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ABSTRACT

This thesis presents the design of a hybrid electric power generation system utilizing both wind
and solar energy for supplying model community living in Ethiopian remote area. The work
was begun by investigating wind and solar energy potentials of the desired site, compiling data

from different sources and analyzing it using a software tool.

The data regarding wind speed and solar irradiation for the site understudy are collected from
the National Metrological Agency (NMA) and analyzed using the software tool HOMER. The
results related to wind energy potential are given in terms of the monthly average wind speed,
the wind speed PDF, the wind speed CDF, the wind speed DC, and power density plot for the
site. Whereas the solar energy potential, has been given in the form of solar radiation plots for
the site. According to the results obtained through the analysis, the site has abundant solar
energy potential and the wind energy potential is unquestionably high enough to be exploited

for generating electric energy using wind turbines with low cut-in wind speed.

The design of a standalone PV-wind hybrid power generating system has proceeded based on
the promising findings of these two renewable energy resource potentials, wind and solar.
Electric load for the basic needs of the community such lighting, water pumping, a radio
receiver, flour mill and medical equipment for a health clinic has been suggested. The

simulations and design has been carried out using the HOMER software.

By running the software the simulation results which are lists of power supply systems have
been generated and arranged in ascending order according to their net present cost. Sensitivity
variables, such as range of wind speed, solar radiation, PV panel price and diesel price have
been defined as inputs into the software and the optimization process has been carried out

repeatedly for the sensitivity variables and the results have been refined accordingly.

Keywords: hybrid renewable energy system, wind energy, photovoltaic, HOMER, PV-wind

hybrid, standalone system



Design of a PV-Wind Hybrid Power Generation System for Ethiopian Remote area

CHAPTER 1

INTRODUCTION

1.1 Background

It is a well known fact that in many developing countries and less developed countries, a
significant proportion of the population lives without usable electrical power. Ethiopia is one of
developing countries with more than 80% of its population live without usable electricity [CIA,
2010]. The more noticeable benefits of usable electric power include: improved health care,
improved education, better transportation systems, improved communication systems, a higher
standard of living, and economic stability. Unfortunately, many of the rural areas of Ethiopia
have not benefited from these uses of electricity in the same proportion as the more populated
urban areas of the country. A major limitation to the development of many rural communities
has been the lack of this usable electricity. Due to the remote location and the low population
densities of the rural communities the traditional means of providing power has proven too
expensive, undependable, difficult to maintain, and economically unjustifiable. Consequently,
many of these communities remain without electricity and may never receive grid power from

the utility.

The small town of Bulbul and surrounding communities (05:03N, 039:030E) are one of those
rural areas which have no access to electricity. The remote location and the small size of this
town made it impractical to electrify with traditional diesel power plants. The system of sole
central diesel power plants have shown to require high maintenance, use large quantities of
fuel, pollute the environment, and have a low level dependability. Consequently, a central
diesel plant was not considered for this area. The community with school and health clinic
requires electricity for lighting, refrigeration, medical tools, communication equipment, water

pumping, sterilization, ceiling fan, medical and night education, etc.

A hybrid PV-wind power generation system is proposed to supply electricity to model

community of 100 households which have a health clinic and school. The Hybrid Renewable

MSc Thesis AAU, July 2011 2



Design of a PV-Wind Hybrid Power Generation System for Ethiopian Remote area

Power Generation System (HRPGS) is a system aimed at the production and utilization of the
electrical energy coming from more than one source, provided that at least one of them is
renewable [Gupta et al., 2008]. Such a system often includes some kind of storage in order to
satisfy the demand during the periods in which the renewable sources are not available and to
decrease the time shift between the peak load and the maximum power produced and power

conditioning unit and controller to convert and control one form of energy to other.
1.2. Problem Description and Motivation

Most of the remote rural areas of Ethiopia are not yet electrified. Electrifying these remote
areas by extending grid system to these rural communities is difficult and costly. As the current
international trend in rural electrification is to utilize renewable energy resources; solar, wind,
biomass, and micro hydro power systems can be seen as alternatives. Among these, wind and
solar energy systems in stand-alone or hybrid forms are thought to be ideal solution for rural
electrification due to abundant solar radiation and significant wind distribution availability

nearby the rural community in Ethiopia.

Ethiopia lies in the sunny belt between northern latitudes of 3° and 15°, and thus the potential
benefits of renewable energy resources such as solar and wind energy can be considerable. As
mentioned in [Mulugeta, 1999] the total annual solar radiation reaching the territory is of the
order of over 200 million tone oil equivalent (toe) per year, over thirteen fold the total annual
energy consumption in the country. In terms of geographical distribution, solar radiation that
reaches the surface increases as one travels from west to east: the insolation period is
approximately 2200 hours of bright sunshine per year in the west increasing to over 3300 hours

per year in the eastern semi-arid regions.

The same author mentioned in [Mulugeta, 1999] that the total wind resource potential across
Ethiopia amounts to 42 million toe per year, which also exceeds gross energy consumption by
about three fold. Temporal and spatial variations in wind resource distribution over Ethiopia are
significant, with the most attractive sites located toward the eastern and northern regions where

average annual wind speed typically exceeds 3.5 ms *

MSc Thesis AAU, July 2011 3



Design of a PV-Wind Hybrid Power Generation System for Ethiopian Remote area

So far, these vast renewable energy resources are not exploited sufficiently in the country,
primarily due to the lack of scientific and methodological know-how as regards planning, site
selection, and technical implementation. A further constraint prohibiting their utilization is that
the real potential of these resources is not well-known, partly because of the lack of research
emphasis in developing these technologies, and partly because of the insufficient resource data

base.

Thus, in this thesis a hybrid renewable power generation system integrating these vast solar and
wind resources is designed and modeled, to electrify the community living in Bulbul and area

surrounding it.

1.3. Objectives of the Study

The primary objective of this thesis work is to design, and model a stand-alone PV-wind hybrid

power generation system for Bulbul and surrounding areas.

Specific objectives

= Studying the solar and wind energy potential for south-eastern Ethiopian remote
areas,

= Estimating loads for Bulbul and surrounding community,

= Designing hybrid renewable energy system for the community in Bulbul,

=  Modeling hybrid renewable energy system for the community in Bulbul, and

= State the findings and give recommendations if any.

1.4. Literature Review

To get a better insight about the different energy sources, solar and wind energy potentials of
Ethiopian, hybrid power generation system, and rural electrification, an elaborated literature
study was essential. Under the literatures study, the general introduction about the thesis on
hybrid power system is described in Chapter 1. Chapter 1 to Chapter 4 and some of the first

sections of Chapter 5 are descriptions made as a literature study.

MSc Thesis AAU, July 2011 4
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Several researchers have been working in the area of standalone hybrid system since long time
and numerous research results for a variety of applications have been published. In the

following paragraphs some of papers reviewed are presented.

In [Nfah et al., 2010] a comparison between PV hybrid system (PVHS), standalone PV (SPV)
and standalone diesel generator options have been performed using the net present value (NPV)
technique. The authors consider a typical village mini-grid energy demand of 7.08 kWh/day in
the computations of energy costs. For computation they conducted two sensitivity analyses. In
the first sensitivity analysis a PV module price is fixed at 7.5 €/Wp and the remote diesel prices
of 0.8 €/1, 0.98 €/1, 1.12 €/1, and 1.28 €/1 are used. The energy cost for this option was found to
be 0.812 €/kWh at a diesel price of 1.12 €/1.

The second sensitivity analysis is conducted using PV module prices of 5.25 €/Wp, 6.75 €/Wp,
7.5 €/Wp with a remote diesel price of 1.12 €/I. In this sensitivity analysis the energy costs
were found to be in the ranges 0.692-0.785 €/kWh. The sensitivity analysis showed that
minimum energy costs were attained in PVHS at renewable fraction (RF) in the range of 82.6-

95.3%.

In [Nfah et al.,, 2008] the authors performed simulation of off-grid generation options for
remote villages for a load of 110 kWh/day and 12 Wp. In the research HOMER is used to
simulate the energy cost of the different design options. The study is conducted based on solar
and hydropower resources of the site. Using load data to which an hourly and daily noise of 5
% 1s added and also based on hydro and solar resources data, the levelized costs of energy for
different renewable energy options have been calculated and the levelized cost of energy was
found to be 0.296 €/kWh. This cost is for a micro-hydro hybrid system comprising a 14 kW
micro-hydro generator, a 15 kW LPG (liquefied petroleum gas) generator and 36 kWh of

battery storage.

In another simulation comprising of photovoltaic (PV) hybrid systems, an 18 kWp PV
generator, a 15 kW LPG generator and 72 kWh of battery storage the levelized cost was also
found as 0.576 €/kWh for remote petrol price of 1 €/1 and LPG price of 0.70 €/m’. The authors

MSc Thesis AAU, July 2011 5
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concluded that both simulation options prove to be the cheapest depending on where the

location is within the country.

In [Kanase-Patil et al., 2010] authors studied off-grid electrification of seven villages in the
Almora district of Uttarakhand state, India. The authors considered four different scenarios
during modeling and optimization of integrated renewable energy systems to ensure reliability
parameters such as energy index ratio and expected energy not supplied. In the study, biomass,
solar, hydro and wind energy sources were considered and analyzed using LINGO and
HOMER softwares. The optimum system reliability, total system cost and cost of energy

(COE) have also been worked out by introducing the so called customer interruption cost.

In [Nfah and Ngundam, 2009] a pico-hydro (pH) and PV hybrid systems incorporating a biogas
generator have been simulated for remote village in Cameroon using a load of 73 kWh/day and
8.3 kWp. HOMER was used for simulation of renewable energy systems. The load profile of a
hostel in Cameroon, the solar insolation of the site and the flow of river Mungo are used as
input for simulation. Assuming a 40% increase in the cost of imported power system
components, the cost of energy was found to be either 0.352 €/kWh for a 5 kW pico-hydro
generator with 72 kWh storage or 0.396 €/kWh for a 3 kWp photovoltaic generator with 36
kWh battery storage.

In [Celik, 2002] the author conducted a techno-economic analysis based on solar and wind
biased months for autonomous hybrid PV/wind energy system. He has observed that any
optimum combination of the hybrid PV/wind energy system provides higher system
performance than either of the single systems for the same system cost for every battery storage
capacity. The author has also observed that the magnitude of the battery storage capacity has

important bearing on the system performance of single photovoltaic and wind systems.

MSc Thesis AAU, July 2011 6
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1.5. Outline of the Thesis

This thesis is organized into six chapters. The first chapter introduces background of standalone
hybrid power generation system, problem statement and motivation, objectives of the study,

and literature review.

In chapter two, the basic background theory related to wind energy systems and wind energy
recourses are presented. Besides, the wind energy potential of the area is assessed. Chapter
three covers the basic background related to solar energy systems and solar energy resources.
In this chapter, discussions are made regarding the sun as a source of energy, the PV power
systems and technologies, the determination of solar radiation from sunshine duration data,
with the utilization of empirical formulas derived from different authors involving regression
coefficients. In chapter four the theories concerning auxiliary components of the hybrid system

such as diesel generation, battery banks and inverters are described.

Hybrid system designing and modeling are presented in chapter five. In this chapter the
software tool used for this work is thoroughly discussed. Finally, chapter six presents results of

the thesis, conclusions drawn and recommendations made.

| |
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CHAPTER 2

WIND ENERGY SYSTEMS AND WIND RESOURCES

Wind is the movement of air caused by pressure differences within the atmosphere. This
pressure differences exert a force that causes air masses to move from a region of high pressure
to one of low pressure. That movement of air is referred as wind. Such pressure differences are
caused primarily by uneven heating effects of the sun on the Earth’s surface. Thus, wind energy
is form of solar energy [Breeze et al., 2009]. Wind power is the transformation of wind energy

into more utilizable forms, typically electricity using wind turbines.

The wind turbine captures the wind’s kinetic energy of air mass by a rotor consisting of two or
more blades which is mechanically coupled to an electrical generator. Most of the time the
turbine is mounted on a tall tower to enhance the energy capture. The sites with steady high

wind produce more energy over the year [Patel, 2006].

2.1. Historical Uses of Wind

Wind energy is one of the oldest sources of energy used by humankind, comparable only to the
use of animal force and biomass [Wagner and Mathur, 2009]. Some 5000 yr ago wind was used
to sail ships in the Nile. Many civilizations used wind power for transportation and other
purposes: The Europeans used it to accomplish some mechanical works such as grind grains
and pump water in the 1700s and 1800s. The first wind turbine used to generate electricity was
installed in U.S in 1890 [Patel, 2006]. However, for much of the twentieth century there was
small interest in using wind energy other than for battery charging for distant dwellings. These
low-power systems were quickly replaced once the electricity grid became available. The
sudden increases in the price of oil in 1973 stimulated a number of research, development and
demonstrations of wind turbines and other alternative energy technologies in different countries

[Rivera, 2008].
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Ethiopia has not used its wind energy potential yet. However, some mechanical applications
such as water pumping are being used in Rift valley areas. In the Zuway region alone, 67 wind

pumps provide drinking water for more than 120,000 people [Bimrew, 2007].
2.2. Wind Energy Conversion System

The block diagram of a typical wind energy conversion system is shown in Figure 2.1 below.

Rotor
Blades
High Speed
Nacelle
— Shaft Housing
AC Power
A (- Gear Output
ir
Box
Flow
—
- Generator
Low Speed

Shaft

Kinetic Energy -— hMechanical Energy

4% Electrical Energy

Tower

D L D D D S

Figure 2.1: Block diagram of wind energy conversion system [Wang, 2006].

A modern wind turbine comprises of the principal components such as the tower, the yaw, the
rotor and the nacelle, which houses the gear box and the generator. The tower holds the main
part of the wind turbine and keeps the rotating blades at a height to capture sufficient wind

power. The yaw mechanism is used to turn the wind turbine rotor blades in direction of the
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wind. The gearbox transforms the slower rotational speeds of the wind turbine to higher
rotational speeds on the electrical generator side. Electrical generator will generate electricity
when its shaft is driven by the wind turbine, whose output is maintained as per specifications,

by employing suitable control and supervising techniques [Patel, 2006].

2.2.1. Wind Turbines

Wind turbines are mechanical devices specifically designed to convert part of the kinetic
energy of the wind into mechanical energy. If the mechanical energy is directly used by
machinery, such as pumping water or grinding stones, the machine is called a windmill. If the
mechanical energy is then converted to electricity, the machine is called a wind generator.
Several designs of wind turbines have been devised throughout the times. Most of them
comprise a rotor that turns round propelled by lift or drag forces, which result from its
interaction with the wind. Depending on the position of the rotor axis, wind turbines are

classified into vertical-axis and horizontal-axis ones [Fernando et al., 2007].

Based on a non-dimensional value known as the tip speed ratio (A), which is defined as the ratio
of the speed of the extremities of a wind turbine rotor to the speed of the free wind, modern
wind turbines are also classified as high rotation speed ones and low rotation speed ones. This

ratio can be taken as a metric in comparing the different characteristics of the wind turbines.

Solidity is other parameter, which is used to distinguish wind turbines. It is usually defined as

the percentage of the area of the rotor, which contains material rather than air.

For horizontal axis machines it is defined as [Tzanakis, 2006]:

o= 2.1
o
For vertical axis machines it is defined as:
o = z.c 2.2
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where parameter o is the solidity of the turbine, z is the number of the blades, r is the radius of

the rotor and c is the chord (width) of the blade.

2.2.1.1. Horizontal Axis Wind Turbines

The axis of rotation of horizontal axis wind turbines (HAWT) is horizontal to the ground and
almost parallel to the wind stream (Figure 2.2). They can operate with the blades in front of the
wind (up-wind) or behind the wind (down-wind). They have one, two, three or a large number
of blades and they cover approximately 90% of the installed wind turbines around the world.
Most of today’s commercial wind machines are three blades HAWTs due to their aerodynamic

stability.

Low cut-in wind speed, easy furling and high power coefficient are the distinct advantages of
horizontal axis machines. However, the generator and gearbox of these turbines are to be
placed over the tower which makes its design more complex and expensive. Another
disadvantage is the need for the tail or yaw drive to orient the turbine towards wind [Mathew,

2006].

Figure 2.2: Horizontal Axis Wind Turbines (HAWT) [Wind Powering America, 2010]
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2.2.1.2. Vertical Axis Wind Turbines

The axis of rotation of vertical axis wind turbine (VAWT) is vertical to the ground and almost
perpendicular to the wind direction as seen in Figure 2.3. The VAWT can receive wind from
any direction. Hence complicated yaw devices can be eliminated. Vertical axis machines have
very good aerodynamic efficiency and have low manufacture cost and simple control systems.
The generator and the gearbox of such systems can be housed at the ground level, which makes
the tower design simple and more economical. Moreover the maintenance of these turbines can

be done at the ground level.

