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ABSTRACT

High output electrical energy is obtained from photovoltaic (PV) systems subject to high
irradiance. However, at high irradiance, the efficiency of PV systems drops due to increase of
the temperature of the systems. In order to improve the efficiency of photovoltaic systems, much
effort has been spent on developing hybrid photovoltaic thermal (PVT) systems using water as a

coolant to withdraw heat from solar modules.

This research is focused on the study of the behavior of hybrid PVT collectors using rectangular
channel profiles which provide a large surface for heat exchange between PV panels and thermal
collectors unlike the circular channel profile used in conventional PV systems. In hybrid PVT
systems, coolant water circulates in a closed circuit by means of the thermosyphon phenomenon
and the heat from this water is extracted from a storage tank and can be used in hot water

systems instead of an electric geyser.

Numerical models of water velocity in channels due to the thermosyphon phenomenon and the
temperature of solar modules was developed and a system was designed for modest Durban
household demand. A simulation was run for specific summer and winter days comparing a
conventional PV system and a hybrid PVT system. The results were very encouraging, and
demonstrated that the equipment is capable of extending the PVT application potential in the

domestic sector where more than 40% of electricity cost is heating water.

Key words: Hybrid solar collector;, Thermosyphon; Photovoltaic; Array system; Household

demand.
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CHAPTER ONE
INTRODUCTION

1.1 Background

The International Energy Agency reported that in 2008 more than 1.5 billion people did not have
access to electricity (1). Over 85% of this total are rural residents, with the majority of them

living in remote areas of developing countries (2).

South African demand and production of electricity is covered in this chapter. The solar
insolation available in the South African market, the optimum tilt angle for solar systems in
South Africa and the evolution of Hybrid Photovoltaic Thermal systems are also covered. The
chapter is completed with presentation of the objectives of this study, the research questions and

the dissertation layout.

1.1.1 South Africa electricity production

In the next 25 years, the world electricity demand is expected to increase rapidly particularly in
emerging countries. As one of lowest cost energy sources, coal is likely to remain one of the

most important energy sources (3).

With a gross domestic product (GDP) of US$ 495 billion based on purchasing power parity,
South Africa is the most industrialized nation in Africa with a population of 48 million over 1.2
million km? (1). South Africa has vast natural resources of coal, gold and diamonds, and the

countrys use of electricity is the highest in Africa due to its mining industries (2).

Using its own coal resources and intensive public sector investment in generation and
transmission, the price of electricity in South Africa is one of the lowest in the world (4). Even
though the country is one of the most highly electrified country in Africa, only 75% of the

population have regular access to electrical energy (2).



The South African public utility company Eskom which is the largest producer of electricity in
Africa, is also ranked amongst the top seven utilities in the world producing electrical energy.
Eskom operates a number of notable power stations including Kendal Power Station, one of the
largest coal-fired power stations in the world (5). Unfortunately, this technology has significant
environmental implications such as the depletion of natural resources, global environmental

impacts and local/global pollution with adverse effects on human health and ecosystems (3).

1.1.2 Electricity crisis in South Africa

The provision of electrical energy in any society is an important public service, and can be seen
as an essential right in the context of social equity and justice. Access to electricity promotes
social integration and accessibility of other essential services. In South Africa where 40% of the
population is poor, it is necessary to analyse the program of electrification for provision of

universal access to electricity for poor and rich alike, and the impact this has on the economy

Q).

Since 1994, the desire of the government to ensure universal access to electricity and the
economic impact have increased South African electricity demand at the rate of 4% per year (4).
By 2007, South Africa's electricity reserve (the difference between electricity generation and
demand) had dropped from 25% in 2001 to between 8% and 10% (4). Since 2007, Eskom has
been unable to meet the demand for electricity (6). This electricity over demand compared to
supply had a negative impact on the South African government objective of growing the
economy at 6% per year between 2010 and 2014 (4). In 2008, South Africa experienced a major
electricity disaster. All fields of use endured black outs all over the country resulting in
substantial economic loss. The National Energy Regulator of South Africa (NERSA) revealed

that 50 billion Rands was lost to the economy because of the black outs (6).

1.1.3 Electricity crisis strategic plan

To improve the inadequate electricity capacity, Eskom planned to spend 343 billion Rands
between 2008 and 2013. With the objective of boosting economic growth by increasing
electricity demand by 4% per year, an extra 1.3 trillion Rands will be required by Eskom until

2025 to provide the infrastructure to meet the increasing demand (4).



To deal with electricity demand and supply and to support of energy conservation, Eskom and
the government decided that electricity tariffs should be used as a strategic instrument. Based on
forecasts, the demand for electricity will drop after the tariff increases promoted by Eskom and
NERSA become a reality (6). In the third quarter of 2009, Eskom made representation to
NERSA for an augmentation of the electricity tariffs to fund their present and future plans. At
the end of September 2009, NERSA*S decision was published: an approximate 25% increase of

the electricity tariff per year over the next three years (7).

1.1.4 Coal and environmental impact

Rafey and Sovacool investigated the project for building Medupi coal fired power plant project
and found that the plant would produce 4800MW of electricity but at the same time generate
about 30 million annual metric tons of CO, which is equivalent to the greenhouse gas emission

of the 63 lowest emitting countries combined (8).

The emission of pollutant gas and particles while producing energy from coal causes damage to
the environment and society, not only in the areas surrounding the power plants but also faraway

zones, including neighboring countries (9).

