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Abstract

Recently, with the critical situation of siege on Gaza Strip, the need of an alternative energy
source instead of traditional energy sources becomes an urgent need, especially Palestine is
considered one of the sunny countries and percepts good solar radiation over the year. In
this research; the re-evaluation and re-design of a reliable control system process were
analyzed step by step, beginning with modeling the global solar radiation passing through

orientation and tilting, ending to PV and Battery sizing.

This thesis evaluates the previous lighting project implemented in Gaza Strip, and focuses
on the critical drawbacks which are not considered in the existence design. The research
results were tested by the utilization and implementation of an experimental solar model for
lighting an apartment to validate the proposed solar control system taking into account the

IEEE Recommendations.

Recommendations for Building Integrated Photovoltaic (BIPV) Designers and consultants

are mentioned here to be considered for next solar projects and related studies.
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Chapter 1

Introduction and Literature
Review

1.1 Introduction to Renewable Energy

Renewable energy sources have been important for humans since the beginning of
civilization. For centuries and in many ways, biomass has been used for heating, cooking,
steam rising, and power generation, hydropower and wind energy, for movement and later
for electricity production. Renewable energy sources generally depend on energy flows
through the Earth’s ecosystem from the insolation of the sun and the geothermal energy of
the Earth.

Furthermore, many renewable technologies are suited to small off-grid applications, good
for rural, remote areas, where energy is often crucial in human development. At the same
time, such small energy systems can contribute to the local economy and create local jobs.

The natural energy flows through the Earth’s ecosystem are immense, and the theoretical
potential of what they can produce for human needs exceeds current energy consumption
by many times. For example, solar power plants on one percent of the world’s desert area
would generate the world’s entire electricity demand today. [1]

1.1.1 Biomass Energy

Biomass is a rather simple term for all organic material that stems from plants, trees, and
crops. Biomass sources are therefore diverse, including organic waste streams, agricultural
and forestry residues, as well as crops grown to produce heat, fuels, and electricity.

Dominating the traditional use of biomass, particularly in developing countries, is
firewood for cooking and heating. Some traditional use is not sustainable because it may
deprive local soils of needed nutrients, cause indoor and outdoor air pollution, and result in
poor health.

Since the early 1990s biomass has gained considerable interest world-wide. It is carbon
neutral when produced sustainably. Its geographic distribution is relatively even. It has the
potential to produce modern energy carriers that are clean and convenient to use. It can
make a large contribution to rural development. And its attractive costs make it a promising

www.manaraa.com



energy source in many regions. With various technologies available to convert biomass into
modern energy carriers, the application of commercial and modern biomass energy systems
is growing in many countries.

The resource potential of biomass energy is much larger than current world energy
consumption. But given the low conversion efficiency of solar to biomass energy (less than
1 percent), large areas are needed to produce modern energy carriers in substantial amounts.
With agriculture modernized up to reasonable standards in various regions, and given the
need to preserve and improve the world’s natural areas, 700-1,400 million hectares may be
available for biomass energy production well into the 21st century. This includes degraded,
unproductive lands and excess agricultural lands. The availability of land for energy
plantations strongly depends on the food supplies needed and on the possibilities for
intensifying agricultural production in a sustainable way as the biomass energy cycle
shown in Figurel.1.

Figure 1.1: Biomass Energy Cycle

Biogas production is still under investigation and few demonstration projects are existing
in Palestine. The Biogas potential in Palestine is over than 33 million m*. Biomass (wood
and agricultural waste) is traditionally used for cooking and heating in rural areas. Being
Palestine one of the many olive oil producing countries in the region, the interest now is
directed to utilize the olive mill solid waste (OMSW) to be used as clean source of energy.
The olive harvest season is all year round and so the OMSW as a raw material is also
constantly available. The annual average amount of OMSW is around 76,000 tons. The
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municipal solid waste in Palestine could be used as a source of energy, a new developing
proposal projects were released by PEC to generate electricity from burning the wastes
(WTE). The proposal project is for constructing an 18 MW waste to energy (WTE) power
plant in order to get rid of municipal solid waste (MSW) of the northern provinces of the
west bank; this is done by a controlled combustion of the wastes which is exploited
generate electricity. Thus, converting MSW to a valuable material rather than being an
environmental and economical burden [2].

1.1.2 Wind Energy

Wind energy, in common with other renewable energy sources, is broadly available but
diffuse. Wind energy was widely used as a source of power before the industrial revolution,
but later displaced by fossil fuel use because of differences in costs and reliability. The oil
crises of the 1970s, however, triggered renewed interest in wind energy technology for
grid-connected electricity production, water pumping, and power supply in remote areas. In
recent decades enormous progress has been made in the development of wind turbines for
electricity production. Around 1980 the first modern grid-connected wind turbines were
installed. In 1990 about 2,000 megawatts of grid-connected wind power was in operation
world-wide at the beginning of 2000, about 13,500 megawatts. In addition, more than 1
million water-pumping wind turbines (wind pumps), manufactured in many developing
countries, supply water for livestock, mainly in remote areas. And tens of thousands of
small battery-charging wind generators are operated in China, Mongolia, and Central Asia.

Because of the sensitivity to wind speed and altitude, determining the potential of wind
energy at a specific site is not straightforward. More accurate meteorological measurements
and wind energy maps and handbooks are being produced and mostly published, enabling
wind project developers to better assess the long-term economic performance of their
projects.

In densely populated countries the best sites on land are occupied, and public resistance
makes it difficult to realize new projects at acceptable cost. That is why Denmark and the
Netherlands are developing offshore projects as shown in Figure 1.2, despite less favorable
economics. Sweden and the United Kingdom are developing offshore projects to preserve
the landscape.

Based on available data and topographical features of Palestine, potential of wind energy
seems to be limited to the mountains (elevation of about 1000m); regions of Nablus,
Ramallah and Hebron where the speed surpass 5 m/s and the potential about 600
kwh/m?.Initial studies shows that the wind regime is suitable for operating a wind turbine
for wind power generation in city of Hebron in West Bank. Al-Ahli Hospital is located in
the south-western part of Hebron at 1000m above sea level on a site of 27500 m?. The
average wind speed at 10 m could be as high as 6.2m/s in this region according to detailed
data supplied by the Weather Authority [2].
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The proposed and the required wind turbine(s) to be installed at Al-Ahli Hospital is
expected to be around ~700KW total power production capacity, the following is the
general outline of the tentative specifications for the required wind turbine [2].

» Annual Wind Average 7-10 m/s

* Max Cut-in Wind Speed 3 - 4 m/s

* Cut-out Wind Speed for excessive wind ~25 m/s

* Hub Height 45 m-55m

* Nominal Power 750 kW

« Operating Atmospheric Temperature From -10° to 40°C
* Lower Tower Diameter 2-5 m

* Upper Tower Diameter 1.5-2 m

Wind atlas is in the developing process for Palestinian Territories. Further researches and
more field measurements for wind are required. Utilization of wind could be feasible in
some locations for cut-off electricity production and water pumping [2].

Figure 1.2: offshore wind turbines

1.1.3 Geothermal Energy

Geothermal energy has been used for bathing and washing for thousands of years, but it is
only in the 20th century that it has been harnessed on a large scale for space heating,
industrial energy use, and electricity production. Prince Piero Ginori Conti initiated electric
power generation with geothermal steam at Larderello in Italy in 1904. The first large
municipal district heating service started in Iceland in the 1930s.
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Geothermal energy process that has been declared as shown in Figure 1.3 has been used
commercially for some 70 years, and on the scale of hundreds of megawatts, 40 years, both
for electricity generation and direct use. Its use has increased rapidly in the past three
decades at about 9 percent a year in 1975-95 for electricity and at about 6 percent a year for
direct use. Geothermal resources have been identified in more than 80 countries, with
quantified records of geothermal use in 46.

The utilization of geothermal technology as a source of energy for heating and cooling has
been started in Palestine during the MED-ENEC project in one of the ITEHAD subdivision
villas in Ramallah city and through establishing the first company in the region utilize the
geothermal energy in residential and commercial sectors called MENA Geothermal.

Insulating

Sedimentary

Granite

Figure 1.3: Geothermal energy process

1.1.4 Photovoltaic Solar Energy

Photovoltaic solar energy conversion is the direct conversion of sunlight into electricity.
This can be done by flat plate and concentrator systems. An essential component of these
systems is the solar cell, in which the photovoltaic effect the generation of free electrons
using the energy of light particles takes place. These electrons are used to generate
electricity.

Solar radiation is available at any location on the surface of the Earth. The maximum
irradiance of sunlight on Earth is about 1,000 watts a square meter, irrespective of location.
It is common to describe the solar source in terms of insolation the energy available per
unit of area and per unit of time (such as kilo-watt-hours per square meter a year).
Measured in a horizontal plane, annual insolation varies over the Earth’s surface by a factor
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of 3 from roughly 800 kilowatt-hours per square meter a year in northern Scandinavia and
Canada to a maximum of 2,500 kilowatt-hours per square meter a year in some dry desert
areas. The differences in average monthly insolation (June to December) can vary from 25
percent close to the equator to a factor of 10 in very northern and southern areas as shown
in Figure 1.4, determining the annual production pattern of solar energy systems. The ratio
of diffuse to total annual insolation can range from 10 percent for bright sunny areas to 60
percent or more for areas with a moderate climate, such as Western Europe. The actual
ratio largely determines the type of solar energy technology that can be used.

2'500 kWh / m2

A

2'000

1'500

1'000

500

Source: Meteonorm 6.0 (www.meteonorm.com); uncertainty 15% m
Period: 1981 - 2000; grid cell size: 1° June 2008 e

Figure 1.4: Yearly sum of direct beam insolation in the world

The average power density of solar radiation is 100-300 watts a square meter. The net
conversion efficiency of solar electric power systems (sunlight to electricity) is typically
10-15 percent. So substantial areas are required to capture and convert significant amounts
of solar energy to fulfill energy needs (especially in industrialized countries, relative to
today’s energy consumption). For instance, at a plant efficiency of 10 percent, an area of 3-
10 square kilometers is required to generate an average of 100 megawatts of electricity-0.9
terawatt-hours of electricity or 3.2 pet joules of electricity a year using a photovoltaic
system.

The PV electrification could be using the decentralized stand alone and centralized
systems depending to the nature of the load and the distribution of houses. Photovoltaic
electrification is limitedly used in different rural areas in Palestine mainly for schools,
clinics, Bedouins communities, agricultural and animal farms, and private homes. The total
installed capacity is about to 50kWp.

The policy of PV electrification focuses on settling the communities threatened from land
confiscation and people eviction due to occupation practices especially after construction of
the separation wall. It is urgently needed to enhance the living conditions of these
communities by offering more and better quality services and implementing sustainable
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development plans. The policy contributes to development of renewable energy resources
and reliance reduction on imported fuels, and eventually leads to environment protection
and sustainable development in the region.

