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ABSTRACT

The tendency to use renewable energy resourcegrbas continuously over the past
few decades, be it due to fear over warnings obalovarming or because of the
depletion and short life of fossil fuels or even agesult of the interest which has
developed among researchers doing scientific relsearto it. This work can be
considered as joining any of these groups withlgaative of supplying drinking water to

the society living in rural areas of the country.

The aim of this research is to study the Viabitfysolar/wind and hybrid water pumping
system to remotely located communities detachenh fitme main grid line in Ethiopia.
Three regions of Ethiopia selected for the stutigre solar and wind energy potential
determined based on the data of National Metreol8gyices Agency (NMSA) and
NASA satellite data. The regions are Tigray, Amhamd Oromia. In addition, for hybrid
water pumping system Afar region included. Gengyatl this study four geographically

different regions considered for standalone seVard and hybrid water pumping system.

One potential site selected from each regions @arsphotovoltaic water pumping
system. From Amhara region Siadeberand Wayu siie avi latitude 9°46' N, longitude
39°40' E and altitude 3009 m a.s.l; from Oromiaaegvolmera site with latitude 9°13'
N, longitude 38°39' E and altitude 2400 m a.s.| fach Tigray region Enderta site with
latitude 13°48' N, longitude 39°55' E and altit2@47 m a.s.l. PVsyst 5.56 software used
to study the feasibility of solar photovoltaic wapgimping system. The designed system
is capable of providing a daily average of 10.%nd 6.5 n¥day for 700, 467 and 433
people in Siadberand Wayu, Wolmera and Enderta s@igpectivelyAverage radiation
determined from the data used as an input for soé&Whe output of the simulation of
solar photovoltaic water pumping expressed in serrof annual water delivered ,
missing water, excess ( unused) PV energy, anstemyefficiency during the year (
performance ratio) and economic analysis expresBgdjlobal investment, yearly cost
and cost of water pumped.
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Similarly, one potential site selected from eachiars for wind power water pumping
system. From Amhara region Siadeberand Wayu siie av latitude 9°46' N, longitude
39°40' E and altitude 2625 m a.s.l; from Oromiaaegddami Tulu Site with latitude
7°52' N, longitude 38°42' E and altitude 1665 mi arsd from Tigray region East Enderta
site with latitude 13°42' N, longitude 39°37' E afittude 1926 m a.s.l. The design results
show that a 5.7 m diameter windmill is required farmping water from borehole
through a total head of 75, 66 and 44 m for Siyeae Wayu, Adami Tulu and East
Enderta to meet the daily water demand of 10, 11&nn7, respectively.

MATLAB software was used for simulation of the perhance of the selected wind
pump and the result showed that monthly water digghis proportional to the monthly
average wind speed at the peak monthly dischar@®ft in June,888 rhin May and
1203 n? in March for Siyadberand Wayu , Adami Tulu andasEEnderta sites,
respectively. An economic comparison was carriety batween windmill and diesel
water pumping system using LCC (life cycle cos@lgsis method and the results show

that windmill water pumping systems more feasibEntDiesel systems.

In this research, a hybrid (solar/wind) water pumgpsystem capable of supplying 26 m
of water per day for 1000 people with average daiiter consumption of 20 liter per
person at a total head of 50, 75 and 100 m has thesigned. The feasibility study of
hybrid water pumping system was carried out bycselg four sites from three different

administration regions. Atsbi site from Tigray re@gi Awash Fentale site From Afar,
Borena and Adami Tulu site from Oromia region. Thgstem consists of two

technologies: wind pump and solar pump. The MATL#dtware was used to study the

feasibility of hybrid water pumping system for thelected sites.

Comparison of unit cost of water shows that StayalPV and Windmill system are

economically optimal compared to the hybrid system.
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NOMENCLATURE

At Area of Rotor [rf]

Ay Annualized Life Cycle Cost

Cod Design Power Coefficient of the Wind Rotor

Cy Annualized Capital Cost

Cx Present Worth of Replacement at Year K

ds Days of constant water supply

Dp Diameter of Pump [m]

Dy Diameter of pipe [m]

D, Diameter of Wind Rotor [m]

D Discount Rate

Ep Energy Density [KW/rf]

Es Total energy available in the spectra

E Energy available for the unit area of the rotor

f Friction factor

f(v) Cumulative distribution function

F(v) Probability density function

g Gravitational acceleration

hy Total friction head losses

H Total Head [m]

I Interest Rate

K Sum of loss coefficient of the pipe, valve andrigs

Ko Constant to Define the starting behavior of Pigeomps

Lp Length of pipe

My Yearly Operating and Maintenance Cost of the IhiGapital
Cost C

n Number of wind data

N Life Time Period

Np Total number of beneficiaries
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I:)wind

Phyd

Qp
Qvp
Qp

Ra
Ry«

VFmax

VEmax

Per capital water consumptions

Specific wind power [W/r]

Hydraulic power required [watt]

Volume flow rate

Total water demand per day

Instantaneous discharge of the system

Discharge expected from the system installed aivangsite,
over a given period

Reference area of the rotor

Cost of Replacement of a System Component at Year K
Present worth of All Replacement, Incurred durihg tife
Time N

Storage tank capacity fin

Time Period in Hours

Wind stream velocity [m/s]

Cut-Out Wind Speed [m/s]

Cut-In Wind Speed [m/s]

Average Wind Speed [m/s]

Design Wind Speed [m/s]

The most frequent wind velocity [m/s]

The velocity contributing the maximum energy [m/s]

GREEK SYMBOLS

S QD2 P D M N
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Sun declination anglg[

Emissivity [-]

Zenith anlge]]

Density of air [kg/m]

Density of water [kg/rf]

Stefan Boltzmann constant [W7r{"]

Latitude of locatior]]
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Gs

Mean sunrise hour angf[

ABBREVIATIONS

AC Alternative Current

AAIT Addis Ababa Institute of Technology
AAU Addis Ababa University

ADB Africa Development Bank

AWF Africa Water Facility

BDCM Brushless Direct Current Motor
CcC Capital Cost

CRF Capital Recovery Factor

DC Direct Current

DP Diesel Pump

DPS Diesel Pumping System

EC Energy Cost

FE Fuel Escalation Rate

GOE Government of Ethiopia

GEF Global Environmental Facility
HAWT Horizontal Axis Wind Turbine
LCC Life Cycle Cost

MC Maintenance Cost

MDG Millennium Development Goal
MPP Maximum Power Point

M&R Maintenance and Replacement
NMSA National Metreology Services Agency
O&M Operation and Maintenance Cost
PDF Probability density function

PV Photovoltaic

PWF Present Worth Factor

RC Replacement Cost

Misrak G.

XVii



Viability of Solar/Wind and Hybrid Water Pumpings&m for Off-Grid Rural Areas in Ethiopia

R&D Research and Development

RWSSP Rural Water Supply and Sanitation Programm
SC Salvage Cost

SPV Solar Photovoltaic

UAP Universal Access Program

uv Ultra Violate

VAWT Vertical Axis Wind Turbine

WECS Wind Energy Conversion System

WHO World Health Organization

WP Windmill pump

WPS Wind Pumping System

Misrak G. XViii



Viability of Solar/Wind and Hybrid Water Pumpings&m for Off-Grid Rural Areas in Ethiopia

CHAPTER ONE

INTRODUCTION

Water is the primary source of life for mankind amee of the most basic necessities for
rural development. Many people in the world stitk access to basic water and energy
services. According to WHO and UNICEF report in 20dround 768 million people
remain without access to an improved source of wartel 2.5 billion people remain
without access to improved sanitation [1]. The ladkpotable water is an issue of

developing countries including Ethiopia.

In Ethiopia, 85% of the population live in rurakas and 15% lives in urban. According
to the Growth and Transformation Plan (2010), thekihg water supply coverage is

65.8% (91.5% urban and 62% rural) [2]. While thbes been significant progress in
recent years, there are still close to 30 millidhi@pians who lack access to safe and
reliable sources of drinking water [2]. Becausdhod reason, in Ethiopia 46% of under-
five-year’s children die related to waterborne deses [3].

In developing countries like Ethiopia, generallymmosed of several villages sparsely
located and with different topography, it is venyfidult to extend the electric grid to
every location where it is required. In some arefshe country the traditional water
pumping systems powered by diesel or gasoline esdiave been used for long time, but
fuel cost escalation, transportation problem, lawk skilled personnel makes the
conventional water pumping system unreliable anmkegive for rural communities. Now
a days, different researches have been carriedlloaxter the world and their results show
that, renewable energies are the best alternatneegg sources to replace the fossil

energy.

Renewable energy water pumping systems are nowgamgeon the market and are
rapidly becoming more attractive than the tradaiopower sources. These technologies,
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powered by renewable energy sources (solar and)wamd especially useful in remote
locations where a steady fuel supply is problemetit skilled maintenance personnel are

scarce.

Although traditional windmills have been used taryuwater for centuries, small wind
turbines are especially appealing because theyedoncated further from the borehole,
where the wind is strongest. Because these turlsaesdirectly produce alternating
current (AC) power, they lend themselves to appbcs such as lighting and other
infrastructure services when water does not nedx foumped. Similarly, PV technology
converts the sun’s energy into electricity throwgactromagnetic means when the PV
module (array) is exposed to sunlight. PV produtiesct current (DC) power, and an
inverter can be used to convert DC power to AC pow¥ is especially suitable for
water pumping because energy need not be storeddbtr pumping. Instead, water can
be stored to supply water at night. Currently, igof PV and wind (with or without
backup generators) are more promising for supplvingiterrupted power because they
work independently of each other. Such systems atoreguire each component to be

oversized.

The Government of Ethiopia (GOE) with the collaltmma of Chinese government
prepared solar and wind master plan for the wholetry, which can be very useful to
identify the gross amount and distribution conditad wind and solar energy resources in
the country. Based on the analysis of this madger fhe country has a capacity of 1,350
GW (>7m/s) wind energy potential. And in most areashe country, there is a low and
medium wind energy potential (> 2.8 m/s), which &enapplicable for water pumping
[4]. Ethiopia has huge potential for solar energgduse it is located near to the equator

with annual total solar energy reserve of 2.19%anilTWh/annum [4].

Ethiopia has not used its renewable energy ressuasecompared to other African
countries which have a potential of renewable gneryis is due to economical problem

as well as local private investors who are notredted to participate in this area. In
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addition to this, initial investment and lack ofdwiedge are basic problems to spread the
renewable energy technology in the country.

However, now a days, different rural water supplgjgcts are going on in the country.
One of the projects among these is the Rural Watgply and Sanitation Program
(RWSSP) that the government has implemented in ,2008er the Universal Access
Program (UAP), funded by the ADB and other dondisis Rural Water Supply and
Sanitation Program cover 120 Woredas in all nirggores and the cost of the program
estimated to be 180,370,000 EURO.

In this research, the feasibility of standaloneasaind wind water pumping in rural areas
of the country is investigated by selecting onesptél site from three different regions

of the country. The regions are Amhara, Oromia aigglay. And the metrological data

collected to determine whether a solar or wind pggystem is the best one to use for
the selected site. After evaluating the energy smuappropriate technology is used to
design and simulate the system. In addition, tlabilrty of the hybrid system also takes
place by selecting four different solar and windepdial site in the country.

1.1 Background

In Ethiopia, access to electric services is onlyuld 7%, most rural areas do not have the
opportunity to use grid electricity to drive the tetlapumps, and have instead relied on
diesel and petrol driven generators to provide powgesel/petrol pumps have many
drawbacks such as high running and maintenances,costeliable supply of fuel, and

poor availability of spare parts.

Under suitable conditions wind and solar based pagnpffer several advantages such as
low running costs and minimal environmental impaein diesel/petrol pumps. While the
upfront investment on solar or wind energy basetémsupply schemes is higher than for
conventional systems, the financial costs on adifele basis are often more favorable
since the much lower running costs due to the alrfies supply of energy offsets the

incremental initial investment cost. Maintenancsts®f solar systems are low, since the
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photovoltaic cells have been proven to be verybddi in practice. As such the operation

and maintenance costs can easily be covered bymaaaity.

The overall impact of solar and wind based pumpgiygiems is very positive on both the
local and global environment. Comparing to a diésesled schemes, the amount of fossil
fuels to be displaced by using solar and wind gnérgacts the environment positively,
with significant reductions in greenhouse gas (& €quivalent) and acid air emissions
(as SQ equivalent). Solar or wind systems have little ateg impact on the
environment. Wind turbines do pose a modest rigkirils and noise created due to wind
rotors, and care has to be taken that the windrtesbare not be located too close to

residential areas or the habitat of endemic rackdpecies.

However, the use of solar and wind technologiesnatewithout challenges. Because of
their peculiarities, solar and wind systems requgigecial design considerations that may
differ from more conventional systems. Solar-baseater pumping system design
requires accurate data on such matters as theablailesource, the water demand and
well characteristics so that they can be desigseaarecisely as possible with the smallest
possible allowance in power due to the expensipialacosts of the photovoltaic cells,
which is currently about €5-7 per watt peak . Adlytke intermittent availability of solar
energy requires the construction of sizable storagervoirs. Wind resources availability
is also highly variable and often unpredictableerBifiore constructing large reservoirs to

store the water pumped during periods of wind awdity for later use is necessary.

For solar and wind technologies to gain widespraackptance by the communities and
supporting structures, it is necessary to creagengressary awareness and demonstrate
the operation of these systems in real life sitiatiThere is also a need to encourage
participation of the local private sector in thegly of equipment, spare parts and after
sales services. However, without a critical massinstalled systems, solar or wind
technologies will likely suffer from weak supply aihs and a lack of private sector
capacity for maintenance. Consequently, sustaiiyalilould remain low despite their

many advantages.
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1.2 Statement of the Problem

In Ethiopia, there are many water pumping systeat #ne currently used in rural areas

including engine driven pump, manual powered pumgd generator driven pump.

However, there are inconveniences associated hatbetsystems as follows:

1

Due to the steady increase in the price of fuelther past few years, most of these
systems have become expensive leading to an imcreathe price of water for
drinking water supply.

The engine driven, generator driven and manual psadvpump have more moving
parts. And most of these systems require high reaarice and running cost.

There is low grid power coverage in the countrgréfore grid powered pump cannot
be used in most of the parts in the country. Tao@wv®e the inconveniences, there is
a need to design and construct a solar and wineépmlwvater pumping system.

Due to lack of water supply peoples living in ruaadas always forced to make a long
journey to bring water for drinking, food preparimgashing clothes ... etc. and this
causes suffering and time wastage especially fenevoand children’s.

In the country the local private sector does natigpate in energy production and
distribution, equipment supply, spare parts anerafiales services. The energy
production and distribution sector is under thetemrof the government.

1.3 Objective of the Research

The general objective of the research is to sthéyiability of solar photovoltaic, wind

and hybrid (solar/wind) water pumping system fomatareas of the country.

The specific objectives of the research are:

1. To collect the solar radiation and wind speed datathe selected sites from
national Metreology service agency.

2. To evaluate solar and wind energy resource foisdlected sites and based on the
result the appropriate technology will be selected.

3. To design the solar photovoltaic, windmill and hglwater pumping system

4. To simulate the solar photovoltaic water pumpipstesm using PVsyst software
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5. To simulate the wind and hybrid water pumping systsing MATLAB software.
6. To study the economic feasibility and reliabildysolar photovoltaic, windmill and

hybrid system as compare to diesel powered watapmg system

1.4 Significance of the Project

This research has an advantage to develop suswinatter supply system at lower
financial, economic, environmental and social costan with fossil fuel powered
pumping systems to remotely located areas in Eidhio@/ater is very crucial for
population growth, national development and impdbegiality of life so, this can be
achieved in rural areas by supplying adequate wiiterugh solar or wind powered
pumping system. Solar/wind water pumping infrastree functioning at selected

locations shall benefit a lot of people.

In addition to this, the research has economicdl emvironmental advantages; because
renewable energy sources are freely available angtammentally friendly. Renewable
energy sources have negligible greenhouse gasaahdrcdioxide emission; this means it

has less contribution to air pollution.

In general the research outcomes will have thevofig benefits:

* This project helps to promote the use of solar wimdl (Renewable Energy) for
water pumping in rural areas of Ethiopia.

* To increase demand for solar/wind technologies feok-users and stakeholders.

» Solar/wind pumping technology systematically coasedl as options in design of
water pumping systems and implemented when feasible

* Local market can be initiated to provide supplyesfuipment and after sales
services including spare parts.

* Awareness shall be created to use renewable emetgynly for water pumping

but also for other purposes in developing country.
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1.5 Limitation of the Study

This study is limited to investigating the feagdiyilof solar photovoltaic, wind and hybrid
water pumping system for rural areas applicatiorthiopia. There was the following

limitation during this research work:

1. There are no metrological stations in remote acéabe country. Therefore, the
solar radiation and wind speed data’s are colletted the nearby stations.

2. To minimize the overall operational and maintenacwst of the system, the stand
alone photovoltaic water pumping system is desigmigdout considering MPPT
methods and batteries for energy storage.

3. Due to financial problem we are not able to collesid solar radiation and wind
speed data for long period of time in the selesttd

4. The capital cost of the system is high, therefeeeare not able to implement and

take an experimental data of the system.

1.6 Originality

There is very little activity in the field of Hylliwater pumping system for rural areas in
the country. To our knowledge, the feasibility stuaf hybrid water pumping system
using solar and wind energy only has not be donfasaHence, the work presented in

this research is a new innovation in the field ygbitd water pumping system in Ethiopia.
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CHAPTER TWO

RESEARCH METHODOL OGY

This chapter gives an overview of the methodolog@spted to achieve the general and
specific objectives of the research outlined in pinevious chapter. The methodology
includes data collection, determination of solad annd energy potential, designing and

simulation of the proposed system and financialysmausing LCC methods.

The data was collected from National Metrology Smy Agency (NMSA) and NASA

satellite web-site. PVsyst Software is used foigieand simulation of solar photovoltaic
water pumping system. In this project, MATLAB pragr also develop for design and
simulation of wind and hybrid water pumping systdo@C method implemented for

financial analysis of solar, wind and hybrid wagbemping system.

2.1 Data Collection and Estimating of Energy Potential

The data was collected from National Metreologyw®eis Agency (NMSA) and NASA
web-site. The Monthly average global solar radratand monthly average wind speed
was determined from NASA satellite web-site basedtloe latitude, longitude and
elevation of the location. There are no metroldgstations in most remote areas of the
country. Therefore, the sunshine hour and wind dpisa’s of the selected sites are
collected from the nearby stations. And the weknewn Angstrom equation used to
determine the daily global solar radiation on hontal surface from the collected
sunshine hours. The Weibull distribution in windgiree analysis depends on the
accuracy in estimating k and C. For the preciseutation of k and C, adequate wind
data, collected over shorter time intervals aremssl. But the available wind speed data
was in the form of daily average wind speed. Thaeefin this paper, the Rayleigh
distribution, the simplified case of the Weibull d& can be used by approximating K as
2.
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2.2 Design and Simulation

2.2.1 Design and Simulation of Solar Photovoltaic Water Pumping System

The design and simulation of SPV water pumping esysttonducted using PVsyst

software. During the design and simulation proa#sSPV system, it is assumed that the
solar panels are not shaded with free horizon hadimulations are performed based on
the maximum possible annual water demand. The pamdpsolar panels selected from
the PVsyst software database to meet the maximwgsilde annual demands. However,
based on available solar irradiation data for ttessit is assumed that missing water will
be up to 5%.

2.2.2 Design and Simulation of Windmill Water Pumping System

The design of wind water pumping system includesftilowing steps. Water demand,
total dynamic head, hydraulic power, wind powerntgse, design month and sizing of

wind pump.

In this research, MATLAB program was written foretlsimulation of windmill water
pumping system, based on different equations givgMathew, 2006], to determine the
performance of wind driven piston pump. The ingaebus and integrated discharge of
the system with respect to monthly average wincedpsan be determined as given in
[Mathew, 2006] using Eq. 5.21 & 5.22 respectively.

2.2.3 Design and Simulation of Hybrid Water Pumping System

The design of hybrid water pumping system (sizihgadar and wind pump) carried out
using analytical method like the design of wind evghumping system. In this research,
the hybrid system consist one submersible pumpoaedpiston pump which is directly
mounted on the well. Both pumps are placed togetimeter the water. MATLAB
program is used for simulation of hybrid systeme ™ATLAB program developed to
determine the monthly average discharge of ther golanp, wind pump and also the

cumulative discharge of the two pumps.
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2.3 Financial Analysis

There are several methods for determining the @i@hranalysis of the system. In this
research, LCC method used to make the financialysisa Annualized capital cost,
maintenance and operation cost, replacement cabtcast of mi of water pumped

analyzed in this paper. In addition, comparisolcadt of pumping water between diesel,

wind, solar and hybrid water pumping system alskedaplace using LCC method.
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CHAPTER THREE

LITERATURE REVIEW

3.1 Country Background

Ethiopia is a large landlocked country consistifignme regional states and two city
administrations. The terrain is geographically dsee ranging from mountainous
highlands to tropical forests. It is the second imugpulous country in Sub-Saharan
Africa, with a steadily growing population of 91.ilon (2012). It is a mainly rural
country with only 17% of the population living imhan areas. Christianity and Islam are
the main religions, and there are more than 80i@timoups and 90 languages [5].