1.1.5 South Africa solar irradiance and tilt angle

The position of the sun in the sky changes over the course of the year. One of the ways to
improve the efficiency of energy output of solar systems such as photovoltaic panels, solar water
heaters and building thermal mass is to tilt the panels at the optimum angle according to the time

of year (10).

South Africa™s optimum tilt angle does not follow the latitudinal gradient. It increases from
about 24° in the Northern part of the country towards Southeast, where it reaches values up to
35° (11). For Durban, Bellingham, Davies and Human propose the best angle for overall annual

solar energy harvesting to be 35° to the horizontal (10).



There are two ways to position solar energy converter devices: the fixed system and the tracking
system. The tracking system follows the daily displacement of the sun to maximize the solar
insolation received while the fixed system is fixed at the same position for whole the year, either
to deliver the highest yearly energy (HYE) e.g. grid-connected PV arrays or to deliver the
highest minimum daily energy (HMDE) through the year e.g. for battery charging purposes.

For Durban, Becker proposes an optimal elevation tilt angle of 30° HYE (12). Zawilska and
Brooks, recorded and analyzed solar radiometry and selected meteorological parameters for
Durban over a full one-year period from January to December 2007, based on flat-plate
collectors tilted at an angle equal to the latitude 29.867° south. They found a 13% increase in

energy availability, confirming the value of an appropriate tilt angle in Durban (13).

1.1.6 Hybrid photovoltaic thermal (PVT) module

A photovoltaic system or PV system alone produces electrical energy by converting solar
insolation reaching it. Less than 20% of insolation is converted into electricity. Part of the
remaining insolation is converted into heat and part is reflect to the surroundings. The part
converted into heat can be collected and used to produce hot water or warm air. A photovoltaic
panel can be combined with a thermal absorber into one unit which is a hybrid photovoltaic

thermal system or PVT system to produce both electricity and hot water/warm air.

Theoretical and experimental studies of PVT were carried out as early as the mid 1970s (14). In
1954 Chapin, Fuller and Pearson developed the first photovoltaic solar cell capable of converting
enough solar insolation into electricity to run everyday electrical equipment. Later, Bell
telephone laboratory made a silicon solar cell with 4% efficiency later improving efficiency to

11% (15).

The Institute of Energy Conversion was created at the University of Delaware (United States) in
1972 to design and develop the thin-film photovoltaic and solar thermal systems (16). In 1973,
one of the world‘s first photovoltaic powered houses was made by the University of Delaware
using a PVT hybrid system. The system was a roof-integrated array supplying excess electrical

energy produced during the day to the utility and buying power at night from the utility. In



addition to electricity, the arrays acted as flat-plate thermal collectors, with fans blowing the

warm air from over the arrays to phase change heat storage bins (16).

In 1976, Wolf analyzed the performance of a silicon solar array mounted inside a stationary flat
plate collector using a lead-acid battery as the storage element (17). In 1979, Florschuetz
presented a simple model for preliminary assessment of cooling system requirements for heat
rejection from solar cells subjected to concentrated solar irradiation levels. Analysis of flat plate
collectors from a Hottel-Whillier model for thermal collector was extended to the assessment of
combined photovoltaic/thermal collectors and their efficiencies. Based on the extended model,
examples of both thermal and electrical performance of a combined collector as a function of

collector design parameters were presented and discussed (18).

In 1981, two separate one-dimensional analyses were developed for the prediction of the thermal
and electrical performance of both liquid and air flat-plate photovoltaic/thermal (PVT) collectors
(19). Four years later, several potentially useful features in the design of photovoltaic/thermal

(PVT) collectors were explored in order to determine their effectiveness and interaction (20).

In 1994, the hybrid photovoltaic thermal system based on natural convection of water in a
thermal absorber fitted with circular channel tubes was studied and experiments were conducted
for several days on a thermal collector alone. A finite difference method (FDM) was used to
model and simulate the performance of the thermal collector (21). In order to understand and
evaluate the solar hybrid systems, an experimental study was performed (22). One year later,
Garg performed the study of a hybrid forced circulation photovoltaic and thermal system and a
developed a mathematical model for the system using the finite difference method (23). The
algorithms for making quantitative predictions on the performance of the system were
established by Bergene and Lovvik after proposing a detailed physical model of a hybrid
photovoltaic thermal system (24).

In 2001, Huang et al. studied the performance of an integrated photovoltaic and thermal solar
system (IPVTS) compared to a conventional solar water heater and demonstrated the idea of an
IPVTS design (25). In 2002, a hybrid PVT unit that simultaneously produced low temperature

heat and electricity was made from the combination of mono crystalline silicon photovoltaic



cells with a polymer solar heat collector (26). Four numerical models were built for the

simulation of the thermal yield of a combined PVT collector (27).

In 2003, Zondag evaluated nine different designs of combined PV thermal collectors in order to
obtain a clearer view of the projected efficiency of the different concepts (28). The same year,
Chow established an explicit dynamic model for a single-glazed flat plate water heating PVT
collector based on the control volume finite difference approach (29), and Coventry and
Lovegrove presented the methods that can be used to develop a ratio between electrical and

thermal output energy for a domestic style PVT system (30).

Studies using finite element method (FEM), finite different method (FDM) or finite volume
method (FVM) have been performed in different regions of the world with specific weather
conditions and it has been shown than PVT collectors using rectangular channels are more
efficient due to fact that they provide a large surface for heat exchange between the PV module

and the thermal collector.