The most recently PV electrification project was implemented by the energy research
center at An Najah National University. It’s about electrifying a Palestinian village Atouf
by PV centralized power system. The village includes 25 houses, school, and clinic with
power capacity about 24 kWp. The project is considered a successful renewable energy
application in Palestine. The project was financed by EU. Another Project shown in Figure
1.5 for street lighting and electrification of public sites at Jib Aldeeb community is going to
be implemented by Arijl institution. This project is financed by UNDP/PAPP, GEF and
SGP [2].

et I L G sy ga
ik (@)

Figure 1.5: Solar street lighting of Jib Aldeeb Village in West Bank, Palestine

1.2 Research Motivation and Goal

According to the Political situation on Gaza Strip and the mandatory siege since 2006 by
the Israeli occupation after Palestinian election, Power Generation Sector faced several
obstacles starting with destroying main generators of Gaza Power Plant in June 2006
through blocking fuel entry into Palestinian Territories in 2008 ending to unknown and
horrible situation. So the need of alternative and urgent power source to supply hospitals
and medical centers is very important issue especially in situation we live in Gaza Strip;
imposed siege, shortage in fuel supplies, and increasing in the mortality rate.

The most significant factors in designing of PV systems are cost-effectiveness and
maximum power utilization. In most cases, PV Systems can compete with systems
employing traditional energy resources if a life-cycle cost analysis is developed for a
reasonable long period of time (approximately 25 years).
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Although Palestinian Territories got a relatively abundant solar radiation, but it is not
utilized in a good matter, some of renewable energy projects established in Palestine, such
as “Using Solar Energy in Lighting the Beach Bridge in Gaza Village” which established in
2006. Some problems and drawbacks on the previous design such as the orientation and
direction of PV modules, Controllers, Batteries, and Safety were noticed by Consultants. So
the aim of this research is focusing on the design and methodologies that have been
considered by designers, and make re-evaluation and re-design of the installed PV system.

According to my visit to the Authority of Energy in Gaza, and meeting the consultants of
PV Projects there, they provided me with all required documents of previous projects, their
notices, and recommendations as follows:

1.2.1 PV Modules

Unfortunately, all previous designs of Photovoltaic Projects in Gaza Strip done without
any kind of survey for temperature degrees and irradiation, which affects on the orientation
and direction of the PV module, and affect by the way on the absorbed irradiation and the
converted power.

1.2.2 Controllers

All controllers used in the previous designs of PV projects in Gaza Strip are interested in
Charge Controllers, the State Of charge (SOC) and Short/Open-circuit protection, but they
don’t include MPPT Controller with DC/DC Converter in order to get maximum power
point in P-V Curve of PV module. Cell shading, variation of temperature and irradiation
affect on the power absorbed by the PV system, so MPPT is needed to obtain the optimum
solution.

1.2.3 Batteries

Batteries in PV system are needed when sunlight is unavailable. So the longest period
without sunlight is an important factor in sizing batteries with considering cost effect. In the
previous designs, batteries were not selected carefully to overcome the absence of sunlight.

1.2.4 Safety and Maintenance

Unfortunately, no safety and maintenance recommendations are considered in the
previous designs, which affected on the performance of PV system. Uncertainty of
electrical components according to aging and several factors could affect on the
performance of PV system.

1.2.5 Costversus Quality

The most important factor is the initial investment. These costs are high compared to
other used energy. However, the costs over a life time are more favorable for PV because
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no operating costs; the only costs after the installation are the maintenance costs. So the
comparison should be made for a life time of PV system (20-25years). The better quality
required for PV System, the higher cost should be paid.

The study on all previous lighting projects leads to several drawbacks on these projects,
such as lack of meteorological information of Gaza Strip, Palestine, incorrect orientation
and tilting plan, and insufficient both PV and Battery Sizing. So as a result, this research
concentrates on the re-evaluation and re-design process for PV lighting projects in Gaza
Strip, Palestine, this process is divided into four phases as shown in Figure 1.6

Modeling Global
Solar Radiation

N

Optimizing PV
Tilting and
Orientation

Monitoring

Maintainance

PV and Battery
Sizing

Figure 1.6: Re-Evaluation and Re-Design Process

A typical PV system consists of several PV Modules which consists of interconnection of
m X n (Series x parallel) solar cells; those modules connected either in parallel and/or
series topology based on the desired generated current and voltage respectively. PV Array
connected to power interface consists of DC/DC Converter, DC/AC Inverter, and Charge
Controller, and then they are connected to Loads as shown in

Figure 1.7.

\ 1
| Power ! :
1
i Interface -
N DC/DC —» S !
\ DC/AC 1 1
___________ 4 1
:

| JS——

<>

Figure 1.7: Typical PV System
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1.3 Literature Review

1.3.1 Modeling of Global Radiation

Joakim Widen mentioned the models of solar radiation, daylight and solar cells as a
chapter in his thesis [3]. He described the models implemented for calculating the daylight
level and the power output from PV system, to be used in further simulations of domestic
(Sweden) electricity demand, he gave a brief overview of models, then he described in his
chapter how to determine incident radiation on a tilted plane from radiation components
measured on a horizontal plane, then he described the daylight model and PV system model.

M.S.Alam et.al. developed a mathematical model for simulation of solar radiation system
by using dynamics methodology in their paper [4]. Their model was developed for
Bangladesh and their simulated results have been compared with the experimental results
and found reasonably a good agreement. Therefore, the performance of their model is
satisfactory and could be used in several locations with modifying some parameters.

1.3.2 Orientation and Tilt Angles

Danny Li et al. determined the optimum tilt angle and orientation for solar collection
based on measured solar radiation data, his paper [5] presents a numerical approach to
calculate the solar radiation on sloped planes by integrating the measured sky radiance
distributions for Hong Kong.

Accordingly, his results showed that the solar radiation on a horizontal surface is around
1528kWh/m2. The solar radiation rises with the tilt angle up to about 20- at which the
maximum annual solar yield of 1598.4kWh/m2 occurs. When the tilt angle is beyond 20-,
the annual solar yield falls slightly with increasing tilt angles. As the latitude of Hong Kong
is 22.3> N, the obtained results supports the argument that the optimal tilt angle for solar
energy collection would be very close to the angle equivalent to the latitude of the location

[5].

Jurgita and Mindaugas developed a new mathematical model of optimal tilt angles of
solar collector and sunray reflector, their model [6] used to find the optimal tilt angle for
both the solar collector (SC) and the Sunray reflector (SRR) for selected period of time.
They found that there is an enhancement of the quantity of absorbed solar radiation by SC
with SRR than those absorbed by SC only by (30 — 60) %.

D.Faiman et.al defined the “skewness” term in their paper [7], and shown the effect of
miss orientation in BIPV by two case studies, one in SedeBoger, Israel and the other case
study was in Sydney, Australia. They found that annual beam energy gains of about 13% if
collector skewness is correctly taken into account in the design of the system.

10
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Emanuele found in his paper [8] a relationship between the optimum tilt angle and the
geographic latitude. Furthermore, he found that the optimum tilt angle values for winter
months were very different than those relative to summer months, so he suggested the idea
of planning semi fixed solar panels.

1.3.3 PV System Model

Tasi et.al implemented a generalized photovoltaic model using Matlab/Simulink software
package [9], which can be representative of PV cell, module, and array for easy use on
simulation platform. Their proposed model is designed with a user-friendly icon and a
dialog box like Simulink block libraries. His model will be helpful to develop similar
model taking into account the variation of irradiation and temperature, also to be used in
several power systems.

Dumitru et.al deals with the modeling of an electrical local network supplied with energy
provided by renewable resources in their paper [10], their purpose is to implement and
develop a software application to analyze and simulate a real hybrid solar-wind system
connected to a local grid using Matlab /Simulink environment. Blocks like wind model,
solar model, local grid model are implemented and the results of simulation were also
presented. The main objective is the study of hybrid systems behavior, which allows
employing renewable and variable in time energy sources while providing a continuous

supply.

Weidong et.al proposed a novel model of PV system in their paper [11], which is able to
demonstrate the cell’s output features in terms of environment changes in irradiance and
temperature. Based on a simplified single-diode model, the parameters are determined in
the sense of minimum model error and temperature effect. Their model is tested to simulate
three popular types of photovoltaic panels made of different materials, CIS thin film, muti-
crystalline silicon, and mono-crystalline silicon. The effectiveness of their approach is
evaluated through comparison of simulation results to the data provided by product’s
manufacturer.

1.3.4 PV Modules, Batteries, MPPT Controllers and Regulators

Esram et.al made a survey paper [12] on MPPT techniques; they discussed them, they
shown that at least 19 distinct methods have been introduced in the literature, with many
variations on implementation. Their paper should serve as a convenient reference for future
work in PV systems, and the appropriate selection of MPPT techniques.

A New controller scheme for PV systems is proposed by Amin et.al in their paper [13],
their scheme controls both the boost converter and battery charger by using a
microcontroller in order to extract maximum power from the PV array and control the
charging process of the battery, their objective was to present a cost effective boost
converter design and an improved MPPT algorithm of PV system, their simulation results
showed that the proposed boost converter gave a better converter efficiency about 93%.

11

www.manaraa.com



Another technique used for MPPT by Orozco et.al. in their paper [14] using sliding mode
control, their designed controller regulates the converter output voltage and maximize the
power generated by the photovoltaic array, they proposed a sliding surface to control the
dc/dc converter which is adjusted according to PV array output power. The results in a
simulation platform were confirmed the adequate performance of designed control.

Song Kim et.al. present in their paper [15] the method to estimate the battery internal
status such as SOC, terminal voltage and charging current, these estimated states could be
used as a second protection method, the simulated results verified the performance of the
proposed system, the merits of their proposed methods were simple structure with reduced
Sensors.

Supratim et.al described in their paper [16] a simple yet novel modification to the
charging circuit for the battery of a standalone PV system, which described with an
implementation flow chart/algorithm. Their results showed the effectiveness of their
algorithm, compared to the traditional implementation.

1.3.5 Maintenance and Monitoring

Weidong et.al [17] looked at the performance of PV modules in non-ideal conditions and
proposed topologies to minimize the degradation of performance caused by these
conditions, they found that the peak power point of a module is significantly decreased due
to only the slightest shading of the module, and this effect is propagated to the other non-
shaded modules connected in series with the shaded one, their paper provides a
comparative study to choose the right converter topology for the applications of dc/dc
MPPT modules.