Table 3-1 Statistical data for Ethiopia

Total population (2012) 91,729,000
Gross national income per capita (PPP internatina0n12) 1,110

Life expectancy at birth m/f (years, 2012) 62/65
Probability of dying under five (per 1000 live Ihist 2012) 68

Probability of dying between 15 and 60 years m/éer(@d000| 250/212
population, 2012)

Total expenditure on health per capita (Intl $,201 44
Total expenditure on health as % of GDP (2012) 3.8

Source: Statistical data for Ethiopia, 2012

Ethiopia is well known as being unique among othfican countries for its historical
background. Ethiopia is the only African countrysioe Liberia that retained its
sovereignty as a recognized independent countrg, veas one of only four African
members of the League of Nations. Ethiopia is bedlédy Somalia and Djibouti to the
East, Sudan and South Sudan to the West, Eritribee tdorth and Kenya to the South.
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Figure 3-1 Map of Ethiopia and boarder countries

The climate in Ethiopia varies according to thdetént topographical regions with three
climate zones classified according to elevatiomels: Dega (Cool zone), Woina Dega

(Subtropical zone) and Kolla (Tropical zone).

Ethiopia’s economy is highly exposed to climateiafaifity and extremes. Agriculture
forms the basis of the economy supporting roug@864sDP and 85% employment [6].
The agricultural sector suffers from poor cultieatipractices and frequent drought which
is attributed to many factors. The agriculture risnarily rain-fed, means that production

is sensitive to fluctuations in the climate.

Ethiopia ranked 173 in the 2014 Human Developmedex [7], is one of the least
developed countries in the world with a gross matidncome (GNI) per capita of 470
USD[8], with approximately 40% of its population Itbe the poverty line. This

development status makes the country more vulnetaltlimate variability and change.
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Economic Development and energy demand interactcanelolve together over time.
But, there is a large disparity between modern gghetemands across the country

between relatively poor and rich households.

The energy use per capita was about 16 GigaJould &Bd the primary energy
consumption was 1.3 ExaJoule (EJ) [9]. The majaritthe energy needs of Ethiopia
arise from natural resources. Households accoun88&o of total energy consumption,
industry 4%, transport 3% and services and oth#r$1®] . The rural people exclusively
use traditional sources for household cooking, @hiban centers utilize a good portion

of modern energy sources such as electricity.

3.2 Renewable Energy in Ethiopia

Climate variations always have had impacts ondifd livelihoods in Ethiopia. Droughts,
and, to a lesser extent, floods have been freqaemthave exposed millions to hunger
and displacement. The energy system of Ethiopiaulgerable to climate variations
because the major sources of energy supply, bioggrend hydropower, both depend
directly on the climate. Diversity of supply is tkey to addressing these problems, by
substituting with indigenous and alternative Rern@de@nergy sources.

The indigenous Renewable energy sources of Ethmpiaist of hydro, wind, geothermal
and solar with some fossil resources in naturalagascoal. Currently, the country relies
heavily on a limited set of renewable, energy maifnbm hydropower for electricity

generation. Ethiopia has yet to develop its othemdRvable sources in significant scale.

Even though the main energy supply is from bion{ase form of Renewable energy),
the level of its use is disparate with limited a$@®ther resources. In general, the biomass
use in Ethiopia has not been sustainable: accoringcent study, in more than two-

thirds of districts biomass uses surpass sustanaélds [11].
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3.3 Solar Energy Potential of Ethiopia

Solar energy is the most abundant permanent esexrgge on earth and it is available for
use in its direct or indirect form. The sun emitemy at a rate of 3.8 x {kw. Of this

total, only a tiny fraction, approximately 1.8 x'{®&W is reaching the earth, which is
located 150 million km from the sun. About 60% bistamount reaches the surface of
the earth with the remaining portion reflected bacto space and absorbed by the

atmosphere.

In this research, the need to study the proposéat ghotovoltaic and hybrid water
pumping system requires a clear insight regardiegavailability of solar energy, i.e.,
instantaneous fluxes of global, diffuse and morecHally direct (beam) radiation.
Nevertheless, for the purpose of engineering deaigh simulation of solar and hybrid
water pumping system, knowing the average montbilgrgadiation of specific locations

is sufficient to meet the scope of the study.

For Ethiopia as a whole, the yearly average daitijation is 5.26 kWh / fn This varies
significantly during the year, ranging from a minim of 4.55 kWh / rhin July to a
maximum of 5.55 kWh/fmin February and March. On a regional basis, tharlye
average radiation ranges from values as low as KV@&nt in the areas of Itang in the
Gambella regional state (western Ethiopia), toigh s 6.25 kWh/maround Adigrat in
the Tigray regional state (northern Ethiopia) [21].

Recently, the HYDROCHINA CORPORATION has studied 8olar energy potential of
Ethiopia, and the map shown in figure 3-2 indidatgtribution of average solar radiation
in Ethiopia for 30 - year Period (MJfjnfrom (1980-2009).
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Average Solar Radiation of Ethiopia for 30-year Period (1980-2009)
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Figure 3-2 Distribution of average solar radiation in Ethiapor 30 - year period
(MJ/n), from (1980-2009)

3.3.1 Solar Energy (Basic Related Theory)

The appropriate design of many solar energy deviegaires a detailed knowledge of
global and diffuse radiation availability. Althoudghere are several world maps of solar
radiation, they are not detailed enough to be dgethe determination of available solar
energy on small areas. These circumstances hawgpped the development of analytical
procedures to provide radiation estimates for aveaere measurements are not carried

out and for stations when gaps in the measuremeentds occurred.

Several empirical models have been adopted to leddcglobal solar radiation using
climatic parameters. These parameters includeatxtestrial radiation, sunshine hours,
mean temperature, maximum temperature, soil terperaelative humidity, number of

rainy days, altitude, latitude, total precipitatiazioudiness and evaporation. The most
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commonly used parameter for estimating global sodaliation is sunshine duration,

which is easily measured and widely available data.

It is well known that most developing countries it have properly recorded radiation
data. What usually available is sunshine duratiata.dSolar radiation data is the best
source of information for estimating the solar gygootential of a certain location, which

is necessary for the proper design of a solar gnargversion system.

3.3.1.1 Global Irradiation on Horizontal Surface

The simplest model used to estimate monthly avedadly global solar radiation on
horizontal surface is the modified form of the Amgm type equation given in Equation
3.1 (Duffie and Beckman, 1991).

ﬁ:H_O[a+ b(ﬂn (3.1)
N
Where:
H = the monthly average daily global radiationa horizontal surface,
H, = the monthly average daily extraterrestaaliation on a horizontal surface,
n = the monthly average daily hours of brigishine,
N = the monthly average day length and, a andebempirical regression

coefficients.

The monthly average daily extraterrestrial radmtom a horizontal surfacEe can be

computed from the following equation.

— o4x 360n i+ 2
H, = ”sc[1+o,033coE 365“HX[ cog cas S‘mer( 185j o Sﬁ 2

Where: .= 1367 W/, the solar constant,
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B = the number of days of the year starting frorstfllanuary,
¢ =the latitude of location,
0 =the sun declination angle,

ws = the mean sunrise hour angle

The declination anglé and the mean sunrise hour angle can be compusied the

following equations (Duffie and Beckman, 1991).

5 =23.45si] 36¢n, + 28}t / 36} (3.3)
w, =cos™ (- tanp tamw) (3.4)

For a given month, the maximum possible sunshimatiun (monthly average day length

N) can be computed using the following Equation:
(3.5)

Different correlations were developed by differeegéearchers to estimate the regression
coefficients a and b of Angstrom type equationgaedicting monthly mean daily global

solar radiation on horizontal surface.
A more general correlation is suggested Gopinatl#) to express the regression

coefficients in terms of latitude, elevation, aretqent of possible sunshine duration to be

applied to any location around the world. Gopinathas given the following equation:

a=-0.309+ 0.539cog - 0.06%3+ o.2sl5\lb (3.6)
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b=1.527- 1.027cog + 0.926- 03% (3.7)

The accuracy of the estimated Global radiation databe tested by calculating the mean

percentage error which is defined as [13]:

H. -H .
MPE= Z |,m(|a_a|sured Jcalcxlooln (38)

i,measured

Where: Heae is the T calculated value and;Kean is the " measured value and n is the
number of observations. The sign of the errorseiglected and the percentage error is
added up to calculate the mean.

3.3.1.2 Global Irradiation on an Inclined Surface

A non-partitioned model (model requiring only glblsmlar radiation) to estimate the
global solar radiation on inclined surfaces is jsgd by few of authors. Olmo et al.
(1999) developed a model to estimate the globatliance (@) on inclined surface from

the corresponding Global radiation | collected oorizontal surface and based on

clearness index using the following relation [14]:
|, =1y F, (3.9)

Whereo is a function that converts the horizontal glaladiation to that incident on a

tilted surface and is given as [15]:
w, =exp| -k (6°-6.)] (3.10)

Where:0 and6z (in radians) are the incidence and solar zemitlles, respectively, and

kt is the hourly clearness index.
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The multiplying factor Fc which is proposed by Olrioal. (1999), to take in to account

anisotropic reflections from ground is given asf14]
. ,( 8
F, :1+,03|n2£5j (3.11)

3.4 Wind Energy Potential of Ethiopia

Ethiopia also has exploitable reserve of 10,000 MiMvind energy, with an average

speed of 3.5 — 5.5 m/s, 6 hours/day [4]. Small ®willages, farms and other scattered
loads in remote areas provide ideal situationshickvelectricity generation from wind is

convenient compared to conventional diesel gerarair grid connection. The available

information identifies two basic zones with homogens periodicity separated by the rift
valley. In the first of these, covering most of thighland plateaus, there are two well-
defined wind speed maximals occurring, respectivelgtween March and May and

between September and November, according to ¢ocaln the second zone, covering
most of the Ogaden and the eastern lowlands, avexagl velocity reaches maximum

values between May and August [4]. Figure 3-3 sholes average wind speed of

Ethiopia at 50 and 10m height, (2000-2009).
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Figure 3-3 Distribution of average wind speed in Ethiopideight 50 and 10 m
respectively (2000-2009)
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3.4.1 Wind Energy (Basics Related Theory)

The calculation procedures for determining the poavailable in the wind can be found
in many standard text books on wind power. Theofalhg basic relationships can be
found, for example, in (Gasch R. and Twele J. 200@ywell J.F. 2002, Gipe P. 1999).
The energy the wind transfers to the rotor of adaturbine is proportional to the density
of the air, the rotor area, and the cube of thedvgipeed.

1
P, = 3 pAWV?3 (3.12)

Where: R: Power in the wind (W)p: Density of the air (at normal atmospheric pressur
and at 18 Celsius air weights some 1.225 kilograms per coigter), A: Rotor area (th
V: the wind speed (m/s)

It is to be noted that the mean wind speed shootde simply inserted into Eq. 3.12, as
this will give an erroneous result because of # that the mean of the cubes of wind
velocities will almost always be greater than tbhbecof the mean wind speed. The most
accurate estimate for wind power density is theegiby Eq. 3.13.

I
S S
A

%Z (b, v) (3.13)

= | g

Where n is the number of wind speed readingsppadd vj are the jth readings of the air

density and wind speeHor a known pressure and temperature:

p=—= (3.14)

Where: Pr is air pressure (Pa) and R is the spegifs constant (287 J/kg K) and T is air

temperature ifiK. For the available temperature data:
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_ 8z 3.15
p_RTEXP( RT) (3-15)
Where: Po is standard sea level atmospheric pe$30d.,325 Pa), g is the gravitational
constant (9.8 mf; and Z is the region's elevation (m) [Oklahoma@Wpower, 2008].
If pressure and temperature data is not availdab& following correlation may be used

for estimating the density [Oklahoma Wind powerQ2p
p=1225—(1.194%107*) X Z (3.16)

3.4.2 Energy Output

A Weibull distribution graph is usually used to deise wind variation over a certain
period of time at a particular site. The mean wspeéed can be obtained by summing up
the products of each wind speed interval and thbalility of getting that wind speed.
The Weibull probability density function (PDF) isvgn by equation Eq.3-17 [Manwell,
2002].

K=-1

(W -5() xew|-()] (3:17)

Where: V = the wind speed, K = a constant knowrslespe factor, as the value of K
increases the curve will have a sharper peak, Geabke parameter in m/s; the larger the
scale parameter, the more spread out the distibulihe area under the curve is always

unity. The power density can in this case be esqme by Eq.3.18.

P o1, .
—=>) pxVixg (3.18)
i=1
Where Vj is the median velocity in class j anddfjthe frequency of occurrence in the

same class. For k = 2 the Weibull PDF is commomgwn as the Rayleigh density
function in which case Eq. 3-17 may be rewrittermasg.3-19

Misrak G. 21



Viability of Solar/Wind and Hybrid Water Pumpings&m for Off-Grid Rural Areas in Ethiopia

2V
CE

f(U) = — x exp[-(V)] (3.19)

3.5 History of Wind, Solar and Hybrid Energy Usein Ethiopia

Nationwide renewable energy resource assessmenbdes conducted three times in

Ethiopia. The first was the wind and solar resousssessment finished by CESEN-
ANSALDO in 1980s, and the second was the wind alar £nergy resource assessment
finished by SWERA in 2007. And the last was theas@nd wind energy resource

assessment by the Chinese HYDROCHINA Corporatioistied in 2012 [4].

The government of Ethiopia with the collaboratidrChinese government prepared solar
and wind master plan for the whole country, whiem de very useful to identify the
gross amount and distribution condition of wind @othr energy resources, construction

conditions, cost and other limiting factors of wiad solar power generation projects.

As we have seen in the previous section Ethiopgadwd potential in solar and wind
energy. But unfortunately these resources did mpto& well for the past many years.
However, the government of Ethiopia planned to tiigerenewable energy potential of
the country to achieve the millennium developmeralgTherefore, now a day, there are

different projects running on renewable energyhm ¢ountry.

Currently, Ethiopia plans 800 MW of wind power. &g dry season is also the windy
season, wind power is a good complement to hydrepowhe first wind installation in
the country was the 51 MW Adama | wind farm, built2011. The 120 MW Ashegoda
Wind Farm opened in October 2013 and was the lawgesl farm in Africa at that time.
The larger 153 MW Adama Il wind farm went onlineNMay 2015, bringing Ethiopia's
installed wind capacity to 324MW total [20]. FiguBe4 and 3-5 shows Adama and

Ashegoda wind project site.
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Figure 3-4 Ashegoda wind project site

Figure 3-5 Adama wind project site

Solar photovoltaic are being promoted to replacel-thased lighting and off-grid
electrical needs. Ethiopia is thought to have altloMW of off-grid solar. Almost all
current uses of solar energy are for off-grid ruapplications in homes, rural telecoms

and in the social sectors (water pumping, healthises, schools). Solar energy is also
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becoming an important alternative to water heatmthe major cities. The current total
installed photovoltaic power in Ethiopia is aboubMW, three-quarters installed in
telecom stations (mostly in mobile towers but atsother stations). Solar water-heating
installations are in thousands or so units in Addaba and the major cities [21].

A current government initiative plans to bring sofpower to 150,000 households by
2015. The first phase included 1 MW of panels. Titst large installation of solar was a
village grid of 10 kW in 1985, expanded to 30 kW1®89. A solar panel assembly plant
opened in Addis Ababa in early 2013 capable of m@aRO0 MW of panel per year [20].

Hybrid renewable energy source is becoming popoggiause it is composed of two or
more energy sources. This combination of two enexgyrces is an efficient way of
generating energy. Hybrid energy systems are useehiote areas for power generation.
The use of hybrid power generations came forwaeltduthe high prices of oil. The use
of hybrid energy systems can optimize the powerpgugspecially in rural areas.
However it is still considered expensive and difficco combine two or three energy
sources together, but it is a onetime expense. dieéime expense can be of many uses

to people living in remote areas.

In Ethiopia there is not any progress towards thglieation of hybrid water pumping
system, but there are some models developed ierdift institutes for demonstration

purpose.
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CHAPTER FOUR

SOLAR PHOTOVOLTAIC WATER PUMPING SYSTEM

4.1 Introduction

The focus of this section is to design and simutaikar photovoltaic water pumping
system. In some areas of the country the traditiofder pumping systems powered by
diesel or gasoline engines have been used for tiomg, but fuel cost, transportation
problem, lack of skilled personnel makes the cotiseal water pumping system

unreliable and expensive for rural communities.

Many researchers have studied the application tdr sothotovoltaic water pumping
systems; Asefa K. et al. [22] have studied theiapgpbn of solar pump in rural areas of
Ethiopia. N. Argaw et al. [23] have discussed tppligation of renewable energy in rural
village. Kala M. et al. [24] have studied solar phwltaic water pumping for remote
location. Regarding the feasibility study A. Rat{#b] has studied the feasibility of a
solar water pumping system by selecting one rutige of Fiji Island. C. Gopal et al.
[26] have done a literature review of renewablergymsource water pumping systems. In
addition, many researchers have conducted diffeesdgarches based on the design and
modeling of the PVWPSs. Pietro E. et al. [27] hdegeloped dynamic modeling tools of
a PV water pumping system by combining the modekh® solar PV power, the water
demand and the pumping system, which can be usedrity the design procedure in
terms of matching between water demand and watgphsuA.A. Ghoneim [28] has
developed a computer simulation program to detegritie performance of the proposed
photovoltaic-powered water pumping systems. C.Knigtahi et al. [29] have done a
design and modeling of the photovoltaic water purg@ystem. K. G. Mansaray [30] has
discussed the application of computer simulation dptimum design of the solar
photovoltaic pumping system. The economic perforeeaand comparison also carried
out by Robert F. and Alma C. [31] focused on solater pumping advances and
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comparative economics. According to, Robert F. @&oha C. Research PV water
pumping is the most cost effective for steady pungpieeds such as community water
supply or livestock watering. Robert F. et al. [B2lve done a life cycle cost analysis for
photovoltaic water pumping system in Mexico. [33f Hhas discussed a cost and

reliability comparison between solar and diesel @@d pumps.

The main research and development (R&D) barriersthie implementation of solar
photovoltaic water pumping systems in developingntoes is not only the technology.
There are limitations, including water resourceilabdity, solar energy potential, water
demand, acceptance and management of the systenpoBkibilities for development of
this solution in a given site are related to thecsjc resources of the site and every study

should start with a site resource assessment.

Now a days, the PV module costs are reduced aH thneworld. However, the capital
cost of a solar photovoltaic water pumping systsenstill higher than the conventional
diesel engines water pumping system. The capittl afosolar PV water pumping system
can be considered as the major barrier for theigdjn of the system in a developing
country like Ethiopia. Therefore, optimization eftfare mainly focused on minimizing

the capital cost of the system.

4.2 Water Pumping System and Photovoltaic Power

A water pumping system needs a source of powepévate. In general, AC system is
economic and takes minimum maintenance when AC p@aavailable from the nearby
power grid. However, in many rural areas of thentogy water sources are spread over
many miles of land and power lines are scarceallasion of a new transmission line and
a transformer to the location is often prohibitivelxpensive. Today, many stand-alone
type water pumping systems use internal combusingines. These systems are portable
and easy to install. However, they have some n@igadvantages, such as: they require
frequent site visits for refueling and maintenanaed furthermore diesel fuel is often
expensive and not readily available in rural acfasany developing countries.
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The consumption of fossil fuels also has an enwiremtal impact, in particular the

release of carbon dioxide (GOinto the atmosphere. GGemissions can be greatly

reduced through the application of renewable engrglynologies; which are already cost
competitive with fossil fuels in many situationshel use of renewable energy for water
pumping systems is, therefore, a very attractivepgsition. PV systems are highly

reliable and are often chosen because they oféelotest life-cycle cost, especially for

applications requiring less than 10KW, where gteceicity is not available and where

internal-combustion engines are expensive to op¢B4.

4.3 TheProposed System

The solar photovoltaic water pumping system pro@asethis research is a stand-alone
type without backup batteries. As shown in Figurg, 4he system is very simple and
consists of a single PV module, storage tank ab@ avater pump.

Water level Sensor

PV module

Controller
Water pipe

\%

Water level Well

Senser

Pump

Figure 4-1 Schematic diagram of solar water pumping system
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The target population selected from three diffenagions of the country that is from
Amhara region Siadberand Wayu site, from Oromi&oreyVolmera site and from Tigray
region Enderta site consisting 700, 467 and 438l communities with daily average
water Demand of 10.5, 7 and 6.5/day, respectively. And approximate average daily
water consumption of 20 liters per day per persas taken.

