187 1928.67 94 Welkite 2234 1841.00
45 Gelemso 2267 2106.76 95 Wereta 2379 1973.90
46  Gewane 2463 2072.05 96 Wonji 2369 2084.70
47  Ghimbi 2057 182955 97 Wukro 2380 1887.74
48 Gidole 1919 1966.99 98 Yabelo 2045 1794.11
49 Goba 1898 2112.78 99 Yirgalem 2049 1950.12
50 Gololcha 2368 2137.35 100 Ziway 2403 1944.85
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Figure 4.1: Annual solar irradiation using PVGIS and PVVWatt in 20 locations for 1kW
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Figure 4.2: Annual solar irradiation using PVGIS and PVWatts in 20 locations for 1kW

3000
(9]
<
£ 2500
~~
=
2 2000
S 1500
3
T 1000
X mPVGIS
- 500
e, PVWatt
o
o 0

& &e\éo &2 &%e ‘)‘\z é& R AT bé & %‘9\. & L e

FIFFTFT LT EFT L ELE F oGS

& i@% FFETF G O @Q& T
‘é‘o &
&“b‘
Q
&

City
Figure 4.3: Annual solar irradiation using PVGIS and PVWatts in 20 locations for 1kW
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Figure 4.4: Annual solar irradiation using PVGIS and PVWatts in 20 locations for 1kW
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Figure 4.5: Annual solar irradiation using PVGIS and PVWatts in 20 locations for 1kW
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4.2 Energy Generation and Capacity Factor

Annual photovoltaic energy generated for each scenario and location was calculated using a
simulation software PVGIS and PVWatt. Specific annual yield and capacity factor were cal-
culated using annual photovoltaic energy result. As the result showed the capacity factor
obtained by PVGIS simulation software is much higher than PVVWatt software.

A. First Scenario: 1 kW PV System
Energy generation data obtained using the online software PVGIS and PVVWatts were tabu-
lated in Table 4.2 and presented in Figure 4.6 — 4.5. PVGIS showed that the annual Photo-
voltaic energy generation in the selected cities varies from 1838 to 1369 kWh/m? and the
average capacity factor is 19.25%. The maximum energy generation was recorded in Tenta
city located in south Ethiopia and the lowest energy generation was recorded in Chencha

city located in north Ethiopia.

PVWatt showed that the annual energy generation in the selected cities varied from 1663.112
to 1354.767 kwWh/m? and the average capacity factor is 16.89%. The maximum energy gen-
eration was recorded in Dil Yibza city located in North Amhara Ethiopia and the lowest

energy generation was recorded in Nekemte city located in west Ethiopia.
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Table 4.2: Annual energy generated data in the selected 100 cities for 1kW system.

PVGIS PVVWatt
T — T —

No City 5 22 .2 3 2 X%
SE £9: §5 SET¥ SSE §5
£23 BEZ B8 £z2% EEL S§°F

1 Abiy Adi 1815 1815 20.72 1403.15 1403.15 16.02

2 Adaba 1728 1728 19.73 1484.30 1484.30 16.94

3 Addis Alem 1566.7 1566.7 17.88 1494.23 149423 17.06

4 Addis Zemen 1779 1779 20.31 1449.36 1449.36 16.55

5 Adet 1808 1808 20.64 1496.17 1496.17 17.08

3] Adwa 1778 1778 20.30 1404.31 1404.31 16.03

7 Agarfa 1633 1633 18.64 1559.45 1559.45 17.80

8 Agaro 1558 1558 17.79 1383.87 1383.87 15.80

9 Alaba Qulito 1700 1700 19.41 147750 147750 16.87

10 Alamat’A 1712 1712 19.54 1468.53 1468.53 16.76

11  Alem Ketema 1724 1724 19.68 1489.96 1489.96 17.01

12  Aleta Wendo 1508.2 1508.2 17.22 1462.48 1462.48 16.69

13  Ankober 1709 1709 19.51 1535.36 1535.36 17.53

14  Asaita 1799 1799 20.54 1536.17 1536.17 17.54

15  Azezo 1621 1621 1850 1452.65 1452.65 16.58

16 Baille 1784 1784 20.37 1592.82 1592.82 18.18

17 Bati 1792 1792 20.46 1557.86 1557.86 17.78

18 Bedele 1663 1663 18.98 1378.07 1378.07 15.73

19 Berhale 1781 1781 20.33 1510.73 1510.73 17.25

20 Bichena 1774 1774 20.25 1446.76 1446.76 16.52

21 Boditi 1616.9 1616.9 18.46 1472.01 1472.01 16.80

22 Bonga 1382.8 1382.8 15.79 1384.00 1384.00 15.80

23  Burie 1649 1649 18.82 1419.51 141951 16.20
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Table 4.2 Continued

PVGIS PVWatt
T — T —

5 52 28 _3 53 ,E

N  city 35T £SX §5 38T £3E 85
£~ 2E2 §% E>3 Z2ES g%

<o = 8= OoLw = o= OLuw

24  Butajira 1705 1705 19.46  1528.59 1528.59 17.45
25 Chelenko 1695 1695 19.35 1661.53 1661.53  18.97
26 Chencha 1369 1369 15.63 1485.64 1485.64 16.96
27  Chiro 1629 1629 18.60 1533.98 1533.98 17.51
28 Dabat 1698 1698 19.38  1441.10 1441.10 16.45
29 Dalocha 1711 1711 19.53 1470.90 1470.90 16.79
30 Debre Markos 1648 1648 18.81 1429.32 1429.32 16.32
31 Debre Tabor 1629 1629 18.60 1542.65 1542.65 17.61
32  Debre Werk 1727 1727 19.71  1448.05 1448.05 16.53
33 Dejen 1804 1804 20.59  1459.15 1459.15 16.66
34 Delgi 1736 1736 19.82 1438.43 1438.43 16.42
35 Dembi 1621 1621 18.50 1384.31 1384.31 15.80
36 Deneba 1732 1732 19.77 1367.51 1367.51 15.61
37 Dhera 1772 1772 20.23 1663.11 1663.11 18.99
38 DilYibza 1778 1778 20.30 1430.39 1430.39  16.33
39 Dinsho 1563 1563 17.84  1483.27 1483.27 16.93
40 Dodola 1703 1703 19.44  1485.50 1485.50 16.96
41 Durame 1635.6 1635.6 18.67  1465.72 1465.72 16.73
42  Fiche 1714 1714 19.57 1501.63 1501.63 17.14
43  Finote Selem 1680 1680 19.18  1428.45 1428.45 16.31
44  Gasera 1695 1695 19.35 1419.83 1419.83 16.21
45 Gelemso 1731 1731 19.76  1551.59 1551.59 17.71
46 Gewane 1794 1794 20.48 1564.45 1564.45 17.86
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Table 4.2 Continued

PVGIS PVWatt
—_ S —

S S 5% 5 £2 ¥

No City §§E §§U§.§§ §§E %Tg% §§
£>2 2c232 R% £E>2 252 &%

<= v ®>= 0w = nae= OLW

47  Ghimbi 1570.9 1570.9 17.93 1369.11 1369.11  15.63
48 Gidole 1492.8 1492.8 17.04 1484.07 1484.07 16.94
49  Goba 1506.7 1506.7 17.20 1556.01 1556.01  17.76
50 Gololcha 1785 1785 20.38 1573.99 1573.99  17.97
51 Gore 1785 1785 20.38 1376.78 1376.78  15.72
52  Gorgora 1814 1814 20.71 1449.26 1449.26 16.54
53 Goro 1821 1821 20.79 1580.45 1580.45  18.04
54 Gouder 1642 1642 18.74 1560.60 1560.60  17.82
55  Harbu 1721 1721 19.65 1465.33 1465.33 16.73
56  Haromaya 1824 1824 20.82 1595.41 159541  18.21
57 Hossa'ina 1692 1692 19.32 1469.62 1469.62  16.78
58 Humera 1740 1740 19.86 1436.79 1436.79 16.40
59  Huruta 1728 1728 19.73 1541.24 1541.24 17.59
60 Hyke 1731 1731 19.76 1566.49 1566.49 17.88
61 Injibara 1471.7 1471.7 16.80 1487.53 1487.53 16.98
62  Jinka 1383 1383 15.79 1403.13 1403.13  16.02
63 Kemse 1730 1730 19.75 1535.86 1535.86  17.53
64 Konso 1651 1651 18.85 1494.88 1494.88  17.06
65 Lailibela 1722 1722 19.66 1490.11 1490.11 17.01
66 Logiya 1787 1787 20.40 1534.44 1534.44 17.52
67 Maychew 1755 1755 20.03 1485.63 1485.63  16.96
68 Mechara 1524 1524 17.40 1538.17 1538.17 17.56
69  Meki 1799 1799 20.54 1528.07 1528.07 17.44
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Table 4.2 Continued