M. Hussein developed and implemented in his paper [18] an algorithm to obtain all
possible vertex matrices for nxn interval matrix. He treated in his paper the uncertainty
entries of a matrix, which is considered an important problem for control system engineers,
especially on finding the eigenvalues to determine system stability, his simulation results
showed the validation of his proposed algorithm. His algorithm could help us to study the
stability of a PV system for uncertainty in electronic components due to aging.

1.4 Research Results and Contributions

This research is very useful for BIPV and Solar Energy Consultants who interest in Solar
system design, Re-design and Re-Evaluation Process has been developed here step by step.

Developing an empirical global solar radiation model for Gaza Strip, Palestine and

studying the suitable tilt angle and orientation, with feasibility study of one-axis two
position manual tracks are considered main contributions to this research.
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Candidates papers, which sent to the Journals, local and international conferences are
accepted to be presented and published strength research.

1.5 Thesis Structure

There are six chapters in this thesis; Chapter 1 provides introduction and Literature
review. Chapter 2 presents the first contribution of developing global solar radiation model
for Gaza Strip, Palestine, with all derivation of the empirical model. Chapter 3 covers the
suitable optimal orientation and tilt angle for Palestinian Territories, with mathematical
derivation and developing new idea to enhance the performance. Chapter 4 focuses on the
importance of battery and PV sizing in solar system design, with developing MATLAB
software to help designers. Chapter 5 presents an experiment of lighting an apartment using
solar energy. Finally in chapter 6, conclusion and recommendations for future work are
given.
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Chapter 2

Developing Empirical Models for
Estimating Global Solar Radiation

2.1 Introduction

Palestine is located within the solar belt countries and considered as one of the highest
solar potential energy, the climate conditions of the Palestinian Territories are
predominantly very sunny with an average solar radiation on a horizontal surface about 5.4
kWh/m?.day [19].

Gaza Strip is 360km?®with a high density population of about 4,118 persons/km? [20], so
Gaza Strip represents one of the most densely populated areas in The Middle East. As the
population in Gaza Strip increases (population growth rate 3.349%/year [21]), the
consumption of water and energy will increase; leading to significant rise in unacceptable
levels of air pollution, and the defect in water supply and energy sources will increase;
leading to severe economical crisis that will result in a significant rise in the probability of
an outbreak of warfare.

So the need for renewable energy sources such as solar energy becomes essential trend
especially in the political situation of Gaza Strip. The objective of this chapter to develop
an empirical global solar radiation model using a simple meteorological data obtained from
nearest centers of Gaza Strip.

2.2 Background

Understanding solar radiation data and the amount of solar energy intercepts specific area
are essential for modeling solar energy system and covering the demand. Therefore, precise
knowledge of historical global solar radiation at a location of study is required for the
design of any funded solar energy project.

Unfortunately, no meteorological stations available in Gaza Strip to measure the amount
of intercepted solar radiation in Gaza Strip. So an alternative method for estimation of solar
radiation is required.

Several studies on modeling solar radiation have been done in Tunis [22], Bangladesh [4],

Rwanda [23], Pakistan [24], and other developing countries. All of these studies used
historical meteorological data of the location for estimating the empirical model. Empirical
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models are classified into three categories: sunshine-based model, temperature-based model
and cloud based models [23].

Sunshine based models are the most widely used, which use only bright sunshine hours as
input parameter while others use additional meteorological data together with bright
sunshine hours.

In this study, Angstrom-type polynomials of first and second order have been developed
for estimating the global solar radiation in Gaza Strip, Palestine from a long term records of
monthly mean daily sunshine hour values and measured daily global solar radiation on
horizontal surface at several locations near Gaza strip or have the same climate conditions.
The coefficients are derived by using least square regression analysis using MATLAB.
These coefficients are generally valid for estimating the radiation in Gaza Strip, Palestine.

2.3 Methodology

The methodology used in this thesis consists of data gathering, description of model and
the utilization and implementation of MATLAB as explained in the following sections:

2.3.1 Data:

In Gaza Strip, recorded global solar radiation data on horizontal surface were obtained
from several stations around Gaza Strip as shown in Figure 2.1. According to [25] the solar
radiation level for both areas Gaza Strip and Bet Dagan are similar.

Table 2.1 presents the location of stations and the period of observation for which global
solar radiation H, and sunshine duration L, were measured.

Table 2.1: Location of stations and period of observation of global solar radiation

Altitude Latitude Longitude

Station H,and L
(ft) (\) (B) g "
Bet Dagan 120 32°00° 34° 49° 1991-2005
Al-Arish? 75 31° 08" 33° 48" 1981-2000
Rafah? 114 31°17° 34° 14° 1981-2000
BenGurion 145 32° 00° 34° 52° 1981-2000
Airport

a, b, c Records of these location are obtained using METEOTEST Software

15

www.manaraa.com



Ghor El-Safi
Jordan

Egypt

Ve

Figure 2.1:Location of Stations that record Global Solar Radiation

2.3.2 Description of the Model:

The model is based on 14 years of data (91-05) and 20 years of data (81-00) from Bet
Dagan and METEOTEST Software respectively.

Angstrom’s equation [26] is used to express the average radiation on a horizontal surface
in terms of constants a4, o, and the observed values of average length of solar days. The
constants o, o, will be determined for this model based on actual old measurements and
equating the data in the Angstrom’s equation given as follows:

H, Ly
H_c = a1 + ar (m) (21)

Where
Ly, s the average length of solar day for a given month calculated/observed.
L,, isthe length of the longest day in the month.
aq, a, are the average length of solar day for a given month calculated/observed.
H, is the monthly average of daily global radiation on the horizontal surface at a
particular location.
H,. is the maximum monthly average of daily global radiation per day
corresponding to clear sky
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Values of L,, or Day Length (DL) are computed from Cooper’s formula [27] as follows:

2 (2.2)
b = (g5) .
ws = cos~I(—tan ¢ tan §) (2.3)

Where
w, 1s the Sunshine Hour Angle
¢ s the latitude of the location. (31° 27° for Gaza)
& is the solar declination angle, which defined as the angle between the line
joining centers of the sun and earth and the equatorial plane.

Values of § are computed from the following relation [26],

(2.4)

5 = 2345 oin (360284 + 1)
= . Sin 365

Where
n is the day of the year, it is usually calculated in the 15" of each month.

* Polaris
/

North Pole

Meridian parallel
to sun rays

Sun rays

Meridian of observer at @

Figure 2.2: Earth-Sun Angles; Latitude(¢), Declination Angle (8) and Hour Angle (w)
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Back to equation (2.1), H. is replaced with H, according to changes done on modified
Angstrom’s Equation for Daily Global Radiation, where H, is the Daily extra-terrestrial
radiation, mean value for the month, which computed by the following relationship in [26]:

24 360n
H, = — I, (1 + 0.33 cos

365 ) (ws sin ¢ sin § + cos ¢ cos 6 sin w;) (2.5)

Where
I,. is the Solar Constant (1353 kW/m?= 4870.8 kJ/m? .hr)

Using the data of Global Radiation Hg and the average length of solar day Ly, around the

location of Gaza Strip, the regression constants of Angstrom’s Equation oy, a, could be
obtained using MATLAB.

The Second order polynomial of Angstrom’s Equation developed in [24] is also used in
this paper to be modeled for our case in Gaza Strip, Palestine.

H L, Ly\*
H_Z =az+ay (m) + as (g) (2.6)

Where
03, 0, a5 are the Angstrom’s Constants

2.3.3 MATLAB Program:

The regression constants ay, a,,..., a5 have been obtained using a software computer
program called MATLAB, the program employees the robust least square regression
technique. Sum of Square Errors (SEE), Root Mean Square Error (RMSE), and Square of
Correlation coefficients R? are calculated to assess the validity of estimation, and also to
compare between two types of Angstrom’s Equation.

2.4 Results and Discussion

Linear and polynomial least square regression techniques were implemented using the
observed metrological data at Bet Dagan and METEOTEST Software as given in Table 2.2.

Figure 2.3 shows the clearness index for Gaza Strip, Palestine. The curve indicates that
Gaza Strip has clear sky condition most of the year, and the clearness index has maximum
values on Jun-Aug with maximum sunshine hours, which implies that the maximum
utilization of solar energy will be in summer.
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Table 2.2: Input Parameters for Angstrom's Equations

Locat. From Equ. Bet METEO- Average of
(2.2), (25) | Dagan | TEST Observed Values
L H L
Month ' H, oy  Hy Hy  wnimedy  (hrs)
Jan 7.05 1079 261 3.24 2.9240 6
Feb 8.16 11.27 34 4,01 3.7035 7
Mar | 9.36 | 11.85 47 5.32 5.0086 7.5
Apr | 10.39 1251  5.86 6.34 6.1019 9
May | 10.87 13.05 6.88 7.20 7.0417 10.5
Jun | 10.98 | 13.34 | 7.55 7.65 7.6014 12
Jul 109 | 1322 7.29 7.80 7.5458 12
Aug | 1055  12.76 | 6.67 7.16 6.9133 115
Sept | 9.73 | 12.12 | 5.69 6.29 5.9922 10
Oct 852 1148  4.25 4.94 4.5964 9
Nov 7.31  10.92  3.09 3.89 3.4922 7
Dec 6.73 | 10.66 = 2.48 3.03 2.7525 6

Clearness Index

o N
\
S

g 07
2 o6 / '\
2 o5
S _!// \l_
o
I 04
(2]
T o3
0.2
0.1

Jan Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec

Months
—&— Sunshine to DL —8— Clearness Index

Figure 2.3: The Clearness Index for Gaza Strip, Palestine

The computed values for regression coefficients are

a; = —0.002351,a, = 0.7607, a3 = —0.3941, @, = 1.868, a5 = —0.7551.
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So the first and second order Angstrom’s Equation are then given respectively by:

H, Ly
o = —0.002351 + 0.7607 (L—> 2.7)

o m

H L L 2
—J = _0.3941 + 1.868 (L—h> —0.7551 (L—h) (2.8)

HO m m

The comparison between the estimated values using the previous equations (2.7) and (2.8)
respectively, with the observed values are given in Table 2.3

Table 2.3: Comparison between the observed and estimated blobal solar radiation for Gaza Strip

Estimated Observed Oold
H, (KWh/m*.d) H, (kWh/m*d) | Model

Bet METEO- | Gaza
Dagan TEST Station
Jan 2.9660 | 2.8986 2.61 3.24 2.70
Feb 3.8345 | 3.8729 3.4 4,01 3.12
Mar 4.4872 | 4.5492 4.7 5.32 3.67
Apr 5.6604 | 5.8064 5.86 6.34 4.25
May 6.6238 | 6.7365 6.88 7.20 4.87
Jun 7.4911 | 7.4170 7.55 7.65 5.27
Jul 7.4984 | 7.4029 7.29 7.80 5.35
Aug 7.2059 | 7.1305 6.67 7.16 5.18
Sept 6.0819 | 6.1579 5.69 6.29 4.67
Oct 5.0650 | 5.1693 4.25 4,94 3.87
Nov 3.5474 | 3.6040 3.09 3.89 2.94
Dec 2.8660 | 2.8138 2.48 3.03 2.61

Locat.