4.3.1 Photovoltaic Modules

The solar energy conversion into electricity tagkce in a semiconductor device that is
called a solar cell. A solar cell is a unit thatielrs only a certain amount of electrical
power. In order to use solar electricity for preatidevices, which require a particular
voltage or current for their operation, a numbersofar cells have to be connected
together to form a solar panel, also called a P\duten For large-scale generation of
solar electricity the solar panels are connectegetteer into a solar array. [Source: guide

to solar powered water pumping systems in New \Sigkte].
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Figure4-2 Solar cell, PV solar panel and PV panel array
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PV panels are made up of a series of solar callshawn in Figure 4-2 above. Each solar
cell has two or more specially prepared layerseofisonductor material that produce DC
electricity when exposed to sunlight. A single, itgb solar cell can generate
approximately 3 watts of energy in full sunlighthél semiconductor layers can be either
crystalline or thin film. Crystalline solar cellseagenerally constructed out of silicon and
have an efficiency of approximately 15%. Solar s£dlat are constructed out of thin
films, which can consist of a variety of differemhetals, have efficiencies of
approximately 8% to 11%. They are not as durablsilan solar cells, but they are
lighter and considerably less expensive. PV pamedy be arranged in arrays and

connected by electrical wiring to deliver powematpump.

4.3.2 Solar (DC) Water Pumps

The other major component of SPV water pumpingesystis the pump. Solar water
pumps are specially designed to use solar powmiesftly. Conventional pumps require

steady AC current that utility lines or generatstpply. Solar pumps use DC current
from batteries and/or PV panels. In addition, they designed to work effectively during
low-light conditions, at reduced voltage, withot#lkng or overheating. Although wide

ranges of sizes are available, most pumps useadestdéck-watering applications are low
volume, yielding 7-15 liters of water per minutew. volume pumping keeps the cost of
the system down by using a minimum number of splanels and using the entire

daylight period to pump water or charge batteries.

Two types of pumps are commonly used for PV watenging applications: positive

displacement and centrifugal. Positive displacengres are used in low-volume pumps
and cost-effective. Centrifugal pumps have rel&yivegh efficiency and are capable of
pumping a high volume of water. A typical size g§tem with this type pump is at least
500W or larger. There is a growing trend amonggbmp manufacturers to use them

with brushless DC motors (BDCM) for higher efficsgnand low maintenance [35].
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4.3.3 Storage Tank

A water storage tank is normally an essential etgne an economically viable solar
powered water pump system. A tank can be usedoi@ €nough water during peak
energy production to meet water needs in the estwrtoudy weather or maintenance
issues with the power system. Ideally, the tankukhbe sized to store at least a three-day
water supply. Multiple tanks may be required if erywlarge volume of water is to be

stored.

The area where the tank is to be placed must gostt of all organic material, debris,
roots, and sharp objects, such as rocks. The grshiodld then be leveled. Six inches of
well compacted % -inch leveling rock underlain bgemtextile fabric should be provided
as a base for the water tank. If an elevated platfor stand is required to provide
adequate gravity induced pressure for the watevealtgl system to operate, the platform
or stand will need to be evaluated by a qualifiedireer.

An above-ground tank should be constructed outtafcturally sound, UV-resistant
material to maximize its lifespan. If it will be ed in areas where freezing temperatures
are encountered, care should be taken to frostf gh@oentire water delivery system.
Tanks and pipes should be drained prior to thé fieeze, and pipes should be buried

below the frost line for added protection.

4.3.4 Pump Controller

The primary function of a pump controller in a kayt coupled pumping system is to
boost the voltage of the battery bank to matchdésired input voltage of the pump.
Without a pump controller, the PV panels’ operatiaitage is dictated by the battery
bank and is reduced from levels, which are achidsedperating the pump directly off
the solar panels. For example, under load, two &8\e[s wired in series produce between

30 to 34 volts, while two fully charged batteriesed in series produce just over 26 volts.

A pump with an optimum operating voltage of 30tsalould pump more water tied

directly to the PV panels than if connected to blagéeries. In the case of this particular
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pump, a pump controller with a 24-volt input woslép the voltage up to 30 volts, which

would increase the amount of water pumped by teteay.

4.4 Description of the Study Areas

In this research, the feasibility of solar photaam water pumping system studied
selecting one potential site from three administeategions of Ethiopia. The regions are
Amhara, Oromia and Tigray regions. From the Amhagion Siadeberand Wayu was
selected (latitude 9°46' N, longitude 39°40' E altitide 3009 m a.s.l); from the Oromia
region Wolmera was selected (latitude 9°13' N, ikoioig 38°39' E and altitude 2400 m
a.s.l); and from Tigray region Enderta was sele¢imiitude 13°48' N, longitude 39°55' E
and altitude 2247 m a.s.l). Solar radiation datatlie three selected sites were collected
from NASA-SSE satellite data [36]. And, then NASatdlite data imported to PVsyst

software database using its meteorological tool.
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Figure 4-3 Selected sites for solar photovoltaic water pumgiystem
The monthly average solar irradiation values onzontal surface for the selected three

sites are shown in Figure 4-4, 4-5 and 4-6.
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Figure 4-4 Year - long solar radiation data for Siyadbeand/\\site
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Figure 4-5 Year - long solar irradiation data for Wolmeraesit
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Figure4-6 Year - long Solar irradiation data for Enderte sit

45 Design and Simulation of Solar Powered Water Pumping System
Using PVsyst Software

In this research, PVsyst software is used for agesgnulation and economic analysis of
solar photovoltaic water pumping system. The solata, well characteristics, water
demand, storage tank size, the cost and lifetim@\Wfmodules are input to PVsyst
software. In addition, the solar pump and contraliee selected from the database of the
software. The output of the software includes, amaf water delivered to the users,
amount of missing water, excess (unused) PV enamdysystem efficiency (performance
ratio) during the year. Furthermore, the econommalysis of the software helps to
determine the global investment, yearly cost argt o pumped water in cubic meters.
The life cycle cost analysis is also carried outhis paper for the comparison between
solar photovoltaic and conventional diesel watempung system. The results of this
comparison show that more SPV systems can be ledtal the country, replacing the
existing more expensive Diesel systems, which woldg a significant role in achieving

the country’s MDG targets.
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During the design and simulation process of SPMesysit is assumed that the solar

panels are not shaded with free horizon and thelatons are performed based on the

maximum possible annual water demand. The pumpsalad panels are selected from

the PVsyst software database to meet the maximugsilge annual demands. However,

based on available solar irradiation data for ttessit is assumed that missing water will

be up to 5%. The main design and simulation pamameire listed in the Table 4-1.

Table 4-1 Simulation input parameter for the three selesttab

Parameters Siyadberand Wayu  Wolmera Enderta
Water requirement10.5n7/day, two| 7 mv/day, two days 6.5 nt/day, two
per day days autonomy autonomy days autonomy
Total head 37m 100 m 76m

Water storage tank21.5n? 14 n? 13 n?

volume

Well depth 58 m 47 m 43 m
Borehole diameter | 15 cm 15cm 15cm

Pipe length 300 m 450 m 376 m

Tilt 15° 15° 15°

Azimuth Q° Q° 0°

Solar panels type

Model:GES-5M5,
5W,
Manuf. Sainty solar

si-mono,

Model:GES-5M5,
5W,
Manuf. Sainty solar

si-mono,

Model:GES-5M5,
5w,
Manuf. Sainty solar

si-mono,

Pump type

Model:

07-MPPT, 300W
48V, Manuf.
Lorentz

PS20-HR-Model:

PS20-HR-
04-MPPT,  240W
48V, Manuf.
Lorentz

Model: PS20-HR-
07-MPPT, 300W
48V, Manuf.
Lorentz

Power conditioning

Direct coupling

Direct coupling

Direct coupling
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451 Simulation Result and Discussion

In this research, PVsyst 5.56 has been used tgrdasid simulate the solar photovoltaic
water pumping system. During simulation analysisigi$Vsyst software the following
points should be considered. The initial point istedmining the global effective
irradiation and the maximum power point (MPP), omediation and MPP determined, the
simulation is dependent on the Pumping Type andi§ioation [37].

For any running hour, the simulation has to deteerthe Flow rate delivered by the
pump, as a function of the Head and the availaleletrical energy. The simulation has to
manage the situations where the tank is full (imgithe pump’s flow at the user's draw,
and stopping the pump during the rest of the hcamyl when the tank is empty. For
obtaining a consistent balance, all energies shbeldarefully accounted for, in any

running situation [37].

The final relevant results include mainly the wadetivered to the users, the missing
water, the excess (unused) PV energy, and thensystéciency during the year (or
performance ratio). And, if economical featuresda&ned, the global investment, yearly
costs and cost of the water pumped in m3 determiiséer running the simulation for the
selected sites based on input parameters for é@adie following results are obtained.
The main simulation results for the Amhara Regi®mdberand Wayu site, the Oromia
Region, Wolmera site and the Tigray Region, Endsita are shown in Table 4-2, 4-3
and 4-4, respectively.

According to the simulation result shown in Tabl@,4he selected PV size and pump
power is able to provide 95% of water need fordabmmunity of Siyadberand Wayu site.
During the month of July there is a significant @ragupply reduction 21.29% and in May

there is 0.49% water supply reduction.
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Table 4-2 Simulation result for Amhara region, Siyadberandy site

PV size S5W, 100 modules, 4 in series and 25 in parallel
Total area 10.1 fn

Pump power 300 W, 48 V, well DC progressive cavitpump
Water pumped annually3639 n?

Missing water 5%

Energy at pump 2180 kWh

Unused energy 60 kWh

System efficiency 75.2%

Pump efficiency 20.1%

Water pumped Average 9.97fay, and minimum 8.26 Huay

Maximum loss of load | 21.29% in July

Table 4-3 Simulation result for Oromia region, Wolmera site.

PV size 5 W, 68 modules, 4 in series and 17 in parallel

Total area 6.9 M

Pump power 240 W, 48 V, well DC progressive cavitpump

Water pumped annually| 2465'm

Missing water 3.55%

Energy at pump 1553 kWh

Unused energy 0.0 kWh

System efficiency 70% (global system efficiencyerformance ratio )

Pump efficiency 24%

Water pumped Average 6.753/atay, and minimum 6.106 itday in
July

Maximum loss of load 12.8% in July

within the year
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Table 4- 4 Simulation result for Tigray region, Enderta site.

PV size 5V, 88 modules, 4 in series and 22 in parallel

Total area 5.8 M

Pump power 240 W, 48 V, well DC progressive cavity,
pump

Water pumped annually 2284'm

Missing water 3.7%

Energy at pump 2002 kWh

Unused energy 0.0 kWh

System efficiency 70.1%

Pump efficiency 36.5%

Water pumped Average 6.258%ay, and minimum 5.93P
m/day

Maximum loss of load 8.7% in July

within the year

The selected PV size and pump power for the OrdReigion, Wolmera sites capable of
providing 96.5% of water need of the community,skewn in table 4-3. From May to
October, there is a reduction of water supply andng the month of July there is a
significant water supply loss of 12.8%.

The simulation result shown in Table 4-4 reveaks tihhe proposed PV size and pump
power is able to provide 96.3% of water need fer tbmmunity of Enderta site. During
the month of July there is significant water supplys of 8.7%.

Figure 4-7, 4-8 and 4-9 show the energy balandkeoproposed solar Photovoltaic water
pumping system for the Amhara Region, SiyadberarayWsite, the Oromia Region,
Wolmera site and the Tigray Region, Enderta sigpeetively. As the result shows, the
unused energy is very low for all sites. This isdese, the system is designed based on

the maximum possible water production volume witihie year.
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B Yf: Effective Energy atPump 3.32 kWh/kWp/day
Bl Ls: System Losses (Threshold Mismatch) 9B&Wh/kWp/day
B | c: Collection Losses (PV-array Losses)  0.98 kWh/kWp/day
B u: Unused Energy (Tank Full) 0.13 kWh/kWp/day

Nor malized Ener gy [kWh/kW p/day
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Figure4-7 Energy balance of the SPV system for SiyadbeYdaygu site

B Yf: Effective Energy at Pump 3.48 kWh/kWp/day
B Ls: System Losses ( Threshold Mismatch)  9kWh/kWp/day
E [ c: Collection Losses (PV- array Losses) .191kWh/kWp/day
= Lu: Unused Energy (tank full) 0 kWh/kWp/day
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Figure 4-8 Energy balance of the SPV system for Wolmera site
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B Yf: Effective Energy at Pump 3.48 kWh/kWp/day
M Ls: System Losses (Threshold Mismatch) 1.47 kWh/kWp/day
M Lc: Collection Loss (PV- array losses) 1.35 kWh/kWp/day
M Lu:Unused Energy (tank full) 0 kWh/kWp/day

Nor malized Ener gy [kWh/kWp/day]
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Figure 4-9 Energy balance of the SPV system for Enderta site

The above three figures show the normalized vahifeseffective energy at pump,

collection loss, system loss and unused energy (tdh) in the system.

As we have seen from the above three figures theadthenergy in the system for all sites
are minimum and the system and collection losses selittle bit higher. This is because
the system is designed to pump maximum possibleuamaf water per day using all
available energy on the system. When the productsomaximized the system is
subjected to high losses, but if we reduce the amofuwater pumped by the system per

day, we can minimize the losses but the unusedygmerthe system will be maximized.

Figure 4-10 shows the function of flow rate witlspect to pump power. Since all graphs
for all sites have similar behavior, only the gragtthe Siyadberand Wayu site has been

presented here.
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Flow Rate Function of Pump Power
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Figure 4-10 Flow rate function of pump power graph for Siyadinel Wayu site

The above graph shows the linear relationship bextviiee flow rate and available energy
at the pump. In addition, this figure indicates hine size of the pump depends on the
available power. If the available power at the puvapes the size of the pump or the
flow rates also vary. Therefore, pump controllexyph great role for adjusting the size of
the pump according to the available power at thegpuwWithout pump controller it is

impossible to operate solar pumps.

4.6 Economic Analysisof SPV Water Pumping System

The economic analysis of solar photovoltaic watemping system has been assessed
using PVsyst software. A detailed economic analyse&s only been shown for
Siyadberand Wayu site and summary of the econonatysis for the three sites is given
in Table 4-5.
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4.6.1 Economic Analysisfor Siyadberand Wayu Site Using PV syst

During economic evaluation, the following approximaalues have been considered.
Investment: (all costs below taken from manufactureeb-page based on the

specification of components)

v" PV module cost: 100 units of 5Wp = 0.896 $/Wp (a@nlife span assumed)

v Supporting / Integration: 0.5936 $/piece (one supfow each module assumed)

v' Pump cost, including controller: 1 unit of 300W 52B.88 $/piece (10 year life
span assumed)

v Setting and wiring. etc.: 20% of the subtotal destssumed (multiply the subtotal
cost by 0.2 to cover the balance of the system)

v" Running costs (including pump replacement afteydérs) = 5% of the subtotal
cost is assumed (includes provision for pump repteent after 10 years and

maintenance cost)

Net Investment for Siadberand Wayu site: Sum ofaibeve listed investment costs plus
15% tax = 3001.9%

Assuming a loan period of 20 years and interest 0d5% with annual factor of 8.02%,
the annuity (yearly cost without including the rummncosts) is equal to 241 $/year, and
the total yearly cost including the running costsaiptenance, taxes and replacement
costs) is equal to: 372 $lyear.

Based on the above data, the water cost is eq@eal #/nT, without any subsidies.
If 20% subsidy by the government is assumed tovat#tiinternal and external investors,
the cost of the water will reduce to 0.09 $/m

Similar economic Analysis is carried out using Pstsgoftware for the other two sites

and the values are given in Table 6 below.
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Table 4-5 includes the economic analysis resultthef PVsyst software for the three
selected sites. The table includes the net investeest, annuities, total yearly cost and
water cost with and without any subsidy. Annuitiethout any subsidy mean annual cost
without including the running costs and subsid@atirom the government or any other
organization. The total yearly cost includes thening costs of the system but annuities
does not include. Based on the input parameterwtter cost per tfor each sites are

calculated using PVsyst software and included ibl§ 4-5.

Table 4-5 Summary of economic analysis using PVsyst softé@réhe selected three

sites.
é g > % 7)) 17} OE
g 5o |8 5 8 |8 g <8
2 > 2 2% |28 |5+~ |38 3
o = 5 = g 9 8 5 |wg E % £ 0
+= D ~ c (e @ @] @] % = Q
7)) Zz & = = < & ~ O = & = = 3
Siadberand 3001.9 3639 241 372 0.1 0.09
Wayu
Wolmera 2691.1 2465 215.95 345 0.14 0.13
Enderta 2832.7 2284 227.31 355.23 0.16 0.15

4.6.2 Financial Comparison for SPV and Diesel Pumping System

In the financial comparison between solar phot@ioland diesel water pumping, the
main question is how the financial costs of botktaeyms can be calculated. The whole
costs of a pumping system have a certain life eapey in years that is made up of the
capital cost, operating cost and maintenance apldaement cost (M & R). And these
costs altogether refer to the life cycle cost (LJ83-42]. The life-cycle cost can be

calculated using the following formula:

LCC=CC + Mpc+ Epz + Rpe - Spc (4.1)
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The Capital Cost (CC) of a project includes thé&ahicapital expense for equipment, the

system design, engineering, and installation.

The Maintenance Cost (MC) is the sum of all yeaghgration and maintenance (O&M)
costs discounted to present. Maintenance cost ghrdite cycle is calculated using the

following equation:

MC=A* [':i—l}x-l] (4.2)

(1N
Where, A is the annual worth, i interest rate,fd tiycle time (year)
The Energy Cost (EC) of a system is the sum of yharly fuel cost. Therefore

differential fuel inflation rates may be used. Faest through the life time of the system

is calculated using this equation:

1+FE 1+FER Y
Ec=ae[(52) (1-(52)") @3
Where, FE is the fuel escalation rate

This equation belongs only to diesel engine lifeleycost of fuel. Because there is no

energy cost considered in case of PV system.

The Replacement Cost (RC) is the sum of all equmnieat will need to be replaced
through the life of the system.

Pump for the PV water pumping system assumed teeplaced after 10 years and all
components of the diesel pumping system also haeetreplaced after 10 years. The
total replacement cost through the life time i<akted using this equation:
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RC=F* | ] (4.4)

(1)
Where, F is the future worth of money

The Salvage Value (SC) of a system is its net wortthe final year of the life-cycle

period. The salvage value through the life timeakulated using the following equation:
SC=F* l—-;l (4.5)

The cost comparison usinge LCC methodbetween the SPV and DP systems thar
Siadberand Wayu sitevas shown in Figure 4-11 below. Figure 4-dl2 showghat the
present cost comparison betweka SPvand DP. In addition, the cost of mf water for

all sites is compared with diesel system and thelrevas shown in Tabke9.

For the analysis of a 20 year life cycle cost comnspa between SPV and DP for
Siadberand Wayu site the following assumptionarsidered.

v" The operating life of the PV panel was assumedet@® years and for the diesel
engine 10 years were assumed.

v' The maintenance cost of a PV system assumed tdlbe &t total capital cost per
year.

v Available sunshine hours 2190 hours consideredyieas, The available sunshine
hour's data from national metrology agency of Episoindicates an average
sunshine hour in Siadberand Wayu varies from 4166 RQuly up to 9.42 hr in
November, and the annual average sunshine hourshr/day. Therefore, for
this analysis 6 hr/day working time was assumedittier system to provide the
required daily water demand.

v' Maintenance cost of diesel engine assumed to M#adf total capital cost per
year.
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v Cost of 500 Wp diesel generator = $200 and its wopsion of diesel fuel is
assumed to be 0.20 I/hr.

v' The diesel generator can be selected based onaitgmmum output (Kilowatt).
During selection of the diesel generator, it is arignt to select the one whose
output power is slightly higher than the total poweeeded, to be sure the
generator will supply enough power for the pumpeftng hours = 6 hr/day
(similar as solar pumping)

v' The replacement costs are evaluated to be oncegdtime life analysis for diesel
generator.

v/ Salvage value of diesel engine was assumed to208ca0f capital cost of engine
and for PV module 5% assumed.

v" The pump, storage tank and distribution line castsnot included in this analysis

because, it is considered as the same for both case

Annual Fuel Cost =Specific Fuel Consumption ¥ Total Operating Hours in a Year X Fuel rate
=0 20hterhr ¥ (6hr/dav ¥ 365 dayv/vear) ¥ 0.805 Shter =352 6%/vear

Fuel Cost of Diesel Generator for 20 wears = 20 Year X 332.6 S/vear = 7032 §

Table4-6 SPV and DP system cost comparison using LCC fadi&rand Wayu site.