The major drawback of VAWT is that they are usually not self starting. So, additional
mechanisms are required to ‘push’ and start the turbine, once it is stopped. There are chances
that the blades may run at dangerously high speeds causing the system to fail, if not controlled
properly. Further, guy wires are required to support the tower structure which may pose

practical difficulties.

Figure 2.3: Vertical Axis Wind Turbines VAWT [World of Energy, 2007]
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2.2.2. Wind Turbines Power Regulation Systems

All wind turbines are designed with some sort of power control. There are different ways to
control aerodynamic forces on the turbine rotor and thus to limit the power in very high wind
speeds in order to avoid damage to the turbine [Wind Turbines, 2011]. There are three

commonly used types of power control in the industry.

e Stall Control
e Pitch Control

e Active stall regulation

The simplest, most robust and cheapest control method is the stall control (also called passive
control), where the blades are bolted onto the hub at a fixed angle. The fixed-blade pitch is
chosen so that the turbine reaches its maximum or rated power at the desired wind speed. The
design of the rotor aerodynamics causes the rotor to stall (lose power) when the wind speed

exceeds a certain level which limits the aerodynamic power on the blades.

Another type of control is pitch control, where the blades can be turned out or into the wind as
the power output becomes too high or too low, respectively. Generally, the advantages of this
type of control are good power control, increased energy capture, assisted startup and
emergency stop. The pitch change system has to act rapidly. From an electrical point of view,
good power control means that at high wind speeds the mean value of the power output is kept
close to the rated power of the generator. The extra complexity arising from the pitch
mechanism and the higher power fluctuations at high wind speeds can be mentioned as the

demerits of this control scheme.

The third possible control strategy is the active stall control, in which the stall of the blade is
actively controlled by pitching the blades. At low wind speeds, the blades are pitched similar to
a pitch-controlled wind turbine, in order to achieve maximum efficiency. At high wind speeds,
the blades go into a deeper stall by being pitched slightly into the direction opposite to that of a

pitch-controlled turbine. The active stall wind turbine achieves a smoother limited power,
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without high power fluctuations as in the case of pitch-controlled wind turbines. This control
type has the advantage of being able to compensate variation in air density and inherits the

advantages of both pitch and stall control mechanisms.

There are also other control mechanisms such as the use of ailerons (flaps) to alter the geometry

of the wings or yawing to turn the rotor partly out of the wind to decrease power.

2.2.3. Wind Turbine Generators

The wind turbine generator converts mechanical energy to electrical energy. Wind turbine
generators are a bit different, compared to other generating units ordinarily attached to the
electrical grid. One reason is that the generator has to work with a power source (the wind
turbine rotor) which supplies very fluctuating mechanical power (torque).The transmission
system consists of the rotor shaft with bearings, brake(s), an optional gearbox, as well as a
generator and optional clutches. There are two types of generator, synchronous and
asynchronous. Synchronous generators are more expensive compared to asynchronous

(induction) generators. Six-pole asynchronous generators are the most commonly used types.

The speed of the asynchronous generator varies with the turning force (torque) applied to it. It
has a slightly softer connection to the network frequency than the synchronous generator, as it

allows a limited amount of slip, or variation, in generator RPM.

In the case of the synchronous generator, the speed is set by the grid frequency and the number
of pairs of poles of generators. The generator runs at a fixed frequency (line frequency), and
hence at a fixed speed. Equation 2.3 gives the relationship between the frequency and the

synchronous speed.

n=—>-— 2.3

where n_ is the synchronous speed, f the line frequency and p' the number of pole pairs.
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2.3. Wind Turbines Efficiency and Power Curve

Albert Betz, the German aerodynamicist, was derived the theoretical limit of power extraction
from wind, or any other fluid. Betz law, states that 59% or less of the kinetic energy in the wind
can be transformed to mechanical energy using a wind turbine. In practice, wind turbines rotors
deliver much less than Betz limit. The efficiency of a turbine depends on different factors such
as the turbine rotor, transmission and the generator. Normally the turbine rotors have
efficiencies which vary from 40% to 50%. Gearbox and generator efficiencies can be estimated
to be around 80% to 90%. Efficiency of turbine is not constant; it is function of wind speed.
Many companies do not provide their wind turbine efficiencies rather the power curve of wind

turbine is provided.

The power curve of a wind turbine is a graph that represents the turbine power output at
different wind speeds values. The power curve is normally provided by the turbine’s
manufacture. Figure 2.4 presents an example of a wind turbine power curve. Note that at speeds
from O to 2m/s the power output is zero. This occurs because there is no sufficient kinetic
energy in the wind to move the wind turbine rotor. Normally the manufactures provide a
technical data sheet where the start up and cut-off wind speed of the turbine is given. In general
lower start up wind speeds result in higher energy coming from the turbine. This is beneficial

especially in area with low wind speed profile.

Power Curve

0 5 10 15 20 25
Wind Speed (m/s)

Figure 2.4: Power curve for HY-5 wind turbine [Hulk Energy, 2011]
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2.4. Wind Energy Resources

Wind resource is the most important element in determining turbine performance at a given
place. The energy that can be extracted from a wind stream is proportional to the cube of its
velocity. In addition, the wind resource itself is intermittent. It varies with year, season, and
time of day, elevation above ground, and form of terrain. Proper choice of site which is free

from large obstructions, improves wind turbine's performance.

2.4.1. Wind Speed Measurement

2.4.1.1. Anemometer

The wind speed is measured with an instrument called an anemometer. These instruments come
in several types. The most common type is a cup anemometer which has three or four cups
attached to a rotating shaft. When the wind hits the anemometer, the cups and the shaft rotate.
The angular speed of the spinning shaft is calibrated in terms of the linear speed of the wind.
Normally, the anemometer is fitted with a wind vane to detect the wind direction. A data logger

collects wind speed and wind direction data from the anemometer and wind vane respectively.

It is very important that the measuring equipment is set high enough to avoid turbulence
created by trees, buildings or other obstructions. Readings would be most useful if they have

been taken at hub height where the wind turbine is going to be installed [Gipe, 2004].

If the measurement of wind speed was not made at the wind turbine hub height (in this case it is
25 m) it is important to adjust the measured wind speed to the hub height. This can be done
using either the logarithmic law, which assumes that the wind speed is proportional to the
logarithm of the height above ground, or the power law, which assumes that the wind speed
varies exponentially with height. Using the logarithmic law the wind speed at a certain height

above ground level can be given as follows [Danish Wind, 2011]:
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)

V=V,*————~ 2.4

ref
n("02,)

where V is wind speed at height Z above ground level (m/s), V,

.+ 18 reference speed (m/s), i.e.

a wind speed already known at height Z ., In (...) is the natural logarithm function, Z is height

ref *
above ground level for the desired speed (m), V, Z, is roughness length in the current wind
direction (m), and Z, . is reference height (m), i.e. the height where we know the exact wind

speedV,,, .

Table 2.1 summarizes the wind speed at 10 m and 25 m heights.

Table 2.1: Monthly average wind speed (m/s)

Ja. |Fe |Ma |Ap [Ma|Ju |Jul [ Au| Se | Oc | No | De | Av.
At10m [ 37|40 |38 (31|37 |45|52]49|43|34|34|4.0|40
At25m [ 44 |48 |4.6 |37 |44 |53|64|59|52|41|41|44 |44

Using power law the wind speed at a certain height above ground level can be given as follows

[Patel, 2006]:
h a
v, <y, H 25

Where: V| is wind speed measured at the reference height £, (m/s), V, is wind speed estimated

at height s, (m/s), and a is ground surface friction coefficient.

MSc Thesis AAU, July 2011 17



Design of a PV-Wind Hybrid Power Generation System for Ethiopian Remote area

Table 2.2: Friction Coefficient a of Various Terrains [Patel, 2006]

Terrain Type Friction Coefficient a

Lake, ocean, and smooth, hard ground | 0.10

Foot-high grass on level ground 0.15
Tall crops, hedges, and shrubs 0.20
Wooded country with many trees 0.25

Small town with some trees and shrubs | 0.30

City area with tall buildings 0.40

2.4.2. Wind Energy Resources Assessment in Ethiopia

Several studies have been done regarding the wind energy potential in Ethiopia. From these
studies those done by [Wolde-Ghiorgis W, 1988] and [Drake and Mulugetta, 1996] have given
substantial results regarding the wind energy potential in the country by identifying the wind
regimes in several areas. However, the data used in these studies is relatively old; the most
recent data used in the first study is from 1968-1973 and was recorded only three times a day,
at 6:00, 12:00, and 18:00. The remaining data used was also recorded three times a day at 8:00,
14:00 and 19:00 during the period 1937 — 1940.

Data used by [Drake and Mulugetta, 1996] was collected during the period 1979-1990 at 60
different locations across the country and recordings were made, according to the author, 4 to 7

times per day at a height of 2 m.

In addition to these studies [Getachew, 2009] had conducted wind energy surveys on four sites
in the country. His study focuses on four specific locations, carefully selected in such a way
that they represent a significant portion of the habitable parts of the country. Data used in this
study was collected during the period 2000-2003, according to author recordings were made

five times daily, at 6:00, 9:00, 12:00, 15:00, and 18:00, at a height of 10 meters.

Unlike the previous studies, this study focuses on one specific location called Bulbul situated in

south-eastern part of the country.
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2.4.2.1 The Wind Energy Potential

Compared to the previous studies, the data used in this work is relatively recent, from 2003 —
2005, and it is data which has been recorded over 24 hours using data logger attached to cup

anemometer, at a height of 2 meters, for three consecutive years.

NMA collects wind speed and direction data using various types of Lambrecht cup anemometer
and records on data logger attached to it. The wind vane, which is used to measure wind
direction, is integrated with the instrument. The cup and wind vane sensor are mounted on the
same shaft. A disadvantage of cup anemometers is the so-called over-speeding caused by their
nonlinear response to fluctuating winds once they gain momentum in windy conditions

[Getachew, 2009].

The location investigated is Bulbul (05:03N, 039:030E), 1448 m. The data is collected from
NMA. The data can be claimed to be fairly complete for the given period of time, with only
few recordings missing here and there. The missing data has been replaced by the averages of

the preceding and following readings. For verification purposes, data from other sources has

been investigated for the site [NASA, 2010] and [SWERA, 2011].

HOMER software is used to analyze the data. More detail about HOMER is given in section
5.1

The monthly average wind speed data measured over the three years is the principal parameter
used by the software to synthesize the potential wind speed of the site. It is from this data the

hourly data of a year (8760 hours) is synthesized.

Other data input into the software are given in section 5.2 in detail. These data with the shape
parameter k, the anemometer height at which data is collected, the diurnal pattern strength,

elevation of the location, the autocorrelation factor, etc are fed to the software.

The final result, i.e. the probable wind speed distribution or wind energy potential for the

location is given in Figure 2.5.
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Figure 2.5: Software generated monthly average wind speeds (at 2 m height)

The potential of location has been evaluated against the wind power classification of the US
Department of Energy (DOE). Accordingly the site potential is found to be of class 1 type.
Class 1 potential is, in general, considered unsuitable for power generation [Getachew, 2009].
However, for off-grid electrical and mechanical applications such as battery charging and water
pumping, average annual wind speed of 3 to 4 m/s may be adequate, which is certainly the
purpose of this thesis work. Although the wind potentials may not be sufficient for independent
wind energy conversion systems, it is believed that they are usable if integrated with other
energy conversion systems such as PV, diesel generator and battery. The author of this work
also believed that this wind energy potential can be exploited using wind turbines with low cut-

in wind speed.

2.5. Wind Power

Energy available in wind is basically the kinetic energy of large masses of air moving over the
Earth’s surface. Blades of the wind turbine receive this kinetic energy, which is then

transformed to useful mechanical energy, depending on end use [Mathew, 2006].

The kinetic energy of a stream of air with mass m (kg) and moving with a velocity V (m/s) is

given in joules by the following equation [Patel, 2006; Mathew, 2006]:
1
KE = EmV 2.6

A wind rotor of cross sectional area A in m” is exposed to this wind stream with velocity V in
m/s as depicted in Figure 2.6 below. The kinetic energy of the air stream available for the

turbine can be expressed as:
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KE:%p vW? 2.7

where p is the density of air (kg/m*)and v is the volume of air parcel available to the rotor

(m?). The air parcel interacting with the rotor per unit time has a cross-sectional area equal to
that of the rotor area (At) and thickness equal to the wind velocity (V). Hence energy per unit

time, that is power in the wind, can be expressed as:
1 3
P= 5 p AV 2.8

From Eq. (2.8), we can see that the factors influencing the power available in the wind stream
are the air density, area of the wind rotor and the wind velocity. Effect of the wind velocity is

more prominent owing to its cubic relationship with the power.

The most accurate estimate for wind power density in W/m? is that given by equation (2.9)

[Getachew, 2009].
L& s
- (0,v) 29

where n is the number of wind speed readings and p; and V; are the i™ readings of the air

density (kg/m3 ) and wind speed (m/s) respectively.

A I A

Figure 2.6: An air parcel moving towards a wind turbine [Mathew, 2006]
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2.5.1. Air Density

Factors like temperature, atmospheric pressure, elevation and air constituents affect the density
of air. Warm air in the summer is less dense than cold air in the winter. However at higher
elevation the air is less dense than lower elevation. A density correction should be made for

higher elevations and cooler weather. The air density p varies with pressure and temperature

in accordance with the gas law as follows [Patel, 2006]:

P
S 2.10
P RT
where pis air pressure (Pa) and R is the specific gas constant (287 Jkg' K') and T is air

temperature in %K. If we know the elevation Z’ (m) and temperature T at a site, then the air

density can be calculated by [Mathew, 2006]:

_ we(—0.0M%J 211

T

If pressure and temperature data is not available, the following correlation may be used for

estimating the density [Getachew, 2009]:
p=1.225-(1.194%107*)* 2" 2.12
2.5.2. Swept Area

As shown in equation 2.7, the output power is also related to the area intercepting the wind, that
is, the area swept by the wind turbines rotor. For the horizontal axis turbine, the rotor swept

area is the area of a circle:

A="p? 2.13
4

where: D is the rotor diameter in meters. The relationship between the rotor’s diameter and the

energy capture is fundamental to understanding wind turbine design. Relatively small increases
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in blade length or in rotor diameter produce a correspondingly bigger increase in the swept
area, and therefore, in power. The wind turbine with the larger rotor will almost invariably
generate more electricity than a turbine with a smaller rotor, not considering generator ratings

[Gipe, 2004].

2.5.3. Wind Speed

As mentioned earlier the wind velocity is the most prominent factor for deciding the power
available in the wind spectra due to its cubic relationship with power. Hence, in selecting the

right site it plays a major role in the success of a wind power projects.

Using the average annual wind speed alone in the power equation would not give us the right
results; the calculation would differ from the actual power in the wind by a factor of two or
more. The reason for this number representing the average speed ignores the amount of wind
above as well below the average. It is the wind speed above the average that contributes most

of the power [Ramos, 2005].

2.5.4. Power Coefficient and Tip Speed Ratio

Theoretical power available in a wind stream is given by Eq. (2.8). However, a turbine cannot
extract this power completely from the wind. When the wind stream passes the turbine, a part
of its kinetic energy is transferred to the rotor and the air leaving the turbine carries the rest
away. Actual power produced by a rotor would thus be decided by the efficiency with which
this energy transfer from wind to the rotor takes place. This efficiency is usually termed as the
power coefficient (Cp). Thus, the power coefficient of the rotor can be defined as the ratio of
actual power developed by the rotor to the theoretical power available in the wind [Mathew,

2006; Wagner and Mathur, 2009].

Cp =—"- 2.14
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where: P,

rotor

is the power developed by the rotor (W) and P,,, mechanical power in the wind

(W). The power coefficient of a turbine depends on many factors such as the profile of the rotor

blades, blade arrangement and setting etc.

The power developed by a rotor at a certain wind speed greatly depends on the relative velocity
between the rotor tip and the wind. The ratio between the velocity of the rotor tip and the wind
velocity is termed as the tip speed ratio (A). Thus, the tip speed ration can be give by the
equation 2.15 [Mathew, 2006]:

_ﬁ_ 27Ny
\% |%

A 2.15

where Q is the angular velocity (rad/s), r is the radius of the blade (m), V is the wind velocity
(m/s) and N is the rotational speed of the rotor (rpm). The power coefficient of a rotor varies
with the tip speed ratio. There is an optimum A for a given rotor at which the energy transfer is

most efficient and thus the power coefficient is the maximum (CP max).

2.6. Wind Speed Distribution

Wind speed is the most critical data needed to appraise the power potential of a site due to its
cubic relation with the power. The wind is never constant at any site. It is influenced by
weather system, the local land terrain, and its height above the ground surface. Wind speed
varies within the minute, hour, day, season, and even by year. Since wind velocity varies it is
necessary to capture this variation in the model used to predict energy production. This is
usually done using probability functions to describe wind velocity over a period of time [Patel,

2006].