PVGIS PVWatt
S — T —

_B 53 28 B 5% E

2% &5& SEf fax &s5& 8¢
70 Mendi 1552.6 1552.6 17.72 1446.97 1446.97 16.52
71 Metehara 1778 1778 20.30 1535.95 153595 17.53
72 Metema 1704 1704 19.45 1449.86 1449.86 16.55
73 Metu 1532.2 1532.2 17.49 1377.04 1377.04 15.72
74 Mieso 1727 1727 19.71 1576.78 1576.78  18.00
75 Mille 1803 1803 20.58 1542.39 1542.39 17.61
76  Mojo 1821 1821 20.79 1531.92 1531.92 17.49
77 Mota 1792 1792 20.46 1479.75  1479.75 16.89
78 Moyale 1568 1568 17.90 1379.80 1379.80 15.75
79 Nejo 1548.4 1548.4 17.68 1369.15 1369.15 15.63
80 Nekemte 1540.4 1540.4 17.58 1354.77  1354.77 15.47
81 Sekota 1786 1786 20.39 1428.15 1428.15 16.30
82  Sendafa 1669 1669 19.05 1491.43 149143 17.03
83  Shakiso 1542.3 1542.3 17.61 1501.09 1501.09 17.14
84  Shambu 1545.8 1545.8 17.65 1439.77 1439.77 16.44
85  Sheno 1595.1 1595.1 18.21 1525.72  1525.72 17.42
86  Shire 1750 1750 19.98 1403.71 1403.71 16.02
87 Sodo 1603.2 1603.2 18.30 1472.01 1472.01 16.80
88  Sokoru 1647 1647 18.80 1384.37 1384.37 15.80
89  Tefki 1762 1762 20.11 149955 149955 17.12
90 Tenta 1838 1838 20.98 1509.89 1509.89 17.24
91  Tulu Milki 1733 1733 19.78 1465.29 1465.29 16.73
92  Weldiya 1711 1711 19.53 1517.83 1517.83 17.33
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Table 4.2 Continued

PVGIS PVWatt

S — S —
§ E g = g § E g >, g
No City ERS =T %S ER= ETE %3
=33 223 F3  ESS 883 &%
<o = N c = ouw <o X ouc= Oow
93  Weliso 1676 1676 19.13 1499.55 1499.55 17.12
94  Welkite 1691 1691 19.30 1377.36  1377.36 15.72
95  Wereta 1778 1778 20.30 1468.43  1468.43 16.76
96  Wonji 1838 1838 20.98 1536.56  1536.56 17.54
97  Wukro 1832 1832 20.91 1412.82 1412.82 16.13
98 Yabelo 1595.6 1595.6 18.21 1377.71  1377.71 15.73
99 Yirgalem 1560 1560 17.81 1469.53  1469.53 16.78
100 Ziway 1811 1811 20.67 1527.44  1527.44 17.44
max 1838 1838 20.98 1663.11 1663.11 18.99
min 1369 1369 15.63 1354.77  1354.77 15.47
Average 1686.579  1686.579 19.25 1479.20 1479.20 16.89
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Figure 4.6: Annual energy generated using PVGIS and PVWatts in 20 locations
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Figure 4.7: Annual energy generated using PVGIS and PVWatts in 20 locations
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Figure 4.9: Annual energy generated using PVGIS and PVWatts in 20 locations
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Figure 4.10: Annual energy generated using PVGIS and PVWatts in 20 locations

B. Second Scenario: 3 kW PV System

Energy generation data obtained using the online software PVGIS and PVWatts are tabu-
lated in Table 4.3 and presented in Figure 4.11 — 4.15. PVGIS showed that the annual energy
generation in the selected cities varies from 5515 to 4107 kWh/m? and the average capacity
factor is 18.96%. The maximum energy generation is recorded in Tenta city located in south
Ethiopia and the lowest energy generation was recorded in Chencha city located in north
Ethiopia. PVWatt shows that the annual energy generation in the selected cities varies from
5909.994 to 4064.302 kWh/m? and the average capacity factor is 16.80%. The maximum
energy generation was recorded in Dil Yibza city located in North Ethiopia and the lowest
energy generation was recorded in Nekemte city located in West Ethiopia.
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Table 4.3: Annual energy generated data in the selected 100 cities for 3kW system.

PVGIS PVWatt
= —_ =

No City _§ Q';_-)%l a.ci _§ O';‘.)%l ag

ST £3z 3F sz EI: s

£22 585 §F 223 5% &8¢
1 Abiy Adi 5440 1813.33  20.70  4209.46 1403.15 16.02
2 Adaba 5184 1728.00  19.73 445290 1484.30 16.94
3 Addis Alem 5339 1779.67  20.32  4348.07 1449.36  16.55
4 Addis Zemen 5399 522.23 5.96 4348.07 149423  17.06
5  Adet 5428 1809.33  20.65  4488.51 1496.17  17.08
6 Adwa 5334 1778.00  20.30  4212.94 140431  16.03
7 Agarfa 4899 1633.00 18.64  4678.36 1559.45  17.80
8  Agaro 4678 1559.33  17.80  4151.61 1383.87 15.80
9  AlabaQulito 5101 1700.33  19.41  5909.99 1970.00  22.49
10  Alamat’A 5137 171233 1955  4405.60 1468.53 16.76
11 Alem Ketema 5169 1723.00 19.67  4469.87 1489.96 17.01
12 Aleta Wendo 4523 1507.67  17.21  4387.44 1462.48 16.69
13 Ankober 5129 1709.67  19.52  4604.79 1534.93  17.52
14 Asaita 5398 1799.33  20.54  4608.52 1536.17  17.54
15 Azezo 5354 1784.67  20.37  4357.95 1452.65 16.58
16  Baille 5354 1784.67  20.37  4778.45 1592.82  18.18
17  Bati 5378 1792.67 20.46  4673.59 1557.86  17.78
18 Bedele 4991 1663.67  18.99  4134.20 1378.07  15.73
19  Berhale 5342 1780.67  20.33  4573.04 1524.35 17.40
20  Bichena 5319 1773.00 20.24  4343.94 144798  16.53
21  Boditi 4850 1616.67 18.46  4416.03 1472.01  16.80
22 Bonga 4148 1382.67 1578  4152.00 1384.00  15.80
23  Burie 4945 1648.33  18.82  4258.54 1419.51  16.20
24 Butajira 5120 1706.67  19.48  4585.77 1528.59  17.45
25  Chelenko 5082 1694.00 19.34  4984.60 1661.53  18.97
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Table 4.3 Continued

PVGIS PVWatt
T — T —

N BTN
No City SS 5SE €5 S§T 5SSz €s

£>3 2E2 g% E£>3 2E3 §E

<o un c— Ouw = 0 @ = O L
26  Chencha 4107 1369.00 15.63 4456.91 1485.64 16.96
27 Chiro 4889 1629.67 18.60 4601.95 1533.98 17.51
28 Dabat 5093 1697.67 19.38 4323.31 1441.10 16.45
29 Dalocha 5136 1712.00 19.54 4412.70 1470.90 16.79
30 Debre Markos 4944 1648.00 18.81 4287.95 1429.32 16.32
31 Debre Tabor 4882 1627.33 18.58 4627.95 1542.65 17.61
32 Debre Werk 5177 1725.67 19.70 434416  1448.05 16.53
33 Dejen 5416 1805.33 20.61 4377.46  1459.15 16.66
34  Delgi 5204 1734.67 19.80 4315.28 1438.43 16.42
35 Dembi 4857 1619.00 18.48 4152.92 1384.31 15.80
36 Deneba 5198 1732.67 19.78 4102.53 1367.51 15.61
37 Dhera 5317 1772.33 20.23 4605.45 1535.15 17.52
38 Dil Yibza 5335 1778.33 20.30 4291.18 1430.39 16.33
39 Dinsho 4691 1563.67 17.85 4442.72 1480.91 16.91
40 Dodola 5114 1704.67 19.46 4456.51 1485.50 16.96
41  Durame 4911 1637.00 18.69 4397.15 1465.72 16.73
42  Fiche 5145 1715.00 19.58 4504.88 1501.63 17.14
43  Finote Selem 5039 1679.67 19.17 4285.36  1428.45 16.31
44  Gasera 5085 1695.00 19.35 4259.48 1419.83 16.21
45  Gelemso 5193 1731.00 19.76 4654.78 1551.59 17.71
46  Gewane 5379 1793.00 20.47 4693.34  1564.45 17.86
47  Ghimbi 4714 1571.33 17.94 4107.32 1369.11 15.63
48 Gidole 4481 1493.67 17.05 445221 1484.07 16.94
49 Goba 4518 1506.00 17.19 4668.02 1556.01 17.76
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Table 4.3 Continued

PVGIS PVWatt
BT — BT —

5 $2 & _3 $3 LE

No City SEz £8: §5 SE2T £SE §s
£>3 232 88 E>3 Z2ES g%

<o = G| OLw = N c= OLw

50 Gololcha 5358  1786.00 20.39  4721.97 157399  17.97
51  Gore 4492 1497.33  17.09 413033 1376.78  15.72
52 Gorgora 5444 181467 20.72  4347.78 144926  16.54
53 Goro 5460  1820.00 20.78  4741.34 1580.45  18.04
54 Gouder 4930 164333 1876  4681.81 1560.60  17.82
55  Harbu 5166 172200 190.66 439599 146533  16.73
56 Haromaya 5468 182267 20.81 478623 159541  18.21
57  Hossa'ina 5080  1693.33  10.33  4408.86 1469.62  16.78
58  Humera 5218  1739.33  10.86 431443 143814  16.42
59  Huruta 5188 172933  10.74  4628.06 154269  17.61
60 Hyke 5189 172967 10.75  4699.46 1566.49  17.88
61 Injibara 4420 147333 16.82  4462.60 148753  16.98
62 Jinka 4150 138333 1579  4209.38 1403.13  16.02
63 Kemse 5188 172933  10.74  4607.58 1535.86  17.53
64  Konso 4952  1650.67 18.84  4484.64 1494.88  17.06
65 Lailibela 5163  1721.00 19.65  4470.32 1490.11  17.01
66  Logiya 5360  1786.67 20.40  4603.31 1534.44  17.52
67 Maychew 5265 175500 20.03  4456.88 148563  16.96
68 Mechara 4572 152400 17.40 461450 153817  17.56
69  Meki 5394  1798.00 2053 458420 1528.07  17.44
70 Mendi 4659  1553.00 17.73 434090 144697  16.52
71 Metehara 5334 177800 20.30  4607.84 153595  17.53
72 Metema 5108  1702.67 10.44 434957 1449.86  16.55
73 Metu 4603 153433 1752 413111 1377.04 15.72
74 Mieso 5184 172800 10.73  4730.33 1576.78  18.00
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Table 4.3 Continued