Costs ($) PV system ($) | Diesel Generator ($)
;iﬁjijost (CC), the pump cost is no1t126.72 200

Maintenance cost (MC) 225.34 400

Fuel/Energy cost (EC) for 20 years None 7052
Replacement cost (RC) for generatoy None 200

Total cost 1352 7852

Salvage value (SC) 56.34 40

Life Cycle Cost (LCC) 1295.66 7812
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Figure4-11 Cost comparison of PV and Diesel system for pugnpiater

As shown in Figure 4-11 above, the diesel poweredpng system has lower initial cost
than the PV pumpingystem, buits other costs are higher if we compare with P$tem.

In the reverse, the initial cost @V systemss high, butthe maintenance, operation and
replacement costs are lower.dddition, therés no energy cost needed in PV system and
as a result the present costPaf systemss much lower than the diesel powered system as
shown in Figure 4-12. Its lower operation and nmemance costs, the longer expected
useful life as well as the higher reliability of Pystems could make the system more

suitable for remote areas.
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Figure4-12 Present cost comparisons of PV and Diesel pungyjatem
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4.6.3 Cost of Pumping Water

The cost of M of the pumped water by PV water pumping system easulated by

PVsyst software. But the cost of’mof water for diesel water pumping system is not

calculated. Therefore, the cost of mf the pumped water by diesel water pumping

system is calculated using the cost annuity mebaséd on the LCC analysis [43, 44]:

Anmnualised life cycle cost of the system

Cost of m® of water pumped =
prmp Total pumped water

The annualized life cycle costs are calculated ftbenrelations:

(")

T (aw®a)

CRE

1
(#+1F

PWE=

C,=C*CRF
R=2x C,

A =C MR,

(4.6)

(4.7)

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

Table 4-7 below consists different assumption wasgenduring cost comparison between

solar and diesel water pumping system.

Misrak G.

47



Viability of Solar/Wind and Hybrid Water Pumpings&m for Off-Grid Rural Areas in Ethiopia

Table 4-7 Economic assumptions for all sites.

Parameters Values
Interest rate (%) 5
Discount rate (%) 10

Life time of PV generator(years) 20
Life time of motor-pump(years) 10
Life time of diesel generator(years) 10
PV unit cost ($/w) 0.896
Diesel fuel cost ($/1) 0.805
PV operation and maintenance (%) 1
Diesel operation and maintenance (%)L0

Table 4-8 shows the total initial gross investmewdt of PV and diesel water pumping

system and table 4-9 shows the cost of pumpingfmvater using PV and Diesel water

pumping systems for three sites. Based on the é&rifieacycle cost, the PV water

pumping system is more economical than the Digsgém.

Table 4-8 Total initial gross investment cost of PV and dles/stem (USD).

Pump Siadberand W | Wolmera | Enderta
PV module

Total cost of the Module 432 293.76 380.16
Cost of pump 1523.88 1523.88 1523.88
Support structure cost 57.24 38.92 50.37
Wiring and Other miscellaneoy$97.24 482.98 508.25
Total initial cost for PV 2610.36 2340.12 2462.66
Diesel system

Unit cost 200 200 200

Total initial cost for Diesel 1723.88 1723.88 1788.
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Table 4-9 Annuity and water cost calculation for the PV aliekel system (USD).

Pump Siadberand | Wolmera | Enderta
Wayu
PV system
Annualized capital cost 306.72 274.96 289.4
Operation and maintenance cost 19.56 18.1 19
Replacement cost 46.76 46.76 46.7
Annualized life cycle cost for PV system 373.04 339 | 355.23
Water cost for PV system ($/m°) 0.1 0.14 0.16
Diesel system
Annualized capital cost 202.6 202.6 202.6
Operation and maintenance cost 20 20 20
Replacement cost 105.85 105.85 105.8
Annual Fuel cost 352.6 232.3 290.37
Annualized life cycle cost for Diesel systeri81.05 560.75 618.82
Water cost for Diesel system ($/m°) 0.2 0.23 0.27

Misrak G.

49



Viability of Solar/Wind and Hybrid Water Pumpings&m for Off-Grid Rural Areas in Ethiopia

CHAPTER FIVE

WIND POWERED WATER PUMPING SYSTEM

5.1 Introduction

Wind power technology dates back many centuriesrdlare historical claims that wind
machines which harness the power of the wind datk ho the time of the ancient
Egyptians. By the late part of the™ entury, the typical ‘European Windmill' had been
developed and this became the norm until furtheeld@ments were introduced during
the 18th century. The major advances in the desigiihe wind pump, however, took
place in the USA. By the 1920's, 6 million windnpos were being used in the USA
alone and their manufacture and use had become coplate on every continent [45].
Water is the primary source of life for mankind amee of the most basic necessities for
rural development. The rural demand of water fandstic and crop irrigation supplies is
increasing [36]. People living in rural areas ohiBpia use different water sources for
their domestic purpose, such as spring, pond, growetic. but the ground water is the

best one for clean drinking water supply.

Therefore, mechanized water pumping system wilkthee only reliable alternative for
lifting water from the ground. Diesel, gasoline &tetosene pumps including windmills
have traditionally been used to pump water [46]wkleer, reliable solar photovoltaic
(PV) and wind turbine pumps are now emerging onntilaegket and are rapidly becoming
more attractive than the traditional power sourteaddition, nowadays with regular fuel

crises and rising prices there has been a reviiat@rest in wind pump technology.

In Ethiopia, Diesel water pumping systems have bapplicable for many years.
Currently, however, because of rising of fuel pradieover the world, including Ethiopia,
almost all the systems have become none functidmeefore, in 2006 the Government

planned to replace all Diesel water pumping systdémssolar/wind water pumping
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systems. According to the recent report preparedHB)PROCHINA Corporation the
country has a capacity of 1,350 GW (>7m/s) windrgngotential. Andin most areas of
the country, there is a low and medium wind engrgtential (> 2.8 m/s), which can be
applicable for water pumping.

In a previous section of this research the feasibif PV water pumping system was
studied [47]. In this section, the feasibility ofng powered water pumping system in
Ethiopia is studied by selecting three rural arfeas three regions of the country. The
design and simulation of the proposed system isechout using analytical method and
MATLAB software. An economical comparison is cadrieut between wind and Diesel

water pumping systems, using life cycle cost anglysethod.

5.2 TheProposed System

In this research, windmill water pumping systemhwalirect driven piston pump was
selected. As shown in Figure 5.1, the main comp@neh the system consists of a

windmill, piston pump and storage tank.

The target population is selected from three ddifikregions of the country that is from
Amhara region Siadberand Wayu site, from Oromiaoregddami Tulu site and from

Tigray region East Enderta site consisting 500, 668 1000 rural communities with
daily average water Demand of 10, 12 and Z0day respectively. And approximate
average daily water consumption of 20 liters pey dar person was taken. Figure 5.1

show the schematic diagram of the windmill watemping system.
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Figure 5-1 Schematic diagram of windmill water pumping system

5.3 Description of the Study Areas

In this section, feasibility of wind powered watgumping system has been studied in
Siyadberand Wayu site (latitude 9°46'N, longitu®®48'E and altitude 2625m a.s.l),
Adami Tulu site (latitude 7°52'N, longitude 38°42iRd altitude 1665m a.s.l) and East
Enderta site (latitude 13°42'N, longitude 39°37tf altitude 1926m a.s.l) located in
Amhara, Oromia and Tigray regional states of Etlaippespectively. The wind speed data
for all sites are obtained from the NMSA (Natiom&gtrology Service Agency). Since
there are no stations at the selected sites, nesdbyns were considered during data
collection for all sites. For confirmation purposesta are also collected from Weather
base>™ [48], Meteonorm software [49] and NASA-SSE Satelli86] using the latitude
and longitude of the sites. Based on the data mdxdairom NMSA, the monthly average
wind speed for the three sites at 10 m heightasvshin Figure 5-2.
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Figure 5-2 Monthly average wind speed at 10m for the selesiied

5.4 Analysisof Wind Data

For estimating the wind energy potential of a sttee wind data collected from the
location are analyzed and interpreted. Long termdwilata from the meteorological
stations near to the candidate site can be usedmftking wind energy potential
estimation. These data, which may be availableldag periods, should be carefully

extrapolated to represent the wind profile at tbeeptial site [50].

In this research, five year wind speed data welleaed from NMSA for each site which
is grouped on a daily average basis. These dataharefore, analyzed using the Weibull

method to get the average monthly wind speed datthé selected sites.

5.4.1 AverageWind Speed

One of the most important information on the wipgcra available at a location is its

average velocity. In simple terms, the averageoigiqdV,) is given by:

Misrak G. 53



Viability of Solar/Wind and Hybrid Water Pumpings&m for Off-Grid Rural Areas in Ethiopia

1 n
hT— W 5.1
L _El : 51)
=

Where V is the wind velocity and n is the numbewoid data.

However, for wind power calculations, averaging thedocity using Eq. 5.1 is often
misleading. That means we can under estimate thd amergy at the site by using the
above formula. Therefore, for wind energy calcwolas, the velocity should be weighed
for its power content while computing the averaeus the average wind velocity is give
by Eq. 5.2

P& N\
V= (— Z‘-"ﬁ) (5.2
n

Then, if we use equation 5.2 for the mean velocaiculation and using this mean

velocity we can get the correct energy estimatiothe site.

5.4.2 Distribution of Wind Ve ocity

Apart from the average strength of wind over aqukrits distribution is also a critical

factor in wind resource assessment. Wind turbinstailed at two sites with the same
average wind speed may yield entirely differentrgpeoutput due to differences in the
velocity distribution. If the velocity data for ttséte is presented in the form of frequency

distribution, the average and standard deviatiergaren by Eq. 5.3 and 5.4 respectively

1."
T £ v) /s
v - 5.3

= ( T, 63)

ls'n T w32
|Ei=1 £ (Vi-V)

T,= -
V. ILf

(5.4)

Misrak G. 54



Viability of Solar/Wind and Hybrid Water Pumpings&m for Off-Grid Rural Areas in Ethiopia

Where: fis frequency and V is the mid value of the coroggjing interval.

5.4.3 Statistical Modelsfor Wind Data Analysis

In this research, Rayleigh method which is the $ired form of Weibull distribution

was used to describe the wind variation in thecseteregions.

5.4.3.1 Rayleigh Distribution

The Weibull distribution in wind regime analysispg&ds on the accuracy in estimating k
(Weibull shape factor) and C (scale factor). Fag firecise calculation of k and C,
adequate wind data, collected over shorter timerwals are essential. In many cases,
such information may not be readily available. Hxésting data may be in the form of
the mean wind velocity over a given time period @xample daily, monthly or yearly
mean wind velocity). Under such situations, a sifigal case of the Weibull model can be

derived, approximating k as 2. This is known asRhagleigh distribution [50].

Therefore, the cumulative distribution and prolabildensity function in case of

Rayleigh distribution is given by the following twormulas respectively [Mathew, 2006]

f(‘-’szg 1:; 2 E-[T["Ir‘t[‘}r“rn:}:]

m

F(V)=1 )] (5.6)

5.5 Energy Estimation of Wind Regime

Wind energy density and the energy available inrgggme over a period are usually
taken as the yardsticks for evaluating the eneajgmiial. The wind energy densitydE

is the energy available in the regime for a unibraarea and time. The total energy
available in the spectra §Ecan be arrived at by multiplying the wind enedgnsity by
the time factor [50].
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Based on the Rayleigh approach the energy deriSi)yand the total energy available in
the spectra (§ can be calculated using Eq. 5.7 and 5.8, respsdgti

Ep=2p, Vs’ 57)

From By, energy available for the unit area of the roéstimated using the expression
3 .

E=TEp=-Tp V" (5.8)
T

Other factors of interest for evaluating the enepgyential of the site are the most
frequent wind velocity (¥may and the velocity contributing the maximum enefdymay)

to the regime.

o
VEmax= ||_""Tm (5.9)
Wﬂ:
B
Vo =2 =W 5.
Emax wl,‘_[ m ( ID)

Therefore, the energy density (kWmthe available energy for a certain period ofetim
(kW/m?/month), the most frequent wind velocity (m/s) avelocity contributing the
maximum energy (m/s) for each selected site amulzed using the above formulas and

the values are given in Table 5-1.
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Table 5-1 Monthly average wind energy density, availablergpewithin the month,

maximum velocity frequency and velocity correspoigdio maximum energy for the

selected three sites
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5.6 Wind Energy Conversion System (WECYS)

A WECS is a structure that transforms the kinetiergy of the incoming air stream into
electrical energy. This conversion takes placewn steps, as follows. The extraction
device, named wind turbine rotor turns under thednstream action, thus harvesting a
mechanical power. The rotor drives a rotating elegt machine, the generator, which

outputs electrical power [51].

5.6.1 Wind Turbine

Wind Turbines are one of the recent machines fodvenergy conversion. Wind turbines
are mainly classified into horizontal axis windkures (HAWT) and vertical axis wind

turbines (VAWT).The recent wind turbines are mostbed for electricity generation and
also for water pumping. However, to use the reeentl turbines for water pumping, the

average wind velocity of the region should be gretitan 5m/s.

Windmills are one of the oldest methods of harmgséhe wind energy to pump water.
But currently, the technology has revived becausm@easing price of fossil fuel all
over the world [52]. Different researchers suggesiat windmills are the best options to

harvest the wind energy for water pumping at lowdvipeed regions.

Most windmills for water-pumping applications aré tbe horizontal-axis variety, and
have multi-bladed rotors that can supply the haglque required to initiate operation of a

mechanical pump. Figure 5.1 illustrates a typicates-pumping windmill.

5.7 Wind Pump

Wind pumps can be classified as mechanical andrielgicsystems. Mechanical wind
pumps can further be categorized as systems witlitiy® displacement and Roto-
dynamic pumps. Various types of pumps like thewggoemp, piston pump, centrifugal
pump, regenerative pump and compressor pump areg hesed in mechanical wind
pumping option [50]. In this research, direct dnvpiston pump was selected from

mechanical water pumping system.
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5.7.1 Wind Powered Piston Pumps

Positive displacement piston pumps are used in ofdsie commercial wind pumps. The
system consists of a high solidity multi-vane wiador, drive shaft, crank, connecting
rod and a reciprocating pump. Rotary motion of tedmill rotor is translated to
reciprocating motion of the connecting rod by th@n&. The connecting rod operates the
pump’s piston up and down through the cylinder miyrits strokes. Two check valves,
both opening upwards, are fitted on the piston thedoottom of the pump. These valves
allow the flow only in upward direction. When thennecting rod drives the piston in the
upward direction, the piston valve is closed angtthe water column above the piston is

lifted up, until it is delivered out through thesdharge line [50].

In this research, horizontal axis multi bladed wmidl operated with positive
displacement piston pump was selected for all .sAesl the detail design steps of the

windmill water pumping system are given in the ngedtion.

5.8 Wind Water Pumping System Design

In this section, the main components of windmilkevgoumping system such as the rotor,
piston pump, discharge pipe, storage tank and adlbeessories are designed for the
selected three sites. The actual data have beksttea from field and Ministry of Water,
Energy and Irrigation office for designing the €yst The design of wind water pumping
system includes the following main points:

» Determination of the water demand;
Determination of total head
Determination of the hydraulic power requirement;
Determination of the available wind power resource;

Identification of the design month; and

YV V. V VYV V

Sizing of the wind pump
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5.8.1 Determination of Water Demand

Determination of the water demand depends on tta¢ hamber of beneficiaries of the

site and the daily per capita water consumptiolmsEthiopia, the daily per capita water

consumption for rural communities is estimated éa2b I/person within the range of 0.5

to 1 km from the dwelling place [52, 53]. Table Sf&ludes important data of the

selected three sites.

If the daily per capita water consumption and th&ltnumber of beneficiaries of the

selected sites are known then, the total daily mdéenand for each selected sites can be

calculated using Eq. 5.11

Q,=N*q (5.11)

Table 5-2 Important Input Parameters for the Selected TBitss
Input Parameters Siyadberand | Adami East

Wayu Tulu Enderta

No. of Beneficiary 500 600 1000
Wind Speed(m/s) 4-5 5-6 4-5
Bore Hole, Elevation(m) a.s.| 2625 1665 1926
Storage Tank, Elevation(m) a.s. 2645 1665 1936
Well Depth(m) 73 85 60
Static Water Level (m) 36 50 25
Pumping level(m) 40 56 30
Pump Position(m) 62 68 52
Distance of Storage Tank to Well(m 500 10 230
Base of Storage a.s.l (m) 10 10 4
Per capital water consumption (I/day) 20 20 20
Vertical Elevation (m) 30 10 14

Source: Ministry of Water, Irrigation and Energyficé
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5.8.2 Determination of Total Head (H)

The total head is the sum of the static head (tartce from water level below ground to
water outlet at the water storage container),ifnichead and velocity head. According to

Figure 5-3, the total head is the sum of pumpinglland total discharge head.

Total Head =Static head + Friction head + Velocity head (5.12)

| Friction Loss Discharge pipe
Total Discharge Head

—/—|
| T
Total Head F

Pumping  gtatic Water Level
Level

Pump Setting

Draw Down

Figure 5-3 Diagram to show the total head in water pumpirgjesy

Friction losses of the system can be calculatediguBiarcy-Weisbach formula (Eg. 5.13),

taking into consideration losses on the pipe andomiosses (losses due to valves and
fittings) and velocity head.

h:B—QE x4 (5.13)
I T[‘:Dd4g Dd rttines

Furthermore, the loss coefficient and friction tactalues are read from the Moody
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diagram and pipe friction loss charts based on fibe& rate and pipe diameter to

determine the total head of the system.

According to the above schematic diagram the tetad is the sum of pumping level and
total discharge head. Pumping level (dynamic wiatezl) is the sum of static water level
and drawdown. And total discharge head is the sltheovertical rise and friction losses.

Therefore static head is the sum of static watezl)evertical rises and drawdown.

Let us first determine the pipe diameter beforewating the total head. The fluid flow
velocity in water piping and pumping system shontd exceed certain limits to avoid
noise and damaging wear and tear of piping anchdat Table 5-3 below shows the

recommended fluid flow velocity ranges in waterteyss for different services.

Table 5-3 Recommended Velocities for Design of Piping

Services Velocity (ft/s) Reference
General Service 410 10 a,b,c
City Water 3to7 a, b

2105 C
Boiler feed 6to 15 a, c
Pump suction and drain lines 4t07 a,b

®rane co. 1976 flow of fluid through pipe , vahand fittings. Technical
paper 410.

bsystem design manual, 1960. Carrier air conditigmio. Syracuse.NY
“piping design and engineering, 1951. Ginnell corgpaa., Cranston, RJ
Source: Ashrae Fundamentals Handbook, Chapteri@8,3#zing, 1989

Once we select the appropriate velocity for theesysthen we can calculate the pipe

diameter based on the velocity and flow rate ugigg(5.14).

—
N

= 514
T (5:14)
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Where: [y internal diameter of pipe; v is mean velocity aiter

Furthermore, we need to determine the loss coefficand friction factor based on the
flow rate and pipe diameter from the Moody diagramna pipe friction loss chart which

are given in the appendix G and H respectively.

Taking the Amhara region (Siyadberand Wayu sitearagxample, the detail calculation
has been worked out for the determination of théewaemand, total head, piping
diameter and pump size. And the results of alkcudation for all selected sites

summarized and given in table form at the end isfghction.

5.8.3 Determination of Hydraulic Power

The hydraulic power required to lift water from tbeurce (borehole) to the storage tank

can be calculated using Eq. (5.15) given in [Math2006].
Ph},d:QPﬁpwﬁggH (515:)

The hydraulic power requirement is constant fomadinths within a year because there is
no pumping variation in water supply for the ruslected community, assuming

constant supply.

5.8.4 Wind Power Potential Deter mination

The wind power potential is given as the specifiodypower or power per unit area. For
a unit area of the rotor, power availablg;{f in the wind stream of velocity V is given in
[Mathew, 2006]

r3
P pe=5%p,*V (5.16)
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5.8.5 ReferenceArea and Size of Windmill

The ratio of the hydraulic power of each month di@d by specific wind power potential
for that same month has the dimension of area sineférred as the reference area [54].

The reference area can be calculated based om BE@).(

(5.17)

= Puing

The size of the windmill which depends on the disenef the rotor can be obtained from

the reference area given in Eq. (5.17). The rot@mméter is given in Eq. (5.18).

o
D= |
~ TT

(5.18)

The sizing methodology for standalone windmill wateamping systems is based on the
concept of the critical month or design month. Tisighe month in which the water

demand is highest in relation to the wind poweseptal, i.e. the month when the system
will be most heavily loaded [54]. The design morgHound by calculating the ratio of

the hydraulic power requirement to the wind powateptial for each month. The month

in which this ratio is a maximum is the design nioj4].

5.8.6 Capacity of Storage Tank

The capacity of the storage tank can be determiireed the product of the daily water
requirement and the number of days required fostzon water supply as given in Eq.
(5.19).