2.6.1. Weibull Probability Distribution

A probably density function (PDF) best describes the variation in wind speed. A PDF is used to
model the wind velocity variation. It provides the probability that an event will occur between
two end points. The area under the curve between any two speeds greater than zero will equal

the probability that wind will blow somewhere between those two speeds. The actual height
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and shape of a PDF curve are determined such that the area under the curve from 0 to infinity is
exactly 1. Physically, this means that there is a 100% chance that the wind will blow at some

speed between 0 m/s and infinite m/s.

The Weibull probability distribution is a very accurate model in describing wind velocity
variation as it conforms well to the observed long-term distribution of mean wind speeds for a
range of sites [Rivera, 2008]. This PDF found in the literature using different notations. In this

thesis the notations used in [Mathew, 2006] and [Patel, 2006] are adopted.

k V k-1 V k
f(V)—E(Ej exp{—[Ej} forO<V <o 2.16

where k is the Weibull shape factor, C is the scale factor (m/s) and V represents in this case the
wind speed (m/s). For a given average wind speed, a smaller shape factor indicates a relatively
wide distribution of wind speeds around the average while a larger shape factor indicates a
relatively narrow distribution of wind speeds around the average. For k = 2 the Weibull PDF is

commonly known as the Rayleigh density function. The PDF in this case become:

fV)= %exp{— (%) } 2.17

There are a number of ways to calculate the Weibull parameter. Some of them are: probability
plots, least square parameter estimation, Maximum likelihood estimators, typical shape factors
values, Justus Approximation, and the Quick Method [Ramos, 2005]. These techniques give
good result when sufficient data are available. An alternative way is to use typical shape factors
values. The shape factor will normally range from 1 to 3. These typical values are known from
experience and multiple observations of sites where wind speed measurements have been

taken. Table 2.3 shows typical values for the shape factor [Rivera, 2008].
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Table 2.3: Typical Shape Factor Values

Types of Wind Shape Factor k
Inland Winds 1.5t02.5
Coastal Winds 25t03.5
Trade Winds 3to4

Once k determined, the scale factor (C) can be calculated using the following equation 2.18

[Mathew, 2006]:

C=—— 2.18

where V is the average wind speed (m/s) value and I" is the gamma function [Mathew, 2006].

The average wind speed can be estimated using the equation 2.19:

ENE

V:(liv,. ] 2.19
iy

where V, is the actual wind speed measurement at interval 7, n is the total number of wind

speed measurements, and m = 1 for arithmetic mean, m = 2 for root mean square, and m = 3 for

cubic root cube.

Typical shape factor is used when the only data available are average wind speed.
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CHAPTER 3

SOLAR ENERGY SYSTEMS AND SOLAR ENERGY RESOURCES

The sun is the largest energy source of life at the same time it is the ultimate source of all
energy (except tidal and geothermal power), even the energy in the fossil fuels ultimately
comes from the sun. The sun radiates 174 trillion kWh of energy to the earth per hour. In other

words, the earth receives 1.74 x 10 17 watts of power from the sun [Danish Wind, 2011].

The sun is a typical star with mass 2x10* kg, beam length 700,000 km and it has roughly 5
billions more years of life. Its surface temperature is about 5800 Kelvin while the internal
temperature is approximately 15 million Kelvin. This temperature derives from reactions which
were based on the transformation of hydrogen to helium, the process called nuclear fusion,
which produces high temperature of the sun and the continuous emission of large amounts of
energy. It is calculated that for each gram of hydrogen that is converted to helium sun radiates
energy equal to 1.67x10° kWh. The solar energy is emitted to the universe mainly by
electromagnetic radiation. Approximately one-third of energy radiated from sun is reflected
back. The rest is absorbed and retransmitted to the space while the earth reradiates just as

energy as it receives and creates a stable energy balance at a temperature suitable for life.

There are normally two ways to generate electricity from sunlight: through photovoltaic (PV)

and solar thermal systems. In this thesis, only photovoltaic power system will be discussed.
3.1. Photovoltaic Power System

Photovoltaic (PV) is a method of generating electrical power by converting solar radiation into
direct current electricity using semiconductors that exhibit the photovoltaic effect. PV power
generation uses solar panels comprising a number of cells containing a semi-conducting
material. As long as light is shining on the solar cell, it generates electrical power. When the
light stops, the electricity stops. Many PV have been in continuous outdoor operation on Earth

or space for over 30 yrs [Luque and Hegedus, 2003].
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3.1.1. History of Photovoltaics

The history of photovoltaic was date back to 1839 when a French physicist Alexander Edmond
Becquerel discovered the photovoltaic effect while experimenting with an electrolytic cell
made up of two metal electrodes. When cells were exposed to light the generation of electricity
increased. In 1877 the first report of PV effect was published by two Cambridge scientists
Adams and Day and in 1883 Charles Fritts built a selenium solar cell similar to contemporary
solar silicon cells with efficiency less than 1%. In 1954 Chapin, Fuller and Pearson announced
the first manufacture of solar element in Bell Laboratory with p-n junction and efficiency 6%.
The initial commercial manufactures were very costly, with relatively small efficiency of about

5-10% and they were made by crystalline materials, mainly by crystal silicon (c-Si).

The technology of photovoltaic cells was developed rapidly during the second half of the
twentieth century. It soon found applications in U.S. space programs for its high power-
generation capacity per unit weight. Since then it has been extensively used to convert sunlight
into electricity for earth-orbiting satellites. In the past the PV cost was very high. For that
reason, PV applications have been limited to remote locations not connected to utility lines. But
with the declining prices in PV, the market of solar modules has been growing at 25 to 30%

annually during the last yrs [Patel, 2006].

Nowadays the efficiency of the best crystalline silicon cells has reached 24% for photovoltaic
cells used in aerospace technology and about 14-18% overall efficiency for those used for
industrial and domestic use. While 40.7% cell efficiency is achieved using structure called a
multi-junction solar cell [Renewable Energy World, 2010]. The cost of PV cell is around
2$/Wp if they are purchased in large quantities [Hulk Energy, 2011].

3.1.2. Photovoltaics Technology

Figure 3.1 shows the basic PV cell structure. Metallic contacts are provided on both sides of the
junction to collect electrical current induced by the impinging photons. A thin conducting mesh

of silver fibers on the top surface collects the current and lets the light through. The spacing of
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the conducting fibers in the mesh is a matter of compromise between maximizing the electrical
conductance and minimizing the blockage of the light. Conducting-foil (solder) contact is
provided over the bottom surface and on one edge of the top surface. In addition to the basic
elements, several enhancement features are also included in the construction. For example, the
front face of the cell has an antireflective coating to absorb as much light as possible by
minimizing the reflection. The mechanical protection is provided by a cover glass applied with

a transparent adhesive.
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Figure 3.1: Basic structure of a generic silicon PV cell [Patel, 2006]

3.1.2.1. PV Cells

PV cells are made up of semiconductor material, such as silicon, which is currently the most
commonly used element in semiconductor industry. Basically, when light strikes the cell, a
certain portion of it is absorbed within the semiconductor material. When energy knocks
semiconductor electrons loose, allowing them to flow freely. PV cells have one or more electric
fields that act to force electrons that are freed by light absorption to flow in a certain direction.
This flowing of electrons is a current and by placing metal contacts on the top and bottom of
the PV cell we can draw that current off to be used externally. This current, together with the
cell's voltage, which is a result of its built-in electric field or fields, defines the power in watts

that the solar cell can produce [Patel, 2006].
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3.1.2.1.1. Main PV Cell Types

The material that is used widely in the industry for the production of photovoltaic cells is
silicon. Based on the structure of the basic material from which they are made and the

particular way of their preparation the photovoltaic cells of silicon are categorized into four.

The types are the following ones:

1. Single-Crystalline Silicon: The basic material is mono-crystalline silicon. In order to
make them, silicon is purified, melted, and crystallized into ingots. The ingots are sliced
into thin wafers to make individual cells. It is the oldest and more expensive production
technique, but it's also the most efficient and widely used sunlight conversion
technology available. Cells efficiency oscillates between 14% and 18% [Patel, 2006].

2. Polycrystalline or Multi-crystalline Silicon: The particular cell is relatively large in size
and it can be easily formed into square shape which virtually eliminates any inactive
area between cells. It has a slightly lower conversion efficiency compared to single
crystalline and manufacturing costs are also lower. Cells efficiency oscillates between
10% and 13% [Luque and Hegedus, 2003].

3. String Ribbon: This is a refinement of polycrystalline silicon production. There is less
work in its production so costs are even lower. Cells efficiency averages 8% to 10%.

4. Technology which uses thin film solar cells while the total thickness of a semi
conductor is about 1pm. Amorphous or thin film silicon cells are solids in which the
silicon atoms are much less ordered than in a crystalline form. By using multiple
junctions this kind of photovoltaic cells achieve maximum efficiency which is estimated
at about 13% while the installation cost is reduced. The efficiency of this cell oscillates
between 6% and 10% [Patel, 2006]. Furthermore the output of an amorphous silicon
cell is not decreased as temperature increases and is much cheaper to produce than

crystalline silicon.

Cells efficiency decreases with increases in temperature. Crystalline cells are more sensitive to

heat than thin films cells. The output of a crystalline cell decreases approximately 0.5% with
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every increase of one degree Celsius in cell temperature. For this reason modules should be
kept as cool as possible, and in very hot condition amorphous silicon cells may be preferred
because their output decreases by approximately 0.2% per degree Celsius increase [Patel, 2006,

Luque and Hegedus, 2003].
3.2. PV Module and Array

The solar cell is the basic building block of the PV power system. However, it rarely used
individually because it is not able to supply an electronic device with enough voltage and
power. For this reason, many photovoltaic cells are connected in parallel or in series in order to
achieve as higher voltage and power output as possible. Cells connected in series increases the
voltage output while cells connected in parallel increases the current. The solar array or panel is
a group of several modules electrically connected in series-parallel combination to generate the

required current and voltage and hence the power.

A typical photovoltaic system is made of 36 individual 100cm? silicon photovoltaic cells and
auxiliary devices which are lead-acid batteries with a typical voltage of 12 V. This system has

the capacity of producing more than 13V during cloudy days and can charge a 12 V battery.
3.3. Equivalent Electrical Circuit of PV Cell

The complex physics of the PV cell can be represented by the equivalent electrical circuit
shown in Figure 3.2 below. The following parameters call for consideration. The current I at

the output terminals is equal to the light-generated current/,  less the diode current /,, and the
shunt-leakage current/, . The series resistance R, represents the internal resistance to the

current flow, and depends on the p-n junction depth, impurities, and contact resistance. The
shunt resistance Ry is inversely related to the leakage current to the ground. In an ideal PV cell
R; = 0 and Ry, = . The PV conversion efficiency is sensitive to small variations in Ry, but

insensitive to variations in Rg,. A small increase in Ry can decrease the PV output significantly.
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Figure 3.2: A PV cell equivalent electrical circuit [Duffie and Beckman, 2006]

The open-circuit voltage V= of the cell is obtained when the load current is zero and is given

by the following:

V,.=(,-1,)R

oc

3.1

sh

The diode current is given by the classical diode current expression:

qV
I, =1 |exp —% |-1 3.2

where I, is the saturation current of the diode (A), g is electron charge (1.6x10-19 C), A is

curve-fitting constant, K is Boltzmann constant (1.38x10-23 J/°K), T is temperature on

absolute scale °K.
Thus, the load current is given by the expression:

I=1-1,-1,

v % 33
I=1,-1, {exp(%) - 1} e

sh

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

I, and I, and is generally ignored.
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The two most important figure of merits widely used for describing PV cell electrical

performance are the open-circuit voltage V,  and the short-circuit current / , under full

illumination. The short-circuit current is measured by shorting the output terminals and

measuring the terminal current. Ignoring the small diode and ground leakage currents under

zero voltage, the short-circuit current under this condition is the photocurrent /, .

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

ground leakage current, equation 3.3 with / give the open-circuit voltage as follows:

I
V. = ﬂln(—L + 1] 3.4
q 1

o

3.4.1-V and P-V Curves

The electrical characteristic of the PV cell is generally represented by the current vs. voltage (I-
V) curve. The figure below (Figure 3.3) depicts the I-V curve of typical PV cell. This curve
shows the variation of current and voltage when cell resistance varies from zero to infinity. In
this curve the point at which the voltage is zero is called the short-circuit current. This is the
current we would measure with output terminal shorted. On the other hand the point at which
current is zero is known as open-circuit voltage. This is the voltage we would measure with

output terminal open. Somewhere in the middle of the two regions, the curve has a knee point.

current/amperes
w

(o] o.1 0.2 0.3 0.4 0.5 0.6
voltage/volts

Figure 3.3: I-V Curve of a typical silicon PV [Tzanakis, 2006]
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The power output of the panel is the product of the voltage and current outputs. In Figure 3.4,
the power is plotted against the voltage which is P-V curve of the PV cell. Note that the cell
produces no power at zero voltage or zero current, and produces the maximum power at the
voltage corresponding to the knee point of the I-V curve. This is why the PV power circuit is
always designed to operate close to the knee point with a slight slant on the left-hand side. The
PV circuit is modeled approximately as a constant current source in the electrical analysis of

the system.
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Figure 3.4: P-V characteristic of the PV cell [Patel, 2006]

Finally in order to measure the photovoltaic cells output power the following standard test
conditions are established internationally. The irradiance level is 1000 W/m?2, with the reference
air mass 1.5 solar spectral irradiance distributions and cell or module junction temperature of

25°C.

3.5. Solar Energy Resources

Solar radiation provides a huge amount of energy to the earth. The total amount of energy,
which is irradiated from the sun to the earth's surface, equals approximately 10,000 times the

annual global energy consumption [Patel, 2006].

The light of the sun, which reaches the surface of the earth, consists mainly of two components:
direct sunlight and indirect or diffuse sunlight, which is the light that has been scattered by dust
and water particles in the atmosphere. Photovoltaic cells not only use the direct component of

the light, but also produce electricity when the sky is overcast. To determine the PV electricity
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generation potential for a particular site, it is important to assess the average total solar
radiation received over the year. Unfortunately in most developing countries there is no

properly recorded radiation data. What usually available is sunshine duration data.

Ethiopia is one of the developing countries which have no properly recorded solar radiation
data and, like many other countries, what is available is sunshine duration data. However, given
a knowledge of the number of sunshine hours and local atmospheric conditions, sunshine
duration data can be used to estimate monthly average solar radiation, with the help of

empirical equation 3.5 [Duffie and Beckman, 2006].
_ i
H=H, a+b(ﬁ) 3.5

where H is the monthly average daily radiation on a horizontal surface (MJ/m?), H, is the

monthly average daily extraterrestrial radiation on a horizontal surface MJ/m?), 7 is the
monthly average daily number of hours of bright sunshine, N is the monthly average of the

maximum possible daily hours of bright sunshine, a and b are regression coefficients

Solar radiation, known as extraterrestrial radiation, Hy, on a horizontal plane outside the

atmosphere, is given by equation 3.6.

24%3600 %
H, = 223000%G [ 0335 cog| 200
T 365

3.6
* [cos @cos Osin ws + %sin @sin 5)

where n, is the day number, G, is the solar constant (1367 W/m?), ¢ is the latitude of the

location (°), J is the declination angle (°), which is given as follows:

3.7

5=23.45 sin(36OMj
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ws = the sunset hour angle (°), which is given by equation 3.9 below:
ws = cos™' (— tan @ tan &) 3.8

The maximum possible sunshine duration N is given by

N:Ea)s 3.9
15

Equations (3.6) and (3.9) are used to calculate the daily extraterrestrial radiation and the

maximum possible daily hours of bright sunshine respectively at the specified location.

The regression coefficients a and b for M number of data points can be calculated from the

following equations (3.10) and (3.11) respectively [Getachew, 2009].

r73(F)-ZEE

H
H,

1z 3

IOREH

w27 -(Z7)

Results estimated in this way are compared with the data which are obtained from sources such
as NASA's surface solar energy data set or the SWERA global meteorological database. Drake
and Mulugetta developed sets of constants a and b for various locations in Ethiopian [Drake

and Mulugetta, 1996]. In this thesis, regression coefficients developed in their work was used.

The global solar radiation obtained using equation 3.5 is fed to HOMER software as input.
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CHAPTER 4

DIESEL GENERATOR, BATTERY, AND POWER CONDITIONING
UNITS

In the previous two chapters wind and solar energy systems and resources are thoroughly
discussed. These two resources are the primary sources for the hybrid system studied in this
thesis. Wind turbines and PV panels are the basic components for this hybrid system. In this
chapter diesel generator, battery and power condition units, which are the ancillary components

for the hybrid system are presented.
4.1. Diesel Generator

Diesel generator is one of the elements of hybrid system described in this thesis. A diesel
generator is an engine which use diesel as the prime mover to generate electric energy. It
supplies the load when there is less supply from renewable energy sources than demand for an
efficient, continuous, and reliable customers’ energy demand. The following figure, Figure 4.1,

shows the schematic of a diesel generator.

v
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!