This study is a particular case in which a simulation was run with Durban meteorological
conditions for two particular days with a single glazed thermosyphon flat-box absorber collector
array using Fourier series for water flow velocity rate in absorber channels and a storage tank
using implicit finite difference method (IFDM) for temperature calculation. This model was
designed to simulate a PVT grid connected photovoltaic system for moderate household

demand.

1.2 Objectives of this research

The overall objectives of this study were:

e To design a thermal collector and develop an analytical model of temperature for a

hybrid PVT collector using rectangular channels;

e To develop an analytical model of the fluid velocity in rectangular collector channels

due to thermosyphon;



To evaluate the dynamic behaviors of a conventional PV module (Q.PEAK 250 solar
module) against a hybrid PVT collector regarding change of irradiance, temperature and

wind velocity for by means of simulation;

To design and analyse the hybrid grid connected photovoltaic system for modest Durban

household demand compared to a conventional PV system; and

To evaluate the economic impact of a grid-connected PVT system for modest Durban

household demand compared to a conventional PV system and utility grid.

1.3 Research questions

The key research questions addressed in this study are as follows:

1)

2)

3)

4)

What is the South African household energy demand?

What is the most energy-efficient and cost-effective way of matching photovoltaic

systems?

What is the impact of a water cooling PV module in terms of electrical output energy for

rectangular collector channels?

What is the impact of a PVT grid connected system on household energy demand

compared to a conventional PV grid connected system and utility grid?

1.4 Dissertation layout

The dissertation is structured into ten chapters:

Chapter One presents the electricity needs in South Africa, the concept of photovoltaic hybrid

system and previous research work in the area of PVT.



Chapter Two gives an introduction to different theories used for modeling of different

parameters for simulations of PV and PVT systems.

In Chapter Three, various conventional PV systems are discussed. The electrical model, an
electrical equivalent circuit representation of the model, the analytical model of the temperature

and the impact of temperature on the conventional PV system output are presented.

Chapter Four presents the thermosyphon principle and fluid velocity in rectangular channels.

In Chapter Five, the thermosyphon hybrid photovoltaic thermal (PVT) system is presented. The
chapter analyses the impact of using water to cool PV systems. The analytical model of solar cell

temperature is established for this purpose.

Chapter Six presents the PVT behaviors with environmental parameters for the defined
temperature model. Behaviors of PVT systems in terms of solar cell temperature, electrical
efficiency and water temperature in the tank are determined respectively for variation of

insolation, ambient temperature and wind velocity.

In Chapter Seven, the average load for modest Durban household is determined and a typical
design of a thermosyphon hybrid grid-connected PVT system for modest Durban household

demand is presented.

In Chapter Eight, simulations are carried out for a thermosyphon hybrid grid-connected PVT
system for modest Durban household demand. The designed PVT system is compared to a PV
system in terms of cell temperature, maximum power point, and electrical energy produced for

four particular day weathers. The temperature of water in the tank is also determined.

Chapter Nine presents the thermosyphon hybrid grid-connected PVT system for modest Durban
household demand economics. This chapter presents the economic impact of a grid-connected
PVT system for modest Durban household demand compared to a conventional PV system.
Systems trade-offs are worked out, the Rand per watt ambiguities determined, and the

amortizing costs calculated.



In Chapter Ten, the main conclusions of the study are summarized. Based on the obtained
results, the advantages and disadvantages of the studied systems in terms of energy output and

economic gain are presented and directions for future research for better systems are proposed.



10

CHAPTER TWO
SOLAR INSOLATION AND MODELING THEORIES

This chapter presents the concept of solar insolation or irradiance which is a source to produce
electrical and thermal energies, and introduces theories applied in the modeling of photovoltaic

and hybrid photovoltaic systems for the purpose of simulation and analysis.

2.1 Solar insolation on tilted surface

It is difficult to understand the operation of an electricity production system based on
photovoltaic system without basic knowledge of its energy source and the radiation received

from the sun (31).

The flux of energy produced by the solar source reaching a surface per unit surface of an area is
the insolation or solar irradiance. It is expressed in units of kWh/m?day for the average daily or
monthly conditions at a given location. This quantity defines the maximum energy produced by
a photovoltaic system for that particular location (32). More details about photovoltaic modules

and arrays are given in Chapter Three.

The insolation from the sun can be converted into different forms of energy for the purpose of
using a variety of technologies. When electrical energy is needed, the solar insolation can be
converted into electricity by the use of photovoltaic technology such as grid-tied or stand-alone
off grid. When heat is needed, the thermal systems can be used for cooking, melting, or heating,

for example, and to produce hot water (33).

As solar radiation reaches the atmosphere of the earth, it is scattered, reflected and absorbed by
atmospheric particles. As a result, only a portion of the solar radiation outside the earths
atmosphere, i.e. the extra-terrestrial radiation, actually reaches the surface of the earth. This
portion, the extra-terrestrial radiation, varies from less than 50% to 70%, depending on the
position of the sun and the clearness of the sky (31). Figure 2.1 presents the extra-terrestrial

spectrum and the spectrum of a blackbody at 5800 K.
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Figure 2.1: The extraterrestrial spectrum and the spectrum of a blackbody at 5800 K.

The total terrestrial solar flux hitting for instance the surface of a solar collector consists of three
components: direct beam, diffuse and reflected radiation. Direct beam radiation is the radiation
that passes in a straight line through the atmosphere; diffuse radiation is radiation scattered by
atmospheric particles or moisture or reflected from clouds; and, reflected radiation is the

radiation reflected from surfaces in front of the collector (31).