Month | Linear | Polyn.

Figure 2.4 shows the small difference between the estimated and the observed values,
while the old model of Gaza Station [28] has a huge gap between their results and the
results of the developed model. Also there is a difference between their model and the
observed data of Bet Dagan itself, where they used its metrological data for modeling.
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H (kW.hr/m2.d)
o

Jan Feb Mar  Apr May Jun Jul Aug  Sept  Oct Nov Dec

Months

e==f===|inear -~ Polynomial -—A——BetDagan === METEO-TEST -¥ Gaza Station

Figure 2.4: Comparison between the estimated and the observed values

The deviations between the estimated values of the developed model and the observed
global solar radiation data are given in Table 2.4, SSE, R2 and RMSE are calculated using
the equations and formulas found in [29].

As shown in Table 2.4, the linear model has the best results when compared with Bet
Dagan Station; while the polynomial model has the best results when compared with
METEOTEST Station. Both models have fine agreement between measured and estimated
values.

Both linear and polynomial models are not suitable for Old Gaza station model, which
indicates that low accuracy of that model.

Table 2.4: Deviations between the estimated model and the obserevd global solar radiation data

Data Developed Model SSE R? RMSE

Bet Dagan Linear 1.9764 0.9492 0.4058
g Polynomial 2.0353 0.9478 0.4118
Meteo-Test Linear 1.9148 0.9441 0.3995
Polynomial 1.6405 0.9519 0.3697

Linear 23.8233 0.2070 1.4090

Old Gaza Model Polynomial 242984 02064 14230
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As a result, the developed Angstrom’s Equations, both first and second order type could
be simply applied to estimate monthly average daily global radiation from monthly average
daily sunshine hours, which are available in primary station across Gaza Strip, Palestine.

2.5 Conclusion

The development of the Angstrom’s Equation for Gaza Strip, Palestine is considered in
this study, both types of linear and polynomial type have been developed and tested to
measure the fine agreement between the observed and estimated values. From the
comparison of these results, it was observed that the estimated values of both models where
in a good agreement with both observed values form Bet Dagan and METEOTEST Stations,
which strength the developed model, and could be easily applied to Gaza Strip, Palestine.
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Chapter 3

Optimum Tilt Angle &
Orientation for PV Panels

3.1 Introduction

Orientation of solar collector (SC) in space is the main factor influencing the quantity of
absorbed solar radiation energy. In the case with optimal angles of a solar collector, we will
have the maximum of solar radiant energy.

The optimal angles depend on the geographical position and on the investigation period
(day, week, month, etc.) when the position of a solar collector will be stationary. It is very
important, because the trajectory of the sun changes. The intensity of solar radiation energy,
sunlight duration per day and per year change as well.

Conventionally, stand-alone PV systems have been used in rural and remote areas where
normal electricity supply may not be readily accessible. In modern urban cities with many
compactly built high-rise blocks, the concept of building integrated photovoltaic (BIPV)
would be an appropriate alternative form to receive solar energy [30]. In designing the
optimal tilt angle and orientation of a fixed solar panel for maximizing its energy collection
IS to acquire the maximum solar radiation availability at the required location, a number of
studies have been conducted by various researchers to determine the optimum location for
solar radiation collection using different empirical models [31].

One of the objectives of this research is to provide technical information about tilt angle
and orientation of PV Panels for both Architectures who interests in Building-Integrated
Photovoltaic (BIPV) applications and Practitioner Engineers who interests in the utilization
of renewable energy in Gaza Strip, Palestine to improve and enhance the efficiency of PV
System used in their designs with reduced cost.

3.2 Earth -Sun Geometry

The term Earth rotation refers to the spinning of our planet on its axis. Because of rotation,
the Earth's surface moves at the equator at a speed of about 467 m per second or slightly
over 1675 km per hour. One rotation takes exactly twenty-four hours and is called a mean
solar day. The Earth’s rotation is responsible for the daily cycles of day and night. At any
one moment in time, one half of the Earth is in sunlight, while the other half is in darkness.
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The edge dividing the daylight from night is called the circle of illumination. The Earth’s
rotation also creates the apparent movement of the Sun across the horizon.

The orbit of the Earth around the Sun is called an Earth revolution. This celestial motion
takes 365.26 days to complete one cycle. Further, the Earth's orbit around the Sun is not
circular, but oval or elliptical. An elliptical orbit causes the Earth's distance from the Sun to
vary over a year. Yet, this phenomenon is not responsible for the Earth’s seasons. This
variation in the distance from the Sun causes the amount of solar radiation received by the
Earth to annually vary by about 6%. Figure 3.1 illustrates the positions in the Earth’s
revolution where it is closest and farthest from the Sun. On January 3, perihelion, the Earth
is closest to the Sun (147.3 million km). The Earth is farthest from the Sun on July 4,
or aphelion (152.1 million km). The average distance of the Earth from the Sun over a one-
year period is about 149.6 million km [32].

Marth Star

Normal to plare of = liptic Autumnal equino
(September 221

Tilt

Winter solstlce
(December 213

Perhallon

Aphelion (July 4)

T
sun

Centre of ¢llipse = Summer solstice

CJune 211

Spring equinos
(March 20

Drbital path
Earth |l-3! pat Spring

Figure 3.1: Earth Revolution around Sun

The annual change in the relative position of the Earth's axis in relationship to the Sun
causes the height of the Sun or solar altitude to vary in our skies. Solar altitude is normally
measured from either the southern or northern point along the horizon and begins at zero
degrees. Maximum solar altitude occurs when the Sun is directly overhead and has a value
of 90°. The total variation in maximum solar altitude for any location on the Earth over a
one-year period is 47° (Earth’s tilt 23.5° x 2 = 47°). This variation is due to the annual
changes in the relative position of the Earth to the Sun. At 50 degrees North, maximum
solar altitude varies from 63.5 degrees on the June solstice to 16.5 degrees on the December
solstice. At our case in Gaza Strip, maximum solar altitude varies from 80 degrees on the
June solstice to 33 degrees on the December as shown in Figure 3.2.
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Figure 3.2: Sun path at Gaza along the year

3.3 Methodology and Design

3.3.1 Definition of Angles:
3.3.11 Earth-Sun Angles

The Hour Angle (w): Angular displacement of the sun east or west of the local meridian
due to rotation of the earth on its axis at 15° per hour as shown in Figure 3.1. The hour
angle is variable within the day, negative for morning, positive for afternoon and zero
at solar noon as shown in Figure 3.3. It can be expressed by

w = 15(t — 12) (3.1)
Where
w isthe hour angle in degrees
t isthe solar time in hours.

The Declination Angle (8): Angle made between the line drawn joining the center of the
earth and the sun and the earth’s equatorial plane. It is zero at the autumnal and vernal
equinoxes. The range of declination angle is given by —23.45° < § < 23.45° as shown in
Figure 3.4.

. (284 +n)
= 23. —_— 3.2
8 = 23.45sin (360 365 ) (3.2)
Where
6 is the declination angle in degrees
n is the day number.
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Figure 3.3: Variation of Hour Angle
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Figure 3.4: Variation of Declination Angle

Latitude (¢): Angular distance of the point on the earth measured north or south of the
equator as shown in Figure 2.2, its values between —90° < ¢ < 90°

3.3.1.2  Observer-Sun Angles

Solar Altitude Angle (a;): it is the angle between the projection of the sun’s rays on the
horizontal plane and the direction of the sun’s rays as shown in Figure 3.5.

Solar Zenith Angle (6;): it is the complement angle of Altitude Angle as shown in Figure
3.5.

6, =90 — ag (3.3)

Solar Azimuth Angle (y;): it is the angle measured clockwise on the horizontal plane from
the north-pointing coordinate axis to the projection of the sun’s ray.
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3.3.2 Derivation of Solar Angle cos6;(sina):

The effective solar insolation that intersects the fixed solar plate depends on the solar

angle cos8 (sinay ), which will be derived in this section.

3.3.21 Fixed Horizontal Plate:

Assuming the solar radiation vector according to earth surface coordinate is S = SR;i +
SRgj + SRyk, and the same vector according to space coordinate is S = SR,,,i + SR,j +
SR,, so as shown in Figure 3.5Figure , the (zen ~ xyz) coordinates describe the location of
the solar panel on the earth surface, assuming the panel is horizontal and faced to south, so
the coordinate should be rotated about the east axis by latitude angle ¢ as follows:

\\I/

~ -
-

//} \\\
\ z (zenith)

\

n (north)

Figure 3.5: Earth Surface coordinate system for observer

SR, Cq) 0 S(p SR,
[SRE]= 0 1 O0]|SR.
SRy —S(p 0 C(p SRp
Where
SRm C(?Cw
SRe :[Cc?'sw]
SRp Ss

Notice that Cystands for cos X, and Systands for sin X.
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3.3.2.2 Fixed Tilted Plate:

In case the plate should be tilted by angle 8 and faced to south by angle y as shown in
Figure 3.6, so the previous coordinate should be rotated about the zenith axis by angle vy,
followed by rotation about the east axis by angle [ as follows:

z (zenith)

(aperture normat )

n (north)

¢ (east)

Figure 3.6: Earth Surface coordinate system for tilted observer

NRz|=[0 ¢ Sl 0 1 O0]||SRg (3.6)
NRy 0 =S, C||[-Sp 0 Cs|lSRy
Where
NR, Sa,
NRg | = |Co,Sy, (3.7)
NRy Ca.Cy,

The Solar Angle S, is derived from the previous equations (3.4-3.7) in terms of earth-sun
angles as follows:

Se, = C(S5S, + C5C,C,) — C5S,S8S, (3.8)
+55C,(S5C, — C5C,Sy) '
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3.3.3 Derivation the Optimum Tilt and Azimuth angles for the Solar Plate:

This section is dealing with the major components of the proposed mentioned design
model, those major components are derived using mathematical equations as described in
the following sections:

3.3.3.1  Optimum Azimuth angle:

By taking the first derivative of the previous equation (3.8) relative to variable y, the
equation will be as follows:

as

dy

= — Cé‘SwSﬂC

', —55S,(S5C, — C5C,S,) =0 (3.9)

Implies that

- CzSSw
(S5C, — C5C,S,)

tan yopt = (310)

Since the maximum insolation occurred at noon, so we could substitute w = 0in the
previous equation (3.10) to obtain the optimum azimuth angle as follows:

Yope = 0" or 180° (3.11)