PVGIS PVWatt
T — T —

5 52 & _3 82 L8

No cCiy S&ST %‘ZﬂséY '§§ RS ;%735'3‘ S5
£ SE32 §8% E£>3 %E3 /%

<= e OLw = N = Oouw
75 Mille 5162 1720.67 19.64 4569.38  1523.13 17.39
76  Mojo 5467 1822.33 20.80 4595.75  1531.92 17.49
77 Mota 5373 1791.00 20.45 4439.25 1479.75 16.89
78 Moyale 4708 1569.33 17.91 4139.39  1379.80 15.75
79 Nejo 4643 1547.67 17.67 4103.61 1367.87 15.61

80 Nekemte 4622 513.47 5.86 4064.30 451.59 5.16
81 Sekota 5354 1540.67 17.59 4284.44 1354.77 15.47
82 Sendafa 5011 1784.67 20.37 4474.30 1428.15 16.30
83  Shakiso 4622 1670.33 19.07 4503.26  1491.43 17.03
84  Shambu 4636 1540.67 17.59 4319.31 1501.09 17.14
85 Sheno 4787 1545.33 17.64 4577.15 1439.77 16.44
86  Shire 5249 1595.67 18.22 4207.18 1525.72 17.42
87 Sodo 4805 1749.67 19.97 4416.03  1402.39 16.01
88  Sokoru 4939 1601.67 18.28 4153.12 1472.01 16.80
89 Tefki 5281 1646.33 18.79 4498.64  1384.37 15.80
90 Tenta 5515 1760.33 20.10 4529.66  1499.55 17.12
91 Tulu Milki 5202 1838.33 20.99 4395.88  1509.89 17.24
92  Weldiya 5133 1734.00 19.79 4553.48  1465.29 16.73
93  Weliso 5026 1711.00 19.53 4498.64  1517.83 17.33
94  Welkite 5080 1675.33 19.12 4132.08  1499.55 17.12
95  Wereta 5338 1693.33 19.33 4405.29  1377.36 15.72
96 Wonji 5442 1779.33 20.31 4609.68  1468.43 16.76
97  Wukro 5493 1814.00 20.71 4238.47 1536.56 17.54
98 Yabelo 4787 1831.00 20.90 4133.12  1412.82 16.13
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Table 4.3 Continued

PVGIS PVWatt
= — =
5 $3 & _3 £3 ¥
No City >SS 53 @8 >S5S T 3< 828
E>2 253 &8 E>3 E=2 &8
<o el OW <ol os< oW
99 Yirgalem 4675 1595.67 18.22 4408.60 1377.71 15.73
100 Ziway 5434 1558.33 17.79 4582.31 1469.53 16.78
Max 5515 1838.33 20.99 5909.99 1970.00 22.49
Min 4107 513.47 5.86 4064.30 451.59 5.16
Average 5059.95 1660.90 18.96 4446.97 1472.02 16.80
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Figure 4.11: Annual energy generated using PVGIS and PVWatts in 20 locations
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Figure 4.12: Annual energy generated using PVGIS and PVWatts in 20 locations

6000
g 5000
=,
oS 4000
L
(4o
S 3000
[
(D)
(@))
. 2000
> mPVGIS
(¢B)
[
S5 1000 PVWatt
0
& a&\@& L %&_ QT F PR LEEO bé @o Q:p\. & & @
¢ ST Y G T S S
& Nid
Q\ %‘b
&‘)
Q
&

Figure 4.13: Annual energy generated using PVGIS and PVWatts in 20 locations
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Figure 4.14: Annual energy generated using PVGIS and PVWatts in 20 locations
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Figure 4.15: Annual energy generated using PVGIS and PVWatts in 20 locations
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C. Third Scenario: 5 kW PV System

Energy generation data obtained using the online software PVGIS and PVWatts are tabu-
lated in Table 4.4 and presented in Figure 4.16 — 4.20. PVGIS showed that the annual energy
generation in the selected cities varies from 9193 to 4572 kWh/m? and the average capacity
factor is 19.14%. The maximum energy generation is recorded in Tenta city located in south
Ethiopia and the lowest energy generation was recorded in Chencha city located in north
Ethiopia. PVWatt showed that the annual energy generation in the selected cities varied from
8307.67 to 4614.503 kWh/m? and the average capacity factor was 16.70%. The maximum
energy generation was recorded in Dil Yibza city located in North Ethiopia and the lowest

energy generation as recorded in Nekemte city located in west Ethiopia.

Table 4.4: Annual energy generated data in the selected 100 cities for S5kW system.

PVGIS PVWatt

S — =
No iy Td?.—.éig'%% c_csg.—. gigé‘%
c = c o L = c o
1 Abiy Adi 9067 1813.4 20.70 7015.76 1403.15 16.02
2 Adaba 8643 1728.6 19.73 7421.51 1484.30 16.94
3 Addis Alem 8898 1779.6 20.32 7246.78 1449.36 16.55
4 Addis Zemen 7834 1566.8 17.89 7471.14 1494.23 17.06
5 Adet 9044 1808.8 20.65 7480.85 1496.17 17.08
3] Adwa 8888 1777.6 20.29 7021.56 1404.31 16.03
7 Agarfa 8165 1633 18.64 7797.27 1559.45 17.80
8 Agaro 7795 1559 17.80 6919.34 1383.87 15.80
9 Alaba Qulito 8498 1699.6 19.40 7387.49 147750 16.87
10 Alamat’A 8562 1712.4 19.55 7551.48 1510.30 17.24
11  Alem Ketema 8617 1723.4 19.67 7449.79 1489.96 17.01
12  Aleta Wendo 7540 1508 17.21 7312.40 1462.48 16.69
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Table 4.4 Continued

PVGIS PVWatt

| 5 S.¥ 3 S .%

No City 825 XE£. T8 25 <XET
=S5 928558 EI3 HEEE S

<ax 555X OCF % 55 0CF

13 Ankober 8550 1710 19.52 7676.78 1535.36 17.53
14  Asaita 8996 1799.2 20.54 7680.86 1536.17 17.54
15 Azezo 8113 1622.6 18.52 7263.25 1452.65 16.58
16 Baille 8922 1784.4 20.37 7964.08 1592.82 18.18
17 Bati 8965 1793 20.47 7789.32 1557.86 17.78
18 Bedele 8318 1663.6 18.99 6890.33 1378.07 15.73
19 Berhale 8904 1780.8 20.33 7553.67 1510.73 17.25
20 Bichena 8868 1773.6 20.25 7233.82 1446.76 16.52
21 Boditi 8083 1616.6 18.45 7360.05 1472.01 16.80
22 Bonga 6917 1383.4 15.79 6920.00 1384.00 15.80
23  Burie 8241 1648.2 18.82 7097.57 1419.51 16.20
24  Butajira 8532 1706.4 19.48 7642.96 1528.59 17.45
25 Chelenko 8471 1694.2 19.34 8307.67 1661.53 18.97
26  Chencha 6845 1369 15.63 7428.18 1485.64 16.96
27  Chiro 8147 1629.4 18.60 7669.91 1533.98 17.51
28 Dabat 8487 1697.4 19.38 7205.52 1441.10 16.45
29 Dalocha 8560 1712 19.54 7354.49 1470.90 16.79
30 Debre Markos 8240 1648 18.81 7146.59 1429.32 16.32
31 Debre Tabor 8137 1627.4 18.58 7713.25 1542.65 17.61
32 Debre Werk 8627 1725.4 19.70 7240.26 1448.05 16.53
33 Dejen 9025 1805 20.61 7295.77 1459.15 16.66
34  Delgi 8675 1735 19.81 7192.13 1438.43 16.42
35 Dembi 8091 1618.2 18.47 6921.54 1384.31 15.80
36 Deneba 8664 1732.8 19.78 6837.54 1367.51 15.61
37 Dhera 8864 1772.8 20.24 7675.75 1535.15 17.52
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Table 4.4 Continued