Figure 4.1: Schematic of Diesel generator with constant engine speed [Leake, 2010]

A synchronous type generator is used to produce ac-power when the unit’s turbine is rotated by

a prime mover coupled to the diesel engine shaft. It operates at constant speed of engine which
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corresponds to the required generator output voltage frequency (50 Hz or 60 Hz). The
synchronous generator must control its output voltage by controlling the excitation current. For
this operation, the output voltage u is controlled by the control signal x, and the speed of the
engine and thus the frequency f is controlled by the control signal x;. These types of diesel
generators mostly operate at efficiency of about 30% for nominal load, and when they operate
at lower portion of the nominal load, the efficiency further reduces. Generators of this type
operating at lower capacity than the nominal load consume more relative fuel consumption than
they can consume when operating at nominal load, as shown in Figure 4.2. Diesel generator-set

has the following drawbacks.

» Very heavy and difficult to handle
» Noisy

» Low efficiency

As it can be observed from Figure 4.2, the diesel generator fuel consumption depends on the
output power. About 25% of the fuel at rated full power is still consumed by the diesel

generator even if no power is generated from it.

100

B0 —

70

&0

50

40 —

Fuel consumption
(as % of rated fuel consumption)

30 f——T

20

10 20 30 40 20 60 70 a0 a0 100

Genset output power (as % of rated power)

Figure 4.2: The typical fuel curve of diesel generator [Leake, 2010]
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4.2. Battery

A battery is a device that stores direct current (dc) electrical energy in electrochemical form for
later use. The amount of energy that will be stored or delivered from the battery is managed by

the battery charge controller.

Electrical energy is stored in a battery in electrochemical form and is the most widely used
device for energy store in a variety of application. The conversion efficiency of batteries is not
perfect. Energy is lost as heat and in the chemical reaction, during charging or recharging.
Because not all battery’s can be recharged they are divided in two groups. The first group is the
primary batteries which only converts chemical energy to electrical energy and cannot be
recharged. The second group is rechargeable batteries. Rechargeable batteries are used in

hybrid power generation system.

The internal component of a typical electrochemical cell has positive and negative electrodes
plates with insulating separators and a chemical electrolyte in between. The cells store
electrochemical energy at a low electrical potential, typically a few volts. The cell capacity,
denoted by C, is measured in ampere-hours (Ah), meaning it can deliver C A for one hour or

C*n A for n hours, [Luque and Hegedus, 2003].

Many types of batteries are available today, such as Lead-acid, Nickel cadmium, Nickel-metal,
Lithium-ion, Lithium-polymer and Zinc air. Lead-acid rechargeable batteries continue to be the
most used in energy storage applications because of its maturity and high performance over
cost ratio, even though it has the least energy density by weight and volume. These lead acid
batteries come in many versions. The shallow- cycle version is the one use in automobiles, in
which a short burst of energy is drawn from the battery to start the engine. The deep-cycle
version, on the other hand, is suitable for repeated full charge and discharge cycles. Most

energy store applications require deep-cycle batteries [Patel, 2006].

Depth of discharge is import factor for the battery. It refers to how much capacity will be used

from the battery. Most systems are designed for regular discharges of up to 40 to 80 percent.
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Battery life is directly related to how deep the battery is cycled. For example, if a battery is
discharged to 50 percent every day, it will last about twice long as if is cycled to 80 percent

[Leake, 2010].

The main factors affecting battery lifetime are grid corrosion, buckling of plates, sulfation, and
stratification of the electrolytes. These factors are causing loss of active material and internal
short circuits. If less active materials available the ratio of the reaction components is becoming
non-optimal resulting in a drop of capacity and the charging efficiency is reduced. Internal
short circuit leads to harmful deep discharge of the concerned cell and hence ruins the whole

battery.

Atmospheric temperature also affects the performance of batteries. Manufacturers generally
rate their batteries at 25°C. The battery’s capacity will decrease at lower temperatures and
increase at higher temperature. The battery’s life increases at lower temperature and decreases

at higher. It is recommended to keep the battery’s storage system at 25 °C.

4.3.1. Charge Controller

The battery charge controller works as a voltage regulator. The primary function of a charge
controller is to prevent the battery from being overcharged by a generating unit system. A
charge controller constantly monitors the battery’s voltage. When the batteries are fully
charged, the controller will stop or decrease the amount of current flowing from the generating
system into the battery. The controllers average efficiencies range from 95% to 98% [Luque

and Hegedus, 2003].

4.4. Inverter

An inverter converts the direct current (dc) electricity from sources such as batteries, PV
modules, or wind turbine to alternative current (ac) electricity. The electricity can then be used
to operate ac equipment like the ones that are plugged in to most house hold electrical outlets.

The normal output ac waveform of inverters is a sine wave with a frequency of 50/60Hz.
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Inverters are available in three different categories based on where they are applied: grid-tied
battery less, grid tied with battery back-up and stand-alone. The grid tied battery less are the
most popular inverters today. These inverters connect directly to the public utility, using the
utility power as a storage battery. The grid-tied with battery backup are more complex than
battery less grid-tied inverters because they need to sell power to the grid, supply power to
backed-up loads during outages, and charge batteries from the grid, PV or wind turbine after an
outage. The stand alone inverters are designed for independent utility-free power system and

are appropriated for remote hybrid system installation [Patel, 2006].

In the other hand, based on their output waveforms there are three kinds of inverters; square
wave, modified sine-wave, and pure sine wave inverters. Of the three, the square wave type is
the simplest and least expensive, but with the poorest quality output signal. The modified sine
wave type is suitable for many load types and is the most popular low-cost inverter. Pure sine-
wave inverters produce the highest quality signal and are used for sensitive devices such as

medical equipment, laser printers, stereos, etc.

The efficiency of converting the direct current to alternative current of most inverters today is
90 percent or more [Rivera, 2008]. Many inverters claim to have higher efficiencies but for this

thesis the efficiency that was used is 90%.
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CHAPTER 5

HYBRID POWER GENERATION SYSTEM

A hybrid system is a combination of one or more resources of renewable energy such as solar,
wind, micro/mini-hydropower and biomass with other technologies such as batteries and diesel
generator. As an off-grid power generation, the hybrid system offers clean and efficient power
that will in many cases be more cost-effective than sole diesel systems. As a result, renewable
energy options have increasingly become the preferred solution for off-grid power generation

[Ali B. et al, 2010].

The hybrid system studied in this thesis is one combining solar PV and wind turbine with diesel
generator(s) and bank of batteries, which are included for backup purposes. Power conditioning
units, such as inverters, are also part of the supply system. Hybrid wind turbine and PV
modules, offer greater reliability than any one of them alone because the energy supply does
not depend entirely on any one source. For example, on a cloudy stormy day when PV
generation is low there's likely enough wind energy available to make up for the loss in solar

electricity, and as a result the size of the battery storage can be reduced [Patel, 2006].

Wind and solar hybrids also permit use of smaller, less costly components than would
otherwise be needed if the system depends on only one power source. This can substantially
lower the cost of a remote power system. In a hybrid system the designer doesn’t need to weigh
the components for worst-case conditions by specifying a larger wind turbine and battery bank

than is necessary [Patel, 2006].

Other advantages of the hybrid system are the stability and immobility of the system and a
lower maintenance requirement, thus reducing downtime during repairs or routine maintenance.
In addition to this, as well as being indigenous and free, renewable energy resources also

contribute to the reduction of emissions and pollution [Getachew, 2009].
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The PV-wind hybrid power generation system makes use of the solar PV and wind turbine to
produce electricity as the primary source to supply the load. The configuration of PV-wind
hybrid system is analyzed for various PV array and wind turbine sizes with respect to a diesel
generator to operate in tandem with the battery system. The power conditioning units will
determine the ac conversion of the dc power in relation to optimum diesel generator operation
following the load profile. The charge controller will charge the batteries with energy from PV
modules and wind turbines as well as from the diesel generator. The main objective of PV-wind
hybrid system is to reduce the cost of operation and maintenance and cost of logistic by
minimizing diesel runtime and fuel consumption. To achieve this generator only runs as needed
to recharge the battery and to supply excess load when renewable sources are not enough to

supply the load. A schematic of a typical PV-wind hybrid system can be shown in Figure 5.1.
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Figure 5.1: General schemes for the standalone hybrid power supply system

The main components of the hybrid system are the wind turbine and the PV panel. Diesel
generator(s), a battery bank, and an inverter module are auxiliary parts of the system. The basic

principles of these components were covered in the previous chapters.
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5.1. Designing and Modeling of Hybrid System with HOMER

The Hybrid Optimization Model for Electric Renewables (HOMER), which is copyrighted by
Midwest Research Institute (MRI) is a computer model developed by the U.S. National
Renewable Energy Laboratory (NREL) to assist the design of power systems and facilitate the
comparison of power generation technologies across a wide range of applications [HOMER,
ver. 2.67 Beta]. HOMER is used to model a power system physical behavior and its life-cycle
cost, which is the total cost of installing and operating the system over its life time. HOMER
allows the modeler to compare many different design options based on their technical and
economic merits. It also assists in understanding and quantifying the effects of uncertainty or

changes in the inputs.

The design of a stand-alone PV-wind hybrid power supply system to a model community of
100 households, with average six members per family was carried out based on the theoretical
background discussed so far. HOMER software is used as a tool to accomplish the research. As
mentioned earlier, the main objective of the study is to design and model hybrid PV-Wind—
diesel-battery based standalone power generation systems to meet the load requirements of the

community specified earlier.

A schematic diagram of the standalone hybrid power supply system required is shown in figure
5.1 and its representation by HOMER is shown in figure 5.2. The power conditioning units are
dc-dc and ac-dc converters, with the sole purpose of matching the PV, batteries and wind
turbine voltages to that of the bus voltage at the dc bus. The ac load is of both primary and
deferrable types. The primary load is an electric demand that must be served according to a
particular schedule, whereas deferrable load is electric demand that can be served at certain

period of time, the exact timing is not important.
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Figure 5.2: HOMER diagram for the hybrid system
HOMER performs three principal tasks: simulation, optimization, and sensitivity analysis based
on the raw input data given by user. In the simulation process, the performance of a particular
power system configuration for each hour of the year is modeled to determine its technical
feasibility and life-cycle cost. In the optimization process, many different system
configurations are simulated in search of the one that satisfies the technical constraints at the
lowest life-cycle cost. In the sensitivity analysis process, multiple optimizations are performed
under a range of input assumptions to judge the effects of uncertainty or changes in the model
inputs. Optimization determines the optimal value of the variables over which the system
designer has control such as the mix of components that make up the system and the size or
quantity of each. Sensitivity analysis helps assess the effects of uncertainty or changes in the
variables over which the designer has no control, such as the average wind speed or the future

fuel price.
5.1.1. Simulation

The simulation process determines how a particular system configuration, a combination of
system components of specific sizes, and an operating strategy that defines how those

components work together, would behave in a given setting over a long period of time.
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HOMER can simulate a wide variety of micropower system configurations, comprising any
combination of a PV array, one or two wind turbines, a run-of-river hydro-turbine, and up to
three generators, a battery bank, a dc-ac converter, an electrolyzer, and a hydrogen storage tank.
The system can be grid-connected or autonomous and can serve ac and dc electric loads and a

thermal load.

Systems that contain a battery bank and one or more generators require a dispatch strategy,
which is a set of rules governing how the system charges the battery bank. Dispatch strategy is

thoroughly discussed in section 5.1.4.

The simulation process serves two purposes. First, it determines whether the system is feasible.
The feasible system is one which can adequately serve the electric and thermal loads and
satisfy any other constraints imposed by the user. Second, it estimates the life-cycle cost of the
system, which is the total cost of installing and operating the system over its lifetime. The life-
cycle cost is a convenient metric for comparing the economics of various system

configurations.

A particular system configuration is modeled by performing an hourly time series simulation of
its operation over one year. Simulation steps through the year one hour at a time, calculating
the available renewable power, comparing it to the electric load, and deciding what to do with
surplus renewable power in times of excess, or how best to generate additional power in times
of deficit. When one year’s worth of calculations is completed, it is determined whether the
system satisfies the constraints imposed by the user on such quantities as the fraction of the
total electrical demand served, the proportion of power generated by renewable sources, or the
emissions of certain pollutants, etc. The quantities required to calculate the system’s life-cycle
cost, such as the annual fuel consumption, annual generator operating hours, expected battery

life are also computed.

The quantity used to represent the life-cycle cost of the system is the total net present cost
(NPC). This single value includes all costs and revenues that occur within the project lifetime,

with future cash flows discounted to the present. The total net present cost includes the initial
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capital cost of the system components, the cost of any component replacements that occur

within the project lifetime, the cost of maintenance and fuel.

5.1.2. Optimization

The simulation process models a particular system configuration, whereas the optimization
process determines the best possible system configuration. The best possible, or optimal,
system configuration is the one that satisfies the user-specified constraints at the lowest total
net present cost. Finding the optimal system configuration may involve deciding on the mix of
components that the system should contain, the size or quantity of each component, and the
dispatch strategy the system should use. In the optimization process, many different system
configurations are simulated; the infeasible ones are discarded, the feasible ones are ranked
according to total net present cost, and the feasible one is presented with the lowest total net

present cost as the optimal system configuration.

The goal of the optimization process is to determine the optimal value of each decision variable
that interests the modeler. A decision variable is a variable over which the system designer has
control and for which multiple possible values can be considered in the optimization process.

Possible decision variables include:

¢ The size of the PV array

¢ The number of wind turbines

e The size of each generator

¢ The number of batteries

e The size of the dc-ac converter

¢ The dispatch strategy

Optimization can help the modeler find the optimal system configuration out of many
possibilities. Multiple values for each decision variable can be entered in search space, which is
the table that contains the set of all possible system configurations over which HOMER can

search for optimal system configuration. In the optimization process, every system
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configuration in the search space is simulated and the feasible ones are displayed in a table,

sorted by total net present cost.

5.1.3. Sensitivity Analysis

In the sensitivity analysis process multiple optimizations are performed, each using a different
set of input assumptions. A sensitivity analysis reveals how sensitive the outputs are to changes

in the inputs.

In a sensitivity analysis, a range of values for a single input variable are fed to HOMER. A
variable for which the user has entered multiple values is called a sensitivity variable. Almost
every numerical input variable that is not a decision variable can be a sensitivity variable.

Examples include the PV module price, the fuel price, the interest rate, etc.

A sensitivity analysis can be performed with any number of sensitivity variables. Each
combination of sensitivity variable values defines a distinct sensitivity case. A separate
optimization process for each sensitivity case is performed and the results are presented in

various tabular and graphic formats.

One of the primary uses of sensitivity analysis is in dealing with uncertainty. If a system
designer is unsure of the value of a particular variable, he/she can enter several values covering
the likely range and see how the results vary across that range. But sensitivity analysis has
applications beyond coping with uncertainty. A system designer can use also sensitivity

analysis to evaluate trade-offs between different options.

5.1.4. Hybrid System Modeling

In this section how HOMER models the physical operation of a system is provided in greater
detail. A power system must comprise at least one source of electrical or thermal energy (such
as a wind turbine, a diesel generator, or the grid), and at least one destination for that energy

(electrical or thermal load). It may also comprise conversion devices such as a dc-ac converter
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or an electrolyzer, and energy storage devices such as a battery bank or a hydrogen storage

tank.

The following subsections devoted to how to model the loads that the system must serve, the
components of the system and their associated resources, and how that collection of

components operates together to serve the loads.

5.1.4.1. Electric Loads

The electric loads are usually the largest single influence on the size and cost of hybrid system
components. So, deciding on the loads is one of the most important steps in the design of the

hybrid system.

The term loads refers to a demand for electric or thermal energy, if any. Three types of loads
can be modeled using HOMER: primary load which is electric demand that must be served
according to a particular schedule, deferrable load which is electric demand that can be served
at certain period of time, the exact timing is not important and thermal load which is demand

for heat.

Primary Load: Primary load is electrical demand that the power system must meet at a specific
time. Electrical demand associated with lights, radio, TV, household appliances, computers,
and industrial processes is typically modeled as primary load. If electrical demand exceeds

supply, there is a deficit that is recorded as unmet load.

The user specifies an amount of primary load in kW for each hour of the year, either by
importing a file containing hourly data or by allowing HOMER to synthesize hourly data from
average daily load profiles. When synthesizing load data, HOMER creates hourly load values
based on user-specified daily load profiles. Different profiles for different months and different
profiles for weekdays and weekends are specified. A specified amount of randomness can be
added to synthesize load data so that every day’s load pattern is unique. In this thesis 5% hourly

and daily load noise is defined to account for variability of load demand.
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Among the three types of loads, primary load receives special treatment in that it requires a
user-specified amount of operating reserve [HOMER, ver. 2.67 Beta]. Section 5.1.4.4 covers

operating reserve in greater detail.