3.3.3.2  Optimum Tilt angle:

By taking the first derivative of equation (3.8) relative to variable 8, the equation will be
as follows:

ds,
ap

s _gﬂ(gasw + C(;Cq,Cw) — C55,C8S, (3.12)

+C3C,(S5C, — C5C,S,) =0

For simplicity, assume thaty =y, = 0°and w = w,,,, = 0°, so the equation (3.12) is
reduced to

as

dp

= —S3(S5S, + Cs5C,) + Cp(SsC, — C55,)

= S5(CsCy—S5Sp) — Cs(S5Cy + C3S,)
= S6Cip+p) — CsS(p+e) = 0

(3.13)
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Implies that
Bopt =6 —¢ (3.14)
Figure 3.7 shows the optimum tilt angle curve along the year, in winter, the tilt angle
approaches to 55°, while in summer it approaches to 8°. Assuming all previous angles are

random variables, so the expected values for those variables as follows:

E[Bopt] = E[6] — E[¢] (3.15)

The Optimum Tilt Angle
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Figure 3.7: The Optimum Tilt Angle along the year

Since the declination angle acts as sinusoidal wave, so its expected value equals Zero,
which implies the average optimum tilt angle should equal the latitude of the location as
follows:

E[Bope] = ¢ (3.16)

3.3.4 Computing the Solar Angle cos0g:

Substituting the optimum values of Azimuth and Tilt angles in equation (3.8) to obtain the
following curve in Figure 3.8.
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Random selection of PV orientation (tilt and azimuth angles) is generated by MATLAB
simulation, the mean value for the solar angle along is computed for each record. The
maximum mean value for the solar angle along the year is 0.9586 found at the derived
optimum orientation as shown in Table 3.1.

Values of Solar Angle for Optimum Angles
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Figure 3.8: Values of Solar Angles in Degree for Optimum Tilt & Azimuth Angles

Table 3.1: Mean values of solar angles for different tilt and azimuth angles by MATLAB Simultaion

Tilt Azimuth Mean Value of
Angles Angles Solar Angle
55 150 0.8239
8 20 0.7442
45 220 0.8492
28 40 0.5420
50 70 0.3945
13 180 0.9092
25 140 0.9030
50 90 0.5256
35 140 0.8896

31.464 180 0.9586

3.3.5 Enhancement on the Optimum Values:

Several studies such as [32] and [33] proposed new designs to enhance the solar power of
PV Systems, Abu Hanieh [32] has shown theoretically that for Palestinian Territories,
compared to a fixed PV module tilted at an angle equal to the local latitude, the power
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generation can be increased by 40% using two axis tracking. He found the feasibility of
two degree of freedom orientation and can be done utilizing part of the power output of the
solar panel.

Another solution toward cost reduction is [33] to use the proposed idea of one axis three
position tracking PV module with low concentration ratio reflector to provide a simpler PV
tracking system. Their analysis shows that the power generation can be increased further by
about 23% using a low concentration (2X) reflector in addition to the power output increase
of 24.5% by using one axis three position tracking. Combining both, the total increase in
power generation is about 56%.

In this research, we propose a new idea of one axis two positions tracking PV module
without any controllers (manually) to provide costless PV tracking system and to enhance
the efficiency of generated power.

Two factors are considered in this design; the solar insolation along the year and the solar
angle. Figure 3.9 depicts the empirical models for global solar radiation in Gaza Strip
along the year [34], the global solar radiation is increased to maximum (> 7 kWh/m?) in
summer season (May-August), while the solar angle is decreased to minimum in the same
season as shown in Figure 3.8.

8 P P P f F F
—©— 1st Order Model ‘ ‘
-=%==2nd Order Model ||

\

Solar insulation kWhr/m2

e

1 2 3 4 5 6 7 8 9 10 11 12
months

Figure 3.9: Empirical Models developed by Al Bargouni and Hussein

The need of one axis two positions manually tracking PV system is declared here, which
could be performed using PV panel with adjustable gear as shown in Figure 3.10 to meet
variation in tilt angle. Tilt angle will be switched twice a year in the proposed idea (at the
beginning and the end of summer season).
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Figure 3.10: PV Panels supported with adjustable gear

3.4 Implementation

Unfortunately, all previous projects done in Gaza Strip related to solar energy done
without any technical design for obtaining the maximum solar energy.

In this case, the project of Lighting Gaza Valley Bridge is discussed here. The solar
panels used in the project are fixed with tilt angle 45° as shown in Figure 3.11.

Figure 3.11: Fixed Solar Panels for Lighting Gaza Valley Bridge
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The Solar panels fixed with azimuth angle of 220°Nalong with Gaza Valley Street as

shown in Figure 3.12.

Figure 3.12: Gaza Valley Way Map by Google Earth®

When we compute the solar angle along the year for the given angles of the previous
design, we obtain the dashed curve as shown in Figure 3., while the solid curve depicts the
solar angle for the optimum orientation ( B,y = 31.464°, yop = 180°).

Table 3.2 shows the difference between both orientations, while there is an improvement

by 13% of the previous design.

Table 3.2: Comparison between current and optimum orientation

Mean
Orientation Tilt Azimuth Value of
Angles Angles Solar
Angle
Current 45 220 0.8492
Optimum 31.464 180 0.9586
Improvment 12.88%
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Figure 3.13 shows the difference between the current and optimal orientation, while
Figure 3.14 shows the enhancement in the solar angle when the proposed idea has been
applied and the tilt angle has been adjusted to 13°at the beginning of summer (104" day)

and re-adjusted again to 31.464° at the end of summer (240™ day).
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Figure 3.13: Current Orientation Vs. Optimum Orientation
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Figure 3.14: Enhanced Orientation Vs. Optimum Orientation
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Table 3.3: Comparison between various orientations

. . . . Mean Value o
Orientation Tilt Angles Azimuth Angles ue of
Solar Angle
Current 45 220 0.8492
Optimum 31.464 180 0.9586
Enhanced 31.464, 13 180 0.9777
Current to
Enhanced 17.0861 % | Optimum to Enhanced Improvement 2.7147 %
Improvement
8 T T T
Enhanced Orientation
O =+=e== Current Orientation
~==== Optimum Orientation
L R I/ B iy o,
6 ” N\
35 S e
H yd \
¢ s *
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Figure 3.15: Improvement in Solar Power Insolation

Table 3.3 shows the comparison between various settings of orientation and tilting; the
performance would be better when the mean value of solar angle approaches to 100%.

The Solar Power Insolation is computed for each setting as depicted in Figure 3.15. As
shown, the enhanced model of orientation setting is similar to the developed empirical
model in Figure 3.9.

3.5 Discussion & Conclusion

Researchers derived the optimum tilt and azimuth angles for PV module using
mathematical equations; they found the optimum azimuth angle is 180° facing to south,
and the optimum tilt angle is the geographical latitude of Gaza Strip 31.464".
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A new design idea of one axis two position manual tracking PV module was proposed in
this thesis, a design analysis was performed for the enhanced model and the results show
that the power generation can be increased by 17% of the previous design, and can be
increased by 3% of the optimum design without any additional cost.

The results obtained in this research could be used as guidance for PV System installers in
future; the results would be enhanced by using both Solar Concentrator (SC) plates with
Solar Panels and Two Axis Automatic Tracking System, where the main idea in this
research, how to enhance the previous project and put it on the right way, without any
additional equipments.

Researchers strongly recommend their design to be used in BIPV and Lighting Projects in

Palestinian Territories; they proposed two positions tracking for simplicity, and to meet
maintenance requirements of solar panels.
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Chapter 4

PV System Components: PV
Modules, Batteries and Charge
Controllers

4.1 Introduction

The major aspects in the design of PV system are the reliable power supply of the
consumer under varying atmospheric conditions and the corresponding total system cost
[35]. So it is essential to select appropriate number of batteries and PV modules to
compromise between the system reliability and cost.

In the same matter, Charge controller should be selected carefully depending on the
battery voltage level, PV voltage level and the Maximum Power Point (MPP).

4,2 PV Modules

Several types of commercially-available terrestrial modules are available for use in PV
systems. The most common PV modules include single- and polycrystalline silicon and
amorphous silicon with other technologies (such as copper indium diselenide, cadmium
telluride, and hybrid amorphous/single-crystalline silicon modules) entering the market.
Modules consist of from a few cells up to dozens of cells interconnected in series and/or
parallel as shown in Figure 4.1 to give the desired module voltage and current. The purpose
of this section is to give an overview of some of the performance differences between the
most common PV module technologies [36].

4.2.1 Crystalline silicon PV modules

Single- and polycrystalline silicon modules as shown in Figure 4.2 have been in use
longest and make up more than 80% of the worldwide PV market. Although single-
crystalline cells are slightly more efficient than polycrystalline cells, module efficiencies
employing either technology are nearly the same. Crystalline- silicon modules have
efficiencies ranging from 10 to 15%. High efficiency is an important consideration where
array area is limited, for example on the roof of a house or building. Although all module
technologies perform better when un-shaded, a small amount of shading (for example from
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the branch of a tree or an overhead power line) decreases the output of any module. But
typically, crystalline silicon modules are more strongly affected by shading. Crystalline-
silicon modules tend to have higher temperature coefficients than amorphous silicon (a-Si):
as their temperature increases, their voltage and power output decrease more than for a-Si.
Crystalline-silicon modules range in size from the sub-watt level to over 300 W. Larger
modules mean fewer to install and fewer interconnects to potentially fail, but special
equipment may be required to lift and maneuver larger, heavier modules. Most crystalline-
silicon modules contain glass and have rigid frames, making these heavier and more fragile
than some other module types [36].

Solar Cells and Panels

Solar Madule
Solar Cell

Solar Cell

SONSORNeS
e

Solar Module

Figure 4.2: Crystalline silicon PV modules
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4.2.2  Amorphoussilicon (a-Si) PV modules

Amorphous-silicon modules as shown in Figure 4.3 are one of several types of thin-film
technologies. PV manufacturers began manufacturing thin-films to decrease module
production costs. Originally, a-Si cells were single-junction devices. With time,
manufacturers developed methods of stacking two or three a-Si cells to increase the
stabilized module efficiency. Even so, the stabilized efficiency of a-Si modules ranges from
about 5% to 7% about half that of crystalline-silicon modules. Lower efficiencies mean that
an a-Si array must be larger to achieve the same output as a crystalline-silicon array.
Another characteristic the PV system designer must be aware of is the output of a-Si
modules drops between 15% and 25% during the first few weeks of exposure to sunlight,
after which the output stabilizes to its rated level. Amorphous-silicon modules have some
advantages over crystalline-silicon modules. All PV modules perform better under clear
skies and at colder temperatures. But at elevated operating temperatures, the output of a-Si
modules does not decrease as much as that of crystalline-silicon modules. This can be
critical when PV arrays are deployed in hot climates. Typically, at reduced irradiance levels
or when partially shaded, the output of a-Si modules decreases less than crystalline silicon
modules decrease.