PVGIS PVWatt
o = o =

No City _ B Q;‘j% bg _ B Qf‘f% bg

S2z ST §5 SET £t §3

S22 252 §§F 522 2EE S8
38 Dil Yibza 8891 1778.2 20.30 7151.96 1430.39 16.33
39 Dinsho 7821 1564.2 17.86 7416.37 1483.27 16.93
40 Dodola 8525 1705 19.46 7427.52 1485.50 16.96
41  Durame 8182 1636.4 18.68 5862.86 1172.57 13.39
42  Fiche 8576 1715.2 19.58 7508.13 1501.63 17.14
43  Finote Selem 8398 1679.6 19.17 7142.26 1428.45 16.31
44  Gasera 8478 1695.6 19.36 7099.13 1419.83 16.21
45  Gelemso 8656 1731.2 19.76 7757.97 1551.59 17.71
46  Gewane 8966 1793.2 20.47 7822.23 1564.45 17.86
47  Ghimbi 7857 1571.4 17.94 6845.53 1369.11 15.63
48 Gidole 7470 1494 17.05 7420.34 1484.07 16.94
49 Goba 7527 1505.4 17.18 7780.04 1556.01 17.76
50 Gololcha 8930 1786 20.39 7869.95 1573.99  17.97
51 Gore 7487 1497.4 17.09 6883.89 1376.78 15.72
52  Gorgora 9072 1814.4 20.71 7246.30 1449.26 16.54
53 Goro 9099 1819.8 20.77 7902.23 1580.45 18.04
54 Gouder 8217 1643.4 18.76 7803.01 1560.60 17.82
55 Harbu 8612 1722.4 19.66 7326.64 1465.33 16.73
56 Haromaya 9115 1823 20.81 7977.05 1595.41 18.21
57 Hossa'ina 8466 1693.2 19.33 7348.10 1469.62 16.78
58 Humera 8700 1740 19.86 7190.71 1438.14 16.42
59  Huruta 8648 1729.6 19.74 7713.43 1542.69 17.61
60 Hyke 8648 1729.6 19.74 7832.43 1566.49 17.88
61 Injibara 7366 1473.2 16.82 7437.67 1487.53 16.98
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Table 4.4 Continued

PVGIS PVWatt
BT — BT —

3 ¥ & _& ¥z ¥

No City SET 5%z §§s S5T £%z €5
S>3 gE3 §% E>3 ZEZ §%E

<= o= OLWL = ne= 0Ou

62 Jinka 6914 13828 1579 701564 1403.13  16.02
63 Kemse 8644 17288  19.74  7679.30 153586  17.53
64 Konso 8255 1651 18.85 747441  1494.88  17.06
65 Lailibela 8605 1721 19.65 745054  1490.11  17.01
66 Logiya 8931 17862 2039 767218  1534.44  17.52
67 Maychw 8774 17548 2003  7428.14 148563  16.96
68 Mechara 4572 914.4 1044 461450 922.90  10.54
69  Meki 8992 17984 2053 611227 122245 13.95
70 Mendi 7766 1553.2  17.73 723483 144697 1652
71 Metehara 8890 1778 20.30  7679.74 153595  17.53
72 Metema 8513 1702.6  19.44  7249.28  1449.86  16.55
73 Metu 7671 15342 1751  6885.18 1377.04 1572
74 Mieso 8640 1728 190.73 788389 1576.78  18.00
75 Mille 8603 17206  19.64 761563 1523.13  17.39
76 Mojo 9111 18222 2080  7657.35  1531.47  17.48
77 Mota 8957 17914 2045  7398.76  1479.75  16.89
78  Moyale 7848 1569.6  17.92  6898.98 1379.80 15.75
79 Nejo 7740 1548 17.67 684577 1369.15  15.63
80 Nekemte 7702 15404 1758  5410.07 1083.81 12.37
81 Sekota 8926 17852 2038 714073 142815  16.30
82 Sendafa 8354 16708  19.07  7457.16  1491.43  17.03
83 Shakiso 7700 1540 17.58  7505.44  1501.09  17.14
84 Shambu 7726 15452 17.64  7198.85 1439.77  16.44
85 Sheno 7977 15954 1821  7628.58 152572  17.42
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Table 4.4 Continued

PVGIS PVWatt
S = S =

No City _ 3 0;7)_31: ag _ B 0;7)_31: ag
SET 5SSz 85 55T £S5z g8

$22 882 88 2% &E% g8

86  Shire 8750 1750 19.98 701854 140371  16.02
87 Sodo 8005 1601 18.28 7360.05 1472.01  16.80
88  Sokoru 8233 1646.6 18.80 6921.87 1384.37  15.80
89  Tefki 8803  1760.6  20.10  7497.74 149955  17.12
90 Tenta 9193 1838.6 20.99 7549.43 1509.89  17.24
91 TuluMilki 8671 17342  19.80  7326.47 146529  16.73
92 Weldiya 8554  1710.8 1953  7589.14  1517.83  17.33
93 Weliso 8377 16754 1913  7497.74 149955  17.12
94 Welkite 8467 16934 1933  6886.81  1377.36  15.72
95 Wereta 8897 17794 2031 734214 146843  16.76
96 Wonji 9069 1813.8 20.71 7682.80 1536.56  17.54
97 Wukro 9158  1831.6 2091 706412  1412.82  16.13
98 Yabelo 7977 1595.4 18.21 6833.56 1366.71  15.60
99 Yirgalem 7793  1558.6  17.79  7347.66  1469.53  16.78
100 Ziway 9058  1811.6  20.68  7637.18  1527.44  17.44
max 9193 1838.6 20.99 8307.67 1661.53  18.97

min 4572 914.4 1044 461450 92290  10.54
Average 83832 16766  19.14 731604 146321 16.70
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Figure 4.16: Annual energy generated using PVGIS and PVWatts in 20 locations
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Figure 4.17: Annual energy generated using PVGIS and PVWatts in 20 locations
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Figure 4.19: Annual energy generated using PVGIS and PVWatts in 20 locations
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Figure 4.20: Annual energy generated using PVGIS and PVWatts in 20 locations

D. Forth Scenario: 45 kW PV System

Energy generation data obtained using the online software PVGIS and PVWatts are tabu-
lated in Table 4.5 and presented in Figure 4.21 — 4.25. PVGIS showed that the annual energy
generation in the selected cities varied from 82740 to 61600 kwWh/m? and the average capac-
ity factor was 19.14%. The maximum energy generation ws recorded in Tenta city located
in south Ethiopia and the lowest energy generation was recorded in Chencha city located in
north Ethiopia. P\VWatt showed that the annual energy generation in the selected cities var-
ied from 74769.035 to 5721.568 kWh/m? and the average capacity factor was 16.61%. The
maximum energy generation was recorded in Dil Yibza city located in North Ethiopia and
the lowest energy generation was recorded in Nekemte city located in west Ethiopia.
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Table 4.5: Annual energy generated data in the selected 100 cities for 45kW system.

PVGIS PVWatt

No City > g Q = > g = =

si. e32 8% i exf 2%

£2% 23 5F fzz iz BB
1 Abiy Adi 81590 1813.111 20.70 63141.88 1403.15 16.02
2 Adaba 77770 1728.222 19.73 66793.57 1484.30 16.94
3 Addis Alem 70520 1567.111 17.89 67240.21 1494.23 17.06
4 Addis Zemen 80050 1778.889 20.31 66626.16 1480.58 16.90
5 Adet 81390 1808.667 20.65 67327.63 1496.17 17.08
6 Adwa 80000 1777.778 20.29 64885.26 1441.89 16.46
7 Agarfa 72110 1602.444 18.29 68851.00 1530.02 17.47
8 Agaro 70180 1559.556 17.80 62274.09 1383.87 15.80
9 Alaba 74380 1652.889 18.87 66277.12 1472.82 16.81
10 Alamat'a 77060 1712.444 19.55 67963.33 1510.30 17.24
11  Alem Ketema 77550 1723.333 19.67 67048.09 1489.96 17.01
12 Aleta Wondo 67870 1508.222 17.22 65811.63 1462.48 16.69
13  Ankober 76950 1710 19.52 69091.01 1535.36 17.53
14  Asaita 80970 1799.333 20.54 69127.73 1536.17 17.54
15 Azezo 73060 1623.556 18.53 65369.23 1452.65 16.58
16 Babile 74520 1656 18.90 69588.30 1546.41 17.65
17 Bati 80670 1792.667 20.46 70038.31 1556.41 17.77
18 Bedele 74870 1663.778 18.99 62012.97 1378.07 15.73
19 Berhale 80120 1780.444 20.32 68595.58 1524.35 17.40
20 Bichena 79800 1773.333 20.24 65104.35 1446.76 16.52
21 Boditi 72740 1616.444 18.45 66240.47 1472.01 16.80
22 Bonga 62260 1383.556 15.79 62280.02 1384.00 15.80
23 Burie 74160 1648 18.81 63878.14 1419.51 16.20
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Table 4.5 Continued

PVGIS PVWatt
T —

B . $3 8 _B £S5 ¥
No City §§§ %ng 85 g%g %Tg% 85

522 552 §F 2% ZEZ 8¢
24  Butajira 76790 1706.444 19.48 68786.59 1528.59 17.45
25  Chelenko 76230 1694 19.34 74769.03 1661.53 18.97
26  Chencha 61600 1368.889 15.63  66853.66 1485.64 16.96
27  Chiro 73320 1629.333 18.60 71156.44 1581.25 18.05
28  Dabat 76370  1697.111 19.37 64849.65 1441.10 16.45
29 Dalocha 77040 1712 19.54 66190.45 1470.90 16.79
30 Debre Markos 74170 1648.222 18.82 64319.30 1429.32 16.32
31 Debre Tabor 73220 1627.111 18.57 69419.26 1542.65 17.61
32 Debre Werk 61700 1371.111 15.65 67467.98 1499.29 17.12
33 Dejen 81230 1805.111 20.61 5836.62  129.70 1.48
34  Delgi 78070 1734.889 19.80 64729.15 1438.43 16.42
35 Dembi 72800 1617.778 18.47 62293.83 1384.31 15.80
36 Deneba 76290 1695.333 19.35  67028.78 1489.53 17.00
37 Dhera 79800 1773.333 20.24 69081.77 1535.15 17.52
38 Dil Yibza 79990 1777.556 20.29 572157 127.15 1.45
39 Dinsho 70400 1564.444 17.86 66747.33 1483.27 16.93
40 Dodola 76730 1705.111 19.46 66847.64 1485.50 16.96
41  Durame 79630 1769.556 20.20 65957.22 1465.72 16.73
42  Fiche 77190 1715.333 19.58 67573.14 1501.63 17.14
43  Finote Selam 75600 1680 19.18 64280.34 1428.45 16.31
44 Gasera 79260 1761.333 20.11 69193.06 1537.62 17.55
45  Gelemso 77910 1731.333 19.76 69821.72 155159 17.71
46  Gewane 80680 1792.889 20.47 70400.03 1564.45 17.86
47  Ghimbi 70710 1571.333 17.94 61609.80 1369.11 15.63
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Table 4.5 Continued