To maximize the amount of insolation received, collectors are installed at a certain angle to
reduce the reflection of irradiance and minimize cosine losses (34). The photovoltaic panels are
commonly tilted at a certain angle from the horizontal to receive the maximum amount of
insolation. The insolation on the panels at the corresponding tilt angle is evaluated by separating

the insolation into two components, the direct and the diffuse (35).

Where solar irradiance data is available in the form of direct and diffuse components, the
approach below can be used to obtain the global insolation reaching the panels tilted at a certain

angle 6 from the horizontal (35).
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Firstly, we can assume the diffuse component of insolation D does not depend on the tilt angle

which is approximately right for tilt angles about or less than 45°C.

Secondly, the direct component of insolation on the horizontal surface S is to be converted into
the direct component Sy that reaches the PV module tilted at angle 6 to the horizontal as shown

in Figure 2.2.

Figure 2.2: Light incident on a surface tilted to the horizontal

Consequently, we obtain:

B Ssin(a + 6)
- sina

2.1)

6

where o is the altitude of the sun (i.e. the angle between the sun and the horizontal) at noon,

which is given by:

a=90—-5-6 2.2)

where [ is the southern latitude and d is the declinaison of the sun as given by:
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§ =~ £sin

d — 81)360
[%] (2.3)

where d is the day number starting with 1 January as d = 1 and & = 23.45°.

The global insolation on array is the sum of the direct component Sq incident on a plane tilted at

angle 0 to the horizontal and the diffuse component D independent parameter of the tilt angle:

G=Sy+D (2.4)
2.2 Modeling theories

Most physical and engineering phenomena are modelled based on differential equations. Partial
differential equations are needed in order to solve for those quantities in the integrands that are
not known, such as the velocity distribution in a pipe or the pressure distribution on an air foil.
To solve a partial differential equation for the dependent variable, certain conditions are
required, i.e. the dependent variable must be specified at certain values of the independent
variables. If the independent variables are space coordinates, such as the velocity at the wall of a
pipe, the conditions are called boundary conditions. If the independent variable is time, the

conditions are called initial conditions (36).

The most useful equations in physical and engineering phenomena modeling are the differential
continuity equation, the differential momentum equation and the differential energy equation in

the study of fluid motion and heat and mass transfer.
2.2.1 The differential continuity equation

The differential continuity equation is established on the principle that the mass that flows into
the element minus that which flows out must equal the change in mass inside the element (36).

This is expressed as:

P2 o)+ 2 o)+ L owy = 0 @5
ot T ax P Ty WY T W) = )
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Equation (2.5) is often called the equation of continuity because in this, the density and velocity
are continuum functions of space coordinates and no other assumptions are required (37). Thus,
the fluid flow can be steady or unsteady, compressible or incompressible, viscous or frictionless.

2.2.2 The differential momentum equation

In this study, the fluid used is a Newtonian fluid. For a Newtonian fluid, the viscous stresses are

proportional to the element strain rates and the coefficient of viscosity (37).

The Navier-Stokes equations for an incompressible Newtonian fluid flow are given by:

op <62u 0%u 62u> du )

P9x — 5 T H 6x2+6y2+622 ~Pat
op N 62v+62v+62v _ dv 2.6)
Ply~ 5t Mozt 52t a2) =P ¢ ‘
6p+ 62W+62W+62W _dw
P9z =5, T H\ 9x2 dy? = 0z2) Pat )

The differential momentum equation for a Newtonian fluid with constant density and viscosity
contains three velocity components as the dependent variables (36). The three scalar Navier-
Stokes equations and the continuity equation constitute the four equations that can be used to
find the four variables u, v, w, and p, provided there are appropriate initial and boundary

conditions (36).

2.2.3 The differential energy equation

The differential energy equation is needed if there are temperature differences on the boundaries

or if viscous effects are so large that temperature gradients are developed in the flow (36).

For an unsteady, incompressible, viscous, heat conducting flow Newtonian fluid at rest or with

negligible velocity the differential energy equation is (37):
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This is called the heat-conduction equation in applied mathematics and is valid for solids and

fluids at rest.
2.3 Solutions of differential equations

Analytical solutions for differential equations are difficult in practice. For solving differential
equations, many techniques have been developed. In the early nineteenth century, Joseph
Fourier, while studying the problem of heat flow, developed a cohesive theory of such series
(38). In many practical problems, it is impossible to compute the analytical solutions, since the
data is known only on a set of discrete points. To remedy this situation, we may forgo the search
for an analytical solution in favor of a numerical solution. By discretizing a problem, we can
come up with an algorithm or a formula that can be used to generate numerical values of the

solution at a discrete set of points (39).
2.3.1 Fourier series
With the Fourier series, we are interested in expanding a function in terms of the special set of

functions 1, cos X, cos 2x, cos 3X, sin x, sin 2x, sin 3x.

Fourier Series are fundamental to the description of important physical phenomena for diverse
fields, such as mechanical and acoustic vibrations, heat transfer, planetary motion, optics, signal

processing, electromagnetism and statistics (39).

In general, a function f satisfying the identity:

f)=fx+T) (2.8)

For all x, where T > 0, T is called a period of function /. If f is non-constant, we define the
fundamental period, or simply, the period of f'to be the smallest positive number T for which

equation (2.8) holds.



16

Using equation (2.8) repeatedly, we get:

f)=f(x+T)=f(x+2T)="--=f(x+nT) 2.9

Hence if T'is a period, then nT is also a period for any integer n > 0.