5=Q,*d, (5.19)

5.9 Wind Pump Simulation

In this research, MATLAB code was prepared, baseddifferent equations given in
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[Mathew, 2006], to determine the performance of dvidriven piston pump. The
instantaneous discharge of the system with respenbnthly average wind speed can be

determined as given in [Mathew, 2006] using Eqg.5.20

oo 2 52

The overall performance coefficient of a wind rotmupled to a piston pump can be

modeled as in (Mathew and Pandey, 2000) whichvergas discharge expected from a
wind driven piston pump installed at a given sdeer a period T as given in (Mathew,
2006). Eqg. (5.21) gives the discharge expected fomind driven piston pump, installed

at a given site, over a period T.

r 3
P, A Vs
IF ~T=P}p oH

w

1-K (VI)E K (vl)z (e
- — — S —
D‘ ‘."TD U ‘."TD H[‘;; _ ‘.'Ti'

— e—*’n)) (e %0) (5.21)

-

T:[VI )" 4% b
=3\ ) e so™3
4\ 4

&)
;

m

5.10 Result and Discussion

Hydraulic power, specific wind power, referenceaam®tor diameter and design month
for the three sites were calculated using the éguggiven in the previous section and

results are summarized in Table 5-4.

Table5-4 Hydraulic power, specific wind power, referenceaaand rotor diameter
calculation for three sites
Siyadberand Wayu Site Adami Tulu Site East Enderta Site
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Table 5-5 Wind pump parameters as obtained from design ledions for the selected

sites

Parameters Siyadberand Adami Tulu | East Enderta
Wayu

Water consumption (ffday) | 10 12 15
Total head (m) 75 66 44
Density of air (kg/rm) 0.92 1.024 0.992
Reference area (M 24.87 21.32 22.71
Rotor diameter (m) 5.63 5.21 5.38
Pipe diameter (mm) 25 40 50
Pump diameter(mm) 115 125 125
Hydraulic power (W) 337 360 300
Design month September September August
Tower height (m) 16 16 16
Transmission/gear ratio/ direct direct direct

AV55 (Aureka) wind pump with 5.7m (19 ft) rotorasineter, 24 blades and direct driven
single acting piston pump was selected Based @mésign calculation results a for the

selected three sites [55].

The instantaneous discharge with respect to thethfyomverage wind speed can be
determined using MATLAB program based on Eq. (5.2%)e results for the selected
three sites are shown in Figure 5-4.

Figure 5-4 shows that instantaneous discharges/fmen 395 mto 254n7, 888n7t to 307
m’and 1203 mto 455 ni in Siyadberand Wayu, Adami Tulu and East Endertassi
respectively. The minimum discharges satisfy thetimy water demand in East Enderta
site, there is 10% water missing in SiyadberandWad Adami Tulu site.
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Table 5-6 Detail specification of AV55 (Aureka) wind pump

Dischar ge (m3/month)

Misrak G.

AV55 (Aureka) Wind Pump

Rotor

Horizontal axis; upwind position

Rotor diameter (m) 5.7m (19ft)
Operating wind speed 2.8 m/s
No. of blades 24

Transmission ratio

1:1 direct driven

Control systems

Fully automatic

Pump system

Single acting piston pump

Pump strock (mm)

160-230mm

Cut in wind speed 1.5m/s
Cut out wind speed 10 m/s
Survival wind speed 40 m/s

Monthly Aver age I nstantaneous Dischar ge for the Sel ected three sites (m3/month)
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Figure 5-4 Monthly average discharge for the selected siténfonth)
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By considering the characteristics of the rotommpuand wind region integrated system
performance was developed by Mathew et.al [50this research, a MATLAB program
was developed based on Eq. (5.22) to determinantiegrated discharge for all sites

within a given period of time.

Integrated performance of wind driven piston pump
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B
o
o

w
o
o

Dischar ge (m3/month)
o
o

100

|
|
|
i
4
Wind Velocity (m/s

~

Figure 5-5 Integrated discharge within a given period of timeselected sites

Figure 5-5 shows the integrated discharge of wired piston pump for the three sites

at a given period of time. As can be observed ftbengraph, the integrated discharge
curves are similar for all sites with a higher disge rate for the site that has a higher
water demand per day.

Table 5-7 shows the monthly average water disch&mjémonth) for the three sites.
According to the simulation result, the annual désges for the sites are 3830.42, 7098
and 9477mfor Siyadberand Wayu, Adami Tulu and East Endsites, respectively.
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Table 5-7 Monthly average discharges for the selected gitdsnonth).

Months | Siyadberand Wayu Site | Adami Tulu Site | East Enderta Site
Jan 395.5322 590.887 707.2

Feb 342.6349 701.317 962.1

Mar 346.5323 761.794 1203.1

Apr 302.931 725.375 1151.1

May 297.4014 888.152 858.2

Jun 335.3538 632.295 628.6

Jul 329.8755 317.259 471.8

Aug 280.1304 307.367 455.4

Sep 254.1291 413.735 500.8

Oct 280.1304 650.886 819.7

Nov 319.2343 544.965 901.8

Dec 346.5323 564.396 817.3

5.11 Financial Comparison between Wind and Diesel Water Pumping

System

In the financial comparison between windmill ancesdil water pumping, the main
guestion is how the financial costs of both systears be calculated. The whole costs of
a pumping system have a certain life expectancyears that is made up of the capital
cost, operating cost and maintenance and repladerneh (M&R). And all these costs
refer to the life cycle cost LCC. Table 5-8 belowludes assumptions that were made for

financial comparison between WPS and DPS.

Annual Fuel Cost=Specific Fuel Consumption® Total Operating Howrs in a Year*Fuel Rate

S
*0.77 T=38?_35 S/vear
er

0.23liter (ﬁhr da}')
= *(—*365
hr day vear

Fuel Cost of Diesel Generator for 20 years=20 Y&&r+85 $/year=7757 $
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Table 5-8 Economic assumptions

Parameters Values
Interest rate (%) 5
Discount rate (%) 10
Life time of windmill (years) 20

Life time of su

bmersible pump (yearnslO

Life time of Diesel generator (years) 10
Diesel fuel cost ($/1) 0.77
Salvage value for windmill (%) 20

Salvage value for Diesel (%) 20

Table5- 9 WP and DP system cost comparison using LCC fomfidaulu site.

Costs (USD) WP (USD) DP (USD)
Capital Cost (CC) of windmill 2329.38 250
heads completed with tower and
pump
Maintenance cost (MC) : 1. for windmill and tower 313.2 500
$ is required within 20 years
2. for maintenance of pump,
pump rod, delivery pipe 1100 $ |is
required within 20 years
Fuel/Energy cost (EC) for 20None 7757
years
Replacement cost (RC) foMNone 500
generator
Replacement cost forNone 400
submersible pump
Total cost 3742.58 9407
Salvage value (SC) Negligible 40
Life Cycle Cost (LCC) 3742.58 9367

Misrak G.
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Figure5- 6 Life cycle cost analysis of windmill and diesedt@r pumping system for

Adami Tulu site

As shown in Figure 5-6, the capital cost of diegater pumping system is lower than the
windmill water pumping system. However, the fuestcof diesel water pumping system
is higher than the windmill system. Therefore, & wompare the two systems based on

their present cost windmill water pumping systermae economical.

5.11.1 Cost of Pumping Water

As we have discussed in the previous chapter teeafovater pumped by windmill and

diesel water pumping system can be calculated ukagost annuity method [44].

Table 5-10 shows the cost of pumping of water using PV and Diesel water pumping
systems for three sites. Based on the unit costabér, the PV water pumping system is

more economical than the Diesel system.
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Pump Siadberand | Adami | East

Wayu Tulu Enderta
Windmill
Annualized capital cost 240.4 273.7 273.7
Operation and maintenance cost 70.66 70.66 70.66
Annualized life cycle cost for windmill 311.06 386. | 344.36
Water cost for Windmill system ($fn 0.06 0.05 0.04
Diesel
Annualized capital cost 52.875 52.875 52.8[/5
Operation and maintenance cost 25 25 25
Replacement cost 27.625 27.625  27.625
Annual Fuel cost 337.26 387.85 306.9
Annualized life cycle cost for Diesel system  442.76 | 493.35 | 412.4
Water cost for Diesel systéim®) 0.08 0.07 0.04

Misrak G.

Table 5-10 Annuity and water cost calculation for the windraihd diesel system (USD).
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CHAPTER SIX
HYBRID (SOLAR/WIND) WATER PUMPING SYSTEM

6.1 Introduction

The term hybrid system is used to describe any pomith more than one type of

resources, usually a conventional generator or pdwedies el or gas engine and
renewable energy sources such as a Photovoltdionind generator, batteries ...etc.[56]
Today, depletion of oil and gas reserves, combwéd the growing concerns about
global warming, has made the expectation to seeknaltive/renewable energy sources.
The integration of renewable energies such as smtar wind energy is becoming

increasingly attractive and is being used widety, Substitution of oil-produced energy
[57].

In recent years, photovoltaic power generation bbesn receiving considerable attention
as one of the more promising energy alternative. fEason for this rising interest lies in
the direct conversion of sunlight into electricityowever, the PV power generation
cannot be used wide spread because of economar.fadw a days, efforts are being

made worldwide to reduce the cost/watt throughoteritechnological innovations.

Wind energy also is equally and effectively usedairge scale wind farms to provide
electricity to rural areas and other far reachingations. Wind energy is being used
extensively in areas like Denmark, Germany, Sgautia and in some areas of the United
States of America. It is one of the largest form&meen Energy used in the world today.
The performance of solar and wind energy systemstaongly dependent on the climatic
conditions at the location. The power generated BBV system is highly dependent on
weather conditions. For example, during cloudygusiand at night, a PV system would
not generate any power. In addition, it is diffictd store the power generated by a PV
system for future use. To overcome this problerRVasystem can be integrated with

other alternate power sources.
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Combined wind and solar systems are becoming mopelar for stand—alone power
generation applications, due to advances in renewamergy technologies and
subsequent rise in prices of petroleum productse Htonomic aspects of these
technologies show sufficient promise to includenthn developing power generation
capacity for developing countries. Research anceldpwment efforts in solar, wind, and
other renewable energy technologies are requiredcdatinue improving their
performance, establishing techniques for accurgtedglicting their output and reliably
integrating them with other conventional generasogrces [57].

Before building a system with several intermittembergy sources and variable
consumption, guidance on the dimensioning of thdividual components should be
obtained by simulating the system operation under lbcal conditions, including as
appropriate the weather, insulation, wind etc. émeyal a key objective of such systems
is to use the maximum proportion of renewable enebgt other factors including the
financial investment, social aspects, local infiadture, durability etc. must also be

considered [57].

The components and subsystems of a stand-alorensystsed on renewable sources are
interconnected to optimize the whole system. Thagteof a hybrid system will depend
on the requirements of the user (isolated or naaied location, rural or urban, DC or
AC supply), and on the power supply system (or wsw@ply system in the case of water
pumping applications). Usually, most of hybrid gyss are designed to supply electric
power for lighting fixtures, radio/TV, domestic digmces, submersible water pumps etc.
This is typical in isolated areas for rural houddbhas well as of some public buildings

such as schools, cultural establishments, etc.

The term hybrid system is used to describe any pomith more than one type of
resources, usually a conventional generator or pdwe diesel or gas engine and

renewable energy sources such as a Photovoltaionind generator, batteries ...etc.
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The adoption of one form of energy conversion ootler depends on solar or wind
potential. The use of diesel system raises numgsodems (fuel transport, spare parts,
and repair shops) which bring the designers toktlaipout the possibility of combined
renewable energy systems. To address this probiigbrid systems that use more than
one power supply has been employed where the defoamdhter is critical and outages

cannot be tolerated.

6.2 Investigation of Hybrid Energy Application in Ethiopia

In Ethiopia, different researchers have been studrethe feasibility of standalone solar/
wind and hybrid energy production system for rematea applications. [Alfa
Hailemariam et.al, 2013] studied the hybrid solamdadiesel systems for rural areas
application in north Ethiopia using Homer Softwd@etachew Bekele and Bjorn Palm,
2010] studied the feasibility of a standalone selard based hybrid energy system for
rural electrification application in Ethiopia. [®ohon Teklemichael, 2013] designed and
analyzed an off-grid hybrid renewable energy systesupply electricity for rural areas.
[Zelalem Girma, 2013] also studied the design dbrtdy renewable energy system for
rural areas electrification in Ethiopia. [Moges Aghe] worked on modeling, simulation
and analysis of a hybrid wind-hydrogen energy syste Ethiopia. In addition to this
[Samuel Tesema] worked on resource assessmenfpénuzation study of efficient type
hybrid power system for electrification of ruralsttict in Ethiopia. However, all
previously mentioned studies focused on rural gfexgtion applications. Therefore, the
objective of this research is studying the viapibf solar/wind and hybrid based water

pumping system for rural application in Ethiopia.

6.3 Description of the Study Area

In this research, A hybrid powered pumping systemable of supplying 20 Hrof water

per day for 1000 people with average daily watarsconption of 20 liter per person at
different water level has been designed. Desigier@ are based on requirement for
drinking water supplies to small villages in Ethepln this research, four sites selected

from three different administration Regions. Theesiare Atsbi from Tigray, Awash
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Fentale from Afar, Borena and Adami Tulu from Oranriegions respectivel\Site

selection was done based on available solar and &nergy potential of the sitblost areas of

the country covered by good and moderate solamggnastential sites however there is

few good wind energy potential in the country.

Table 6-1 Selected Sites for Hybrid Water Pumping System
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Figure 6-1 Average solar radiation of Ethiopia for 30 yeari@e (1980-2009)
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Figure 6-2 Average wind speed of Ethiopia at 50m for 30-ysamod (1980-2009)

Figure 6-1 and 6-2 show the average solar radiatimhwind speed distribution of the
country for 30-years period. And table 6-1 showsuah average global solar radiation
and wind speed for all selected sites.

6.4 TheProposed Hybrid System Configuration

Possible available technologies for hybrid watenping systems are:

v Wind turbine for electric generation and solar Bgtem with inverter for electric
power generation supplying electric power for eilegubmersible pump. Electric
power wind turbine is only feasible for high winpegd although there are some
locations in Ethiopia with high wind speed. Defatytin most location in Ethiopia

the wind speed is low or medium.
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v In addition well for water supply has to be locatedhe village which must be
appropriate to the spot of wind. Therefore, thisampcan be appropriate for few
locations in Ethiopia where not considered.

v" The second available technology for hybrid watemping system is Windmill
with piston pump and PV module With DC Submersitlienp. Windmill are not
operate with low speed and can be considered faerwaumping application
starting from average wind speed 3.5 m/s. Thereforthis research, PV with DC
submersible and windmill with piston pump are sidcdor hybrid application.

Figure 6-3 shows the schematic diagram of hybritermaumping system.

Multi Bladed PV Modules ‘
Rotor i
Tower Controller‘
}\ Discharge Pip
Well Seal | \\\ Pump Rod
ﬂ\% Tower Footing
Drop Pipe
P FIp Water Level
Screen - Piston Pump
Submersible Pump

Figure 6-3 Schematic diagram of hybrid water pumping system
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6.5 Design and Simulation of Hybrid Water Pumping System
6.5.1 Introduction

Combining wind and solar energy into hybrid generasystem could satisfy the energy
needs. The two sources of energy, which are indallg unreliable could as a whole

have a higher reliability. It has been found thatarid wind/PV system is better than an
individual wind or PV power system [58].

Wind speed and solar radiation data of the selesitedshows that it is possible to apply
the hybrid technology in Ethiopia. However, genlgrakind and solar options have

unpredictable nature being dependent on weatheckmdtic changes. Figure 6-4, 6-5,

and 6-6 show monthly average wind speed at 10 mihoaverage wind speed at 50 m
and monthly average direct normal solar radiatmrttie selected sites.

Monthly Average Wind Speed at 10 m above the Surface of
the Earth (m/s)

= Atsbi, Tigray

e
4 N\ / \ Awash Fentale, Afar
S

R

Borena, Oromia

Wind Speed (m/s)
(¥ ]

= A dami Tulu, Oromia

0 1 2 3 4 5 6 7 8 g 10 11 12
Month

Figure 6-4 Monthly average wind speed at 10m for all selesftzb
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Wind Speed (m/s)

Monthly Average Wind Speed at 50 m above the Surface of
the Earth (m/s)
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Figure 6-5 Monthly average wind speed at 50m for the selesiied
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Figure6-6 Monthly average direct normal solar radiationtfoe selected sites
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Table 6-2 Monthly Average Solar Radiation and Wind SpeedaDat Tigray Region,
Atsbi Site

Tigray Region, Atshbi Site

Months Radiation on a | Direct Normal | Wind Speed at 10 m
Horizontal Radiation above the Surface
(kWh/m?%day) | (kWh/m?day) | of the Earth (m/s)

Jan 5.85 8.1 4.55

Feb 6.27 7.73 4.59

Mar 6.5 7.03 4.58

Apr 6.82 7.02 4.24

May 6.62 6.62 3.68

Jun 6.05 5.7 4.97

Jul 5.57 4.8 5.2

Aug 5.46 451 4.79

Sep 6.05 5.91 4.09

Oct 6.22 7.23 3.14

Nov 6 8.12 3.56

Dec 5.66 8.09 4.01

Table 6-3 Monthly Average Solar Radiation and Wind SpeedaDat Afar Region,

Awash Fentale Site

Afar Region, Awash Fentale

Months Radiation on a | Direct Normal | Wind Speed at 10 m
Horizontal Radiation above the Surface of
(kwh/m?day) | (kWh/m?day) | theEarth (m/s)

Jan 6.08 7.66 3.42

Feb 6.57 7.71 3.14

Mar 6.52 6.73 3.01

Apr 6.31 6.01 3.06

May 6.36 6.42 2.86

Jun 5.77 5.53 2.89

Jul 5.23 4.48 2.53
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Aug 5.36 4.47 2.29
Sep 5.84 5.34 2.31
Oct 6.31 6.88 2.84
Nov 6.27 7.84 3.24
Dec 6.08 8.06 3.37

Table 6-4 Monthly Average Solar Radiation and Wind SpeedaDat Oromia Region,

Borena Site

Oromia Region, Borena Site

Months | Radiation on a | Direct Normal | Wind Speed at 10 m
Horizontal Radiation above the Surface of
(kwh/m?day) | (kWh/m?day) | the Earth (m/s)

Jan 6.31 7.64 3.8

Feb 6.66 7.51 3.7

Mar 6.36 6.25 35

Apr 5.74 5.08 3.33

May 5.57 5.15 3.38

Jun 4.98 4.35 34

Jul 4.61 3.65 3.5

Aug 5.01 4.01 3.39

Sep 5.56 4.77 3.37

Oct 5.28 4.65 3.33

Nov 5.68 6.07 3.5

Dec 6.05 7.36 3.8

Annual | 5.64 5.53 3.5

average
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Table 6-5 Monthly Average Solar Radiation and Wind SpeedaDat Oromia Region,
Adami Tulu Site

Oromia Region, Adami Tulu Site

Months | Radiation on a | Direct Normal | Wind Speed at 10 m
Horizontal Radiation above the Surface of
(kWh/m%day) | (kWh/m?day) | the Earth (m/s)

Jan 6.02 7.33 3.55

Feb 6.41 7.22 3.21

Mar 6.35 6.34 3.03

Apr 6.04 5.55 3.1

May 5.95 5.7 2.94

Jun 5.42 4.97 2.9

Jul 4.83 3.88 2.52

Aug 5.01 3.95 2.34

Sep 5.64 4.95 2.41

Oct 6.04 6.23 2.89

Nov 6.25 7.61 3.32

Dec 6.1 7.88 3.53

6.6 Hybrid Water Pumping System Design

6.6.1 Technical Analysis

Transfer of technology should be taken with greatecto suit the local climatic
geographical and social conditions of the commumioncerned. Davis & Shirtliff
Trading PLC is one of solar pump supplier in Etiagsupplying different models of
solar pump such as GRUNDFOS, PEDROLLO and DAVEY.

In this research, different types of GRUNDFOS ssldomersible well pump are selected
based on the design. The design considers one ssiblegoump and piston pump in one
borehole. Mechanically driven wind pump is selediedause of not feasibility of electric

turbine. One controller is wired between the P\aprand the pump to optimize the
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relationship b/n array voltage and current to mazénthe amount of water pumped under

variable sunlight condition.