Figure 4.3: Amorphous silicon (a-Si) PV modules

4.2.3 Copper indium diselenide (CIS) PV modules

Copper indium diselenide as shown in Figure 4.4 is a relatively new technology in the PV
module market, representing a little more than 0.5% of worldwide sales. Of all the
commercially-available thin-film modules, CIS has the highest efficiency at nearly 9.5%.
Modules have a flat-black appearance which may make them more aesthetically appealing.
This technology presently has a high negative temperature coefficient of voltage and power,
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meaning its output will typically decrease more than other module technologies at higher
temperatures. Copper indium diselenide modules are available up to 80 W [36].

Figure 4.4: Copper indium diselenide (CIS) PV modules

4.2.4 Cadmium telluride (CdTe) PV modules

Cadmium telluride is a relatively new technology in the PV module market representing a
little more than 0.5% of worldwide sales. Cadmium-telluride modules have an efficiency of
about 6.5%. They have a flat- black appearance which may make them more aesthetically
appealing. The negative temperature coefficient for voltage and power can be comparable
or slightly better than that of a-Si (depending on the operating history of the modules), and
is generally less than that of crystalline-silicon and CIS. Cadmium-telluride modules are
available up to 65 W [36].

4.2.5 Heterojunction with intrinsic thin layer (HIT) PV modules

Heterojunction with intrinsic thin layer or an amorphous-silicon layer on a crystalline-
silicon cell, modules have captured more than 5% of worldwide PV sales. By combining
both a-Si and crystalline-silicon in a single module, more of the available sunlight is
utilized, leading to higher module efficiencies, up to 16%. Presently, the largest HIT
module is 190 W [36].
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4.3 Batteries

4.3.1 Capacity

The ampere-hour capacity of a battery depends on the size and number of plates of the
cells, the amount and concentration of electrolyte (particularly in valve-regulated cells), and
the number of parallel strings of cells used. The conditions under which a battery is used
can change the available capacity of the battery, as illustrated in the following examples:

a) Low temperatures reduce capacity

b) High discharge rates reduce capacity

¢) High end-of-discharge (EOD) voltages reduce capacity

d) Limitations on the depth of discharge (DOD) reduce capacity

e) Failure to properly recharge a battery limits its capacity

f) Excessive periods of high temperature and/or overcharge may result in the loss of
water from the electrolyte, premature aging, and limit capacity of batteries

4.3.2 Type

Lead-acid batteries are the most common in PV systems because their initial cost is lower
and because they are readily available nearly everywhere in the world. There are many
different sizes and designs of lead-acid batteries, but the most important designation is
whether they are deep cycle batteries or shallow cycle batteries.

The two generic types of lead-acid batteries are:

a) Vented: Vented batteries as shown in Figure 4.5 are characterized by plates
immersed in liquid electrolyte. The volume of electrolyte is sufficient to allow for a
reasonable loss of water by evaporation and by the electrolysis associated with
overcharging. A vent in the cell’s cover allows a free exchange of the resulting
gases with the atmosphere. Catalytic recombiners may be incorporated in each cell
vent to reduce water loss. In most of these types of batteries, the lost water can be
replaced. [37]
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Figure 4.5: Vented Batteries
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b) Valve-regulated: Valve-regulated lead-acid batteries (VRLA) as show in Figure 4.6
are characterized by plates in contact with an immobilized electrolyte. Water loss is
minimized during overcharge by oxygen recombination. As long as the cell’s
recombination rate is not exceeded, the evolved oxygen is recombined at the cell’s
negative plates to reform water. However, other mechanisms, such as grid corrosion,
consume oxygen and lead to water loss and hydrogen evolution. The cell or multi-
cell container is sealed with the exception of a pressure-relief valve (“valve-
regulated”) that allows excess pressure (mostly hydrogen) to be released. In these
types of batteries, the lost water generally cannot be replaced. [37]

Figure 4.6: Valve-Regulated Batteries

4.3.3 Cyclability

Lead-acid batteries for PV applications are generally categorized as deep-cycle and
shallow-cycle.

4.3.3.1  Deep-cycle batteries

Deep-cycle batteries like the type used as starting batteries in automobiles are designed to
supply a large amount of current for a short time and stand mild overcharge without losing
electrolyte.

4.3.3.2 Shallow-cycle batteries

Usually, shallow-cycle batteries are discharged less than 25% of their rated capacity on a
daily basis Maximum Daily Depth Of Discharge (MDDOD), and up to 80% over the period
of autonomy Maximum Depth Of Discharge (MDOD). Manufacturers can supply the
maximum number of permissible 80% discharges per year. Typical shallow-cycle-battery
PV applications are those with longer autonomy periods.
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4.4 Charge Controllers

The main purpose of a charge controller is to prevent the battery from being under- or
overcharged. Some additional features of charge controllers may include:
a) A low-voltage load disconnect to prevent the battery from being over-discharged
b) Metering or status indicators
c) Over-current protection
d) Adjustable settings

4.4.1 Shunt Regulator

Shunt regulators are typically solid-state. Their primary components are a transistor
between the array positive and negative lines, and a blocking diode between the battery
positive and the array positive. During normal charging, current flows from the array to the
battery. When the battery voltage reaches the array disconnect setting, the transistor is
activated, shorting the array. The battery is prevented from being shorted by the blocking
diode. The blocking diode also prevents the current from flowing back into the PV array
from the battery during nighttime. When the battery voltage falls to the array reconnect
setting, the transistor is released and the current then flows to the battery again as shown in
Figure 4.7.
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Figure 4.7: Shunt Regulator

This type of charge controller is typically used on smaller low-voltage systems. Although
short circuiting the array does not cause damage, there can be large amounts of current
flowing through the transistor. The larger the array, the larger the current flowing through
the transistor and the larger the amounts of heat the transistor must dissipate. Additionally,
voltage drop (loss) occurs across the blocking diode [36].

4.4.2 Series Regulator

Series regulators come in many variations. The basic series regulator consists of a relay
(either mechanical or solid-state) between the battery positive conductor and the array
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positive conductor (for a negatively grounded system), and a voltage comparator. The
negative conductors are used for a positively-grounded system. When the battery voltage
reaches the array-disconnect setting, the relay is opened, disconnecting the flow of current
to the battery. The PV array becomes open-circuited. When the battery voltage falls to the
array-reconnect setting, the relay is closed, allowing the current to flow to the battery again
as shown in Figure 4.8 [36].
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Figure 4.8: Series Regulator

4.4.3 PWM Regulators

A pulse width modulated (PWM) regulator is a variation on the series regulator. The
PWM regulator is a series regulator with a solid-state switch instead of a relay. With the
solid-state switch replacing the relay, the flow of current from the array to the battery can
be switched at high speed (frequencies vary with manufacturers, from a few Hz to kHz). By
switching the solid-state switch at high speed, the battery charge voltage can be controlled
more accurately. Instead of varying the voltage to control battery charging, the PWM
regulator varies the amount of the time the solid-state switch is open or closed by
modulating the width of the pulse as shown in Figure 4.9.
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Figure 4.9: PWM Regulator

PWM charge controllers do not require a diode, as the solid-state switch prevents the
current from flowing back to the PV array. [36].

4.4.4 MPPT Controllers

The maximum power point tracker (MPPT) charge controller is a variation of the PWM
charge controller. The MPPT charge controller as shown in Figure 4.10 adjusts the PWM to
allow the PV array voltage to vary from the battery voltage. By varying the array input
voltage (while maintaining the battery charge voltage), the maximum output from the PV
array can be achieved.

PY
ARRAY MPPT —

7

BATTERY

Figure 4.10: MPPT Controllers

The MPPT charge controller is relatively new and has many advantages over other charge
regulators. In addition to getting more charge current from the PV array, some MPPT
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controllers allow the array to operate at a much higher voltage than the battery. This feature
can be useful to reduce wire size and voltage drop from the PV array to the controller.
Although the MPPT controller can increase the output from the PV array, they typically
have greater losses than the other controller types [36].

4.5 PV & Battery Sizing

In this section, researchers resizing the previous lighting project in Gaza, taking into
account the consideration of IEEE Recommendations for Stand-Alone PV Systems in [36]
and [37], which are applicable to all stand-alone PV systems where PV is the only charging
source as in our case of previous lighting projects.

MATLAB Software is developed in this research for Lighting Projects as a special case,
which generating full report of PV and Battery sizing design. Software prompts the user to
enter the average load usage, nominal load voltage, autonomy period, maximum load
current, and both battery and PV Specifications.

The sequence of procedures to PV and Battery sizing is performed in the following
algorithm flowchart and the interface as shown in Figure 4.11, Figure 4.12 respectively.
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Figure 4.11: PV and Battery sizing software flowchart
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Total Load DC current requirments Optimal Array Tilit Angle

Average Daily Load Usage ? Load Adgustment Factor
Nominal Load Yoltage Impp
Maximum Load DC Current ;i module output derating factor
Autonomy Period Ympp
Allowable Max. Depth of Discharge | Mod. Voltage Temp. Derating Factor
Min. Battery Operating Temp Nominal Rated PY Module Output
Battery Temp. Derating Factor

Nom. Capacity of Selected Battery

Nom. Yoltage of Selected Battery
Generate Report
Month

Design Month Insloation

Figure 4.12: PV and Battery sizing software interface

Researchers found several drawbacks in previous design, which degrades the system
performance. Table 4.1 shows the difference between the current and the recommended
design for PV Lighting Project with the same previously selected batteries and modules.

The major drawbacks in the previous design are the insufficient autonomy period,
designing on the maximum month insolation and high percentage of DDOD, while the
IEEE recommended settings acquire at least 3 days autonomy period, with designing on the
average or minimum month insolation and the percentage of MDDOD should be less than
20% daily.

The proposed redesign for the previous project with different selected batteries and
modules is demonstrated in Table 4.1, where the number of batteries is reduced by
selecting higher storage capacity, the estimated PV to load ratio is increased which
indicates better performance.
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Table 4.1: Difference of Sizing Summery between current and recommended designs with same and different
slected batteries and modules

Recommended | Recommended
Design with Design with

. . the same different
Sizing Summery Current Design selected selected
Batteries and Batteries and
Modules Modules
Lighting Load (Ah/13hrs.day) 39 39 39
Average Month Insolation(kWh/m2/day) 7 5 5
Design Autonomy Period (days) <1 3 3
Selected Battery (SxP) 1x2 1x4 1x2
Total No. of Selected Batteries(#) 2 4 2
Battery Storage Capacity (Ah) 60 60 150
Allowable Depth of Discharge Limit (%) No Limit 80 80
Average Daily Depth of Discharge DDOD (%) 32.5 16.2500 13
Selectd Module (SxP) 1x1 1x2 1x2
Total No. of Selected Modules(#) 1 2 2
Nominal Rated PV Module Output (watt) 135 135 135
Estimated PV to Load Ah Ratio 1.3462 1.9231 1.9564

4.6 Discussion and Conclusion

Frankly, the previous project is not designed carefully, designers didn’t take into their
account the IEEE Recommendation for PV and Battery sizing, which maintains the lifetime
of solar system. Table 4.1 shows the difference between several designs, where the
performance is measured depending on the value of estimated PV to Load ratio.