PVGIS PVWatt
o = S =

No City _ 3 Qg_%l ag _ B Qg_%l ag

S8z €35 55 Ifz £3: §s

$22 882 §8 523 2EE §E
48  Gidole 67220 1493.778 17.05 66783.11 1484.07  16.94
49  Goba 67730 1505111 17.18  70020.32 1556.01  17.76
50 Gololcha 80330 1785.111 20.38  70829.55 1573.99  17.97
51  Gore 67370 1497.111 17.09 6195499 1376.78  15.72
52  Gorgora 81660 1814.667 20.72  65216.75 1449.26  16.54
53  Goro 81910 1820.222 20.78  71120.11 1580.45  18.04
54 Gouder 73960 1643.556 18.76  70227.09 1560.60  17.82
55  Harbu 75770  1683.778 19.22 6513515 1447.45  16.52
56 Haromaya 82010 1822.444 20.80  71793.46 159541 1821
57  Hossaina 76210 1693.556 19.33  66132.94 1469.62  16.78
58  Humera 78280 1739.556 19.86  64716.38 1438.14  16.42
59 Huruta 77850 1730 19.75  69420.84 154269  17.61
60 Hyke 77830 1729.556 19.74  70491.89 1566.49  17.88
61 Injibara 66300 1473.333 16.82  66938.98 1487.53  16.98
62 Jinka 62250 1383.333 1579  63140.75 1403.13  16.02
63 Kemse 77810 1729111 19.74  69113.74 153586  17.53
64  Konso 74280 1650.667 18.84  69507.64 1544.61  17.63
65 Laibela 77430 1720.667 19.64  67054.86 1490.11  17.01
66 Logiya 80390 1786.444 20.39  69049.63 1534.44  17.52
67 Maychew 78960 1754.667 20.03 66853.26 1485.63  16.96
68 Mechara 68610 1524.667 17.40  69217.54 1538.17  17.56
69  Meki 80910 1798 2053  68763.06 1528.07 17.44
70 Mendi 69890 1553.111 17.73  65113.46 1446.97  16.52
71 Metehara 80010 1778 2030  69117.61 153595  17.53
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Table 4.5 Continued

PVGIS PVWatt
T — T —

No City > . E g’ >§ > E § >§

58T $3z 85 EfT $3D &

£25 5EX §f 223 &E% §F
73 Metu 69040 1634.222 1751 61966.65 1377.04 15.72
74 Mieso 77780 1728.444  19.73  70955.03 1576.78  18.00
75 Mille 77420 1720.444  19.64 68540.68 1523.13 17.39
76 Mojo 81990 1822 20.80 68936.27 1531.92  17.49
7 Mota 79080 1757333 20.06 66098.05 1468.85 16.77
78 Moyale 70650 1570 1792  62090.86 1379.80 15.75
79 Nejo 69690 1548.667 17.68 6161192 1369.15 15.63
80 Nekemte 70460 1565.778 17.87 61267.83 1361.51 15.54
81 sekota 79870 1774.889 20.26  64152.69 1425.62 16.27
82 Sendafa 75180 1670.667 19.07 67114.48 1491.43 17.03
83 Shakiso 69290 15639.778 17.58 67548.95 1501.09 17.14
84 shambu 69530 1545111 17.64 64789.65 1439.77 16.44
85 Sheno 71800 1595556  18.21 68657.27 1525.72  17.42
86  Shire 79860 1774.667 20.26 6304596 1401.02  15.99
87 Sodo 72830 1618.444 18.48 66369.43 1474.88 16.84
88 Sokoru 69970 1554.889 17.75 61950.20 1376.67 15.72
89 Tefki 76690 1704.222 1945 67534.45 1500.77 17.13
90 Tenta 82740 1838.667 20.99 67944.87 1509.89  17.24
91 Tulu Milki 78920 1753.778  20.02  65323.75 1451.64  16.57
92 Weldiya 76980 1710.667 19.53 68302.24 1517.83  17.33
93 Weliso 74380 1652.889 18.87 67486.81 1499.71 17.12
94  Welkite 76180 1692.889 19.33 61981.25 1377.36 15.72
95  Wereta 79990 1777556  20.29 65688.18 1459.74  16.66
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Table 4.5 Continued

PVGIS PVWatt

T — T —
5 52 & _3 3 LE
_ TCE—= 3= 5= TLS—= E3= T=
<ot omwss O <asdt oss Ouw
96 Wonji 81610 1813.556 20.70  69145.19 1536.56  17.54
97 Wukro 81740 1816.444 20.74  63820.88 1418.24  16.19
98 Yabelo 71790  1595.333 18.21  61502.02 1366.71  15.60
99 Yirga Alem 68790 1528.667 17.45  64964.96 1443.67  16.48
100 Ziway 81530 1811.778 20.68  68734.59 1527.44  17.44
max 82740 1838.667 20.99  74769.03 1661.53  18.97
min 61600 1368.889 15.63 5721.57  127.15 1.45

Average 75447  1676.6 19.14  65469.82 145488 16.61
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Figure 4.21: Annual energy generated using PVGIS and PVWatts in 20 locations
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Figure 4.23: Annual energy generated using PVGIS and PVWatts in 20 locations
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Figure 4.24: Annual energy generated using PVGIS and PVWatts in 20 locations
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Figure 4.25: Annual energy generated using PVGIS and PVWatts in 20 locations
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4.3 Performance Comparison of PVGIS and PVWatt

PVGIS software provides the maximum annual output compared to PVWatt. The value of
capacity factor and performance ratio for PVGIS are significantly much higher than PV Watt.
Table 4.2 shows the maximum energy output, capacity factor, and solar irradiation for each
scenario. Comparing the two simulation software PVGIS is found to be the most widley used
and effective tool. PVGIS is able to perform various analyzes.

Table 4.6: Average results of performance parameters for PVGIS and PV Watt

Average Annual PV Average Capacity Average Annual
Scenario Energy [kWh] Factor [%0] Solar
Irradiation [KWh/m?]
PVGIS PVWatt PVGIS PVWatt PVGIS PVWatt
1kW 1686.579  1479.20 19.25 16.89
3kW 5059.95 4446.97 18.96 16.80 < S
[e0] o]
5kW 8383.2 7316.04 19.14 16.70 S Y
N —
45kW 75447 65469.82 19.14 16.61

4.4 Solar Energy Potential and Radiation Characteristics

Primary Climate Spectacles that governs solar power generation were presented in the Figure
4.26. It can be realized that PVOUT of the country ranges between 1500 and 2000
kWh/kWp, the maximum values detected in the east of Tigray, east Amara, central and east
of Oromiya and north Somali regions. GHI, GTI and DNI of the country ranges between
1900 and 2700 Kwh/m? and 1200 and 2300 kWh/ m? respectively, the highest values rec-
orded in Somali, Afar, Tigray, Amhara and east Oromiya regions. DIF of the country ranges
between 800 and 1000 Kwh/m?, the highest values recorded in Afar, Gambela, SNNP, west
Ambhara and south Oromiya regions. Air Temperature of the country ranges between 12 and
32 °C, the highest values recorded in Afar, Gambela, east Oromiya and Somali regions.
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Figure 4.26: Ethiopia's long-term average solar resource
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4.5 Financial Analysis

RETScreen expert software was implemented to evaluate the economic viability of the pro-
posed systems. The first three scenarios were for roof-parallel house hold. These scenarios
were classified based on the living standard or income of the household. This study classified

as low, medium and high income level.

A. First Scenario: 1kW system
Table 4.6 illustrated the results of equity payback period, energy production cost, electricity
exported to grid and daily solar radiation tilted for 1 kW household rooftop solar PV system
for all selected cities. The average energy production cost for 1 kW system was 0.08$/kWh.
Energy production cost for Tenta city where annual energy generation was recorded maxi-
mum costs 0.067$/kWh and Chencha city where annual energy generation was minimum
costs 0.071$/kWh. The equity payback period for both location was 5 years.