Table 6-6 Well characteristics and other important paranseter

Parameters Values
Total Number of Beneficiaries 1000
Water Volume Required Per Day |oe2rO iday
person

Well Depth 60m
Static Water Level 25m
Pump Position 52m
Vertical Elevation 14m
Horizontal Distance b/n well & storage 23m
Well yield 2 /s

6.6.2 Design of Solar and wind pump

6.6.2.1 Sizing of Solar Pump

During the design of the solar pump the followingimpoints should be considered:

v Daily water requirement: the daily water requirement can be determinedase
on equations discussed in chapter 4 and 5.

v' The storage tank capacity: for drinking water pumping system the storage tank
capacity is considered for 3 days.

v' Solar resource: a good rule of thumb is that the solar resourcstrbe greater
than 3 kWh/rYday for choosing a solar site.

v' Pumping requirement: total dynamic head (TDH) is vertical distance ttad
pump must move the water. TDH is the sum of stiaéiad, friction loss due to
pipe length and fittings.

v' Hydraulic workload: hydraulic workload is an excellent indication bétpower

that will be required to meet the designed systenstraints.
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v Flow rate: the volume of water that is pumped in a set ofetiperiod

Total dailywater requirment
flow rate (Q) = Al 4 =

total daily =zolar izolation®60 —m

hr
v' Pump power can be determined using the followingadqgn respectively:
pump power (W) = (0.1885 X TDHX Q)/n
v' PV determination (array sizing): the number of modules in series and in parallel
can be determined using the following equationpeesvely
v' Modules in series = (pumps motor voltage)/(17.4 V)

Modules in parallel = (pumps peak parallel wattage) /(module in series X
vy 174V X311 AX 0.80)

The size of the array and pump depends on dailgr saldiation and hydraulic energy
requirement, which can be express as volume-hezdlipr (duty in rf¥day). The actual

power required to pump water is:

B (981 xH x Q)
B n

(6.1)

req

Where: Reqpower required in W, H= total pumping head in m, {w rate in liter per
second (liter/syy= subsystem efficiency

A more accurate way of estimating the size of tbkarsarray needed to pump given

amount of water is to use the following formula][59

Sty - OSIXHXQ ‘s
e TH %36 XF, X F, xn (62)

Where: Wp = peak watts, % global solar irradiation in the array plane (kWin’/day),
Fn = array/load matching factor, 0.9 for centrifugamps, 0.8 for the other pumps, £
de-rating factor for operating temperature of awagput cells (0.8 for warm climate and
0.9 for cool)
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The Peak Watt can be calculated using equatiorab® assumedF= 0.8 (de-rating
factor 0.8 for warm climate and 0.9 for cool),#0.8 (array matching factor 0.9 for
centrifugal pump, 0.8 for any other pump) and 0.35 (subsystem efficiency).

Because of the relatively high cost of PV modusedar pumping is most economical for
small power demand application. Therefore, halihef calculated number of module was

considered in order to provide a power that woutspce a half of the required water.

Again Peak Watt can be calculated using half ofdhkeulated number of module for
each site. And using this Peak Watt and the sasengstion, the solar pump flow rate
(Q) in nt/day can be expressed in terms of pumping headsalad radiation for each
site.

6.6.2.2 Sizing of the Wind Pump

The Wind machines convert the energy in wind intechanical or electrical energy.

Windmills work very well at low wind speeds, so yhend to give more reliable water

supply than wind electric systems. But, the wingkeic systems are more efficient over
a wide range of wind speeds, they can pump higl&rmwes of water, and the wind

turbine can be placed far from the well. Perhapstnmportant, wind-electric systems

need much less maintenance. In this researchydiféype windmills are selected based
on the design result.

The power developed by the system in pumping watgiven by:

P,=Cnx05Xp, XAXV? (6.3)

Where R, = power developed by the system in wapts= air density in kg /) V =
velocity in (m/s), A = cross-sectional area of whelng intercepted

C,n = overall (wind to water) efficiency of the systei@~= power coefficient (the

maximum possible power coefficient is Bentez caaédfit G= 0.59)
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The Average hydraulic output at a site with an agerwind speed can be calculated as
given by (E.H. Lysen, 1983)

P,...=01xAxV 6.4
hyds

The hydraulic power needed to lift the water frdre source to an overhead tank can be

calculated as follows:

Hydraulic Power=p_XgX QX H (6.5)

By equating equations 6.4 and 6.5 the flow of watemped over a head of H meter by

the hydraulic power By, is given by:

m’ Py
= 6.6
Q(S) F}\\'XEKH ( j

This expression can be reduced to:

m? 0.69 x d° x V*

6.7 Simulation of Hybrid Water Pumping System at Different Head
L evel

MATLAB program has been written for hybrid systerwihd and solar pump working
together /. The computer program is written for thve pumps to give the demand of
water equal to or greater than 2G/day. In this section, the simulation results df al

selected sites are discussed in detail.
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6.7.1 Scenario one: Simulation Result for Atsbi Site / High Solar and Medium
Wind site/ at 50, 75 and 100 m Head.

From Tigray region Atsbi was selected to represegih solar radiation and high wind
speed site. The annual average solar radiationoomdmtal surface for this site is 6.73
kWh/nf/day and annual average wind speed at 10 m is ¢équaB m/s. Table 6-7 and
figure 6-7 below shows the cumulative dischargéhefhybrid system in Atsbi site at 50,

75 and 100 m head. Figure 6-8 also shows montldyaae discharge of the site.

Table 6-7 Total and cumulative discharge of Atsbi site atettént head level

Months Cumulative Discharge (Qr)inm® Cumulative
50m 75m 100m Demand
(Qo) inm?
Jan 744 745 745 620
Feb 1446 1448 1447 1180
Mar 2232 2235 2234 1800
Apr 2917 2921 2920 2400
May 3490 3494 3493 3020
Jun 4351 4356 4355 3620
Jul 5301 5307 5305 4240
Aug 6099 6107 6105 4860
Sep 6711 6719 6717 5460
Oct 7174 7182 7180 6080
Nov 7677 7685 7683 6680
Dec 8270 8279 8277 7300
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Cumulative discharge and demand for Atsbi Site
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Figure 6-7 Cumulative discharge and demand for Atsbi siwdif&drent head level
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Figure 6-8 Monthly average discharge for Atsbi site at 50m
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As shown in table 6-16 the total water supply igatdo 8270, 8279 and 827 7hannual
for 50 , 75 and 100 m head respectively. As weehseen from simulation result the
monthly average discharge and cumulative dischafdke site is almost the same in all

head level.

6.7.2 Scenario Two: Simulation Result for Awash Fentale site/ high Solar and L ow
Wind site/ at 50, 75 and 100 m Head.

In this scenario the site has good solar radiadimh low wind speed. The annual average
solar radiation for Awash Fentale site is 6.42 kiéiiday and the annual average wind
speed is equal to 2.89 m/s. As shown in tablett&e8otal water supply is equal to 8148,
8150 and 8149 Yannual at 50, 75 and 100 m head respectively.€fbw, the surplus
water can be used for animal watering. Figure &® fegure 6-10 shows the cumulative

discharge and monthly average discharge of Awaskakesite respectively.

Table 6-8 Cumulative discharge at different head levelfarash Fentale site

Months | Cumulative Discharge (Qr)in m° Cumulative
50m 75m 100 m Demand
(Qo) inm®
Jan 904 905 904 620
Feb 1622 1623 1622 1180
Mar 2359 2360 2360 1800
Apr 3083 3084 3083 2400
May 3754 3755 3755 3020
Jun 4386 4387 4387 3620
Jul 4893 4894 4894 4240
Aug 5344 5346 5345 4860
Sep 5809 5811 5810 5460
Oct 6471 6473 6472 6080
Nov 7269 7272 7271 6680
Dec 8148 8150 8149 7300
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Cumulative discharge and demand for Awash Fentale Site
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Figure 6-9 Cumulative discharge of Awash Fentale site dedbht head level

Monthly Awverage Discharge for Awash Fentale site
20

T T T T T

18 -

- Discharge of wind pump
- Discharge of solar pump [

16 —

14 - S

12------ 0B

10-- e E B B Ba B - N =

Discharge (M3/day)
0

Figure 6-10 Monthly average discharge for Awash Fentale site

Even if the wind speed is low, the cumulative d&ége of the site is greater than the

cumulative demand throughout the year.
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6.7.3 Scenario threee Simulation Result for Borena site/ medium Solar and Wind
site/ at 50, 75 and 100 m Head.

In this scenario Borena site selected from Orongigion with annual average solar
radiation 5.53 kWh/ffiday and annual average wind speed 3.5m/s. TaBlstw that
the total water pumped by solar and wind water gnmpgystem is equal to 8053, 8052
and 8053 nf annual at 50, 75 and 100m head respectively.

Table 6-9 Cumulative discharge at different head level fordha site

Months Cumulative Discharge (Qr)inm® Cumulative
50m 75m 100m | Pemand
(Qo) inm®
Jan 822 822 822 620
Feb 1549 1549 1549 1180
Mar 2270 2270 2270 1800
Apr 2885 2884 2885 2400
May 3525 3525 3525 3020
Jun 4120 4119 4119 3620
Jul 4744 4744 4744 4240
Aug 5357 5356 5357 4860
Sep 5974 5973 5974 5460
Oct 6584 6583 6583 6080
Nov 7245 7244 7245 6680
Dec 8053 8052 8053 7300

Misrak G. 93



Viability of Solar/Wind and Hybrid Water Pumpings&m for Off-Grid Rural Areas in Ethiopia

Cumulative discharge and demand for Borena Site
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Figure6-11 Cumulative discharge of Borena site at diffetesdd level.

Monthly Average Discharge for Borena site

T T T T T T T T T -
‘ : : : : : - Discharge of wind pump
: : : : : - Discharge of solar pump
A R R R T
| | | | | |
| | | | | |
| |
E 10-- - - - - N e - B B
g
s N B B B B R B E N EE e
0]

Month

Figure 6-12 Monthly average discharge for Borena site
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6.7.4 Scenario four: Simulation Result for Adami Tulu site/ medium Solar and low
Wind site/ at 50, 75 and 100 m Head.

In this section, Adami Tulu site selected from Oramregion to represent the site with
medium solar radiation and low wind speed. AdamiuThas annual average solar
radiation 5.96 kWh/fiday and annual average wind speed 2.96 m/s. b show

that the total water pumped by solar and wind wa@mping system is 8071, and
m%/annual at 50, 75 and 100m. Figure 6-13 and 6-bwsihat the monthly average

discharges and cumulative discharge and demandatbsgy.

Table 6-10 Cumulative discharge at different head level fdiafi Tulu

Months Cumulative Discharge (Qr)inm® Cumulative
50m 75m 100m Demand
(Qo) inm®
Jan 949 949 949 620
Feb 1676 1676 1676 1180
Mar 2403 2404 2403 1800
Apr 3118 3119 3118 2400
May 3790 3792 3790 3020
Jun 4400 4402 4400 3620
Jul 4881 4882 4881 4240
Aug 5325 5327 5325 4860
Sep 5804 5806 5804 5460
Oct 6463 6466 6463 6080
Nov 7282 7285 7282 6680
Dec 8225 8227 8225 7300
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Cumulative discharge and demand for Adanu Tulu Site
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Figure 6-13 Cumulative discharge of Adami Tulu site at diffier head level
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Figure 6- 14 Monthly average discharge for Adami Tulu site
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6.8 Cumulativedischargefor all selected site

In the previous section, the simulation of hybridt&r pumping system was done by
selecting different head (minimum, medium and ldrgad) for each selected sites. Table
6-11 shows annual water discharge at different teaal for each selected site.

Table 6-11 Annual discharge for all selected site at difféteead

Sites Annual dischargein m* Annual
: 3
50m |75m |100m | Demandinm
Atsbi (high solar and mediumd270 8279 8277 7300
wind )

Borena ( medium solar andB053 8052 8053 7300

medium wind site)

Awash Fentale (high solar an@®148 8150 8149 7300

low wind site)

Adami Tulu ( medium solar and3225 8227 8225 7300
low wind site)

As we have seen from the simulation result the dative discharge of each site is the
same in all head. However, based on the desigit gifferent solar and wind pumps are
selected for each head.
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CHAPTER SEVEN

ECONOMIC ANALYSISFOR HYBRID WATER PUMPING
SYSTEM

7.1 LifeCycle Cost Analysis Method

While there are many kinds of comparative econamnalysis methods, the life cycle cost
analysis is a convenient method for assessing dlaive costs of different pumping
systems. This method analyzed all costs associitbdinstallation and the use of the
pumping system by reducing them to a single nunaaded the annualized life cycle
cost. Dividing annualized life cycle cost by theéatovolume of water pumped over the
system’s lifetime, gives a unit cost for water p@tp To make direct financial and
economic comparison between the two or more pumgystem, the unit costs must be
calculated. In this Research, the solar/wind hylrader pumping system compared with

standalone PV and windmill water pumping system.

* Methodology

The following economic assumption made during lifgcle cost analysis. Generally

speaking, Table 7-1show the assumptions made dedagomic analysis.

Table7-1 Different Assumption for each System

Parameters Values
Interest rate (%) 5
Discount rate (%) 10
Life time of PV and windmill (years) 20
PV operation and maintenance (1%) of the capitsi co 1
Windmill operation and maintenance (10%) of theitegost| 10
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7.2 Calculation of cost of m® of water for hybrid and standalone

windmill and PV water pumping system

As we have discussed in chapter 4 and 5 Cost’affrwvater is determined by dividing
annualized life cycle cost of the system to thaltpumped water. The hybrid pumping
system depends mainly on wind and solar pump. Ttrverethe total annualized life cycle
cost for the hybrid system is the sum of annualzest of PV and windmill system.

In this financial analysis the cost of mf water for hybrid system is also compared with
standalone PV and Windmill water pumping systene fidllowing tables show the total
initial investment cost, annualized life cycle casd cost of rof water for hybrid and

standalone windmill and PV system.

Table 7-2 Total initial investment cost of PV system for Bitsite in USD

Pump 50m head | 75m head | 100 m head
PV module

Total Module cost 1171.9 1757.9 2343.8
Cost of pump 2050.0 2050.0 2050.0
Supporting structure cost 44.8 67.2 89.6
Subtotal cost 3266.7 3875.1 4483.4
Wiring and other miscellaneoy$53.3 775.0 896.7
(20% of the subtotal cost to BOS

Total initial cost for PV system 3920.0 4650.1 5380.1
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Table 7-3 Annuity and water cost calculation of PV systemAtsbi site in USD

Annualized life cycle cost for Atshi site

Pump 50mhead | 75m head 100 m head
PV system

Annualized capital cost 460.41 546.15 631.89
Operation and maintenance cast 29.13 34.55 39.97
Replacement cost 79.03 79.03 79.03
Annualized life cycle cost for

PV system 568.56 659.73 750.89
Annual water pumped 7295.21 7295.21 7295.21
Water cost for PV system

($/m?) 0.08 0.09 0.10

Table 7-4 Total initial investment cost of windmill systenrfAtsbi site in USD

Pump 50m head 75 m head 100 m head

Windmill system

Capital Cost (CC) of windmil

heads and pump 1456.0 3626.0 5782.0

Windmill tower cost 1651.2 1651.2 1651.2

Subtotal Capital 3107.2 5277.2 7433.2

Other miscellaneous (20% of

the CC or BOS) 621.4 1055.4 1486.6

Total initial cost for windmill

system 3728.7 6332.7 8919.9
Misrak G.
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Table 7- 5 Annuity and water cost calculation of windmill sy for Atsbi site in USD

Annualized life cycle cost for Atshi site windmill pump

U7

Pump 50mhead | 75mhead | 100 m head
Wind pump

Annualized capital cost 437.93 743.77 1047.64
Operation and maintenance cost 27.70 47.05 66.27
Annualized life cycle cost for

windmill system 465.64 790.82 1113.91
Annual water pumped 10806.41 10806.49 10806.4
Water cost for windmill ($m°) | 0.04 0.07 0.10

Table 7-6 Total initial investment cost of hybrid system fatsbi site in USD

Pump 50 m head| 75 m head 100 m hgad
PV system

Total module cost 585.9 878.9 1171.9
Cost of pump 2050.0 2050.0 2050.0
Support structure cost 22.4 33.6 44.8
Subtotal cost 2658.3 2962.5 3266.7
Wiring and other miscellaneoug 531.7 592.5 653.3
Total capital cost of PV system 3190.0 3555.0 3920.
Windmill system

Capital cost (CC) of windmil

heads and pump 843.0 1127.0 1456.0
Windmill tower cost 897.0 897.0 1651.2
Subtotal cost 1740.0 2024.0 3107.2
Other miscellaneous (20% of the

CC or BOS) 348.0 404.8 621.4
Total capital cost for windmill 2088.0 2428.8 3728.
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Annualized life cycle cost for Atshi Site

Pump 50 m head 75 m head| 100 m heg
PV system

Annualized capital cost 374.67 417.54 460.41
Operation and maintenance cost 23.70 26.41 29.13
Replacement cost 79.03 79.03 79.03
Annualized life cycle cost for PY

system 477.40 522.98 568.56
Windmill system

Annualized capital cost 245.24 285.26 437.93
Operation and maintenance cost 15.51 18.05 27.70
Annualized life cycle cost for

windmill system 260.75 303.31 465.64
Total annualized life cycle cost for

hybrid system 738.15 826.29 1034.20
Water pumped per year {fgear) 8270.22 |8279.34 |8276.84
Water cost for hybrid system ($7n| 0.09 0.10 0.12

Water cost for hybrid syster

(ETB/M) 1.90 2.13 2.67

Viability of Solar/Wind and Hybrid Water Pumpings&m for Off-Grid Rural Areas in Ethiopia

Table 7-7 Annuity and water cost calculation of hybrid systior Atsbi site (USD).

d
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Table 7-8 Total initial investment cost of PV systemfor Awasentale site (USD)

pump 50m head] 75 mhead 100 m head
PV module Cost

Total cost of the Module 1177.70 1766.60 2355.43
Cost of pump ($) 2050.00 2050.00 2050.00
Support structure cost 44.80 67.20 89.60
Subtotal cost 3272.50 3883.80 4495.03

Wiring and Other miscellaneous
(20% of the subtotal cost to BOS 654.50 776.76 .@Db9
Total initial cost for PV 3927.00 4660.56 5394.04

Table7-9 Annuity and water cost calculation of PV systemAwash Fentale site
(USD).
Annualized life cycle cost for Awash Fentale site

Pump 50 mhead| 75 mhead 100 m hgad
PV system

Annualized capital cost 461.23 547.38 633.53
Operation and maintenance cost 29.18 34.63 40.08
Replacement cost 79.03 79.03 79.03
Annualized life cycle cost for PY

system 569.43 661.04 752.63
Annual water pumped 7256.98 7256.98 7256.98
Water cost for PV system ($/m®) | 0.08 0.09 0.10
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Table 7-10 Total initial investment cost of windmill systemrfAwash Fentale site
(USD)

Pump 50m head 75 mhead 100 m hgad
Windmill system

Capital Cost (CC) of windmil

heads and pump and including

tower 6468.00 10000.00 11000.00
Windmill Tower cost 1931.00 - -

Subtotal Capital 8399.00 10000.00 11000.0¢
Other miscellaneous (20% of the

CC or BOS) 1679.80 2000.00 2200.00
Total initial cost for windmill 10078.80 12000.00| 3200.00

Table 7-11 Annuity and water cost calculation of windmill s for Awash Fentale site

(USD).
Annualized life cycle cost for Awash Fentale site
Pump 50 m head | 75 m head | 100 m head
Windmill
Annualized capital cost 1183.76 1409.40 1550.34
Operation and maintenance cost  74.89 89.16 98.08
Annualized life cycle cost for
windmill system 1258.64 1498.56 1648.42
Annual water pumped 10551.66 10551.6% 10551.65
Water cost for windmill ($/m3) | 0.12 0.14 0.16
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hybrid water pumping system for Awash fentale Site

Table7-12 Total initial investment cost of hybrid systemSD) for Awash Fentale site

ad

Pump 50 m head 75 m head 100 m heg
PV system

Total module cost 588.85 883.30 1177.72
Cost of solar pump 2050.00 2050.00 2050.00
Support structure cost 22.40 33.60 44.80
Subtotal cost 2661.25 2966.90 3272.52
Wiring and Other miscellaneous 532.25 593.38 654.50
Total capital cost of PV system 3193.50 3560.28 7392
Windmill System

Capital Cost (CC) of windmil

heads and pump 3626.00 5782.00 6468.00
Windmill Tower cost 1931.00 1931.00 1931.00
Subtotal Cost 5557.00 7713.00 8399.00
Other miscellaneous (20% of the

CC or BOS) 1111.40 1542.60 1679.80
Total initial cost for windmill 6668.40 9255.60 108180
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(USD).
Annualized life cycle cost for Awash Fentale Site
Pump 50 m head 75 m head | 100 m head
PV system
Annualized capital cost 375.08 418.15 461.23
Operation and maintenance cost 23.73 26.45 29.18
Replacement cost 79.03 79.03 79.03
Annualized life cycle cost for PY
system 477.83 523.64 569.43
Windmill system
Annualized capital cost 783.20 1087.07 1183.76
Operation and maintenance cost 49.55 68.77 74.89
Annualized life cycle cost for
windmill system 832.75 1155.84 1258.64
Total annualized life cycle cost for
hybrid system 1310.58 1679.47 1828.07
Water pumped per year {fgear) 8147.74 | 8150.41 8149.37
Water cost for hybrid system
(USD/m®) 0.16 0.21 0.22
Water cost for hybrid system
(Birr/m®) 343 4.40 4.79
Misrak G.
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Table 7-14 Total initial investment cost of PV system for Boa site (USD)
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bad

pump 50mhead] 75mhead 100mh
PV system

Total module cost 1263.34 2871.50 3828.30
Cost of pump 2050.00 2050.00 | 2050.00
Support structure cost 44.80 67.20 89.60
Subtotal cost 3358.14 4988.70 5967.90
Wiring and Other miscellaneous