Deferrable Load: Deferrable load is electrical demand that can be met anytime within a certain
time span, which exact timing is not important. Water pumping and battery-charging are
examples of deferrable loads because the storage inherent to each of those loads allows some
flexibility as to when the system can serve them. The ability to defer serving a load is often
advantageous for systems comprising intermittent renewable power sources, because it reduces
the need for precise control of the timing of power production. If the renewable power supply
ever exceeds the primary load, the surplus can serve the deferrable load rather than going to

waste.

For each month, the user specifies the average deferrable load, which is the rate at which
energy drains out of the tank. The user also specifies the storage capacity in kWh (the size of
the tank), and the maximum and minimum rate at which the power system can put energy into

the tank.

According to Getachew, electric load in the rural villages of Ethiopia can be assumed to be
composed of lighting, radio receiver and television set, water pumps, health post and primary
schools load [Getachew, 2009]. Bimrew considered only lighting, radio and television as a
community load [Bimrew, 2007]. In this study, electricity for flour mills is added to the load
together with radio receiver and health post is upgraded to health clinic with additional medical
equipment. Water pumps are considered as deferrable loads while the others as primary loads.
As introduced earlier, the community understudy, which equipped with school and a health

clinic, has 100 households with an average 6 members per family.

The electric loads for school and community contains lighting, water pumping, a radio receiver
and flour mills. Whereas health clinic loads includes lighting, water pumping, electric supply

necessary for some medical equipment, and other for miscellaneous use.
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In the calculation of the load or, in general, the design of hybrid system includes those
components which are locally available without considering their efficiencies. This is done for

both load and power generation sides.

Water pumping systems, deferrable load, is required for the households, the school and health
clinic. A minimum of 100 liters of water per day per family and 2000 I/day for health clinic and
primary school each is suggested. To accomplish this, 4 pumps of 150 W (with a capacity of 10
1/m) operating for 6 hours/day are to be installed to supply water for the community. Another 2
pumps of 150W (with a capacity of 10 1/m) for the school and health clinic each operating for 4
hours/day is assumed. A sufficient water storage capacity for 3 days is assumed and the
corresponding electricity storage capacity is 10.8 kWh for the households and 5.4 kWh for the
school and health clinic. The peak deferrable load (rated power of the pumps) is 0.6 kW for the
households and 0.3 kW for the school and health clinic.

Each household is assumed to use a 7 W for night external lighting, a 3 W radio receiver and
two 40 W light bulbs to be used between 18:00 to 23:00 in the evening and the daily energy

consumption is calculated to be approximately 46 kWh.

Electric lighting for the school in the evenings (18:00-21:00) for those who wish to pursue
basic education is suggested. For eight classrooms with eight lamps of 40 watt capacity in each
classroom and a lamp for a toilet and eight fans for each class is considered for air conditioning

which operate for eight hours and energy is calculated to 4.6 kWh/day.

A typical health clinic, equipped with vaccine refrigerator, light bulbs, stand-by communication
VHF radio, microscope, vaporizer, centrifugal nebulizer, oxygen concentrator, fans and
AM/FM radio receiver, is suggested. The health clinic has ten bed rooms, one reception room,
two OPD rooms and other rooms for different services. This equipment of a health clinic

consumes 22.4kWh/day.

The sum total of the daily energy consumption of the community is approximately 78 kWh.

MSc Thesis AAU, July 2011 51



Design of a PV-Wind Hybrid Power Generation System for Ethiopian Remote area

In the weekends it is assumed that flour mills are not working and evening classes are
conducted at day time. In the rainy season up to 30% deferrable load can be expected to
decrease because water consumption from the pumps is expected to be shared by river and rain
water ponds [Getachew, 2009]. September to October and April to June is the rainy season for
this area. There are no classes in July and August (annual break) and in January (semester
break). The daily electrical energy consumption in the rainy months would be 76 kWh and that
in January, July and August 73 kWh. Thus the yearly electrical energy consumption pattern is

that given in Table 5.1.

Table 5.1: Monthly average daily electrical energy consumption (kWh)

Months Jan Feb-Mar Apr-June Jul-Aug Sep-Oct Nov-Dec
Deferrable 4.5 54 3.8 4.5 3.8 54

Load

Primary Load 68.5 72.6 72.2 68.5 72.2 72.6
Total Load 73 78 76 73 76 78

The 24 hour primary and deferrable load profiles are given in figures 5.3 and 5.4 respectively.

Daily Profile

Load VY

o 6 12 18 24
Hour

Figure 5.3: Primary load profile of the community
Monthly Deferrable Load

Load (kWh/d)

0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 5.4: Monthly average deferrable load profiles

5.1.4.2. Resources
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The term resource applies to anything coming from outside the system that is used by the
system to generate electric or thermal power. That includes the four renewable resources (solar,
wind, hydro, and biomass) as well as any fuel used by the components of the system.
Renewable resources depend extremely on location. The solar resource depends strongly on
latitude and climate, the wind resource on large-scale atmospheric circulation patterns and
geographic influences, the hydro resource on local rainfall patterns and topography, and the
biomass resource on local biological productivity. Moreover, at any one location a renewable
resource may exhibit strong seasonal and hour-to-hour variability. The nature of the available
renewable resources affects the behavior and economics of renewable power systems, since the
resource determines the quantity and the timing of renewable power production. The careful
modeling of the renewable resources is therefore an essential element of system modeling. In

this section how to model the renewable resources used in this thesis and the fuel is described.

Solar Resource: To model a system containing a PV array, the solar resource data for the
location of interest has been provided. Solar resource data indicate the amount of global solar
radiation (beam radiation coming directly from the sun, plus diffuse radiation coming from all
parts of the sky) that strikes Earth’s surface in a typical year. The data can be in one of three
forms: hourly average global solar radiation on the horizontal surface (kW/m?), monthly
average global solar radiation on the horizontal surface (kWh/mz.day), or monthly average
clearness index. The clearness index is the ratio of the solar radiation striking Earth’s surface to
the solar radiation striking the top of the atmosphere. A number between zero and one, the

clearness index is a measure of the clearness of the atmosphere.

HOMER generates synthetic hourly global solar radiation data from monthly solar resource
data using the Graham algorithm [HOMER, ver. 2.67 Beta]. The inputs to this algorithm are the
monthly average solar radiation values and the latitude. The output is an 8760-hour data set

with statistical characteristics similar to those of real measured data sets.

Wind Resource: To model a system comprising one or more wind turbines, the wind resource
data indicating the wind speeds the turbines would experience in a typical year has been

provided. The user can provide measured hourly wind speed data if available. Otherwise,
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HOMER can generate synthetic hourly data from 12 monthly average wind speeds and four
additional statistical parameters: the Weibull shape factor, the autocorrelation factor, the

diurnal pattern strength, and the hour of peak wind speed.

The Weibull shape factor is a measure of the distribution of wind speeds over the year (see
section 2.4). The autocorrelation factor is a measure of how strongly the wind speed in one
hour tends to depend on the wind speed in the preceding hour [HOMER, ver. 2.67 Beta]. For
complex topography the autocorrelation factor is (0.70 - 0.80) while for a uniform topography
the range is higher, (0.90 - 0.97). A typical range for the autocorrelation factor is 0.8 — 0.95
[HOMER, ver. 2.67 Beta]. An average value of 0.85 is used here because the selected areas are
of averagely uniform topography. The diurnal pattern strength is a measure of how strongly the
wind speed tends to depend on the time of day [HOMER, ver. 2.67 Beta]. Typical values for
diurnal pattern strength range from 0 to 0.4. A value of 0.25 has been selected for calculations.
The hour of peak wind speed is the hour of the day that tends, on average, to be the windiest
throughout the year. The typical range for the time of peak wind speed is 14:00-16:00
[HOMER ver. 2.67 Beta]. This has also been observed in the available raw data for some of the
months. In addition to this, the software has been run for different times between 14:00 and
18:00, the results have been checked against the measured data and the time of 15:00 has been

chosen for the calculations.

The anemometer height, which is the height above ground at which the wind speed data were
measured, has been defined. The elevation of the site above sea level, which is used to calculate

the air density according to equations 2.10-2.12, is also defined.

Fuel: HOMER provides a library of several predefined fuels, and users can add to the library if
necessary. The physical properties of a fuel include its density, lower heating value, carbon
content, and sulfur content. The user can also choose the most appropriate measurement units,
L, m’, or kg. The two remaining properties of the fuel are the price and the annual consumption

limit.

5.1.4.3. Components
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A component is any part of a power system that either generates, delivers, converts, or stores
energy. HOMER models 10 types of components. Three of components generate electricity
from intermittent renewable sources: photovoltaic modules, wind turbines, and hydro turbines.
Another two types of components, generators and the grid are dispatchable energy sources,
meaning that the system can control them as needed. Two types of components, converters and
electrolyzers, convert electrical energy into another form. Converters convert electricity from
ac to dc or from dc to ac. Electrolyzers convert surplus ac or dc electricity into hydrogen via the
electrolysis of water. Other component a reformer generates hydrogen by reforming a
hydrocarbon, typically natural gas. The system can store the hydrogen produced by electrolyzer
and reformer and use it as fuel for one or more generators. Finally, two types of components

store energy: batteries and hydrogen storage tanks.
Cost minimization is the primary criterion considered when selecting the components.

In this section how to model the components used in this thesis and discuss the physical and

economic properties that the user can use to describe each is explained.

PV Array: The PV array is a device that produces dc electricity in direct proportion to the
global solar radiation incident upon it. The power output of the PV array is calculated using the

following equation [HOMER, ver. 2.67 Beta]:

G
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where Y, is the rated capacity of PV array (kW), f,, is the PV derating factor (%), G, is the
solar radiation incident on the PV array in the current time step (kW/m?), (_?T’STC is the incident
radiation at standard test conditions (1 kW/m?), @, is the temperature coefficient of power
(%/°C), T, is the PV cell temperature in the current time step (°C),and 7T, i, is the PV cell

temperature under standard test conditions (25 °C)
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If the effect of temperature on the PV array is not considered, the above equation simplifies to:

G
Ppy :YPVfPV(_ L ] 52

GT,STC

The rated capacity (sometimes called the peak capacity) of a PV array is the amount of power it
would produce under standard test conditions of 1 kW/m? irradiance and a panel temperature of

25°C.

The derating factor is a scaling factor meant to account for effects of dust on the panel, wire
losses, elevated temperature, or anything else that would cause the output of the PV array to

deviate from that expected under ideal conditions.

To describe the cost of the PV array, its initial capital cost in dollars, replacement cost in
dollars, and operating and maintenance (O&M) cost in dollars per year has been specified. The
replacement cost is the cost of replacing the PV array at the end of its useful lifetime, which is
specified in years. By default, the replacement cost is equal to the capital cost, but the two can
differ for several reasons. For example the user may want to account for a reduction over time
in the purchase cost of a particular technology. In this thesis replacement cost is taken as 70%

of initial capital cost taking into account the reduction of PV cost trends.

Wind Turbine: A wind turbine is a device that converts the kinetic energy of the wind into ac or
dc electricity according to a particular power curve, which is a graph of power output versus

wind speed at hub height.

Each hour, the power output of the wind turbine is calculated in a four-step process. First, the
average wind speed for the hour at the anemometer height is determined by referring to the
wind resource data. Second, the corresponding wind speed at the turbine’s hub height is
calculated using either the logarithmic law or power law. Third, the power output of wind

turbine is calculated at that wind speed referring to its power curve assuming standard air
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density. Fourth, that power output value is multiplied by the air density ratio, which is the ratio

of the actual air density to the standard air density.

In addition to the turbine’s power curve and hub height, the expected lifetime of the turbine in
years, its initial capital cost in dollars, its replacement cost in dollars, and its annual O&M cost

in dollars per year has been specified.

The primary criterion for the selection of the wind turbine is its cost. The wind turbines have
been selected from different sources; the various wind turbine websites and those suggested by
the HOMER program itself based on their costs. Other selection criteria used are: the type of
current they generate (ac or dc), how low the cut-in wind speed is, and for what application the
wind turbine be used for. The cut-in wind speed is another is primary criterion, if not import
than cost, as the wind resource at the site is not very high. The type of current they generate,
whether ac or dc, is also considered as it have impacts on the size of the inverter. As the load
assumed for the households is of an ac type a wind turbine that generates ac current has been
chosen. As the aim of the research is to supply electric energy to remotely located
communities, the wind turbines selected should be those which are applicable for home or off-

grid applications.

Based on the selection criteria mentioned above, different wind turbines have been tested by
running the simulation several times. From those wind turbines which were candidates for this
application, the HY-5 type has been found to be the best in terms of the cut-in wind speed and
also in respect to other criteria mentioned earlier. This wind turbine was obtained from those
wind turbine website (www.huayingwindpower.com) owned by Hulk Energy Machinery. The
turbine is a 5 kW turbine commonly available on the market such as the one for which the

power curve is given in figure 2.4.

Generators: A generator consumes fuel to produce electricity, and possibly heat as a by-
product. The generator module is flexible enough to model a wide variety of generators,

including internal combustion engine generators, micro-turbines, fuel cells, etc.
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The principal physical properties of the generator are its maximum and minimum electrical
power output, its expected lifetime in operating hours, the type of fuel it consumes, and its fuel

curve, which relates the quantity of fuel consumed to the electrical power produced.

The fuel curve is a straight line with a y-intercept and uses the following equation for the
generator’s fuel consumption [HOMER, ver. 2.67 Beta]:

F=FY_ +FP 5.3

gen gen

where: F is fuel consumption in this hour (L), F; is generator fuel curve intercept coefficient
(L/hr/kW raeq), F 1s generator fuel curve slope (L/hr/kW), Y, e is rated capacity of generator

(kW), and P, is output of the generator in this hour (kW).

In addition to these properties, the generator emissions coefficients, which specify the
generator’s emissions of six different pollutants in grams of pollutant emitted per quantity of

fuel consumed can be specified.

The generator’s initial capital cost in dollars, replacement cost in dollars, and annual O&M cost
in dollars per operating hour has been specified. The generator O&M cost should account for
oil changes and other maintenance costs, but not fuel cost because fuel cost is calculated
separately. Fixed and marginal cost of energy has been calculated for each dispatchable power
source. The fixed cost of energy is the cost per hour of simply running the generator, without
producing any electricity. The marginal cost of energy is the additional cost per kWh of

producing electricity from that generator.

The following equation is used to calculate the generator’s fixed cost of energy [HOMER, ver.

2.67 Beta]:

Cre
'p.gen
+ —R + FOngch,,eﬂ 5.4

cgen,ﬂxed = com.gen
gen
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where: ¢ is the O& M cost ($/hr), C

om.gen

is the replacement cost ($), R, is the generator

rep.gen n

lifetime (hr), F, is generator fuel curve intercept coefficient (L/hr/kWgeq), Y, e is rated
capacity of generator (kW), and c,, . is the effective price of fuel ($/L). The effective price of

fuel includes the cost penalties, if any, associated with the emissions of pollutants from the

generator.
The marginal cost of energy of the generator is calculated using the following equation:

Cgen,mar = FlC 55

fuel eff

where: F, is generator fuel curve slope (L/hr/kW), and c,,, ., is the effective price of fuel

($/L).

Battery Bank: The battery bank is a collection of one or more individual batteries. A battery is a
device capable of storing a certain amount of DC electricity at a fixed round-trip energy
efficiency, with limits as to how quickly it can be charged or discharged, how deeply it can be
discharged without causing damage, and how much energy can cycle through it before it needs

replacement.

The key physical properties of the battery are its nominal voltage, capacity curve, lifetime
curve, minimum state of charge, and round-trip efficiency. The capacity curve shows the
discharge capacity of the battery in ampere-hours versus the discharge current in amperes.
Manufacturers determine each point on this curve by measuring the ampere-hours that can be
discharged at a constant current out of a fully charged battery. Capacity typically decreases
with increasing discharge current. The lifetime curve shows the number of discharge—charge
cycles the battery can withstand versus the cycle depth. The number of cycles to failure
typically decreases with increasing cycle depth. The minimum state of charge is the state of
charge below which the battery must not be discharged to avoid permanent damage. The round-
trip efficiency indicates the percentage of the energy going into the battery that can be drawn

back out.
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To calculate the battery’s maximum allowable rate of charge or discharge, the kinetic battery

model is used, which treats the battery as a two-tank system [HOMER, ver. 2.67 Beta].

Three parameters describe the battery: The maximum capacity of the battery which is the
combined size of the available and bound tanks; the capacity ratio which is the ratio of the size
of the available tank to the combined size of the two tanks and the rate constant which is

analogous to the size of the pipe between the tanks.