Table 4.7: Economic analysis results for 1kW system

Daily Solar Electricity  Equity  Energy
Radiation Exported to Payback Production
Titled grid [Yr] Cost

No City [KWh/m?/d] [MWh] [$/kWh]

1 Abiy Adi 6.23 1.794 5 0.065

2 Adaba 5.56 1.636 5 0.08

3 Addis Alem 5.03 1.478 6 0.079

4 Addis Zemen 6.30 181 4 0.065

5 Adet 6.07 1.733 5 0.068

6 Adwa 6.08 1.751 5 0.067

7 Agarfa 5.80 1.695 5 0.069

8 Agaro 5.34 1.555 6 0.075

9 Alaba 5.77 1.675 6 0.07

10 Alamat'a 6.18 1.753 5 0.067
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Table 4.7 Continued

Daily Solar Electricity  Equity  Energy
Radiation Exported to Payback Production
Titled grid [Yr] Cost
No City [KWh/m?/d] [MWh] [$/kwh]
11 Alem Ketema 6.00 1.721 5 0.068
12 Aleta Wonde 5.85 1.683 5 0.07
13 Ankober 6.00 1.722 5 0.068
14 Asaita 6.15 1.688 5 0.069
15 Azezo 6.11 1.601 6 0.073
16 Babile 6.15 1.754 6 0.067
17 Bati 5.99 1.678 5 0.07
18 Bedele 5.66 1.645 5 0.071
19 Berhale 6.20 1.785 5 0.066
20 Bichena 6.15 1.767 5 0.066
21 Boditi 5.76 1.672 5 0.07
22 Bonga 5.33 1.553 6 0.075
23 Burie 6.04 1.73 5 0.068
24 Butajira 5.79 1.679 5 0.07
25 Chelenko 6.14 1.735 5 0.068
26 Chencha 5.75 1.644 5 0.071
27 Chiro 6.17 1.738 5 0.067
28 Dabat 6.33 1.779 5 0.066
29 Dalocha 5.78 1.678 5 0.07
30 Debre Markos 6.09 1.748 5 0.67
31 Debre Tabor 6.24 1.795 5 0.065
32 Debre Werk 6.17 1.771 5 0.066
33 Dejen 6.17 1.772 5 0.066
34 Delgi 6.29 1.778 5 0.066
35 Dembi 5.66 1.645 5 0.071
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Table 4.7 Continued

Daily Solar Electricity  Equity  Energy

Radiation Exported to Payback Production

Titled grid [Yr] Cost
No City [KWh/m?/d] [MWh] [$/kWh]
36 Deneba 5.75 1.668 5 0.07
37 Dhera 6.14 1.764 5 0.066
38 Dil Yibza 6.14 1.736 5 0.067
39 Dinsho 5.57 1.638 5 0.072
40 Dodola 5.55 1.634 5 0.072
41 Durame 5.90 1.7 6 0.069
42 Fiche 6.18 1.786 5 0.066
43 Finote Selam 6.05 1.733 5 0.068
44 Gasera 5.88 1.678 5 0.07
45 Gelemso 6.11 1.738 5 0.067
46 Gewane 6.06 1.674 5 0.07
47 Ghimbi 5.68 1.628 5 0.072
48 Gidole 5.79 1.64 6 0.071
49 Goba 5.56 1.635 5 0.072
50 Gololcha 6.09 1.734 5 0.068
51 Gore 5.52 1.597 6 0.073
52 Gorgora 6.29 1.778 5 0.066
53 Goro 5.95 1.699 5 0.069
54 Gouder 5.97 1.729 5 0.068
55 Harbu 6.06 1.629 5 0.072
56 Haromaya 6.06 1.705 5 0.069
57 Hossaina 577 1.675 5 0.07
58 Humera 6.33 1.749 5 0.067
59 Huruta 6.13 1.763 5 0.066
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Table 4.7 Continued

Daily Solar Electricity  Equity  Energy

Radiation Exported to Payback Production

Titled grid [Yr] Cost
No City [KWh/m?/d] [MWh] [$/kWh]
60 Hyke 6.13 1.74 5 0.067
61 Injibara 6.01 1.723 5 0.068
62 Jinka 5.81 1.631 5 0.072
63 Kemse 6.27 1.801 5 0.065
64 Konso 5.79 1.642 5 0.071
65 Lalibela 6.15 1.746 5 0.067
66 Logiya 6.16 1.691 5 0.069
67 Maychew 6.16 1.748 5 0.067
68 Mechara 6.11 1.736 5 0.067
69 Meki 5.85 1.708 5 0.069
70 Mendi 5.77 1.618 6 0.072
71 Metehara 6.15 1.767 6 0.066
72 Metema 6.26 1.726 5 0.068
73 Metu 5.52 1.597 6 0.073
74 Mieso 6.15 1.735 5 0.068
75 Mille 6.01 1.682 5 0.07
76 Mojo 6.14 1.763 5 0.066
77 Mota 6.12 1.748 5 0.067
78 Moyale 5.38 1.534 6 0.076
79 Nejo 5.69 1.63 5 0.072
80 Nekemte 6.02 1.723 5 0.068
81 sekota 6.17 1.752 5 0.067
82 Sendafa 5.07 1.488 6 0.079
83 Shakiso 5.67 1.636 5 0.072
84 Shambu 6.03 1.727 5 0.068
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Table 4.7 Continued

Daily Solar Electricity  Equity  Energy
Radiation Exported to Payback Production
Titled grid [Yr] Cost
No City [KWh/m?/d]  [MWh] [$/kWh]
85 Sheno 5.94 1.704 5 0.069
86 Shire 6.29 1.768 5 0.066
87 Sodo 5.85 1.709 5 0.069
88 Sokoru 5.78 1.677 5 0.07
89 Tefki 5.07 1.489 6 0.079
90 Tenta 6.17 1.759 5 0.067
91 Tulu Milki 6.16 1.77 5 0.066
92 Weldiya 6.17 1.752 5 0.067
93 Weliso 5.99 1.733 5 0.068
94 Welkite 5.99 1.732 5 0.068
95 Wereta 6.14 1.754 5 0.067
96 Wonji 6.12 1.757 5 0.067
97 Wukro 6.26 1.801 4 0.065
98 Yabelo 5.77 1.646 5 0.071
99 Yirga Alem 5.86 1.685 5 0.07
100 Ziway 5.84 1.707 5 0.076
Max 6.33 1.81 6.00 0.67
Min 5.03 1.48 4.00 0.07
Average 5.95 1.70 5.13 0.08
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B. Second Scenario: 3kW System

Table 4.7 illustrates the results of equity payback period, energy production cost, electricity
exported to grid and daily solar radiation tilted for 3 kW household rooftop solar PV system
for all selected cities. The average energy production cost for 3 kW system is 0.063$/kWh.
Energy production cost for Tenta city where annual energy generation is recorded maximum
costs 0.061$/kWh and Chencha city where annual energy generation is minimum costs

0.065%/kWh and the equity payback period is 4 and 5 years respectively.

Table 4.8: Economic analysis results for 3kW system

Daily Solar  Electricity  Equity  Energy
Radiation Exported to Payback Production
Titled grid [Yr] Cost
No City [kWh/m?/d] [MWh] [$/kwh]
1 Abiy Adi 6.23 5.367 4 0.060
2 Adaba 5.56 4.908 5 0.066
3 Addis Alem 5.03 4.433 6 0.073
4 Addis Zemen 6.30 5.429 4 0.059
5 Adet 6.07 5.200 4 0.062
6 Adwa 6.08 5.252 4 0.061
7 Agarfa 5.80 5.086 4 0.063
8 Agaro 5.34 4.666 5 0.069
9 Alaba 5.77 5.025 4 0.064
10 Alamat'a 6.18 5.258 4 0.061
11 Alem Ketema 6.00 5.163 4 0.062
12 Aleta Wonde 5.85 5.050 4 0.064
13 Ankober 6.00 5.167 4 0.062
14 Asaita 6.15 5.064 4 0.064
15 Azezo 6.11 5.338 4 0.060
16 Babile 6.15 5.261 4 0.061
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Table 4.8 Continued

Daily Solar  Electricity  Equity  Energy

Raduation Exported to Payback Production

Titled grid [Yr] Cost
No City [KWh/m?/d]  [MWHh] [$/kWh]
17 Bati 5.99 5.035 4 0.064
18 Bedele 5.66 4.935 5 0.065
19 Berhale 6.20 5.354 4 0.060
20 Bichena 6.15 5.302 4 0.061
21 Boditi 5.76 5.016 4 0.064
22 Bonga 5.33 4.658 5 0.069
23 Burie 6.04 5.190 4 0.062
24 Butajira 5.79 5.026 4 0.064
25 Chelenko 6.14 5.253 4 0.061
26 Chencha 5.75 4.993 5 0.065
27 Chiro 6.17 5.213 4 0.062
28 Dabat 6.33 5.338 4 0.060
29 Dalocha 5.78 5.035 4 0.064
30 Debre Markos  6.09 5.244 4 0.061
31 Debre Tabor 6.24 5.384 4 0.060
32 Debre Werk 6.17 5.312 4 0.061
33 Dejen 6.17 5.315 4 0.061
34 Delgi 6.29 5.334 4 0.060
35 Dembi 5.66 4.934 5 0.065
36 Deneba 5.75 5.004 5 0.064
37 Dhera 6.14 5.292 4 0.061
38 Dil Yibza 6.14 5.394 4 0.060
39 Dinsho 5.57 4,914 5 0.066
40 Dodola 5.55 4.902 5 0.066
41 Durame 5.90 5.101 4 0.063
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Table 4.8 Continued

Daily Solar  Electricity  Equity  Energy

Radiation Exported to Payback Production

Titled grid [Yr] Cost
No City [kWh/m?/d]  [MWh] [$/kWh]
42 Fiche 6.18 5.358 4 0.060
43 Finote Selam 6.05 5.199 4 0.062
44 Gasera 5.88 5.035 4 0.064
45 Gelemso 6.11 5.213 4 0.062
46 Gewane 6.06 5.021 4 0.064
47 Ghimbi 5.68 4.884 5 0.066
48 Gidole 5.79 4.920 5 0.065
49 Goba 5.56 4.906 4 0.066
50 Gololcha 6.09 5.202 4 0.062
51 Gore 5.52 4.791 5 0.067
52 Gorgora 6.29 5.333 4 0.060
53 Goro 5.95 5.098 4 0.063
54 Gouder 5.97 5.188 4 0.062
55 Harbu 6.06 5.092 4 0.063
56 Haromaya 6.06 5.116 4 0.063
57 Hossaina 577 5.025 4 0.064
58 Humera 6.33 5.246 4 0.061
59 Huruta 6.13 5.288 4 0.061
60 Hyke 6.13 5.221 4 0.062
61 Injibara 6.01 5.163 4 0.062
62 Jinka 5.81 4.894 5 0.066
63 Kemse 6.27 5.030 4 0.060
64 Konso 5.79 4.926 5 0.065
65 Lalibela 6.15 5.237 4 0.062
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Table 4.8 Continued