The recommended design done using the developed MATLAB Software meets the system
requirements and IEEE recommendations with duplication of batteries and PV modules.

The developed MATLAB Software is very useful to PV designers and consultants in
Authority of Energy in Palestine, which simplifies the PV and Battery sizing calculations,
taking into account the IEEE Recommendations and global solar radiation of Palestinian
Territories.

The software will be developed later to provide more options for BIPV designers and
consultants, also to generate web-based PDF report.
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Chapter 5

Experimental Model: Stand-Alone
Photovoltaic System for Home

Lighting

5.1 Introduction

This chapter covers an experimental solar model for home lighting. This model has been
developed to be alternate solution for the drop of Grid electricity due to the Siege, shortage
of fuel supplies, and maintenance problems.

The designed solar model should meet the lighting load for an apartment of 180m? , it
consists of 2 bed rooms, 3 living rooms, kitchen and bathroom. The experimental model as
shown in Figure 5.1 consists of 85 peak-watts PV module, a 100Ah lead-acid storage
battery, a 12V DC boost solar charge regulator, and 12V DC/220V AC Inverter.

PV Solar Modules
ENS1210 Soalr
Charger
Grid Network
ChangeOver Charging
Switch
— i 12V DC / 220V AC
’ - Inverter
\
Change
Over "\
Switch
Battery
100AH
e e —

Figure 5.1: Schematic Diagram of Experimental Solar Model
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5.2 System Design and Implementation

Based on the results obtained in this research, the following section presents the control
system design and implementation as follows:

5.2.1 Orientation and Tilt angle
According to the elevation view map of the desired location in Figure 5.2, the home is

located 45° west to the true south, so the PV module should be located 180° facing to the
south, with different seasonal tilt angle as described previously.

N 43 < = N

.
. v

Figure 5.2: Elevation View of Home from Google Earth®
5.2.2 Calculating Load Consumption

Since the Project for lighting an apartment, so the load consumption table is not difficult,
while if it is used for powering the apartment, the load consumption will be different.

In this experiment, both scenarios; lighting and powering the apartment will be described
here, with focusing on lighting the apartment. Electrical load could be classified as follows:

5221 Momentary current
Loads lasting 1 min or less are designated “momentary” loads and are given special
consideration. The ampere-hour requirements of this type of load are usually very low, but

52

www.manharaa.com




their effect on battery terminal voltage may be considerable and should be taken into
account. Momentary loads can occur repeatedly during the duty cycle. Typical momentary
loads are:

a) Motor starting currents

b) High inverter surge currents

5.2.2.2 Running current

Running current is the current required by a load after its starting current has subsided.
Certain devices require a constant power, thus the required current rises as the battery
voltage falls.

Typically, Table 5.1 described the average daily load for the apartment either for
powering or lighting purpose.

Table 5.1 : Apartment Electrical Load

Average
Wattage Time Powering Lighting

Electrical Load (Watt)  Duration  (Watt) (Watt)

(hrs)
Lighting(5 units-3 as average) 3x15 3/5 135 225
Wireless Telephone 7 3 21 -
DVD Player 18 3 54 -
DVB Digital Receiver 35 3 105 -
Television 85 3 255 -
Laptop(2 units) 2x80 3 480 -
ADSL Router 15 3 45 -
Total Load 1095 225

In order to obtain the required data for MATLAB software, Average daily DC current
should be computed as follows:

DC/AC Inverter efficiency equals (7;,,) = I;j—”t = II:ACM ~ 90%
in DC Load

Ppc Load — PAc Load
Battery Voltage Ninwy XBattery Voltage

Average Daily DC Current (I4,4) =

5.2.3 PV Components

The PV module is mounted on the roof of building as shown in Figure 5.3, the available
PV module (Appendix A.1) in Gaza Strip was 90 Wp, which has maximum voltage
(Vmpp) of 17.8 V', while the maximum output current (Impp) of 5.02 A.
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Figure 5.3: Mounted PV Module on roof building

The Battery used in this experiment is Lead Acid Battery of 100 AH, where the boost
PWM controller used here to adapt the PV module voltage to the battery voltage of
12V DC, it is very important to include it in the solar power system to reduce battery
replacement, the selected controller (Appendix A.2) as shown in Figure 5.4 regulates the
charging process of 12V DC Battery, with short circuit and overload protection.

Unfortunately, the available one is rated to 104, which implies that the maximum load
power is 120W. In order to overcome this problem, changeover switch as shown in Figure
5.5 is used here to bypass the solar charge controller to provide the required current without
facing overloading problem; the changeover switch is designed to maximum drawn current
of 504.
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Figure 5.4: ENS1210 Solar charge Controller

1 Batfery
2 Comtnaller
&

Figure 5.5: ENS1210 Solar charge controller with changeover switch

The DC/AC Inverter (Appendix A.3) is used here in this experiment to handle AC loads
in the apartment, the available inverter in Gaza strip is between (350 — 1000)W, the
selected one for this project is 500W as shown in Figure 5.6, changeover switch is used
here again for switching between grid network and solar system with light indicators.
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Figure 5.6: 500W Inverter with changeover switch between grid netwrok and solar system

5.3 Results and Discussion
5.3.1 PV and Battery Sizing

Table 5.2 shows the Battery and PV sizing for the experimental model, taking into
account the IEEE recommendations [36] and [37]. Unfortunately, the PV modules, Voltage
Regulators and inverters, which are available in Gaza strip, are limited. So the system
design is done backwardly, depending on the available PV modules and other components.
The experiment covers an apartment with the previous load described in Table 5.1 for five
hours lighting and half hour for powering taking into account the IEEE Recommendations.

While the proposed design for powering the apartment for six hours could be summarized
in Table 5.3, the proposed design could not be implemented because of hardware and
components limitations.

PV and Battery Sizing is considered one of the most important steps in designing solar
model, because its direct effect on cost, which is the main role in the design process.
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Table 5.2: Sizing Summery for an Apartment

. Lighting Powering

Sizing Summery ~5hrs 05hrs
Aberage DC Current Load (Ah/day) 4.16 33.8
Average Month Insolation(kWh/m2/day) 5 5
Design Autonomy Period (days) 3 1
Selected Battery (SxP) 1x1 1x1
Total No. of Selected Batteries(#) 1 1
Battery Storage Capacity (Ah) 100 100
Allowable Depth of Discharge Limit (%) 80 80
Average Daily Depth of Discharge DDOD (%) 19.344 16.9
Selectd Module (SxP) 1x1 1x1
Total No. of Selected Modules(#) 1 1
Nominal Rated PV Module Output (watt) 90 90
Estimated PV to Load Ah Ratio 1.3079 1.4852

Table 5.3: Sizing Summery for proposed model

Sizing Summery Case | Case Il
Average DC Current Load (Ah/day) 33.8 16.9
Average Month Insolation(kWh/m2/day) 5 5
Design Autonomy Period (days) 3 3
Battery Volatge (Volts DC) 12 24
Selected Battery (SxP) 1x10 1x3
Total No. of Selected Batteries(#) 10 3
Battery Storage Capacity (Ah) 100 200
Allowable Depth of Discharge Limit (%) 80 80
Average Daily Depth of Discharge DDOD (%) 20.28 16.9
Selectd Module (SxP) 1x11 1x4
Max. Module Voltage (Vmpp) 17.8 32.3
Max. Module Current (Impp) 5.06 7.75
Total No. of Selected Modules(#) 11 4
Nominal Rated PV Module Output (watt) 90 210
Estimated PV to Load Ah Ratio 1.3614 1.5286

5.3.2 Cost Estimation

It varies. Depending on the PV and battery sizing, the amount of required electricity, the
particular solar energy system, how much sunshine received in our area. Table 5.4 shows
the comparison between the available energy sources in Gaza Strip, Palestine, and the cost

estimation per kilo watt hour ($/KWhr).

Unfortunately, price of solar system components is very expensive compared to those
outside Gaza Strip, Palestine, which increases the cost of solar energy, another factor is the
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availability of solar components, which restricts the designer to particular components that
increases the cost of solar system.

Here are the outlined equations for cost estimation:

Total Cost over 20 years
Total Load for 20 years

Cost($/KWhr) =

Total Cost for 20 years

= Installation Cost + Accumulative Running Cost for 20 years
+ 20 Years * (Maintenance Cost + Parts Replacement)

Accumulative Runing Cost for 20 years
= (Total Yearly Load * Yearly Runing Cost) + Previous Years Cost

Yearly Runing Cost
= Previous Year Runing Cost * (1 + Incremental Cost Percentage)

Table 5.4: Compariosn for cost estimation between available source enegy for home user

Items Solar Energy  Grid Netwrok Diesel Generator

Average Daily Load/Day (KWhr) 1 KWhr 1 KWhr 1 KWhr
Total Yearly Load (KWhr/year) 360 360 360
Expected Liftime (years) 20 100 3
Total Load for Expected PV Lifetime (KWhr) 7200 7200 7200
Installation Cost ($) 1040 300 150
Running Cost ($/KWhr) - 0.17 0.5
Incremental Cost Percentage (%$/Year) - 0.01 0.01
Yearly Maintenance ($/Year) - - 30
Parts Replacemnts ($/Year) 35 - 53
Cost/KWhr 0.28 0.23 0.81

5.3.3 Conclusion

Unfortunately, price of solar system components is very expensive compared to those
outside Gaza Strip, Palestine, which increases the cost of solar energy, another factor is the
availability of solar components, which restricts the designer to particular components that
increases the cost of solar system.
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Chapter 6

Conclusions and
Recommendations

6.1 Introduction

In this research, a solar system model designed with consideration of IEEE standards and
recommendations is presented here. This model has been developed after studying previous
projects implemented in Gaza strip, and handles the drawbacks in these projects.

The Re-Design and Re-Evaluation process for lighting and controlling projects in Gaza
Strip expands and motivates the researcher to provide solutions for the current situation,
and directing this great interest to this field.

6.2 Conclusion
The following points reflect the major contributions to the research:

1. Developing Empirical Model to estimate the global solar radiation for Gaza Strip,
Palestine is considered the first contribution of this research which helps the designer
and engineers to estimate the intercepted solar radiation which is a first step towards
any successful design for solar project. The developed model used Angstrom
equations; both linear and polynomial model, the estimated model is similar to the
observed data with good agreement.