The Fourier series or Fourier expression corresponding to f{x) is given by:

0 - nmx
7+Z ancos +b sin— I ) (2.10)

n=1

where the Fourier coefficients a,, and b,, are:

1t nmx
n = Z—[_Lf(x) cosde
@2.11)

_1[’“ ().nnxd
_L_fo sin——dx

The Fourier coefficients are integrals. These are obtained by starting with the series (2.10) and

employing the following properties called orthogonality conditions:

L' mnx  nnx , _ )
J cos cos—dx =0 ifm#nandLifm=n
_L L L
JL M m dLif >
sin——sin—dx =0 ifm#nandLifm=n

L L L (2.12)

L mnx  nnx
J sin——cos - dx = 0 Where m and n can assume

oL

any positive integer values

2.3.2 Numerical methods and finite difference method

Several ways are provided by mathematics to get a numerical solution to scientific problems by
using numerical methods. The most common numerical methods used are:
e The finite element method;

e The finite difference method;



17

e The boundary element method; and

e The energy balance or control volume method.

Each method has its own advantages and disadvantages, and each is used in practice (40).

This study is concerned more with heat and mass transfer problems and each of the numerical
methods enumerated above can be used to obtain the numerical formulation of the problems.
The finite difference method is used in this dissertation due to its flexibility and simplicity of
computation. The finite difference method formulation of a heat transfer problem is realized by
selecting a sufficient number of points in the region called the nodal points or nodes and apply

the energy balance method on the volume elements centred about the nodes (40).

The formulation of the transient heat conduction by finite difference method is based on the
energy balance that represents the variation of the tenor in term energy of the element of volume
in the interval of time At. The formulation of finite difference methods for time-dependent

problems involve discrete points in time as well as space as represented in Figure 2.3.

Figure 2.3: Finite difference formulation for time-dependent problems
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The heat transfer and heat generation terms are displayed at step I in the explicit method and at

step i+1 in the implicit method. The implicit method is fundamentally stable and one value of At

can be used at this step as time (40). Figure 2.4 represents the formulation of explicit and

implicit methods which differ at the time step (previous or new) at which the heat transfer and

heat generation terms are displayed.

Figure 2.4: The formulation of explicit and implicit methods

For a general node m, the implicit finite difference formulation is expressed as:

Ti+1 _ Ti
Q" + Gé?-elment = PVerementC At (2.13)
Allsides
where:
TL Temperature of node m at time t; = iAt
ThHt Temperature of node m at time t;,, = (i + 1)At
T — Tk Temperature change of the node during the time interval At between the time

steps i and i +1.
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CHAPTER THREE
CONVENTIONAL PHOTOVOLTAIC SYSTEMS

3.1 Development of photovoltaic systems

Photovoltaic systems (or PV systems) are semiconductor devices that convert part of the incident

solar radiation directly into electrical energy (41).

In 1839, Edmund Becquerel caused a voltage to appear by illuminating a metal electrode in a
weak electrolyte solution. The history of photovoltaics began with the Becquerel discovery.
Almost 40 years later, the photovoltaic effect in solids was studied for the first time by Adams
and Day in 1876 and thereafter cells were made of selenium which proved to be of 1% to 2%
efficiency. Later in 1923, in what turned out to be a breakthrough in modern electronics and in
photovoltaics in particular, a method to grow perfect silicon crystals was developed by
Czochralski, a scientist from Poland. By the dawn of 1940s the first generation of single-crystal
silicon based photovoltaics was made by using the Czochralski process which continues to
dominant the industry to this date. Presently, the technique is widely used in the photovoltaic
(PV) industry for almost all applications. The demand for photovoltaic applications has pushed
up the renewable energy market and by 2002 600MW per year was being produced around the
world with an increase of over 40% annually. In comparison to global wind power, the demand

for PV was 10 times greater (42).

3.2 Basic semiconductor physics

Photovoltaic systems use semiconductors to convert sunlight into electrical energy. The genesis
for most of the worlds current generation of photovoltaic devices, in addition to almost all
semiconductors, is pure crystalline silicon (42).

3.2.1 The Band Gap Energy

Photons with enough wavelength and high enough energy can produce in the photovoltaic

material electrons by breaking free atoms that hold them. Into a presence of an electric field, the
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electrons produced by the photons can be move through a metallic contact where they can

generate an electric current (42).

Figure 3.1: Photon energy against Wavelength (42)

To free an electron from the silicon material, a photon must have sufficiently energy to escape
from its own nucleus. That energy which must be greater than the energy due to the electrostatic
force that ties it to the nucleus is called the band-gap Eg and for silicon material is 1.12 eV (42).
Figure 3.1 shows the photon energy against wavelength for silicon material. It can be seen that
the diagram is divided into two parts. At a wavelength is less than 1.11 wm the photon energy is
more than the band-gap and a photon has enough energy to escape from its own nucleus,
resulting in a loss of energy. When a wavelength is more than 1.11 um, the photon energy is less
than the band-gap and the photon cannot free itself from its nucleus. There is also a lot of energy
which cannot be used. The only usable energy is represented by the area limited by the

wavelength of 1.11 um and a photon energy of 1.12 eV.