Daily Solar  Electricity  Equity  Energy

Radiation Exported to Payback Production

Titled grid [Yr] Cost
No City [kWh/m?/d]  [MWh] [$/kWh]
66 Logiya 6.16 5.074 4 0.063
67 Maychew 6.16 5.243 4 0.061
68 Mechara 6.11 5.209 4 0.062
69 Meki 5.85 5.125 4 0.063
70 Mendi 5.77 4.853 5 0.066
71 Metehara 6.15 5.300 4 0.061
72 Metema 6.26 5.177 4 0.062
73 Metu 5.52 4.792 5 0.067
74 Mieso 6.15 5.206 4 0.062
75 Mille 6.01 5.065 4 0.064
76 Mojo 6.14 5.290 4 0.061
77 Mota 6.12 5.244 4 0.061
78 Moyale 5.38 4.601 5 0.070
79 Nejo 5.69 4.890 5 0.066
80 Nekemte 6.02 5.168 4 0.062
81 sekota 6.17 5.251 4 0.061
82 Sendafa 5.07 4.465 5 0.072
83 Shakiso 5.67 4.907 5 0.066
84 Shambu 6.03 5.181 4 0.062
85 Sheno 5.94 5.112 4 0.063
86 Shire 6.29 5.303 4 0.061
87 Sodo 5.85 5.126 4 0.063
88 Sokoru 5.78 5.030 4 0.064
89 Tefki 5.07 4.468 5 0.072
90 Tenta 6.17 5.277 4 0.061
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Table 4.8 Continued

Daily Solar  Electricity  Equity  Energy
Radiation Exported to Payback Production
Titled grid [Yr] Cost
No City [kWh/m?/d]  [MWh] [$/kWh]
91 Tulu Milki 6.16 5.310 4 0.061
92 Weldiya 6.17 5.255 4 0.061
93 Weliso 5.99 5.200 4 0.062
94 Welkite 5.99 5.197 4 0.062
95 Wereta 6.14 5.262 4 0.061
96 Wonji 6.12 5.291 4 0.061
97 Woukro 6.26 5.403 4 0.060
98 Yabelo 5.77 4.936 5 0.065
99 Yirga Alem 5.86 5.054 4 0.064
100 Ziway 5.84 5.122 4 0.063
max 6.33 5.43 6.00 0.073
min 5.03 4.43 4.00 0.059
Average 5.95 5.11 4.24 0.063

C. Third Scenario: 5kW system

Table 4.8 illustrates the results of equity payback period, energy production cost, electricity
exported to grid and daily solar radiation tilted for 5 kW household rooftop solar PV system
for all selected cities. The average energy production cost for 5 kW system was 0.066$/kWh.
Energy production cost for Tenta city where annual energy generation was recorded maxi-
mum costs 0.063%/kWh and Chencha city where annual energy generation was minimum

costs 0.064%/kWh. The equity payback period was 4 and 6 years respectively.
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Table 4.9: Economic analysis results for 5kW system

Daily Solar  Electricity  Equity  Energy
Radiation Exported to Payback Production
Titled grid [Yr] Cost
No City [kWh/m?/d] [MWHh] [$/kwh]
1 Abiy Adi 6.23 8.946 4 0.062
2 Adaba 5.56 8.181 5 0.068
3 Addis Alem 5.03 7.389 6 0.075
4 Addis Zemen 6.30 9.049 4 0.061
5 Adet 6.07 8.667 4 0.064
6 Adwa 6.08 8.753 4 0.064
7 Agarfa 5.80 8.477 5 0.066
8 Agaro 5.34 7.077 5 0.072
9 Alaba 5.77 8.375 5 0.066
10 Alamat'a 6.18 8.764 4 0.063
11 Alem Ketema 6.00 8.606 5 0.065
12 Aleta Wonde 5.85 8.416 5 0.066
13 Ankober 6.00 8.612 5 0.065
14 Asaita 6.15 8.441 5 0.066
15 Azezo 6.11 8.896 4 0.063
16 Babile 6.15 8.769 4 0.063
17 Bati 5.99 8.388 5 0.066
18 Bedele 5.66 8.224 5 0.068
19 Berhale 6.20 8.923 4 0.062
20 Bichena 6.15 8.836 4 0.063
21 Boditi 5.76 8.36 5 0.067
22 Bonga 5.33 7.45 6 0.075
23 Burie 6.04 8.651 5 0.064
24 Butajira 5.79 8.394 5 0.066
25 Chelenko 6.14 8.755 4 0.064
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Table 4.9 Continued

Daily Solar  Electricity = Equity  Energy

Radiation Exported to Payback Production

Titled grid [Yr] Cost
No City [kWh/m?/d] [MWHh] [$/kWh]
26 Chencha 5.75 8.221 5 0.068
27 Chiro 6.17 8.689 4 0.064
28 Dabat 6.33 8.896 4 0.063
29 Dalocha 5.78 8.392 5 0.066
30 Debre Markos 6.09 8.74 4 0.064
31 Debre Tabor 6.24 8.973 4 0.062
32 Debre Werk 6.17 8.853 4 0.063
33 Dejen 6.17 8.859 4 0.063
34 Delgi 6.29 8.891 4 0.063
35 Dembi 5.66 8.221 5 0.068
36 Deneba 5.75 8.34 5 0.067
37 Dhera 6.14 8.766 4 0.063
38 Dil Yibza 6.14 8.678 4 0.064
39 Dinsho 5.57 8.191 5 0.068
40 Dodola 5.55 8.17 5 0.068
41 Durame 5.90 8.502 5 0.065
42 Fiche 6.18 8.931 4 0.062
43 Finote Selam 6.05 8.666 4 0.064
44 Gasera 5.88 8.392 5 0.066
45 Gelemso 6.11 8.689 4 0.064
46 Gewane 6.06 8364 5 0.067
47 Ghimbi 5.68 8.141 5 0.068
48 Gidole 5.79 8.2 5 0.068
49 Goba 5.56 8.177 5 0.068
50 Gololcha 6.09 8.67 4 0.064
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Table 4.9 Continued

Daily Solar Electricity Equity Energy

Radiation Exported to Payback Production

Titled grid [MWh]  [YTr] Cost
No City [KWh/m?/d] [$/kWh]
51 Gore 5.52 7.985 5 0.07
52 Gorgora 6.29 8.888 4 0.063
53 Goro 5.95 8.496 5 0.065
54 Gouder 5.97 8.646 5 0.064
55 Harbu 6.06 8.487 5 0.066
56 Haromaya 6.06 8.526 5 0.065
57 Hossaina 577 8.375 5 0.066
58 Humera 6.33 8.743 4 0.064
59 Huruta 6.13 8.814 4 0.063
60 Hyke 6.13 8.701 4 0.064
61 Injibara 6.01 8.605 5 0.065
62 Jinka 5.81 8.157 5 0.068
63 Kemse 6.27 9.004 4 0.069
64 Konso 5.79 8.21 5 0.068
65 Lalibela 6.15 8.729 4 0.064
66 Logiya 6.16 8.457 5 0.066
67 Maychew 6.16 8.738 4 0.064
68 Mechara 6.11 8.681 4 0.064
69 Meki 5.85 8.542 5 0.065
70 Mendi 5.77 8.088 5 0.069
71 Metehara 6.15 8.834 4 0.063
72 Metema 6.26 8.628 5 0.064
73 Metu 5.52 7.986 5 0.07
74 Mieso 6.15 8.677 4 0.064
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Table 4.9 Continued

Daily Solar  Electricity Equity  Energy

Radiation Exported to Payback Production

Titled grid [MWh]  [Yr] Cost
No City [KWh/m?/d] [$/kWh]
75 Mille 6.01 8.441 5 0.066
76 Mojo 6.14 8.817 4 0.063
77 Mota 6.12 8.74 4 0.064
78 Moyale 5.38 7.668 6 0.073
79 Nejo 5.69 8.15 5 0.068
80 Nekemte 6.02 8.614 5 0.065
81 sekota 6.17 8.759 4 0.064
82 Sendafa 5.07 7.441 6 0.075
83 Shakiso 5.67 8.178 5 0.068
84 Shambu 6.03 8.634 5 0.064
85 Sheno 5.94 8.52 5 0.065
86 Shire 6.29 8.839 4 0.063
87 Sodo 5.85 8.357 5 0.067
88 Sokoru 5.78 8.384 5 0.066
89 Tefki 5.07 7.446 6 0.075
90 Tenta 6.17 8.795 4 0.063
91 Tulu Milki 6.16 8.85 5 0.063
92 Weldiya 6.17 8.758 4 0.064
93 Weliso 5.99 8.667 4 0.064
94 Welkite 5.99 8.662 5 0.064
95 Wereta 6.14 8.769 5 0.063
96 Wonji 6.12 8.995 4 0.062
97 Wukro 6.26 9.004 4 0.062
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Table 4.9 Continued