It is assumed that lifetime throughput is independent of cycle depth and estimate the life of the
battery bank simply by monitoring the amount of energy cycling through it, without having to
consider the depth of the various charge—discharge cycles. The life of the battery bank in years

1s found as follows [HOMER, ver. 2.67 Beta]:

Nba 'Qliﬁz ime
= MIN(#,RMJ 5.6

thrpt

R

batt

where: R, is battery bank life (yr), N,,, is number of batteries in the battery bank, Q. 18

batt att

lifetime throughput of a single battery (kWh), Q, = is annual battery throughput (the total

thrpt

amount of energy that cycles through the battery bank in one year) (kWh/yr), and R, is

att, f

battery float life (the maximum life regardless of throughput) (yr)

The battery bank’s capital and replacement costs in dollars, and the O&M cost in dollars per
year have been specified. Since the battery bank is a dispatchable power source, its fixed and
marginal cost of energy is calculated for comparison with other dispatchable sources. Unlike
the generator, there is no cost associated with ‘‘operating’’ the battery bank so that it is ready to
produce energy; hence its fixed cost of energy is zero. For its marginal cost of energy, the sum
of the battery wear cost (the cost per kWh of cycling energy through the battery bank) and the
battery energy cost (the average cost of the energy stored in the battery bank) are used. The

battery wear cost is calculated as [HOMER, ver. 2.67 Beta]:
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C
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where: C is replacement cost of the battery bank ($) and7,, is battery roundtrip efficiency

rep,batt

(%)

Converter: A converter is a device that converts electric power from dc to ac in a process called
inversion, and/or from ac to dc in a process called rectification. The converter size, which is a
decision variable, refers to the inverter capacity, meaning the maximum amount of ac power
that the device can produce by inverting dc power. The rectifier capacity, which is the
maximum amount of dc power that the device can produce by rectifying ac power, as a

percentage of the inverter capacity has been specified.

The final physical properties of the converter are its inversion and rectification efficiencies,
which are assumed to be constant. The economic properties of the converter are its capital and
replacement cost in dollars, its annual O&M cost in dollars per year, and its expected lifetime

in years.
5.1.4.4. Dispatch Strategy

In addition to modeling the behavior of each individual component, how those components
work together as a system has been simulated. That requires hour-by-hour decisions as to
which generators should operate and at what power level, whether to charge or discharge the
batteries. In this section the logic used to make such decisions is described briefly. A discussion
of operating reserve comes first because the concept of operating reserve significantly affects

dispatch decisions.

Operating Reserve: Operating reserve provides a safety margin that helps ensure reliable
electricity supply despite variability in the electric load and the renewable power supply.

Virtually every real power system must always provide some amount of operating reserve,
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because otherwise the electric load would sometimes fluctuate above the operating capacity of

the system, and an outage would result.

At any given moment, the amount of operating reserve that a power system provides is equal to
the operating capacity minus the electrical load. The required amount of operating reserve has
been specified, and HOMER simulates the system so as to provide at least that much operating

reserve.

Each hour, the required amount of operating reserve is calculated as a fraction of the primary
load of that hour, plus a fraction of the annual peak primary load, plus a fraction of the PV
power output of that hour, plus a fraction of the wind power output of that hour. In this study an
operating reserve of 10, 25 and 50 % of the hourly load, solar power output and wind power

output respectively is used.

It is assumed that both dispatchable and nondispatchable power sources provide operating
capacity. A dispatchable power source provides operating capacity in an amount equal to the
maximum amount of power it could produce at a moment’s notice. For a generator, that is
equal to its rated capacity if it is operating or zero if it is not operating. For the battery, that is
equal to its current maximum discharge power, which depends on state of charge and recent
charge—discharge history. In contrast to the dispatchable power sources, the operating capacity
of a nondispatchable power source (a PV array or wind turbine) is equal to the amount of
power the source is currently producing, as opposed to the maximum amount of power it could

produce.

If a system is ever unable to supply the required amount of load plus operating reserve, the
shortfall is recorded as capacity shortage. The maximum allowable capacity shortage fraction is
specified. Any system whose capacity shortage fraction exceeds this constraint is discarded as
infeasible. In this thesis the capacity shortage is not tolerable i.e. zero fraction of capacity

shortage is defined.
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Control of Dispatch-able System Components: Each hour of the year, it is determined whether
the renewable power sources by themselves are capable of supplying the electric load and the
required operating reserve. If not, how best to dispatch the dispatchable system components
(the generators and battery bank) to serve the loads and operating reserve is determined. This
determination of how to dispatch the system components each hour is the most complex part of

simulation logic.

The fundamental principle that is followed when dispatching the system is the minimization of
cost. The economics of each dispatchable energy source is represented by two values: a fixed
cost in dollars per hour, and a marginal cost of energy in dollars per kWh. These values
represent all costs associated with producing energy with that power source that hour. Using
these cost values, the combination of dispatchable sources that can serve the electrical load and
the required operating reserve at the lowest cost is searched. Satisfying the loads and operating
reserve without any capacity shortage is paramount. But among the combinations of
dispatchable sources that can serve the loads equally well, the one that does so at the lowest

cost is chosen.

Dispatch Strategy: The economic dispatch logic described in the previous section governs the
production of energy to serve loads and hence applies to all systems. But for systems
comprising both a battery bank and a generator, an additional aspect of system operation arises,
which is how the generator should charge the battery bank. This battery-charging logic cannot
be based on simple economic principles, because there is no deterministic way to calculate the

value of charging the battery bank.

HOMER provides two simple strategies and lets the user model them both to see which is
better in any particular situation. These dispatch strategies are called load-following and cycle-
charging. Under the load-following strategy, a generator produces only enough power to serve
the load, and does not charge the battery bank. Under the cycle-charging strategy, whenever a
generator operates, it runs at its maximum rated capacity and charges the battery bank with the
excess. Both cycle-charging (CC) and load-following (LF) dispatch strategies are analyzed to

determine which is optimal in a given situation.
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Additional information input into HOMER is summarized in Table 5.2. The values given in this
table are primarily chosen according to the size of the load for the assumed hypothetical
community. The monthly average daily electrical energy consumption is given in Table 5.1.
This energy consumption, in kWh/day, varies between 73kWh/day and 78 kWh/day from
month to month. In terms of variation of power on a daily basis, this is given in figure 5.3 for
the primary load and figure 5.4 shows the community's deferrable load power demand on a
monthly basis. These are the principal guidelines for selecting the size of the power
components listed in Table 5.2. As mentioned previously the components are chosen by

considering the local availability of the components without giving attention to their

efficiencies.

The costs are estimated according to the current local and global price of the components.
Other inputs into the software, such as the range of sizes for the PV, wind turbines and the

converter and the number of batteries, are given so as to give flexibility to the software and

optimize the output results.

Table 5.2: Inputs to the HOMER software

2|5 2 = %5 5
< 5 Q 15} 15} = o >
> E = S 5 g 5 8 g
A~ 2 & | A O m 2 3 @)
Size (kW) 1 5 15 1156Ah 1
Capital ($) 1200-4500 5000 9000 900 800
O&M cost ($/yr) 0 100 0.5 20 0
Size  considered | 0,5,10,15, 0,6,10,15,20 0,10,15,20
(kW) 20,25,30,35,40
Quantities 0,1, 2, 0,1,4,8,12,16,
considered 3 24,32
Lifetime 25 yrs 25 yrs | 20,000 hrs 9,645 kWh 15yrs

For the analysis, diesel is considered for the generator fuels with prices used are 0.5, 0.8, 0.9,

and 1.2 US dollars per liter. The current diesel price considered is 0.9 USD per liter. Inverter
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and rectifier efficiencies are assumed as 90%. The project life time is 25 years, and the interest

rate is assumed to be the present rate, 6%.

The software generates the results which are a list of feasible power supply systems sorted
according to their net present cost. Furthermore, sensitivity variables, such as the range of wind
speeds, range of radiation levels, PV panel price, and diesel price are supplied, and then the

software is tuned for optimum results.
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CHAPTER 6

RESULTS AND CONCLUSIONS

In this chapter the results of the design of a PV-wind hybrid power generation system is
presented, the conclusions from the findings are drawn and at the end the recommendations are
made. The design of hybrid system, which supplies electricity to model community, was
introduced previously. As mentioned in the earlier sections in the design the system
components that are locally available have been included without much concern to the

efficiency. The results of the investigation will be presented in the following paragraphs.

6.1. Results and Discussions

The monthly average wind speed for Bulbul, together with other related data, such as values of
Weibull parameter k, diurnal pattern, autocorrelation, etc, was fed into HOMER. Figure 6.1

shows the wind speed resource data measured at 2 m height.

Wind Resource
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Figure 6.1: Monthly average wind resources

Similarly, the solar energy potential of the site was fed into HOMER and this is depicted in
figure 6.2. This figure also shows the clearness index, the ratio of the solar radiation striking
Earth’s surface to the solar radiation striking the top of the atmosphere, which HOMER
generated from global solar radiation for the analysis. Typical values for the monthly average

clearness index range from 0.25 (a very cloudy month) to 0.75 (a very sunny month).
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Figure 6.2: Monthly average solar resources

After entering the wind and solar resource data into software, to find the optimum solutions,
HOMER is run repeatedly by varying parameters that have a controlling effect over the output.
The parameters that have controlling effect on output are given in table 5.2. In addition to those
input parameters, multiple prices of diesel oil and PV modules have been used for sensitivity
analysis. The output of the simulation is a list of feasible combinations of PV, wind-turbine,
generator, converter, and battery hybrid system set-up. The optimization results are generated
in either of two forms; an overall form in which the top-ranked system configurations are listed
according to their net present cost (NPC) and in a categorized form where only the least-cost
system configuration is considered for each system type. Table 6.1 shows a list of the possible
combinations of system components in an overall form while table 6.3 represents optimization
results in a categorized form. The tables are generated based on a particular set of inputs
selected from the input summary table (table 5.2) and the solar and wind resource data for site.
The diesel price is 0.9$/L and the PV capital multiplier is 0.6 (3000 $/kW). The price of PV has
been checked using different sources on the internet and the price ranged from $1.37 to $4.6
per watt [EcoBusinessLinks, 2011], [SolarBuzz, 2011], [Solar Panel Price, 2010]. The solar and
wind data inputs are the results of investigation of solar and wind potentials of the site; the
diesel price is the current price of diesel in the country and the price of PV is also the current

price of PV panels in global market obtained from different websites.

The overall form table is too long to fit in this section, so it has been truncated and only a

selected part is shown in table 6.1. The complete table is available in the appendix (Table 8.1).
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Table 6.1: Overall optimization results

< 9—3 S > _ = g

i 0 =g 5 E < % %D = %i =RO) m § 2 = 5
z |z | 82| 2 |8%2 |45 58 |é2 |83 |& |& |84
5 3 15 16 15 LF $56,937 | $103,914 | 0.302 0.84 | 1,955 633
5 3 20 16 15 LF $57,952 | $106,553 | 0.309 0.83 | 2,173 529
10 3 15 16 15 LF $65,937 | $108,489 | 0.315 0.89 | 1,655 537
5 2 15 16 15 LF $51,947 | $109,014 | 0.317 0.74 | 2,703 874
5 3 15 16 20 LF $60,937 | $109,213 | 0.317 0.84 | 1,951 632
10 2 15 16 15 LF $60,947 | $109,325 | 0.318 0.83 | 2,129 691
10 3 20 16 15 LF $66,952 | $111,272 | 0.323 0.87 | 1,865 454
5 3 20 16 20 LF $61,952 | $111,569 | 0.324 0.83 | 2,148 523
5 2 20 16 15 LF $52,962 | $111,649 | 0.324 0.72 | 2,965 722
10 2 20 16 15 LF $61,962 | $112,311 | 0.326 0.81 | 2,390 | 582
10 3 15 16 20 LF $69,937 | $113,580 | 0.33 0.89 | 1,636 531
10 2 15 16 20 LF $64,947 | $114,514 | 0.333 0.83 | 2,118 687
15 2 15 16 15 LF $69,947 | $115,728 | 0.336 0.87 | 1,959 636
10 3 20 16 20 LF $70,952 | $116,116 | 0.337 0.87 | 1,828 445
15 3 15 16 15 LF $74,937 | $116,144 | 0.337 0.91 | 1,562 507
10 2 15 32 15 LF $75,347 | $116,780 | 0.339 0.92 | 857 278
5 3 15 32 15 LF $71,337 | $117,050 | 0.34 0.91 | 1,064 | 345
10 2 20 16 20 LF $65,962 | $117,384 | 0.341 0.81 | 2,370 577
10 3 15 32 15 LF $80,337 | $118,315 | 0.344 0.96 | 530 172
10 2 20 32 15 LF $76,362 | $118,571 | 0.344 091 | 961 234
5 3 20 32 15 LF $72,352 | $118,808 | 0.345 0.9 1,175 286
15 3 20 16 15 LF $75,952 | $119,073 | 0.346 0.9 1,778 433
15 2 20 16 15 LF $70,962 | $119,084 | 0.346 0.85 | 2,230 | 543
15 1 15 16 15 LF $64,957 | $119,800 | 0.348 0.79 | 2,639 856
10 2 15 32 20 LF $79,347 | $120,081 | 0.349 093 | 715 231
10 3 15 32 20 LF $84,337 | $120,366 | 0.35 0.98 | 302 98
15 3 10 32 20 LF $92.322 | $125,456 | 0.364 0.99 | &4 40
20 3 6 32 20 LF $96,730 | $129,593 | 0.376 1 18 13

The following remarkable results can be noted from the table. The most cost effective system,
i.e. the system with the lowest net present cost, is the PV-wind turbine-generator-battery-
converter set-up with the generator operating under a load following (LF) strategy (a dispatch
strategy whereby the generator operates to produce just enough power to meet the primary
load; lower-priority objectives, such as charging the battery bank or serving the deferrable load,
is left to the renewable power sources). For this set-up, the total net present cost (NPC) is

$103,914, the cost of energy (COE) is 0.302 $/kWh, contribution from renewable resources is
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84%, the amount of diesel oil used annually is 1,955 liters and the generator operates for 633

hours per year.

In this set-up the part that renewable resources contribute to the supply system is quite
significant, being 84%. This setup could be a good choice for implementation. Figure 6.3
shows the monthly average electrical production of this system. Table 6.4 gives some of the
main information about the system. The cost breakdown supported by a column-chart for this

set-up is also given in figure 6.7.

Monthly Average Hectric Production
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Figure 6.3: Contribution of the power units with 84 % RF, 1* row in Table 6.1

The second most cost effective system is one with NPC $106,553 and COE 0.309$/kWh which
is the same system type with that of first row. For this setup the part contributed by renewable
resources is almost equal with that of first row, being 83%. The monthly average electric
production for this setup is shown in Figure 6.4 and Table 6.5 gives the most import
information about the system. The cost breakdown supported by a column-chart for this set-up
is also given in figure 6.8. Down in the list, there is another system with the same system type
with earlier setups having about 96% contribution from renewable resources for a total NPC of
$118,315 and COE of 0.344$/kWh. This is an increase of aboutl4 % in the cost over the most
cost effective setup but the renewable fraction has increased from 84 % to 96 % making it
another good candidate for implementation. The monthly average power production for the
96% renewable fraction set-up in table 6.1 is given in figure 6.5. Key information about the
system is also given in table 6.6. The cost breakdown supported by a column-chart is also given

in figure 6.9.
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Monthly Average Hectric Production
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Figure 6.4: Contribution of the power units with 83 % RF, 2" row in Table 6.1
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Figure 6.5: Contribution of the power units with 96 % RF

Further down in the list, at bottom of the table, there is another setup with a 100% contribution
from renewable resources. For this setup the total NPC increases to $129,593 and the COE
0.376$/kWh which is an increase of 10% over the NPC of setup with a 96% renewable

resource contribution.

This is another attractive system if the 100% renewable resources contribution is to be given
main concern and also if consideration is given to other related issues, such as the future price
trend of the components which make up the system, the unpredicted rise in current fossil fuel
prices at global market, and also the global warming and environmental protections. The

monthly average power production for this configuration is given in figure 6.6. Information

MSc Thesis AAU, July 2011 70



Design of a PV-Wind Hybrid Power Generation System for Ethiopian Remote area

about the system is also given in table 6.7. The cost breakdown supported by a column-chart is

also given in figure 6.10.

As mentioned earlier, the price variation for diesel oil, considered in this study, is between
$0.5 and $1.2. To know what the situation would look like if the current diesel price reached
the highest level considered, the first few lines of the optimization results are given in Table
6.2. As can be seen from the table the minimum total NPC in the list is $117,411, which is

about 13% more than the minimum total NPC given in Table 6.1.