3.2.2 The p-n junction

As long as solar insolation reaches the solar cells, photons with energies above the band-gap free

electrons from free atoms in the silicon material and produce hole-electron pairs. At any time,

those holes and electrons can recombine and cause both charges to disappear. To avoid electrons
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falling back into holes, an electric field is created in photovoltaic material by establishing two
opposed regions within the semiconductor, one with n-type material built with pure silicon
contaminated with a very small quantity of a trivalent element from column III of the periodic
chart and p-type material built with pure silicon contaminated with pentavalent atoms from
column V. By putting together the p side and the n side, the p-n junction is created and the
electric field obtain at the junction will push electrons in one direction and holes in the other and

the recombination of holes and electrons is avoided (42).

When n-type material is put next to p-type material, the conventional p-n junction diode is

obtained between them as shown in Figure 3.2.

(a) (b)
Figure 3.2: A p-n junction (a) When first brought together and (b) In steady-state (42)

The Shorckley diode equation (3.1) illustrates the voltage-current characteristic curve for the p-n

junction diode:
Iy = Iy(e@Va/kT — 1) (3.1)

where:

1y Current flowing into the diode (A)

Va Voltage across the diode terminals (V)
1, Reverse saturation current (A)

q Electron charge (1.602 x 107" C)
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k Boltzmanns constant (1.381 x 107> J/K) and

T Junction temperature (K)
In some circumstances, the Shockley diode equation is adjusted with an ideality factor, which

considers diverse mechanisms responsible for moving transporters across the junction.

The equation (3.1) becomes:
I; = Iy(e?Va/AKT _ 1) (3.2)

where superscript 4 is the ideality factor which is 1 if the transport process is purely diffusion,

and approximately 2 if it is recombination in the depletion region (42).

3.3 Photovoltaic cells

3.3.1 A generic photovoltaic cell

In photovoltaic material, if the hole-electron pairs produced by photons from insolation reach the
vicinity of the p-n junction, the motion of those particles creates an electrical field in the

depletion region. The p-side accumulates holes and the n-side accumulates electrons which

produces a voltage that is used to circulate current from between PV module and load (42).

Figure 3.3: Illustration of the p-n junction of PV cell (42)



23

Consider solar cell lighting by solar insolation. If a load is connected to a photovoltaic cell
through a connecting wire at electrical contacts on the n-side and the p-side as shown in Figure
3.4, electrons flow from the n-side to the p-side through the connecting wire. That flux of

electrons generates a current which circulates from the p-side to the n-side in the circuit (42).

Figure 3.4: Side view of solar cell and the conducting current

A simple equivalent circuit of a solar cell generating electrical energy is represented by a real
diode in parallel with an ideal current source as represented in Figure 3.5. The current delivered

by the ideal source is proportional to the flux of insolation received by the solar cell (42).

Figure 3.5: A simple equivalent circuit for a photovoltaic cell with load connected

The modeling of a solar cell is based on two important conditions for the actual PV and for its

equivalent circuit from which the short-circuit current and the open-circuit voltage are defined.

(1) When the leads of the equivalent circuit for the PV cell are short-circuited together,
there is no current flow in the real diode since V; is equal to 0; so all the current from the
ideal source 1, flows through the shorted leads. The amount of the ideal current source
itself must be equal to the current that flows when the terminals are short-circuited

together which is /. It is the highest value of the current generated by cell (43):
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Lyn = Iy (3.3)

(2) The open-circuit voltage, V,. is the voltage across the terminals when the leads are left
open. It corresponds to the voltage drop across the diode when it is traversed by the

current /,;,, namely, when the generated current is /=0 (43).

Applying Kirkhoff current law to the nodes, we can write a current equation for the equivalent

circuit of the PV cell shown in Figure 3.5, as follows:

I =I,.—14 3.4
The equations (3.2) and (3.4) give:
I = I, — Iy(e?Va/4KT — 1) (3.5)

The reverse saturation current /, of a diode is constant under constant temperature and can be

determined by displaying the open-circuit condition as shown in Figure 3.6.

(a) Short-circuit current (b) Open-circuit voltage

Figure 3.6: Short-circuit current and Open-circuit voltage for a PV cell

For /=0, we obtain from equation (3.5):
Iyc =1, (quOC/AkT -1 (3.6)

The reverse saturation current of diode /, at the reference temperature is given by the equation:

ISC

Iy = (e@Voc/AKT _ 1) S
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When the leads from the PV cell are left open, / is equal to 0 and using equation (3.7) we obtain

the open-circuit voltage V.
AkT I,
V:)C = Tln (—+ 1) (38)

The values of /. and V. and the performance of solar cells in datasheets are obtained under the
standard test condition (STC) for insolation Gy=1000W/m? at the air mass (AM) of 1.5. The
short-circuit current of the module is assumed proportional to irradiance which slightly increases
with cell temperature. This comes from a decrease in band gap and an improvement of minority-

carrier lifetimes (44).

For insulation G # Gy, short-circuit current /. generated by the photon at G irradiance at given

temperature is obtained by the following equation:

1e(T,6) = () 1e(T) (39)

(o]

where /,.(T) is the short-circuit current at the temperature T, given by:
I;c(T) = I4(STO)[1 + B, (T — 25°C)] (3.10)

Open-circuit voltage strongly decreases linearly with the temperature (44) as per the following

equation:
Voc(T, G) = Voc(STC) —Bv(T— ZSOC) (311)
where B; and 3, are the temperature coefficients of the current and the voltage respectively.