Daily Solar  Electricity Equity Energy
Radiation Exported to  Payback Production
Titled grid [MWh]  [YT] Cost
No City [KWh/m?/d] [$/kwh]
98 Yabelo 5.77 8.229 5 0.068
99 Yirga Alem  5.86 8.423 5 0.066
100 Ziway 5.84 8.537 5 0.065
101 max 6.33 8364.00 6.00 0.075
min 5.03 7.39 4.00 0.061
Average 5.95 92.07 4.63 0.066

D. Fourth Scenario: 45kW system
Table 4.9 illustrates the results of equity payback period, energy production cost, electricity
exported to grid and daily solar radiation tilted for 45 kW solar farm PV system for all se-
lected cities. The average energy production cost for 45 kW system is 0.186$/kWh. Energy
production cost for Tenta city where annual energy generation is recorded maximum costs
0.15$/kWh and Chencha city where annual energy generation is minimum costs
0.161$/kWh. The equity payback period is 17 and 18 years respectively.
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Table 4.10: Economic analysis results for 45kW system

Daily Solar  Electricity Equity Energy
Radiation Exported to Payback Production

Titled grid [Yr] Cost
No City [KWh/m?/d] [MWh] [$/kwh]
1 Abiy Adi 6.22 80.512 17 0.148
2 Adaba 5.56 73.625 18 0.162
3 Addis Alem 5.03 66.499 19 0.179
4 Addis Zemen 6.30 81.442 17 0.146
5  Adet 6.07 78.003 17 0.153
6 Adwa 6.08 78.774 17 0.151
7 Agarfa 5.80 76.295 17 0.156
8 Agaro 5.34 69.996 18 0.17
9  Alaba 5.77 75.359 17 0.158
10 Alamat'a 6.18 78.872 17 0.151
11 Alem Ketema 6.00 77.451 17 0.154
12 Aleta Wonde 5.86 75.746 17 0.157
13 Ankober 6.00 77.507 17 0.154
14  Asaita 6.17 75.967 17 0.157
15 Azezo 6.30 80.065 17 0.149
16 Babile 6.15 78.92 18 0.159
17 Bati 5.99 75.519 17 0.158
18 Bedele 5.66 74.018 18 0.161
19 Berhale 6.20 80.305 17 0.148
20 Bichena 6.15 79.525 17 0.151
21 Boditi 5.76 75.243 18 0.158
22 Bonga 5.33 69.866 18 0.17
23  Burie 6.04 77.856 17 0.153
24  Butajira 5.79 75.347 18 0.158
25 Chelenko 6.14 78.07 17 0.152
26  Chencha 5.75 73.993 18 0.161
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Table 4.10 Continued

Daily Solar  Electricity Equity Energy

Radiation Exported to Payback  Production

Titled grid [Yr] Cost
No City [kWh/m?/d] [MWHh] [$/kWh]
27 Chiro 6.17 78.2 17 0.152
28 Dabat 6.33 80.066 17 0.149
29 Dalocha 5.78 75.527 17 0.158
30 Debre Markos  6.09 78.66 17 0.154
31 Debre Tabor 6.24 80.76 17 0.147
32 Debre Werk 6.05 79.542 17 0.15
33 Dejen 6.17 79.729 17 0.149
34 Delgi 6.29 80.015 17 0.149
35 Dembi 5.66 74.007 18 0.161
36 Deneba 5.77 75.328 17 0.158
37 Dhera 6.14 79.379 17 0.15
38 Dil Yibza 6.16 78.102 17 0.152
39 Dinsho 5.57 73.713 18 0.161
40 Dodola 5.55 73.532 18 0.162
41 Durame 5.89 76.456 17 0.156
42 Fiche 6.18 80.376 17 0.148
43 Finote Selam 6.05 77.99 17 0.151
44 Gasera 6.00 77.057 17 0.154
45 Gelemso 6.11 78.199 17 0.152
46 Gewane 6.06 75.321 18 0.158
47 Ghimbi 5.68 73.26 18 0.162
48 Gidole 5.79 73.799 18 0.161
49 Goba 5.56 73.596 18 0.162
50 Gololcha 6.09 78.033 17 0.153
51 Gore 5.52 71.864 18 0.166
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Table 4.10 Continued

Daily Solar  Electricity Equity Energy

Radiation Exported to Payback Production

Titled grid [Yr] Cost
No City [kWh/m?/d] [MWh] [$/kWh]
52 Gorgora 6.29 79.992 17 0.149
53 Goro 5.95 76.466 18 0.156
54 Gouder 6.21 79.146 17 0.15
55 Harbu 6.06 76.392 17 0.155
56 Haromaya 6.06 76.735 18 0.155
S7 Hossaina 5.77 75.377 18 0.158
58 Humera 6.33 78.676 17 0.151
59 Huruta 6.13 79.322 17 0.15
60 Hyke 6.13 78.312 17 0.152
61 Injibara 6.01 77.445 17 0.154
62 Jinka 5.81 73.412 18 3.162
63 Kemse 6.27 81.037 17 0.147
64 Konso 5.79 73.89 18 0.161
65 Lalibela 6.15 78.559 17 0.152
66  Logiya 6.16 76.112 17 0.156
67 Maychew 6.16 78.642 17 0.151
68 Mechara 6.11 78.13 17 0.152
69 Meki 5.85 76.882 17 0.155
70 Mendi 5.77 72.796 18 0.164
71 Metehara 6.15 79.502 17 0.155
72 Metema 6.26 77.649 17 0.153
73 Metu 5.52 71.878 18 0.166
74 Mieso 6.15 78.097 17 0.152
75 Mille 6.03 75.969 17 0.157
76 Mojo 6.14 79.351 17 0.15

77 Mota 6.13 78.749 17 0.151
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Table 4.10 Continued

Daily Solar  Electricity Equity Energy
Radiation Exported Payback Production
Titled to [Yr] Cost
No City [KWh/m?/d] grid [MWAh] [$/kWh]
78 Moyale 5.38 69.008 19 0.172
79 Nejo 5.69 73.349 18 0.162
80 Nekemte 6.03 76.764 17 0.155
81 sekota 6.20 79.194 17 0.15
82 Sendafa 5.07 66.968 19 0.178
83 Shakiso 5.67 73.601 18 0.162
84 Shambu 6.05 77.853 17 0.153
85 Sheno 5.94 76.676 17 0.153
86 Shire 6.32 79.918 17 0.149
87 Sodo 5.84 76.744 17 0.159
88 Sokoru 5.78 75.478 17 0.158
89 Tefki 5.08 67.082 19 0.177
90 Tenta 6.14 79.156 17 0.15
91 Tulu Milki 6.16 79.626 17 0.149
92 Weldiya 6.17 78.822 17 0.151
93 Weliso 6.00 78.072 17 0.152
94 Welkite 5.99 77.958 17 0.153
95 Wereta 6.15 79 17 0.146
96 Wonji 6.14 79.365 17 0.15
97 Wukro 6.27 81.163 17 0.147
98 Yabelo 5.77 74.06 18 0.161
99 Yirga Alem 5.87 75.925 17 0.157
100 Ziway 5.84 76.829 17 0.155
max 6.33 81.44 19.00 3.16
min 5.03 66.50 17.00 0.15
Average 5.95 76.68 17.34 0.186
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The greater number of inhabitants in Ethiopia still remains an electrified residing in the rural
part of the country. Households in this rural area uses kerosene and solid fuels as the primary
energy source facing the indoor air pollution which is the cause for environmental and health
risk that lead to premature death. The shift towards clean energy sources is paramount to
improve the quality and life standard of the community. In this study three scenarios;1kW,
3kW and 5kW on grid connected rooftop PV system for household and one scenario on a 45
kW solar farm PV power generation potential of 100 selected locations throughout Ethiopia
were examined. Three simulation software namely; PVGIS, PVWatt and RETScreen were
applied for the evaluation of PV potential throughout the country. PVGIS and PVWatt are
web based simulation softwares. Based on the simulation results the capacity actor obtained
by PVGIS is much high greater than PVVWatt. Since PVGIS software gives better capacity
factor it is recommended for the PV energy assessment. RETScreen Expert simulation soft-
ware is a renewable energy software developed by natural resource Canada. These simula-
tion software was used for financial analysis of the scenarios considered in all cities. Solar
radiation potential with in the country is very high ranging from 1730 to 2481 kWh/m?. From
PVGIS Asaita, located in Afar region and Chelenko located in Oromiya region were cities
found to have the maximum and minimum solar irradiation potential. Economic feasibility
study was considered for each scenario in each city. The average annual energy production
cost is 0.167$/kWh and a maximum payback period of the roof-parallel systems was 6 year
while for a 45kW system the average cost was 0.186%/kWh and a maximum payback period

of 18 years.
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Application of the proposed systems improve human wealth, reduce environmental and
health risks arise from household air pollution, reduce the expenditure on kerosene, improve
the access to electric supply, improve electricity generation capacity, improve development
towards renewable energy. The findings of this research will help government and actors

participating in the rural energy development sector. The financial evaluation shows the sys-
tem is economically feasible.
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5.2 Recommendations

Applying feed in tariff law within the country will improve the investors interest of investing
on rural energy development market. The financial growth of the population is very essential
in improving solar energy technology adoption and increasing the installed capacity. Ethio-
pian rural electrification program must appreciate and support researches based on alterna-
tive energy adoption and assessment. Further studies for all districts will give the country
and the government to implement cost effective and generate high capacity of electricity.
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