2. Both optimum tilt and azimuth angles for PV module were derived using
mathematical equations in this research, the optimum azimuth angle is found 180°
facing to south, while the optimum tilt angle is found as the geographical latitude of
Gaza Strip 31.464°.

3. Novel design of one axis two position manual tracking PV module was proposed and
considered as a second contribution, the results show that the power generation of
the novel design can be increased by 17%, 3% of the previous design and the
optimum design respectively without any additional cost. The manual orientation
should be done twice a year as a maintenance task.

4. Researcher focuses on the PV and Battery sizing which was main drawback in the
previous design, the recommended design is proposed using the developed
MATLAB Software meets the system requirements and IEEE recommendations of
Sizing process. The developed MATLAB Software is considered as a third
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contribution of this research, which helps PV designers and consultants in Authority
of Energy in Palestine to make calculations for the PV and Battery sizing process,
taking into account the IEEE Recommendations and global solar radiation of
Palestinian Territories.

6.3 Recommendations and Future Work

e The issue of uncertainty to component variation by aging or environment needs to
be studied in details to provide a robust control for such systems.

e Actually, it has become necessary to make the best efforts to increase renewable
energy projects especially in this decade, where other countries such as Germany
has a rapid growth in this technology in the previous decade by 95% [38]. It is
recommended to support stand-alone individual projects for home and clinics to
overcome the shortage in electricity.

e On the other side, decision and policy makers should take decisive measures to
support development and energy programs especially after the Israeli siege on
Gaza Strip.

e Finally, it is really hoped that this research can be used as guidance and a pilot
program for future solar projects in Palestine.
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Appendix A

Technical Specifications

A.1 PV Modules

CarsPA ENpower Solar Modules ESM-085
WENZHOU CARSPA ELECTRONICS TECHNOLOGY CO.,LTD.

125 Monoorystalline 85Wp (ESM-085)

ESMA0BS
oW 850y &
LsciA) 545 521 498
24 n3 n3
‘man(V) 178 17.7 176
506 48 455
25w
Mactriz ohed
¥ Vinax
Power temn.coefL.(7C )
pextt bemp.coctf, (7T )

Detred CParateria
_[ -
T iy i
\ ’ W L
- i
a II = .-'-L
: [ —
frame cross viaw
LS L] EriCl RIE App & I3 & L] 4 CRURiDpuE. L)

if pou bave my other meods.

65

www.manaraa.com



A.2 Solar Charge Controller

CAarsPA | ENDDWE.I" Solar charger controller ENS Series
WENZHOU CARSPA ELECTRONICS TECHNOLOGY CO.,LTD.
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A.3 DC/AC Inverter
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Appendix B
MATLAB Code

B.1 Angstrom’s Equation Code

Lhy=[677591051212115109761;

months=[31 28 31 30 31 30 31 31 30 31 30 31];

ny =[15 46 74 105 135 166 196 227 258 288 319 349];

Hg1=[2.6081 3.3971 4.6972 5.8639 6.8834 7.5528 7.2916 6.6666 5.6944 4.2529 3.0944 2.475]; %reference
to Bet Dagan (1991-2005)

Hg2=[3.24 4.01 5.32 6.34 7.20 7.65 7.80 7.16 6.29 4.94 3.89 3.03]; % reference to Location using
METEONORM 6.1.0.17

Hg3=[3.36 3.97 4.33 5.19 6.46 7.78 7.40 6.76 5.88 4.73 4.31 3.53]; % reference to Besor Farm (1993-2002)

Lm=[];
wsr=[];
wsd=[];
Ho=[];
How=[];

fori=1:12
%
Lhy(i); % Monthly Average Solar Day Length in Hours
%
% Calculating the Sunchine hour Angle, Maximum Length Day
%
phi=deg2rad(31.464); % Latitiude Degree 31.464
delta=deg2rad(23.45*(((sin(deg2rad((360/365)*(284 + ny(i)))))))); % Declination Angle
wsr(i)=acos(-tan(phi)*tan(delta));

wsd(i)=rad2deg(wsr(i));

Lm(i)=(2/15)*wsd(i);

%
% Calculating the Daily Global Radiation on a m2 horizontal Surface at the location on
% clear sky day in the month Ho

%
Isc=1.367e3*3600;

Ho(i)=
(24/pi)*Isc*(1+0.033*cos(deg2rad(360*ny(i)/365)))*(wsr(i)*sin(phi)*sin(delta)+cos(phi)*cos(delta)*sin(wsr(
0));

How(i)=Ho(i)/3600000; % Ho in kWhr/m2.day

%
end

L=Lhy./Lm;
H1=Hgl./How;
H2=Hg2./How;
H3=Hg3./How;

% Havg=(H1+H2+H3)/3;
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Havg=(H1+H2)/2;

9% a=-0.002351;

% b=0.7607;

% after modification on phi angle
a=0.2447;

b=0.4871,;

Hg=(a+(b*L)).*How;

% e=-0.7551;

% d=1.868;

% c=-0.3941;

%after modification on phi angle
e=-1.183;

d=2.234;

c=-0.3864;
Hgm=(c+(d*L)+(e*L."2)).*How;

plot(1:12,Hg)

hold on

plot(1:12,Hgm,'r")

grid on

legend(‘1st Order Model', '2nd Order Model")
xlabel('months’)

ylabel('Solar insulation kwWhr/mz2")

B.2 Optimum Angle

close all;
phi=deg2rad(31.464);
zetaa=180;

y=lI;

optindexa=[];

Ho=[];

Ht=[];

Htm=[];

for betaa=0:60;

for n=1:365;

%

% Calculating the Sunchine hour Angle, Maximum Length Day

%

delta=deg2rad(23.45*(((sin(deg2rad((360/365)*(284 + n)))))));

beta=deg2rad(betaa);
zeta=deg2rad(zetaa);
wsr=acos(-tan(phi)*tan(delta));

y(betaa+1,n)=(sin(phi)*(sin(delta)*cos(beta)+cos(delta)*cos(zeta)*(cos(wsr)*sin(beta)))+

cos(phi)*(cos(delta)*cos(wsr)*cos(beta)-

sin(delta)*cos(zeta)*sin(beta))+(cos(delta)*sin(zeta)*sin(wsr)*sin(beta)));

%

% Calculating the Daily Global Radiation on a m2 horizontal Surface at the location on
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% clear sky day in the month Ho

%

Isc=1.367;
Ho(betaa+1,n)=

(24/pi)*Isc*(1+0.033*cos(deg2rad(360*n/365)))*(wsr*sin(phi)*sin(delta)+cos(phi)*cos(delta)*sin(wsr));

Ht(betaa+1,n)=Ho(betaa+1,n).*y(betaa+1,n);
end

Htm(betaa+1)=mean(Ht(betaa+1,:));
Htmax=max(Htm);
plot(1:365,Ht(betaa+1,:))
hold on

% optang(betaa+11)=max(Ht(betaa+11,:));
% optindex=[betaa optang(betaa+11)];

% optindexa=[optindexa ; optindex];
end

B.3 PV Sizing

% PV Lighting System Sizing Worksheet

function [01,02,03,04,05,06,07,08]=pv_sizing(al,a2,a4,a5,b1,b2,b3,b4,b6,b7,c1,c2,c3,c5,c7,c8,c10,c11,c17)

% Where

%

% Electrical Load Estimation

%

% al=total load dc current requirments

% a2=average daily load usage

a3=al*a2; % Average Daily Load
% a4=Nominal Load Voltage

% a5=maximum load DC Current

%

% Buttery Sizing

%

% b1=Autonomy Period

% b2=allowable max. depth of discharge

% b3=min. battery operating temp

% b4=Dbattery capacity temp. derating factor
b5=(a3*b1)/(b2*b4);

% b6=nominal capacity of selected battery
% b7=Nominal Voltage of Selected Battery

b8=ceil(a4/b7); % No. of batteries in series
b9=ceil(b5/b6); % No. of batteries in parallel
b10=b8*h9; % Total No. Of Batteries
b11=b9*b6; % Total Battery Capacity

b12=(a3*100/b11); = % Battery Daily Average of Discharge %
b13=b11/a5; % Battery Max. Discharge Rate (Functional -hours)

%

% PV Array Sizing

%

% cl=month;
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% c2=design month insloation
% c3=Optimal Array Tilit Angle to Max. Insolation.

c4=a3; % Average Daily Load Requirement
% c5=load adgustment factor for system inefficiences (decimal)
c6=c4/c5; % Adjusted Design Month Average Daily Load

% c7=selected module max. power current Imp

% c8=module output derating factor (decimal)

€9=Cc7*c8; % Adjusted Module Max. Power Current Output
% c10=Selected Mdoule Max. Power Voltage

% c11=Module Voltage Temp. Derating Factor (decimal)

c12=c10*cl1; % Temp. Derated Module Max. Power Voltage
€13=c2*c9; % Module Daily Output

cl4=ceil(c6/c13); % No. of Parallel Modules required
cl15=ceil(ad/c12); % No. of Series Modules required

cl6=cll*cl2;
% c17=Nominal Rated PV Module Output
c18=cl4*cl3; % Nominal Array Rated Output

%

% Sizing Summary

%

0l=a3; % Lighting Load

02=h1,; % Autonomy Period

03=[b8 b9]; % Selected Batteries

04=b11,; % BaTTERIES Selected Capacity
05=100*b2; % Allowable MDOD

06=b12; % Average MDDOD

07=[c15 c14];
08=c7*cl4*c2/c4; % A:L Ratio
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Appendix C

Abbreviations

a-Si

AC
BIPV
CdTe
CIS
DC
DDOD
DOD
EOD
EU
GEF
HTT
IEEE
Impp
MDDOD
MDOD
MPPT
MSW
OMSW
PAPP
PEC
PV
PWM

Amorphous Silicon

Alternate Current

Building Intergraded Photovoltaic
Cadmium Telluride

Copper Indium diselenide

Direct Current

Daily Depth Of Discharge

Depth Of Discharge

End Of Discharge

Europe Union

Global Environment Facility
Heterojunction with intrinsic thin layer
Institute of Electrical and Electronics Engineer
Current at Maximum Power Point
Maximum Daily Depth Of Discharge
Maximum Depth Of Discharge
Maximum Power Point Tracker
Municipal Solid Waste

Oil Mill Solid Waste

Programme of Assistance to the Palestinian People

Palestinian
Photovoltaic

Pulse Width Modulation
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SC
SGP
UNDP

Vmpp
WTE

Solar Collector

Small Grants Program

United Nation for Development Program
Voltage at Maximum Power Point

Wastes
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