(20% of the subtotal cost to BOS) 671.63 997.74 31889
Total initial cost for PV system 4029.77 5986.44| 6148

Pump 50 m head 75 m head | 100 m hes
PV system

Annualized capital cost 473.30 703.11 841.12
Operation and maintenance cost 29.94 44.48 53.21
Replacement cost 79.03 79.03 79.03
Annualized life cycle cost for PY

system 582.26 826.61 973.35
Annual water pumped 7293.00 7292.45 7292.59
Water cost for PV system ($7in 0.08 0.11 0.13

Misrak G.
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d

Table 7-16 Total initial investment cost of windmill systei®) (for Borena site
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Wind pump 50m head] 75mhead 100 m head
Windmill Cost

Capital Cost (CC) of windmill heag

and pump 5782.00 | 6468.00 10000.00
windmill Tower cost 1931.00 | 1651.23 0.00

Total Capital 7713.00 | 8119.23 10000.00
Other miscellaneous (20% of the CC

or BOS) 1542.60 | 1623.85 2000.00

Total initial cost for windmill 9255.60 | 9743.08 12000.00

Table 7-17 Annuity and water cost calculation of windmill syst for Borena site

Annualized life cycle cost for Borena site windmill pump

Pump 50 m head| 75 m head | 100 m head
Windmill system

Annualized capital cost 1087.07 1144.32 1409.40
Operation and maintenance cost 68.77 72.39 89.16
Annualized life cycle cost for

windmill system 1155.84 1216.72 1498.56
Annual water pumped 10280.00 10282.20 10282.10
Water cost for windmill ($/m3) 0.11 0.12 0.15

Misrak G.
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Table 7-18 Total initial investment cost of hybrid system ®worena site

Hybrid water pumping system for Borena Site

pump 50mhead 75mhead 100 m heac
PV system

Total module cost 631.67 1435.75 1914.15
Cost of pump 2050.00 | 2050.00 2050.00
Supporting structure cost 22.40 33.60 44.80
Subtotal cost 2704.07 3519.35 4008.95
Wiring and Other miscellaneous 540.81 703.87 801.79
Total capital cost of PV system 3244.88 4223.22 (07557 §
Windmill System

Capital Cost (CC) of windmil

heads and pump 1127.00 1456.00 3626.00
Windmill Tower cost 897.00 1931.00 1931.00
Subtotal cost 2024.00 | 3387.00 5557.00
Other miscellaneous (20% of the

CC or BOS) 404.80 677.40 1111.40
Total initial cost for windmill 2428.80 4064.40 &5.40
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Table 7-19 Annuity and water cost calculation of hybrid systlmBorena site

Annualized life cycle cost for Borena Site

Pump 50 m head 75 m head | 100 m head

PV system

Annualized capital cost 381.11 496.02 565.02

Operation and maintenance cost 24.11 31.38 35.74

Replacement cost 79.03 79.03 79.03

Annualized life cycle cost for PY

system 484.25 606.42 679.79

Windmill system

Annualized capital cost 285.26 477.36 783.20

Operation and maintenance cost 18.05 30.20 49.55

Annualized life cycle cost for

windmill system 303.31 507.56 832.75

Total annualized life cycle cost for

hybrid system 787.56 1113.99 1512.54

Water pumped per year {fyear) 8053.00 8051.00 8052.00

Water cost for hybrid system

($/m?) 0.10 0.14 0.19

Water cost for hybrid system

(ETB/m°) 2.09 2.95 4.01
Misrak G.
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Table 7-20 Total initial investment cost of PV system for Adarulu site (USD)

pump 50m head] 75mhead 100 m head
PV system

Total module cost 1222.00 1833.11 2444.20
Cost of pump 2050.00 2050.00 2050.00
Support structure cost 44.80 67.20 89.60
Subtotal cost 3316.80 3950.31 4583.80
Wiring and Other miscellaneous

(20% of the subtotal cost to BOS) 663.36 790.06 P46

Total initial cost for PV system 3980.16 4740.37| 00656

Table 7-21 Annuity and water cost calculation of PV systemAdami Tulu site (USD).

)

Pump 50 m head 75 m head | 100 m hea
PV system

Annualized capital cost 467.47 556.76 646.04
Operation and maintenance cost 29.57 35.22 40.87
Replacement cost 79.03 79.03 79.03
Annualized life cycle cost for P

system 576.07 671.01 765.94
Annual water pumped 7239.55 7245.23 7239.55
Water cost for PV system ($/m3) | 0.08 0.09 0.10
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Table 7-22 Total initial investment cost of windmill system) r Adami Tulu site

Pump 50m head 75 m head 100 m hgad
Windmill system

Capital Cost (CC) of windmil

heads and pump 6468.00 10000.00 11000.0p
Windmill Tower cost 1931.00 - -

Subtotal cost 8399.00 10000.00 11000.0d
Other miscellaneous (20% of the

CC or BOS) 1679.80 2000.00 2200.00
Total initial cost for windmill 10078.80 12000.00 | 3200.00

Table 7-23 Annuity and water cost calculation of windmill g3 for Adami Tulu site
(USD).

Pump 50 m head 75 m head 100 m hgad
Windmill system

Annualized capital cost 1183.76 1409.40 1550.34
Operation and maintenance cost  74.89 89.16 98.08
Annualized life cycle cost for

windmill system 1258.64 1498.56 1648.42
Annual water pumped 10727.00 10744.00 10737.00
Water cost for windmill ($/) | 0.12 0.14 0.15
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112



Viability of Solar/Wind and Hybrid Water Pumpings&m for Off-Grid Rural Areas in Ethiopia

Table 7-24 Total initial investment cost of hybrid system {8) Adami Tulu site

pump 50 m head 75 m head 100 m he
PV system

Total module cost 611.00 916.56 1222.10
Cost of pump 2050.00 2050.00 2050.00
Support structure cost 22.40 33.60 44.80
Subtotal cost 2683.40 3000.16 3316.90
Wiring and Other miscellaneous 536.68 600.03 663.38
Total capital cost of PV 3220.08 3600.19 3980.28
Windmill System

Capital Cost (CC) of windmil

heads and pump 3626.00 5782.00 6468.00
Windmill tower cost 1931.00 1931.00 1931.00
Subtotal cost 5557.00 7713.00 8399.00
Other miscellaneous (20% of the

CC or BOS) 1111.40 1542.60 1679.80
Total capital cost for windmill 6668.40 9255.60 78180
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Table7-25 Annuity and water cost calculation of hybridteys for Adami Tulu site

(USD).
Pump 50 m head 75 m head 100 m hgad
PV system
Annualized capital cost 378.20 422.84 467.48
Operation and maintenance cost  23.93 26.75 29.57
Replacement cost 79.03 79.03 79.03
Annualized life cycle cost for PY
system 481.15 528.62 576.08
Windmill system
Annualized capital cost 783.20 1087.07 1183.76
Operation and maintenance cost  49.55 68.77 74.89
Annualized life cycle cost for
windmill system 832.75 1155.84 1258.64
Total annualized life cycle cost
for hybrid system 1313.90 1684.46 1834.73
Water pumped per year
(m*/year) 8225.00 8227.00 8225.00
Water cost for hybrid system
($/m?) 0.16 0.20 0.22
Water cost for hybrid system
(ETB/m°) 341 4.37 476

7.3 Financial summary

Table 7-26 below shows cost of maf water pumped using hybrid, standalone PV and
windmill system for all site at different head I&v€o make direct economic comparison

between the two or more pumping system, the umsitscmust be calculated.
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Table 7- 26 Cost of ni of water for all selected site at different heawel
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Based on the result of financial analysis standalB¥ system is more feasible than
windmill and hybrid system in most selected arddswever, in Atsbi site windmill
system is feasible than PV and hybrid system becthes average wind speed is greater
than 4 m/s. Therefore, windmill system can be fdasior locations with average wind
speed greater than 4m/s. According to the finanamllysis the hybrid system is not

feasible in all selected site.

Misrak G. 115



Viability of Solar/Wind and Hybrid Water Pumpings&m for Off-Grid Rural Areas in Ethiopia

CHAPTER EIGHT
CONCLUSION AND RECOMMENDATION

8.1 Conclusion

In simple terms what has been accomplished inwhik is firstly the determination of
solar and wind energy potentials at different sitesEthiopia. Then, based on these
potentials, a Viability of solar, wind and hybricater pumping system conducted for a

model community living in rural areas.

The viability of solar photovoltaic water pumpingsgem has been investigated for three
different sites in Ethiopia. The designed systemaisable of providing a daily average of
10.5, 7 and 6.5 Pday for 700, 467 and 433 rural communities in Badnd Wayu,

Wolmera and Enderta sites respectively.

According to the simulation result, the selected &% and pump power is able to
provide 95%, 96.5% and 96.3% of water demand fer ctammunity of Siyadberand
Wayu, Wolmera and Enderta sites respectively. Rtoresult of economic analysis and
comparison between SPV and diesel only system,ameconclude that the SPV water

pumping system is more economical and feasible.

The viability study of wind powered water pumpingstem also conducted for three
different sites in Ethiopia. The designed systemirtga a capacity to supply a daily
average water of 10, 12 and 15/day for 500, 600 and 1000 rural community in
Siadberand Wayu, Adami Tulu and East Enderta siespectively. And the cost for
pumping water is 0.06, 0.05 and 0.04 $faspectively. If diesel generator is used instead
of windmill, the unit cost of water become 0.08)and 0.04 $/mrespectively for the
particular sites.
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For wind water pumping system the result shows Eadsite satisfy monthly water
demand of the community throughout the year. Wisertreere is 10% water missing in

Siyadberand Wayu and Adami Tulu Site.

The feasibility study of hybrid water pumping systevas carried out by selecting four
sites from three different administration regioAscording to the simulation result of the
hybrid system, the cumulative discharge of all el site in different head is higher that

the cumulative demand.

The unit cost comparison between hybrid systemssauadalone PV and windmill system
shows that PV only system is more economicallyibd@ghan the hybrid and windmill
system in all sites. However, standalone windmiitav pumping system is feasible in
Atsbi site, because the wind energy potential isdgio the site. The results of this study
are encouraging for the use of PV system for dnigkvater supply in the remote areas of

the country.

According to the result of financial analysis theitucost of water pumped in hybrid
system is greater than standalone PV and windnaitemwpumping system. Therefore, the
hybrid system is not economically feasible as caegbdao standalone PV and windmill
system. However, these hybrid systems are ecodfsieand seek to preserve the
environment by reducing pollution levels by a cdesable amount when compared to

diesel only system.

8.2 Recommendation

There are no metrological stations in remote acgafe country. Therefore, the solar
radiation and wind speed data’s are collected frtme nearby stations. The
recommendation is that, to study the solar, windl laybrid water pumping system in the

future using on site data could give best resalhthsing data from nearby station.

In this research, to minimize the overall operaipmaintenance and replacement cost of

the system, solar photovoltaic, Windmill and Hybwdter pumping system are designed
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without considering MPPT methods and batteriesefioergy storage. However, using
MPPT and batteries storage system has its own #aty@mo maximize overall efficiency

of the system.

Due to financial problem we cannot able to colkadar radiation and wind speed data for
long period of time in the selected site. Howevaking field data is very important to get

best simulation results for the proposed system.

The capital cost of the system is high, therefoeeane not able to implement and take an
experimental data of the system. But, if the fundvailable experimental data should be

compared with the simulation result for better gesf the system.

For solar and wind technologies to gain widespraeckptance by the communities and
supporting structures, it is necessary to creagengressary awareness and demonstrate
the operation of these systems in real life sitbmtiThere is also a need to encourage
participation of the local private sector in thegly of equipment, spare parts and after
sales services. However, without a critical massinstalled systems, solar or wind
technologies will likely suffer from weak supply aihs and a lack of private sector
capacity for maintenance. Consequently, sustaiitibilould remain low despite their
many advantages.
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APPENDIXES

Appendix A: MATLAB Program for Instantaneous Discharge of Wirllirvater
Pumping

%

% Instantaneous discharge of windmill water pumgystem for Amhararegion
%
h1=75; % head in meter

0=9.81; % gravity constant

rho_al=0.92; % density of air

rho_w=1000; % density of water

Ar=23.76; % area of rotor

eff=0.95; % combined efficiency (for rotor and pump)

Cp=0.3; % coefficient

Ko0=0.25; % coefficient

V,=3.2; % cut in velocity (m/s)

Vo=11; % cut out velocity / the maximum possible velogitythe specific site/
Pi= 3.14;

n =31 28 31 30 31 30 31 31 30 31 30 3%;number of day in each month

v =[4.04 3.92 3.68 3.44 3.33 3.68 3.56 3.21 3.@4 3.56 3.68]% monthly average wind speed (m/s)
Qvpsiya=(2.*3600.*Cp.*eff.*(rho_al./rho_w).*((Ar.¥("3))./(g.*h1)).*(1-
(Ko.*(Vi./lv).~2)).*Ko.*(Vi.Iv).~2).¥24.*n; % multiplied by 3600 to convert from m3/s into m34nd
multiplied by ( 24*30) to convert from m3/hr into3tmonth

width = 0.25;

bar (Qvpsiya), grichn

xlabel(Months)

ylabel(Discharge (m3/month)’

title (Monthly Average Instantaneous discharge for Sigadihd Wayu Sit'

hold off, pause

%

% Instantaneous discharge of windmill water pumgpstem for Oromiaegion
%

h2=66.58; % head in meter

0=9.81, % gravity constant
rho_a2=1.024; % density of air
Misrak G.
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n=[3128 313031 303131303130 31];
v =[3.44 3.59 3.26 3.51 4.06 5.30 5.07 4.30 3.26 3.62 3.62];

Qvpadami=(2.*Cp.*eff.*(rho_a2./rho_w).*((Ar.*(v."3)Y(g.*h2)).*(1-
(Ko.*(Vi.lv).~2)).*Ko.*(Vi.lv)."2).*3600.*24.*n;

m3/hr

bar(Qvpadami), gridn

xlabel(Months)
ylabel(Discharge (m3/month))’

titte('Monthly Average Instantaneous discharge for Adaoiu Site)

hold off, pause

%

% Instantaneous discharge of windmill water pumpypstem for Tigray region

%
h3=44;
g=9.81;

rho_a3=0.992;
n=[3128 313031 303131303130 31];

v =[3.96 5.46 6.06 6.00 4.58 3.73 3.05 2.99 3.224.89 4.41];
Qvpenderta=(2.*Cp.*eff.*(rho_a3./rho_w).*((Ar.*(v3))./(g.*h3)).*(1-
(Ko.*(Vi.lv).~2)).*Ko.*(Vi.lv).~2).*3600.*24.*n;

m3/hr

bar (Qvpenderta), gridn

% head in meter

% gravity constant

xlabel(Months)
ylabel(Discharge (m3/month))’

titte ‘(Monthly Average Instantaneous discharge for Easlelta Sitg'

hold off, pause

%

% density of air

%The Monthly Average Discharge For All Three Sedechites

%

x=[395.5322 590.887 707.2

342.6349
346.5323
302.9310
297.4014
335.3538
329.8755
280.1304
254.1291

Misrak G.

701.3165
761.7935
725.3746
888.152

632.2952
317.2593
307.3674
413.7349

962.1
1203.1
11511
858.2
628.6
471.8
455.4
500.8

% multiplied by 3600 to convert from m3/s into

% multiplied by 3600 to convert from m3/s into
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280.1304 650.8864 819.7

319.2343 5449651 901.8

346.5323 564.3962 817.3];

hold off, pause

width = 0.5;

bar3(x,width), gridon

xlabel(Months)

ylabel(Discharge (m3/month))’

titte ‘(Monthly Average Instantaneous Discharge for fer sklected Sitg'
hold off, pause

bar(x,'grouped'linewidth)1.5), gridon

xlabel(Month)

ylabel(Discharge (m3/month))’

title (‘'monthly average discharge for the Selected thtes @n3/month)’
legend (Siyadbarand Wayu Sit&dami Tulu Site'East Enderta Sife'
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Appendix B: Graphs for Instantaneous Discharge of Windmill W&iemping system

Monthly Aver age Instantaneous Di schar ge for Siyadber and Wayu Site
400

350 - -l - - - - _.____ ' ____l____ L

300 - - - -- -- -

2501~ - - - - -

2001~ - - - - -

150 - - - - - -

Dischar ge (m3/month)

100 - - - - - -

50— - - - - -

Months

Monthly average instantaneous discharge for Siyaaioe\Wayu site

M onthly Aver age | nstantaneous Dischar ge for Adami Tulu Site
700

\
l
|

600 -~ - - F
|
|
|
|

500 -~~~

400 - - - - N BN - - .

300------ - - - B B - BB = - E = .

Dischar ge (m3/month)

2o0---- BN BN B B - - :

(EEE EE TE N B - - BB = - E = .

Months

Monthly average instantaneous discharge for Adawhi Site

Misrak G. 127



Viability of Solar/Wind and Hybrid Water Pumpings&m for Off-Grid Rural Areas in Ethiopia

Monthly Aver age Instantaneous Di schar ge for East EndertaSite
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Appendix C: MATLAB Program for Integrated Discharge of Windmilvater

Pumping system

%
% Integrated Monthly Average Discharge for Siyadiner\WayuSite
%

h=75; % head in meter

0=9.81; % gravity constant
rho_a=0.92; % density of air

rho_w=1000; % density of water

Ar=23.76; % area of rotor(with rotor diameter 3m)

eff=0.95; % combined efficiency (for rotor and pump)

Cp=0.3; % coefficient

Ko0=0.25; % coefficient

V,=3.2; % cut in velocity (m/s)

Vo=11; % cut out velocity / the maximum possible veloditythe specific site/
pi= 3.14;

Vm1=0:1:10;

Xi= (pi. 14).*(Vi. IVm1).~2;

Xo= (pi. /4).*(Vo. IVm1)."2;
A=2*3600*24*30*Cp.*eff.*(rho_a/rho_w).*((Ar*(Vo"3))/(g*h));
B= (1-(Ko.*(Vi. /V0).72));

C=Ko.*(Vi. Vo). "2;

D= (4%(Vm1)./2)./(pi*(V0."2-Vi. 2));

E= (exp(-(pi./4).*(Vi.NVm1).22)-exp(-(pi./4).*(VoVm1).72));

F= (exp(-(pi./4).*(Vo./NVm1).”2));
Qvmsiya=A.*B.*C.*((D.*E)-F);

plot(Vm1,Qvmsiya), gricbn

gtext(Siyadbeand Way)y'

hold on

%
% Integrated Monthly Average Discharge for OromeagRn/ADAMI TULU/
%

h=66; % head in meter
0=9.81; % gravity constant
rho_a=1.024; % density of air
Vm1=0:1:10;

Xi=(pi./4) *(Vi.Vm1).A2;
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Xo=(pi./4).*(Vo./Vm1).2;
A=2*3600*24*30*Cp*eff*(rho_a/rho_w).*((Ar*(Vo”3)).{g*h));
B=(1-(Ko.*(Vi./V0).”2));

C=Ko.*(Vi./V0)."2;

D=(4*(Vm1).72)./(pi*(V0."2-Vi.*2));
E=(exp(-(pi./4).*(Vi.Vm1).22)-exp(-(pi./4).*(V0./¥1).72));
F=(exp(-(pi./4).*(Vo./Vm1).”2));
Qvmadami=A.*B.*C.*((D.*E)-F);

plot(Vm1,Qvmadami), griehn

gtext(Adami Tulu);

hold on

% S

% Integrated Monthly Average Discharge for Tigraggidn/ EAST ENDERTA/
% FE

h=44; % head in meter
g=9.81; % gravity constant
rho_a=0.992; % density of air
Vm1=0:1:10;

Xi= (pi./4).*(Vi.Vm1).”2;

Xo= (pi./4).*(Vo./Nm1)."2;
A=2*3600*24*30*Cp*eff*(rho_a/rho_w).*((Ar*(Vo”3)).{g*h));
B= (1-(Ko.*(Vi./V0)."2));

C=Ko.*(Vi./V0)."2;

D= (4*(Vm1)./2)./(pi*(V0."2-Vi 2));

E= (exp(-(pi./4).*(Vi.lVm1).22)-exp(-(pi./4).*(Vo¥m1).”2));
F= (exp(-(pi./4).*(Vo./NVm1).”2));
Qvmenderta=A.*B.*C.*((D.*E)-F);

plot (Vm1,Qvmenderta), gridn

xlabel(Wind Velocity (m/s)

ylabel(Discharge (m3/month))’

title ('Integrated performance of wind driven piston pymp'
gtext(East Enderty’
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Graph of Integrated Discharge of Windmill Water