Monthly Average Electric Production
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Figure 6.6: Contribution of the power units with 100 % RF, bottom row of Tab. 6.1

Table 6.2: The first few lines of the optimization results for a diesel price of $1.20

= 5 > g S g — E = = é
iz |2 |2g| 2438 |3 m & 2|z
22|88 |& |SE|8EE5 |& Sz |2 |4 S
5 3 15 16 15 | LF | $62,937 | $117.411 0.341 0.84 1,955 633
5 3 20 16 15 | LF | $63,952 | $120,886 0.351 0.83 2,173 529
5 3 15 16 20 | LF | $66,937 | $122,694 0.356 0.84 1,951 632
3 15 16 15 | LF | $47,937 | $124,465 0.362 0.71 3,118 | 1,005
5 2 15 16 15 | LF | $57,947 | $125,382 0.364 0.74 2,703 874
5 3 20 16 20 | LF | $67,952 | $125,807 0.365 0.83 2,148 523
3 15 16 10 | LF | $43,937 | $126,016 0.366 0.69 3,483 | 1,128
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The result in a categorized form, where only the least cost effective system is considered for
each system type, is given in table 6.3. The setup in the first row of this table that with an 84 %
contribution made by renewable is the same as that listed in Table 6.1 and has been discussed
earlier. In this table two system set-ups are of greatest interest, each supplying 100 % from
renewable resources. One comprises PV, Wind turbine, Battery, and Converter and the other
PV, Battery and Converter. The NPC for the first is $137,494 and that for the second is

$188,945. The COE are 0.399$/kWh and 0.549$/kWh respectively.

The net present costs for these two set-ups are 34% and 82% respectively more than that of the
setup with an 84 % renewable contribution listed in first row. However, these set-ups could
also be considered as options if issues discussed earlier are given consideration; the issues of
future price trends of the components which constitute the system and also the rapidly rising

diesel price as well as the issues of environmental protections and global warming.

Table 6.3: optimization results in a Categorized form

§ 5 > % f_% = —_ E = § é
12|z |2 |zg| 22 |3 m 2 2 -
21 2|8 |& |SZ |85 E8 |& Sz |2 | A& 3
51 3 15 16 15 | LF $56,937 | $103,914 | 0.302 | 0.84 1,955 | 633
3 15| 16 15 | LF $47,937 | $112,506 | 0.327 | 0.71 3,118 | 1,005
20 15 32 15 | LF $83,367 | $134,609 | 0.391 | 0.85 1,712 | 552
25| 3 32 20 | CC | $104,770 | $137,494 | 0.399 1
35 64 20 | CC | $136,600 | $188,945 | 0.549 1
15| 32 10 | CC | $43,367 | $200,388 | 0.582 0] 9191|2372
0] 3 20 10 | LF $48,552 | $236,693 | 0.687 0.5 | 12,717 | 3,091
3 20 LF $22,552 | $313,403 | 091 | 0.28 | 19,975 | 4,858
15 20 10 | LF $42,582 | $344.,461 1| 027] 20818 | 5,052
20 LF $7,582 | $527,969 | 1.533 0] 36,043 | 8,759
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Table 6.4: System report for the 84 % renewable resource contribution

System Annual Electric Annual Electric Emissions
architecture Production(kwh/yr) consumption (kWh/yr)
PV 5 kW Sensitivity case PV array 8,570 21% || AC 25,404 94% Pollutant Emiss
Array primary ions
load (kg/yr
)
Wind 3 HY- Solar Data 5.82 || Wind 26,409 63% || Deferrabl 1,530 6% || Carbon 5,148
turbine 5KW Average(kWh/m?/d): turbines e load dioxide
Gen 1 15 kW Wind Data 2.6 || Genl 6,665 16% || Total 26,934 | 100% | Carbon 12.7
Average(m/s): monoxide
Battery 16 Diesel Price($/L): 0.9 || Total 41,644 100% Cost summary Unburned 1.41
Surrette hydocarbons
6CS25P
Inverter 15 kW PV Capital Cost 0.6 || Excess 10,258 | kWh/yr || Total net $103,914 Particulate 0.958
Multiplier: electricity present cost matter
Rectifier | 15 kW PV Replacement 0.6 || Unmet ~0 | kWh/yr || Levelized $ 0.302/kWh Sulfur 10.3
Cost Multiplier: load cost of dioxide
energy
Dispatch | Load Capacity 2.25 | kWh/yr || Operating $ 3,675/yr Nitrogen 113
strategy Following shortage cost oxides
80,000 Cash Flow Summary oo
H -Shvy
50,000 4 -— EnErator
Surrette BCS25P
= = Corrvert
;; 40 000 4 O'?rT:re Br
(=]
ﬁ 20,000
(-9
D 4
/s
-10,000 _ :
Capital Feplacement Operating Fuel Salvage
Compaonent Capital [$] Replacement [$] O [$] Fuel (3] Salvage [$] Total [$]
P 3.000 ] ] ] ] 3.000
Hr'-Bkhw 14,970 u] 3.835 il u] 18,805
Generatar 1 E.BEY 1.16E 4.046 22431 -1.013 33.248
Surrette BCS25P 14,400 10713 4,091 u] -3.07E 26128
Corrverter 12.000 5,007 o] o] 932 16.075
Other u} 0 E58 u] u] E58
Spstem 56,937 16.87E 12,630 22.47 5,020 102,914

Figure 6.7: Cost summary for the 84 % renewable resource contribution
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Table 6.5: System report for the 83 % renewable resource contribution

System Annual Electric Annual Electric Emissions
architecture Production (kWh/yr) Consumption (KkWh/yr)
PV 5 kW Sensitivity case PV array 8,570 21% || AC 25,404 94% Pollutant Emission
Array primary s (kg/yr)
load
Wind 3 HY- Solar Data 5.82 || Wind 26,409 62% || Deferrable 1,530 6% || Carbon 5,721
turbine S5KW Average(kWh/m?/d): turbines load dioxide
Genl 20 kW Wind Data 2.6 || Gen 1 7,406 17% | Total 26,934 | 100% || Carbon 14.1
Average(m/s): monoxide
Battery 16 Diesel Price($/L): 0.9 || Total 42,385 100% || Cost summary Unburned 1.56
Surrette hydocarbons
6CS25P
Inverter 15 kW PV Capital Cost 0.6 || Excess 10,774 | kWh/yr || Total net | $106,553 Particulate 1.06
Multiplier: electricity present matter
cost
Rectifier | 15 kW PV Replacement 0.6 || Unmet 0 kWh/yr || Levelized | $ 0.309/kWh Sulfur 11.5
Cost Multiplier: load cost of dioxide
energy
Dispatch | Load Capacity 0 kWh/yr || Operating | $ 3,802/yr Nitrogen 126
strategy Following shortage cost oxides
60,000 Cash Flow Summary o
He-SH0Ay
50,0004 - Generator 1
Surrette BCS25P
= ] = Converter
;\; 40,000 Cther
=]
& 30,0001
- I
ﬁ 20,0004
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—
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Capital Replacement Operating Fuel Salvage
Component Capital [$) Feplacement [$] O&M (5] Fuel [$) Salvage ($) Total [$]
5 9,000 a a ] ] 9,000
H'-BEw 14,970 1] 3835 0 0 18,805
Generator 1 7.582 I 3,33 24,937 -146 35.814
Surrette BC526F 14,400 10,713 4,031 a -3.076 26128
Cornerter 12,000 5,007 a ] 932 16.075
Other 0 I Ll a 0 Fll
Syztem 57,952 15,720 12,038 24,937 -4,154 106,553

Figure 6.8: Cost summary for the 83 % renewable resource contribution
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Table 6.6: System report for the 96% renewable resource contribution

System Annual Electric Annual Electric Emissions
architecture Production (kWh/yr) Consumption (kWh/yr)
PV 10 kW Sensitivity case PV array 17,139 38% || AC 25,404 94% Pollutant Emiss
Array primary ions
load (kg/yr
)
Wind 3 HY- Solar Data 5.82 || Wind 26,409 58% || Deferrable 1,529 6% || Carbon 1,396
turbine S5KW Average(kWh/m?/d): turbines load dioxide
Gen 1 15 kW Wind Data 2.6 || Gen 1 1,807 4% || Total 26,933 100% || Carbon 3.45
Average(m/s): monoxide
Battery 32 Diesel Price($/L): 0.9 || Total 45,356 100% Cost summary Unburned 0.382
Surrette hydocarbons
6CS25P
Inverter 15 kW PV Capital Cost 0.6 || Excess 12,288 | kWh/yr || Total net $118,315 Particulate 0.26
Multiplier: electricity present cost matter
Rectifier | 15 kW PV Replacement 0.6 || Unmet 0 kWh/yr |[ Levelized $ 0.344/kWh Sulfur 2.8
Cost Multiplier: load cost of dioxide
energy
Dispatch | Load Capacity 0 kWh/yr || Operating $29711y Nitrogen 30.7
strategy Following shortage cost oxides
Cash Flow Summary
P
HY -5k
100,000 - Cenerator 1
Surrette BCS25P
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Generator 1 B.5E7 1] 1.099 £.039 -7BG 13.0M
Surrette BCS25P 28,800 21,426 8,181 n -B,151 52,256
Carverter 12,000 5.007 1] n 932 16,075
Other 1] 1] 178 1] a 178
System 80,337 26,433 13,294 E.095 -7.848 118,315

Figure 6.9: Cost summary for the 96 % renewable resource contribution
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Table 6.7: System report for the 100% renewable resource contribution

System Annual Electric Annual Electric Emissions
architecture Production (kWh/yr) Consumption (KkWh/yr)

PV Array | 20 kW Sensitivity case PV array 34,279 56% || AC 25,397 94% Pollutant Emissi
primary ons
load (kg/yr)

Wind 3HY- Solar Data 5.82 || Wind 26,409 43% || Deferrable 1,529 6% || Carbon 46.4

turbine S5KW Average(kWh/m?/d): turbines load dioxide

Gen 1 6 kW Wind Data 2.6 || Gen 1 61 0% || Total 26,926 | 100% || Carbon 0.115

Average(m/s): monoxide
Battery 32 Diesel Price($/L): 0.9 || Total 60,748 100% Cost summary Unburned 0.0127
Surrette hydocarbons
6CS25P
Inverter 20 kW PV Capital Cost 0.6 || Excess 27,341 | kWh/yr || Total net | $129,593 Particulate 0.0086
Multiplier: electricity present matter
cost
Rectifier | 20 kW PV Replacement 0.6 || Unmet 6.8 | kWh/yr || Levelized | $ 0.376/kWh Sulfur 0.0932
Cost Multiplier: load cost of dioxide
energy
Dispatch | Load Capacity 15 | kWh/yr || Operating | $ 2,571/y Nitrogen 1.02
strategy Following shortage cost oxides
Cash Flow Summary
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Figure 6.10: Cost summary for the 100% renewable resource contribution
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Sensitivity analysis was also carried out and figure 6.11 shows the variation of PV capital cost
multiplier against diesel price for a fixed average wind speed of 2.6 m/s (measured at 2 meters)
and average solar radiation of 5.82 kWh/mz/day. In the figure, the net present cost of the most

cost-effective set-up for a particular set of diesel and PV prices is also included.

Optimal System Type System Types
10 ~7 ~
94,851 107415 109,914 117,411 [__] Wind/Gen1/Battery
[ ] Wind/PV/Gen1/Battery
Superimposed
091 Total NPC ($)
3
s
5
=
t
gosp 4 4
3 94,851 104,415 106,914 114,411
]
o
Q
[
>
o
0.7+
93,918 101,415 103,914 111,411
0-6’\B T T Q Q T T T
.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

Diesel Price ($/L) ($/L)
Figure 6.11: Sensitivity of PV cost to diesel price with some important NPCs labeled

In this figure it can be seen that the wind plays big role in supplying energy to the community.
At this point, it must be known that this is not due to more availability of wind potential than
solar energy potential; rather it is because of wind turbine used. The wind turbine used in the
design of the system is one with small cut-in wind speed, 2m/s, and also have small capital cost

when compared to majority of turbines in the market.

From figure 6.11, it is observed that for a diesel price of less than $0.8/1 with PV cost multiplier
greater than 0.7 Wind/Generator/Battery/Converter systems is favourable while for diesel price
higher than $0.8/ Wind/PV/Generator/Battery/Converter system is favourable for all PV

capital cost multipliers.
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6.2. Conclusion

A hybrid power generation system which comprises of PV arrays, wind turbines and diesel
generator with battery banks and power conditioning units has been discussed in this thesis to
achieve a cost effective system configuration which is supposed to supply electricity to model
community of 100 households which equipped with a health clinic and school to improve the
life of people in the rural areas where electricity from the main grid has not reached yet. Before
the design of the hybrid system was started, the wind energy and solar energy potentials of the
area under study had been studied. Then, based on these potentials, a design of a standalone

electric power supply system for a model community has been conducted.

The study of the renewable potentials of the site is based on the recently recorded data (2003-
2005) obtained from the NMA. The data regarding wind speed were recorded over 24 hours
using data logger attached to cup anemometer at a height of 2 meters for 3 successive years.
Regarding solar energy potential there is no accurately recorded solar radiation database in the
country, instead only sunshine hour data was available. Therefore, empirical formulas which
are able to incorporate the available sunshine hour data and provide the required solar radiation
data were used to determine the potential of the site. The results obtained from empirical
formulas were also cross-checked against satellite data obtained from other sources such as
NASA and SWERA [NASA, 2010], [SWERA, 2011]. The analysis of the renewable energy
resources data has been carried out by HOMER software. From the results, the wind energy
potential of the site is found to be considerable, although it may not be sufficient for a large
independent wind farm; it is viable option if incorporated into other energy conversion systems
such as PV, diesel generator and battery. The results also confirmed the availability of huge

utilizable solar energy at the site.

The results obtained from the software give numerous alternatives of feasible hybrid systems
with different levels of renewable resources penetration which their choice is restricted by
changing the net present cost of each set up. The COE of the feasible setups in this study,

which is in the range of 30 to 40 cents per kilo watt hour, are high compared to the current
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global electricity tariff and the tariff in the country (<5 cents/kWh). However, considering the
shortage of electricity in the country (<20% coverage) and absence of electricity usage in rural
areas (<2% coverage), this cost should not be taken as a decisive factor. Instead other issues
such as the role of a standalone hybrid system in protecting the environment from degradation,
the improvement of life of people living in rural area, development of clean energy, the future
situation regarding fossil fuel sources, and its contribution to the reduction of pollutant
emissions into the environment should be taken in to account. Taking these issues into account
the free solar and wind energy of the country should be utilized to improve the quality of life of

the communities living in rural areas.

6.3. Recommendations

The following recommendations are made out of this research; some of them are directed to the

researchers while the others are directed to decision makers.

» Ethiopia has a huge potential of renewable energy resources which can be used for rural
electrification through the off-grid system. There are, however, many challenges like
low purchasing power of the rural community, unfavorable conditions towards the
utilization of renewable energies, absence of awareness how to use these resources, etc.
Thus, the author of this work recommends that the government, non-governmental
organizations and the private sectors should make combined efforts to overcome these
challenges by using more flexible approaches to improve the current poor status of rural
electrification in Ethiopia.

» The implementation for this hybrid system as a pilot system in country can be done if a
subsidy is available for this project, this will make it possible for more research, study
and analysis.

» As far as the environmental aspects are concerned, this kind of hybrid systems have to
be wide spread in order to cover the energy demands of rural communities, and in that
way to help reduce the green house gases and the pollution of the environment.