For V,., the irradiance dependence is buried in 7. The reverse current /, is also temperature

dependant and the /, at a given temperature 7 is calculated from the following equation:
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3
¥ )
1,(T) = lores <_> e M\ Tres (3.12)
Tref
where
1, Reverse saturation current at temperature 7 (A)

Lorer Reverse current at STC (A)

T Junction temperature (K)

T Reference temperature (K)

q Electron charge (1.602 x 107" C)

Eg Band-gap (1.12 eV)

A Ideality factor

k Boltzmann®s constant (1.381 x 107> J/K)

3.3.2 Generalised equivalent circuit for a PV cell

As specified above, the circuit in Figure 3.5 represents an equivalent circuit of an ideal
photovoltaic cell. With this typology, the load will not receive power as long as any of its cells
are shared. It is also important to note that there is a loss of energy due to contact resistance and
the resistance of the solar cells themselves. To deal with all those situations, a parallel resistance
R, is inserted into the equivalent circuit (Figure 3.7) to deal with the loss due to shading of solar
cells and a series resistance R; 1s inserted into the circuit in order to deal with the loss due to
contact resistance related to the bond between the cell and its wire leads, and the solar cells

themselves (42).

Figure 3.7: Complex equivalent circuit for a PV cell
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With both series and parallel circuits considered, the generalized PV equivalent circuit is given
in Figure 3.7. The following equation gives the current-voltage characteristic curve of the real

PV cell.

I=1I,—1, (eq(vlfis) _ 1) _ (V ; : RS) (3.13)
where:
1 Cell current (the same as the module current) (A)
L. Short circuit current which is equal to photocurrent (A)
1, Dark saturation current (A)
q Electronic charge (1.602x10™"°C)
k Boltzmann®s constant (1.381 x 107> J/K)
A Idealizing factor

T Cell temperature (K)

V Cell voltage (V)

R, Shunt resistance ()

R, Parallel resistance (€2)

Employing the sign convention shown in Figure 3.7 and relating Kirchhoff™s Current Law to the
node above the diode, we can deduce that:

Ie=I1+1;+1p (3.14)

where:
1 Diode current (A)

I, Parallel resistance current (A)
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Rearranging and substituting the Shockley diode equation (3.2) into equation (3.14) at 25°C, we

obtain:
Va
I =1 —1,(e38%a —1) — (—) (3.15)

where V, is the diode voltage (V).
With an assumed value of V; in a spreadsheet, current / can be found from equation (3.15).
The voltage across an individual cell can be found from equation (3.16):

V =V;—IRg (3.16)
The effect of parallel resistance is less important in a PV module compared to series resistance,
and it will become visible only in the larger systems where a number of PV modules are

connected in parallel to produce a huge current (41). By setting the parallel resistance R), to oo,

we obtain the solar cell equivalent circuit one-diode model shown in Figure 3.8.

Figure 3.8: A simplified equivalent circuit for a PV cell

From equation (3.13), the current is given by the following equation:

q(V+IRS)
I=1I,—1, (e axT ) — 1) (3.17)
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where:

1 Cell current (the same as the module current) (A)

I Short circuit current which is equal to photocurrent (A)
1, Dark saturation current (A)

q Electronic charge (1.602x10™"°C)

k Boltzmann®s constant (1.381 x 107 J/K)

A Idealizing factor

T Cell temperature (K)

V Cell voltage (V)

R Shunt resistance (£2)

The equation for R; is derived by differentiating the equation (3.17) and then rearranging it in

terms of R,:
AkT
av /q
]Oeq AKT

At the open circuit, the voltage V = V,. and the current [=0 so that equation (3.18) gives the

value of R; as:

AkT

dv /q
R, = — — Voo (3.19)

Voc Ioe AKT

where:
- ‘Z—II/] Slope of the /-V curve at the V,. obtained from the I-V curve in the solar cell
VOC
datasheet

Voe Open-circuit voltage of cell, found in the solar cell datasheet.



30

3.4 Photovoltaic module

The voltage produced by an individual solar cell is 0.5V to 0.6V which is too little for an
application. To get useful and adequate voltage, cells are wired in series, all encased in tough,
weather-resistant packages which is the PV module. A typical laminated module structure is

shown in Figure 3.9.

Figure 3.9: A typical laminated module structure

Multiple modules also can be connected in series to increase voltage and in parallel to increase
current, the output product of which is power. Such arrangement of modules are referred to as an

array as shown in Figure 3.10 (42).

Figure 3.10: Photovoltaic cells, modules and an array
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3.4.1 From cells to a module

When solar cells are wired in series, they all carry the same current, but at any given current
their voltages add together. Figure 3.11 shows the variation of voltage with a number of cells

wired in series in a module at standard test conditions (STC).

Q6LMX3 Solar cells connected in series

9
8
7
__ 6
<
g 5
5
(@]
5 4
o
3
3
1 cell
2 2 cells in series
4 cells in series
1 12 cells in series
36 cells in series
0

0 5 10 15 20 25
Output Voltage (V)

Figure 3.11: Q6LMX3 Solar cells wired in series at STC simulated with the Matlab model

The overall module voltage V' is determined by multiplying equation (3.16) by the number n of

cells in the module which gives the equation:

V =n({V;—IRs) (3.20)
3.4.2 Modeling of photovoltaic module
As PV cells are wired in series to produce module voltage, the strategy of modeling the PV
module is the same as modeling solar cells. The only difference is that voltages produced are

divided by the number of cells in the PV module. Other parameters remain the same. The

photovoltaic can therefore be modelled using equations (3.17) and (3.18).
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The introduction of a series resistance in the model makes the numerical solution of the current
equation unsolvable, reference to equation (3.17). An approximate solution to this equation is
obtained by using the Newton Raphson method which converges quickly for positive as well as

for negative current values (45) (for more details, see Appendix A).