Appendix D
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Appendix E  : MATLAB Program for Hybrid Water Pumping System

%

% MATLAB program for hybrid water pumping systervjonthly average Discharge Calculation for Wind
and Solar pump for Amhara regi¢8iadberand Wayu site)

%
H=68; % Head in meter

d=5.7; % rotor diameter in meter

month=[12345678 91011 12];

VSiad=[4.04 3.92 3.68 3.44 3.33 3.68 3.56 3.21 3.29 3.56 3.68]; % Monthly Average wind Speed in
m/s

RadSiad=[5.97 6.33 6.3 6.21 6.27 5.61 5.05 5.09 6.22 6.13 5.95]; % horiZontal Solar Radiation
Kmh/m2/day

Qw =(0.69*((VSiad).*(3)).*(d."(2))).H % discharge using water pumping system for
siadberand wayu

Qs = (115.3*RadSiad)./H % discharge using solar photovoltaic water
pumping system

bar(Qw),gridon

xlabel(Month)

ylabel(Discharge (m3/month))’

titte('Monthly Average Discharge of Wind Pump for Siyacbel Wayu Sitg'

hold off,pause

bar(Qs), gricon

xlabel(Month)

ylabel(Discharge (m3/month))’

titte('Monthly average Discharge of Solar Pump for Siyadhd Wayu Sit'

hold off, pause

%
%Cumulative DISCHARGE of wind Pump for siadberarayw site
%
VSiad1=4.04; VSiad4=3.44; VSiad7=3.56; VSiad10=3.21
VSiad2=3.92; VSiad5=3.33; VSiad8=3.21; VSiad11=3.56
VSiad3=3.68; VSiad6=3.68; VSiad9=3.09; VSiad12=3.68
Qw1=(0.69*((VSiad1).”(3)).*(d.~(2)))./H ;
Qw2=Qw1+((0.69*((VSiad2).”(3)).*(d.~(2)))./H);
Qw3=Qw2+((0.69*((VSiad3).”(3)).*(d.”(2)))./H);
Qwa4=Qw3+((0.69*((VSiad4).”(3)).*(d.”~(2)))./H);
Qw5=Qw4+((0.69*((VSiad5).”(3)).*(d.”(2)))./H);
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QwW6=Qw5+((0.69*((VSiad6).”(3)).*(d.~(2)))./H);
QW7=Qw6+((0.69*((VSiad7).”(3)).*(d.~(2)))./H);
Qw8=Qw7+((0.69*((VSiad8).”(3)).*(d.”(2)))./H);
Qw9=Qw8+((0.69*((VSiad9).7(3)).*(d.”(2)))./H);
Qw10=Qw9+((0.69*((VSiad10).7(3)).*(d.(2)))./H);
Qw11=Qw10+((0.69*((VSiad11).(3)).*(d.(2)))./H);
Qw12=Qw11+((0.69*((VSiad12).7(3)).*(d.(2)))./H);

% B
VSiad=[123456789101112];

QwSiad= [19.9761 38.2245 53.3222 65.6545 76.841D38B 105.6072 115.6275 124.5656 134.585
148.2543 163.3520];

plot(VSiad,QwSiad), griehn

xlabel(Month)

ylabel(Cumulative Discharge (m3/month)’

titte('Cumulative Discharge of Wind Pump for Siyadbersviayu Site)
gtext(Wind Pump)

hold on,pause

% S
%Cumulative Discharge of Solar Pump for SiadbeMfayu Site
% S
SSiad1=5.97;SSiad4=6.21;SSiad7=5.05;SSiad10=6.22;
SSiad2=6.33;SSiad5=6.27;SSiad8=5.09;SSiad11=6.13;
SSiad3=6.3;SSiad6=5.61;SSiad9=5.71;SSiad12=5.95;
Qs1=(115.3*SSiad1)./H;
Qs2=Qs1+((115.3*SSiad2)./H);
Qs3=0Qs2+((115.3*SSiad3)./H);
Qs4=Qs3+((115.3*SSiad4)./H);
Qs5=Qs4+((115.3*SSiad5)./H);
Qs6=0Qs5+((115.3*SSiad6)./H);
Qs7=Qs6+((115.3*SSiad7)./H);
Qs8=0Qs7+((115.3*SSiad8)./H);
Qs9=0Qs8+((115.3*SSiad9)./H);
Qs10=Qs9+((115.3*SSiad10)./H);
Qs11=Qs10+((115.3*SSiad11)./H);
Qs12=Qs11+((115.3*SSiad12)./H);
month=[123456789101112];

QSSiad=[ Qs1 Qs2 Qs3 Qs4 Qs5 Qs6 Qs7 Qs8 QsI@HI0Qs12]
plot(month,QSSiad), gridn
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xlabel(Month)

ylabel(Cumulative Discharge (m3/month)’

title('Cumulative Discharge of Solar Pump for Siyadberéfayu Site)
gtext(Solar Pump'

hold off,pause

%
% Monthly Average Discharge of Wind and Solar PuBap Chart
%
x=[21.7387 10.1227

19.8586 10.7331

16.4298 10.6822

13.4204 10.5296

12.1737 10.6313

16.4298 9.5122

14.8744 8.5627

10.9045 8.6305

9.7267 9.6818

10.9045 10.5466

14.8744 10.394

16.4298 10.0887];
bar(x,'grouped'linewidth’2), gridon
xlabel(Month)

ylabel(Discharge (m3/month))’

titte('Monthly Average Discharge for Siyadberand Waye §in3/month)’
legend (Discharge using Wind pumiDischarge using Solar purp'
hold off, pause

%

% Cumulative Discharge of Wind Pump and Solar Péonsiyadberand Wayu Site
%
x=[Qwl Qs1
Qw2 Qs2
Qw3 Qs3
Qw4 Qs4
Qw5 Qsb5
Qw6 Qs6
Qw7 Qs7
Qw8 Qs8
Qw9 Qs9
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Qw10 Qs10

Qwll Qsi11

Qwl2 Qs12];

bar(x,'grouped'linewidth’2), gridon

xlabel(Month)

ylabel(Cumulative Discharge (m3/month)’

titte('Monthly Cumulative Discharge for Siyadberand W&jie (m3/month)’

legend (Cumulative Discharge for Wind puri@umulative Discharge Solar pump'
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Appendix F: Graph of Hybrid Water Pumping System in Siyadbenafayu Site
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Monthly Cumul ative Dischar ge for Syadber and Wayu Site (m3/month)
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Appendix G

Moody Diagram

Moody Diagram
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Appendix H . Pipe Friction Loss Chart

LOSS OF HEAD IN FEET DUE TO FRICTION PER 100 FEET OF PIPE

1/2" 34" 1" 1-1/4"

Flow | Velogity | Plastic Steel | Copper Flow | Velodity | Plastic | Steel | Copper Fow | Velodity | Plastic | Steel | Copper | Fow | Velocity | Plastic | Steel | Copper
US. Gal. | Plastic | €=140 | €=100 | €=130 | US Gal. | Plastic | =140 | €=100 | C=130 | US.Gal | PMastic | €=140 | C=100 | €=130 | US Gal | Plastic | €=140 | €=100 | €=130
Min. | ft/sec | ID.622" | ID.622" | ID625" | WMim | ft/sec | ID.B24" | ID.B24" | IDBX2" | Min. | ft/sec |ID1.04%" | ID1.049" | ID1.062"|  Min. ft /sec | 1D 1.3807 | 0013807 | 0D 1.368"
0% 05 | 0314 | 0582 | 035 15 09 | 061 | 103 | OF 2 074 | 0322 | 0595 | 0345 ] 4 09 | 0304 | 0564 | 0364

| 11| 104 | 21 | 126 2 120 | 104 | 193 | 121 3 1.0 | 068 | 126 [0732] & 1.1 | 046 | 0853 | 0.545
15 16 | 238 | 444 | 267 | 25 15 | 157 | 291 | 182 4 15 105 | 204 | 1.4 ] 13 | 0649 | 1.2 | 0.785
5

g

Z AEEY 157 | 4% 3 16 | 221 | 408 | 256 19 | 175 | 342 | 188 / 15 | 086 | 159 [ 102
25 | 2b | RIS 114 [ 688 | 35 | 2] 293 | 542 | 34 21 | 245 | 454 | 2R3 [} i L1 | 204 | 131
3 3.2 | BA&S 16 | 966 4 a4 | 374 ] 604 | 430 [} 30 [ 406 | 773 | A4S 10 21 | 167 | 108 | 198
A5 [ 37 NI ) A3 (128 | 45 | 27 | 466 | 863 | 54 10 IOl NT [ RIT 1 26 | 233 | 431 | 2N
4 42 | 148 | 273 | 1604 30 | 566 | 105 657 [ 12 45 | 885 | 164 | 947 | 14 30 ] 31 | 57| 3
45 | 48 | 183 | 339 | 204 36 | 785 ) 47 a2 4 52 | 118 | 218 | 126 | 16 34 | 3% | 734 | 468
5 53 |2 | 42| ME 42 | 106 | 196 | 122 | 16 59 [ IS8T | 79 | TR2 | 18 310 | 483 | 413 | 541
55 | 5B | a6 | 492 | 295 48 | 135 a5 057 | I8 67 | T87 | 347 | 00 | 20 43 [ 1.1 ] 7l
] 63 | 312 | 578 | 348 g 54 | T8 | 30 [ 1eE | 20 74 | 228 | 420 | ML NS 5.4 | G800 | 168 | 107
BS | 68 | 362 67 | 402 1 b0 | 204 | 3B | BF [ 2 82 | 71502 | 28 30 o4 | 127 | 35 ] 15
7 74 | 415 | 768 | 4] 11 bo | M4 | 457 | 22| M 89 | 319 | 59 34 35 75 | 188 ) 312 20
5 | 78 | 472 | B73 | 525 12 72 | 86| 5 | 32| 26 97 | 369 | 684 | 397 | 40 86 | 216 | 40 | 256
] 8.4 53 | 985 | 594 13 78 | 332 | elS | 365 | &8 | 04 [ 425 | JRS | 455 ] 5O 107 | 326 | 604 [ 387
85 | 80 | 595 | 110 | 66 14 54 38 | 705 | 442 | 30 | DL | 481 | 892 | Sl ] 60 129 | 456 | B4 | 541
9 8.5 bb 122 | 735 [ 96 | 486 | 902 | S6e [ 35 130 | 643 | 118 | 687 [ 70 150 [ 615 | 114 | 722
ey (100 | 7 135 | & 16 | 108 | 605 ) 112 [ 704 | 40 | 148 | 82 | I8 [ g0 17.2 | 779 | 144 | 924
10 | 106 | 805 | 149 | B9.4 | 20 | 120 | 735 | 136 | 835 | 45 o7 | 102 | 18% | 109 | 90 193 | Skb | 179 | 115

1-1/2" 2" 2-1/2"
Flaw Velodity | Plastic Steel Copper Flaw Velocity | Plastic Steel | Copper Fow | Velogity | Plastic Steel Capper
L5, Gal. Plastic C=140 =100 £=130 L5, Gal, Plastic C=140 C=100 c=130 W& Gal. Plastic =140 =100 C=130
Mim, ft f sec I 161" D 1.61" D 1.60" Mim. fit / sec 10 2067 | 1D 2,067 |10 20627 Min. it/ sec I 2.469" | ID 2.460" | 1D 25007
4 06 | 0.044 | D267 | 0185 | 10 1.0 | 0233 | 0.431 | 0.268 20 1.3 | 0.353 | 0.654 | 0.375
B 0.9 | 0305 | 0565 | 0358 | 1% 14 | 0495 | 0.916 | 0.569 30 2.0 0.75 | 1.39 | 0.792
8 13 052 | 0.962 | 0611 | 20 19 | 0839 | 155 | 0.962 a0 17 127 | 236 | 135
10 T6 | 0785 | 145 | 0823 | 25 74 127 | 235 | 145 50 34 102 | 356 | 204
[H K 11 204 | 1.9 30 29 178 | 3.28 | 2.03 B0 40 760 | 489 | 186
14 22 146 | 271 | 171 35 33 236 | 437 | 271 70 47 358 | 664 | 382
16 25 187 | 347 | 22 a0 3.8 3.03 56 | 3.47 80 54 450 | 85 | 488
18 2.8 233 | 431 | 278 a5 43 376 | 606 | 431 o0 5.0 572 | 106 | 6.06
20 3.2 283 | 5.24 | 3.3 50 48 457 | 8.5 | 5.4 100 | 6.7 60 | 128 | 737
5 19 4.26 7.0 3 5t £3 546 | 100 | 6.22 10 | 74 825 | 153 | &8
30 47 [ 1.0 7 60 57 644 | 118 | 734 120 | &0 571 18 0.3
S 3 784 | 147 | 538 70 5.7 553 | 158 | 9.78 130 | &7 .3 | 209 12
40 3 0.2 | 188 12 80 7.6 0.6 | 202 | 125 40| o4 126 | 239 | 137
5 70| 12.63 | 234 | 14.9 a0 8.5 13.6 | 5.1 | 156 150 | 100 147 | 273 | 156
50 79 154 | 285 | 18 100 5.5 165 | 305 | 188 160 | 107 | 166 | 307 | 176
5% B7 | 1835 | 34 35 | 110 105 197 | 364 | 225 170 | 114 | 185 | 343 | 187
50 0% 6 0 753 | 120 1.5 230 | 427 | 165 T80 | 121 706 | 381 | 218
55 102 | 251 | 454 29 130 124 | 7268 | 486 | 307 180 | 127 | 227 | 421 | 242
70 1.0 | 287 | 532 | 336 | 140 134 | 306 | 568 | 352 200 | 134 s 463 | 266
75 1.8 | 326 | 604 T 150 143 35 647 | 401 220 | 147 | 298 | 553 | 318
B0 12.6 | 36.8 | 681 | 43.1 160 153 | 393 | 728 | 45.1 240 | 16.1 358 | 664 | 374
8% 13.4 | 4.2 | 762 | 476 | 170 16.3 4 B14 | 505 0 | 174 | 416 | 753 | 433
90 142 | 457 | 847 | 536 | 180 172 | 489 | 905 | 56 280 | 188 | 466 | 863 | 494
o5 15.0 | 505 | 936 | 586 | 190 18.2 £4 100 62 00| 20 52.0 | 581 | 568
100 | 158 | 566 | 103 | 651 | 200 19.1 594 | 110 [
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Appendix | : Friction Losses through Fittings

FRICTION LOSSES THROUGH FITTINGS IN TERMS OF EQUIVALENT LENGTHS OF PIPE

Pipe and Equivalent Length of Fipe
Type Fitng Fittng Maletiz Nomingl $ize iting and Pipe
and Applcaion fhote 1 112 i 1 1/ 11/} 1 M
Threaded Adapter
Flastic or Copper CUDDIH | | | ] | | |
o Thread Plastic ] i ] i i ] ]
! Steel l i i 4 4 § f
Homad [ g 2 ] 3 ! ! ; ;
! st ] : b ] i ] 0
Insert Coupling Plastic ] i i i i ] ]
Steel 4 5 b i § 11 14
Standarg Tee Copper 4 5 § § 4 i 14
Plastic ! i g 12 13 17 ]
(ate Valve Note (2) l i { 5 b ! §
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Appendix J: Selected Solar and Wind Pump for Hybrid Water Pung8ystem

) = Selected  Solar | Number of | Selected Windmill
& | o Pump Modules
:
Model- 11 SQF-2| 4 module with 230 Model- southern cross, 1ZC
Max. flow rate-| peak watt power | Rotor diameter: 3m
8.8 gpm Transmission: gear and crank| ,
ratio: 2.6:1
= Pump system: piston
§ o pump(diameter up to=203mm)
= Model- 11 SQF-2| 6 module with 230 Model- southern cross, 1ZD
g Max. flow rate-| peak watt power | Rotor diameter: 3.7 m
° 9.6 gpm Transmission: gear and crank| |,
§ ratio: 2.3:1
15__3 Pump system: piston
g 0 pump(diameter up to=203mm)
f= Model- 6 SQF-3 | 8 module with 230 Model- southern cross, 1ZD
< Max. flow rate-| peak watt power | Rotor diameter: 3.7 m
5.7 gpm Transmission: gear and crank| ,
ratio: 2.3:1
Pump system: piston
S pump(diameter up to=203mm)
B = Model- 11 SQF-2| 4 module with 230 Model- southern cross, RF
g i Max. flow rate-| peak watt power | Number of blade: 24
'% E 8.8 gpm Rotor diameter: 5.2 m
% g Transmission: direct by crank|,
E _E ratio: 1:1
@ @ Pump system: piston pump with
E: = brass (diameter up to=203mm)
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Model- 11 SQF-2| 6 module with 230 Model- southern cross, RG
Max. flow rate-| peak watt power | Number of blade: 30
9.6 gpm Rotor diameter: 6.4 m
Transmission: direct by crank|,
ratio: 1:1
Pump system: piston pump with
0 brass (diameter up to=203mm)
= Model- 6 SQF-3 | 8 module with 230 Model- southern cross, RH
Max. flow rate-| peak watt power | Number of blade: 36
5.7 gpm Rotor diameter: 7.6 m
Transmission: direct by crank |,
ratio: 1:1
Pump system: piston pump with
S brass (diameter up to=203mm)
= Model- 11 SQF-2| 4 module with 230 Model- southern cross, IZE
Max. flow rate-| peak watt power | Number of blade: 24
g 8.8 gpm Rotor diameter: 4.3 m
; Transmission: gear and crank| |,
% ratio: 2.3:1
E Pump system: piston pump with
§ 2 brass (diameter up to=203mm)
3 Model- 11 SQF-2| 6 module with 230 Model- southern cross, RF
g Max. flow rate-| peak watt power | Number of blade: 24
B 9.6 gpm Rotor diameter: 5.2 m
725’ Transmission: direct by crank|,
g ratio: 1:1
- Pump system: piston pump with
0 brass (diameter up to=203mm)
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th

th

th

Model- 6 SQF-3 | 8 module with 230 Model- southern cross, RG
Max. flow rate-| peak watt power | Number of blade: 30
5.7 gpm Rotor diameter: 6.4 m
Transmission: direct by crank
ratio: 1:1
Pump system: piston pump wi
§ brass (diameter up to=203mm)
Model- 11 SQF-2| 4 module with 230 Model- southern cross, IZE
Max. flow rate-| peak watt power | Number of blade: 24
8.8 gpm Rotor diameter: 4.3 m
Transmission: gear and crank
ratio: 2.3:1
%é‘ Pump system: piston pump wi
g = brass (diameter up to=203mm)
et Model- 11 SQF-2| 6 module with 230 Model- southern cross, RG
-c% Max. flow rate-| peak watt power | Number of blade: 30
ks 9.6 gpm Rotor diameter: 6.4 m
g Transmission: direct by crank
% ratio: 1:1
E Pump system: piston pump wi
% 0 brass (diameter up to=203mm)
-E = Model- 6 SQF-3 | 8 module with 230 Model- southern cross, RH
-§ Max. flow rate-| peak watt power | Number of blade: 36
5.7 gpm Rotor diameter: 7.6 m
Transmission: direct by crank
ratio: 1:1
Pump system: piston pump wi
§ brass (diameter up to=203mm)

th
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Appendix K pifferent Simulation Variant Graph for Wolmera Ptntltaic Water

Pumping Site

Loss diagram for "wolemera good result finalfinalfinal™ - year
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Simul. variant: wolemera good result finalfinalfinal
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Simul. variant: wolemera good result finalfinalfinal
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Appendix L : Different Simulation Variant Graph for EndertaoBbvoltaic Water Pumping

Site

Loss diagram for "enderta woreda water pumping simulation result Final” - year
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Simul. variant: enderta woreda water pumping simulation result Final
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Simul. variant: enderta woreda water pumping simulation result Final
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Appendix M: Different Simulation Variant Graph for SiadberaMayu Photovoltaic Water

Pumping Site

Loss diagram for "Siadber and wayu Solar water pumping Project finaloffinal” - year
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Simul. variant: Siadber and wayu Solar water pumping Project finaloffinal
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Simul. variant: Siadber and wayu Solar water pumping Project finaloffinal
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Appendix N: Probability Density and Cumulative probability distition graph for

the selected site

A. Cumulative distribution and probability density graph for Atsbi site

Cumulative probability

Cumulative Distribution Function graph for Atsbhi Site
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B. Cumulative distribution and probability density graph for Awash
Fentale site

Cumulative Distribution Function graph for Awash
Fentale Site
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C. Cumulative distribution and probability density graph for Borena
site

Cumulative Distribution Function graph for Borena Site
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D. Cumulative distribution and probability density graph for Adame
Tulu site

Cumulative Distribution Function graph for Adame Tulu
Site
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