» Similar solar and wind energy potentials assessment can be conducted for other sites in

the country.
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8. Appendix A: Overall Optimization Results Table

Table 8.1: Overall optimization results

= o 2 55 -~ | 25| 2
= “ —c | 5 o |28 22 < wZ | 58|73 .
: |z |8%2 |E |8%2 |Zg % |Bz (o3 |5s|& |32
5 3 15 16 15 | LF $56,937 | $103,914 | 0.302 0.84 1,955 633
5 3 20 16 15 | LF $57,952 | $106,553 | 0.309 0.83 2,173 529
10 3 15 16 15 | LF $65,937 | $108,489 | 0.315 0.89 1,655 537
5 2 15 16 15 | LF $51,947 | $109,014 | 0.317 0.74 2,703 874
5 3 15 16 20 | LF $60,937 | $109,213 | 0.317 0.84 1,951 632
10 2 15 16 15 | LF $60,947 | $109,325 | 0.318 0.83 2,129 691
10 3 20 16 15 | LF $66,952 | $111,272 | 0.323 0.87 1,865 454
5 3 20 16 20 | LF $61,952 | $111,569 | 0.324 0.83 2,148 523
5 2 20 16 15 | LF $52,962 | $111,649 | 0.324 0.72 2,965 722
10 2 20 16 15 | LF $61,962 | $112,311 | 0.326 0.81 2,390 582
3 15 16 15 | LF $47,937 | $112,506 | 0.327 0.71 3,118 1,005
3 15 16 10 | LF $43.937 | $112,660 | 0.327 0.69 3,483 1,128
10 3 15 16 20 | LF $69,937 | $113,580 0.33 0.89 1,636 531
5 2 15 16 20 | LF $55,947 | $114,437 | 0.332 0.74 2,708 875
10 2 15 16 20 | LF $64,947 | $114,514 | 0.333 0.83 2,118 687
5 2 15 16 10 | LF $47947 | $114,926 | 0.334 0.69 3,450 1,120
5 3 15 16 10 | LF $52,937 | $115,045 | 0.334 0.77 3,040 987
3 20 16 15 | LF $48,952 | $115,055 | 0.334 0.7 3,388 825
15 2 15 16 15 | LF $69,947 | $115,728 | 0.336 0.87 1,959 636
10 1 15 16 15 | LF $55,957 | $116,088 | 0.337 0.72 2,990 968
10 3 20 16 20 | LF $70,952 | $116,116 | 0.337 0.87 1,828 445
15 3 15 16 15 | LF $74,937 | $116,144 | 0.337 0.91 1,562 507
5 2 20 16 20 | LF $56,962 | $116,589 | 0.339 0.72 2,937 715
10 2 15 32 15 | LF $75,347 | $116,780 | 0.339 0.92 857 278
5 3 15 32 15 | LF $71,337 | $117,050 0.34 0.91 1,064 345
10 2 20 16 20 | LF $65,962 | $117,384 | 0.341 0.81 2,370 577
3 15 16 20 | LF $51,937 | $117,794 | 0.342 0.71 3,114 1,003
10 1 20 16 15 | LF $56,972 | $117,960 | 0.343 0.7 3,212 782
10 3 15 32 15 | LF $80,337 | $118,315 | 0.344 0.96 530 172
10 2 20 32 15 | LF $76,362 | $118,571 | 0.344 0.91 961 234
5 3 20 32 15 | LF $72,352 | $118,808 | 0.345 0.9 1,175 286
15 3 20 16 15 | LF $75,952 | $119,073 | 0.346 0.9 1,778 433
15 2 20 16 15 | LF $70,962 | $119,084 | 0.346 0.85 2,230 543
15 1 15 16 15 | LF $64,957 | $119,800 | 0.348 0.79 2,639 856
10 2 15 32 20 | LF $79,347 | $120,081 | 0.349 0.93 715 231
10 3 20 32 15 | LF $81,352 | $120,273 | 0.349 0.95 633 154
3 20 16 20 | LF $52,952 | $120,354 0.35 0.7 3,384 824
10 3 15 32 20 | LF $84,337 | $120,366 0.35 0.98 302 o8
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15 2 15 16 20 | LF $73,947 | $120,948 | 0.351 | 0.87 | 1,950 633
15 1 15 32 15 | LF $79,357 | $121,003 | 0.351 | 091 960 311
10 2 20 32 20 | LF $80,362 | $121,133 | 0.352 | 0.93 760 185
15 3 15 16 20 | LF $78,937 | $121,145 | 0.352 | 0.91 1,537 499
10 1 15 16 20 | LF $59,957 | $121,209 | 0.352 | 0.72 | 2,975 962
10 3 20 32 20 | LF $85,352 | $121,235 | 0.352 | 0.98 316 77
5 3 15 32 20 | LF $75,337 | $121,239 | 0.352 | 091 984 318

3 20 16 10 | LF $44,952 | $121,302 | 0.352 | 0.65| 4,193 | 1,021

15 2 15 32 15 | LF $84,347 | $121,312 | 0.352 | 0.96 548 178
5 3 20 32 20 | LF $76,352 | $122,397 | 0.355 | 0.91 1,047 255

15 2 15 32 20 | LF $88,347 | $122,651 | 0.356 | 0.98 271 88
10 1 15 16 10 | LF $51,957 | $122,666 | 0.356 | 0.67 | 3,783 | 1,228
15 1 20 16 15 | LF $65,972 | $122,723 | 0.356 | 0.78 | 2,920 711
15 1 20 32 15 | LF $80,372 | $122,902 | 0.357 09| 1,076 262
15 3 10 32 15 | LF $88,322 | $123,134 | 0.358 | 0.98 277 135
10 2 15 16 10 | LF $56,947 | $123,142 | 0.358 | 0.75 | 3,398 | 1,103
5 3 15 16 10 | CC $52,937 | $123,314 | 0.358 | 0.74 | 3,658 | 1,085

10 1 20 16 20 | LF $60,972 | $123,497 | 0.359 0.7 3,224 785
20 2 15 16 15 | LF $78,947 | $123,598 | 0.359 | 0.89 | 1,885 612
15 2 20 32 20 | LF $89,362 | $123,681 | 0.359 | 0.98 296 72
15 2 20 32 15 | LF $85,362 | $123,747 | 0.359 | 0.95 686 167
5 1 20 16 15 | LF $47,972 | $123,949 036 | 055| 4251 | 1,035

10 3 15 16 10 | LF $61,937 | $123,952 | 0.36 | 0.81 | 3,034 985
15 3 20 16 20 | LF $79,952 | $123,974 | 0.36 09| 1,746 425
15 2 20 16 20 | LF $74,962 | $124,307 | 0.361 | 0.85| 2,210 538
10 3 10 32 20 | CC $83,322 | $124,692 | 0.362 | 0.95 635 257
5 2 15 4 10 | LF $37,147 | $124,756 | 0.362 | 0.59 | 5,396 | 1,742

15 3 6 32 20 | CC $87,730 | $124,778 | 0.362 | 0.98 276 182
20 3 15 16 15 | LF $83,937 | $124,786 | 0.362 | 092 | 1,537 499
15 1 15 32 20 | LF $83,357 | $124,805 | 0.363 | 0.92 853 276
15 1 15 16 20 | LF $68,957 | $125,081 | 0.363 | 0.79 | 2,634 854
5 2 15 32 15 | LF $66,347 | $125,284 | 0.364 | 0.79 | 2,055 663

15 3 15 32 15 | LF $89,337 | $125,302 | 0.364 | 0.98 391 127
15 3 10 32 20 | LF $92,322 | $125,456 | 0.364 | 0.99 84 40
3 15 4 10 | LF $33,137 | $125,692 | 0.365 | 0.58 | 5,642 | 1,817

10 3 10 32 15 | CC $79,322 | $125,845 | 0.366 | 0.92 | 1,060 445
10 3 15 32 15 | CC $80,337 | $125,855 | 0.366 | 0.92 | 1,069 314
15 1 20 32 20 | LF $84,372 | $125,863 | 0.366 | 0.92 904 220
20 1 15 32 15 | LF $88,357 | $126,014 | 0.366 | 0.95 684 222
3 15 16 10 | CC $43,937 | $126,171 | 0.366 | 0.63 | 4,476 | 1,299

15 3 15 32 20 | LF $93,337 | $126,285 | 0.367 | 0.99 89 29
5 2 20 32 15 | LF $67,362 | $126,413 | 0.367 | 0.78 | 2,173 529

20 3 6 32 15 | LF $92,730 | $126,553 | 0.368 | 0.99 152 123
20 1 15 16 15 | LF $73,957 | $126,599 | 0.368 | 0.84 | 2,493 809
5 2 15 16 10 | CC $47,947 | $126,613 | 0.368 | 0.64 | 4,306 | 1,273

10 3 20 32 15 | CC $81,352 | $126,758 | 0.368 | 0.92 | 1,122 236
20 2 10 32 15 | LF $92,332 | $126,773 | 0.368 | 0.98 335 163
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2 20 16 10 | LF $39,962 | $126,829 | 0.368 | 0.51 | 5,015 | 1,221

10 3 15 32 20 | CC $84,337 | $126,947 | 0.369 | 0.94 762 236
10 1 15 32 15 | LF $70,357 | $127,149 | 0.369 | 0.79 | 1,998 645
15 3 20 32 20 | LF $94,352 | $127,266 0.37 | 0.99 103 25
5 3 15 4 10 | LF $42,137 | $127,294 | 0.37 | 0.67 | 5,146 | 1,665
20 2 20 16 15 | LF $79,962 | $127,380 | 0.37 | 0.87 | 2,177 530
15 3 20 32 15 | LF $90,352 | $127,560 | 0.37 | 0.97 509 124
20 1 15 32 20 | LF $92,357 | $127,713 | 0.371 | 0.97 432 140
10 1 20 32 15 | LF $71,372 | $127,774 | 0.371 | 0.79 | 2,074 505
20 3 20 16 15 | LF $84,952 | $127,787 | 0.371 | 0.91 1,758 428
15 1 20 16 20 | LF $69,972 | $127,905 | 0.371 | 0.78 | 2,900 706
5 3 20 16 10 | LF $53,952 | $128,177 | 0.372 | 0.72 | 4,046 985
3 15 32 15 | LF $62,337 | $128,533 | 0.373 | 0.76 | 2,449 789

20 1 20 32 15 | LF $89,372 | $128,533 | 0.373 | 0.94 834 203
20 2 10 32 20 | LF $96,332 | $128,572 | 0.373 | 0.99 109 52
20 1 20 32 20 | LF $93,372 | $128,640 | 0.374 | 0.97 456 111
20 2 15 16 20 | LF $82,947 | $128,663 | 0.374 | 0.89 | 1,864 605
5 2 20 16 10 | LF $48,962 | $128,745 | 0.374 | 0.63 | 4,522 | 1,101
15 3 10 32 20 | CC $92,322 | $129,102 | 0.375 | 0.98 328 137
10 3 20 32 20 | CC $85,352 | $129,209 | 0.375 | 0.93 896 208
10 2 15 32 15 | CC $75,347 | $129,236 | 0.375 | 0.85| 1,744 516
20 2 6 32 20 | CC $91,740 | $129,279 | 0.376 | 0.97 385 255
15 2 10 32 20 | CC $87,332 | $129,328 | 0.376 | 0.94 757 316
20 2 15 32 15 | LF $93,347 | $129,329 | 0.376 | 0.97 481 156
5 1 20 16 20 | LF $51,972 | $129,449 | 0.376 | 0.54 | 4,261 | 1,037
15 3 6 32 15 | CC $83,730 | $129,455 | 0.376 | 0.94 897 585
20 2 15 32 20 | LF $97,347 | $129,463 | 0.376 | 0.99 120 39
5 3 10 32 15 | CC $70,322 | $129,576 | 0.376 | 0.84 | 1,881 779
20 3 6 32 20 | LF $96,730 | $129,593 | 0.376 1 18 13
20 3 15 16 20 | LF $87,937 | $129,743 | 0.377 | 0.92 | 1,509 490
3 20 32 15 | LF $63,352 | $129,778 | 0.377 | 0.75 | 2,604 634

20 1 20 16 15 | LF $74,972 | $129,927 | 0.377 | 0.82 | 2,776 676
5 2 15 32 20 | LF $70,347 | $129,985 | 0.378 | 0.79 | 2,013 648
5 1 20 16 10 | LF $43,972 | $130,035 | 0.378 05| 5,048 | 1,229
10 2 20 32 15 | CC $76,362 | $130,080 | 0.378 | 0.85 | 1,822 389
5 2 15 4 15 | LF $41,147 | $130,114 | 0.378 | 0.59 | 5,396 | 1,742
15 3 15 32 20 | CC $93,337 | $130,192 | 0.378 | 0.98 361 113
15 2 15 32 20 | CC $88,347 | $130,526 | 0.379 | 0.94 819 257
10 2 10 32 15 | CC $74,332 | $130,544 | 0.379 | 0.85 | 1,771 732
20 2 20 32 20 | LF $98,362 | $130,569 | 0.379 | 0.99 144 35
10 3 15 16 10 | CC $61,937 | $130,837 038 | 0.78 | 3,554 | 1,059
25 3 10 16 15 | LF $91,922 | $130,845 038 | 094 | 1,273 616
3 15 4 15 | LF $37,137 | $131,050 | 0.381 | 0.58 | 5,642 | 1,817

5 3 15 32 15 | CC $71,337 | $131,074 | 0.381 | 0.83 | 2,057 616
5 2 20 32 20 | LF $71,362 | $131,143 | 0.381 | 0.78 | 2,128 518
15 1 15 16 10 | LF $60,957 | $131,288 | 0.381 | 0.73 | 3,758 | 1,220
5 3 20 32 15 | CC $72,352 | $131,424 | 0.382 | 0.83 | 2,117 458
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20 3 6 32 20 | CC $96,730 | $131,495 | 0.382 | 0.99 136 89
15 2 15 32 15 | CC $84,347 | $131,666 | 0.382 | 0.91 1,284 379
20 1 15 16 20 | LF $77,957 | $131,693 | 0.382 | 0.84 2,476 803
20 3 10 32 15 | LF $97,322 | $131,713 | 0.383 | 0.99 251 122
15 3 15 32 15 | CC $89,337 | $131,760 | 0.383 | 0.95 849 253
20 2 20 32 15 | LF $94.362 | $131,947 | 0.383 | 0.96 628 153
25 2 15 16 15 | LF $87,947 | $132,028 | 0.383 | 0.91 1,848 600
15 3 20 32 15 | CC $90,352 | $132,038 | 0.383 | 0.95 849 178
15 2 15 16 10 | LF $65,947 | $132,049 | 0.384 | 0.79 3,391 1,101
15 3 20 32 20 | CC $94,352 | $132,097 | 0.384 | 0.97 453 106
15 3 10 32 15 | CC $88,322 | $132,188 | 0.384 | 0.94 885 371
10 2 15 16 10 | CC $56,947 | $132,233 | 0.384 | 0.71 4,075 1,213
10 2 10 32 20 | CC $78,332 | $132,234 | 0.384 | 0.87 1,535 644
5 3 20 16 10 | CC $53,952 | $132,338 | 0.384 0.7 4,357 1,031
15 2 10 32 15 | CC $83,332 | $132,369 | 0.384 0.9 1,312 546
3 20 16 10 | CC $44,952 | $132,375 | 0.384 | 0.61 5,001 1,169

20 3 20 16 20 | LF $88,952 | $132,575 | 0.385 | 0.91 1,717 418
20 2 20 16 20 | LF $83,962 | $132,594 | 0.385 | 0.88 2,140 521
15 2 20 32 15 | CC $85,362 | $132,601 | 0.385 0.9 1,347 288
10 1 15 32 20 | LF $74,357 | $132,631 | 0.385 | 0.79 2,007 647
5 3 15 4 15 | LF $46,137 | $132,652 | 0.385 | 0.67 5,146 1,665
15 3 15 16 10 | LF $70,937 | $132,952 | 0.386 | 0.83 3,034 985
10 2 15 4 10 | LF $46,147 | $133,054 | 0.386 | 0.66 5,349 1,728
3 15 32 20 | LF $66,337 | $133,287 | 0.387 | 0.76 2,410 775

2 20 16 20 | LF $47962 | $133,293 | 0.387 | 0.52 4,720 1,149

15 2 20 32 20 | CC $89,362 | $133,363 | 0.387 | 0.93 999 232
25 3 15 16 15 | LF $92.937 | $133,429 | 0.388 | 0.93 1,512 491
5 1 15 16 10 | CC $42.957 | $133,438 | 0.388 | 0.49 5,195 1,518
10 1 20 32 20 | LF $75,372 | $133,475 | 0.388 | 0.78 2,099 511
20 3 10 32 20 | LF $101,322 | $133,495 | 0.388 1 23 11
25 1 15 32 15 | LF $97,357 | $133,580 | 0.388 | 0.96 585 190
5 3 10 32 20 | CC $74,322 | $133,701 | 0.388 | 0.85 1,804 747
20 3 15 32 15 | LF $98,337 | $134,079 | 0.389 | 0.98 376 122
20 2 10 32 20 | CC $96,332 | $134,117 0.39 | 0.97 480 198
25 1 15 32 20 | LF $101,357 | $134,117 0.39 | 0.98 253 82
5 3 10 32 10 | CC $66,322 | $134,345 0.39 0.8 2,467 1,118
25 1 15 16 15 | LF $82,957 | $134,398 0.39 | 0.86 2,410 782
20 3 15 32 20 | LF $102,337 | $134,436 0.39 1 31 10
20 15 32 15 | LF $83,367 | $134,609 | 0.391 0.85 1,712 552
3 15 32 10 | LF $58,337 | $134,643 | 0.391 0.71 3,207 1,038

5 2 20 16 10 | CC $48,962 | $134,722 | 0.391 0.61 4,967 1,171
15 20 16 15 | LF $60,982 | $134,975 | 0.392 | 0.64 4,202 1,023
5 2 15 4 10 | CC $37,147 | $135,034 | 0.392 | 0.56 6,098 1,931
5 3 15 4 10 | CC $42.137 | $135,059 | 0.392 | 0.64 5,679 1,810
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