3.5 The PV I-V curve under standard test conditions (STC)

Consider a PV module to be connected to the load. Before the load is connected, there is not load
at the terminals of the PV module, the circuit is open. At any insolation, there is not current in
the circuit, the module produces only an open voltage V. and the electric power is zero as seen
in Figure 3.12(a). When the two terminals are short circuited as shown in Figure 3.12(b), the
voltage V is zero, a short-circuit current /. circulates in the circuit and the electric power is also
zero. When the load is connected to the PV module terminals, a current I flows in the circuit at
voltage V and the electric power E delivered by the PV module to the load is the product of the
voltage V and the current I (42).

Figure 3.12: PV module at different states

To find out the value of the power delivered by the module to the load, the I-V characteristic
curve of the PV module and the I-V characteristic of the load are represented in the same
coordinate system axis at the same scale. The intersection of the I-V curve of the PV module and
the I-V curve of the load produce the operating point of the PV system for that particular load as
shown in Figure 3.13 (42).
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Figure 3.13: PV module and Load characteristic curves

In the design of a PV array and in the determination of PV modules, important parameters for
solar cells and PV modules are provided by manufacturers. Those parameters are represented in
Figure 3.14. In this figure, curves of current against voltage and electrical power against voltage

are represented.

9 3 3 3
Current
8- Electrical Power 71

Pm

Isc

Current (A), Electrical Power (5xW)

/ . Voc
ol Im . /

MPP /

0 2 4 6 8 10 12 14 16 18 20
Voltage (V)

Figure 3.14: Q PEAK PV module I-V and P-V characteristic curves at STC simulated with
Matlab

It can be seen that for a particular PV module, the power is zero to the two extremities of the

power-voltage curve. The left point with the power equal to zero is the short-circuit point where
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the voltage is zero and the current is equal to the short-circuit current /. and the right point with
the power equal to zero is the open-circuit point, the current I is zero and the voltage is equal to
the open-circuit voltage V,.. The electric power is the maximum at a point at the knee of the
power-voltage curve where the tangent dE/dV is zero. This point represents the maximum power
point (MPP) (42). The values of voltage and current corresponding to this point are the
maximum voltage V,, and the maximum current /,. The maximum power is obtained from

equation (3.21):

Ep = LV, (3.21)

Figure 3.15: Q PEAK PV module I-V curve at STC simulated with Matlab

The maximum power point (MPP) is also determined by founding the biggest rectangle that will

fit below the I-V curve as shown in Figure 3.15 as the electric power is defined as the product of
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voltage and the current, and the surface of the rectangle corresponds to the maximum power E,,

(42).

The ratio of the maximum power that can be delivered to the load and the product of /. and V.
are often used to characterize module performance and is called the fil/ factor (FF) which is a

measure of the real I-V characteristic. It is expressed as:

FF = = (3.22)

E, Maximum electric power (W)
Vi Maximum voltage (V)

1, Maximum current (A)

Ve Open-circuit voltage (V)

I, Short-circuit current (A)

Its value is higher than 0.7 for good cells (43). Fill factors around 70-75% for crystalline silicon
solar modules are typical, while for multi-junction amorphous-Si modules, it is closer to 50-60%

(42).

3.6 Impacts of temperature and insolation on I-V curves

Solar insolation and temperature have an impact on I-V curves of the PV module. When
insolation increases, the short-circuit current increases in direct proportion while the open-circuit
voltage increases by half of the previous increase for the same increment of the insolation. This
trend can be seen in Figure 3.16 in which the behaviours of a PV module under various

irradiance levels at ambient temperature of 25°¢c and wind speed of 1m/s are presented (42).

When cell temperature increases, the open-circuit voltage decreases considerably while the
short-circuit current increases slightly as shown in Figure 3.17. Therefore, perhaps, this explains

why photovoltaic performance is much better on cold, clear days than hot ones.
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Figure 3.16: Current-voltage characteristic curves for PV module under various irradiance

levels at 25°C temperature and 1m/s wind velocity simulated with the Matlab
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Figure 3.17: Current-voltage characteristic curves for PV module under various cell
temperature levels at 1IkW/m? insolation and 1m/s wind velocity simulated with Matlab
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Figure 3.18: Power-voltage curve of PV module at STC and power-voltage curve
of PV module under various cell temperature levels simulated with Matlab

For crystalline silicon cells, for each increase of one degree Celsius in temperature, the open-
circuit voltage decreases by about 0.37% and the short-circuit current increases roughly by
0.05%. The consequence of this heating up of solar cells is that the MPP rises slightly and moves
to the left with the MPP dropping about 0.5% per degree Celsius resulting in a significant shift
in performance as cell temperature changes (42) as shown in Figure 3.18. These effects must be

considered in any model for photovoltaic module efficiency.

3.7 Determination of cell temperature and average efficiency

Cell temperature has a negative impact on the efficiency of the PV module and must be curbed.

In this section, cell temperature and its relation with efficiency is discussed.

3.7.1 Determination of cell temperature

The influence of temperature on I-V characteristics and consequently on the electrical efficiency

of the PV module has been presented. Therefore it is important to determine the temperature of
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the PV module which is the same as the temperature of solar cells for any analysis of its

performance. The most common manner to do that is by using the Normal Operating Cell
Temperature (NOCT) (46). The NOCT is the cell temperature in module lighting by the
insolation of 0.8kW/m? at ambient temperature of 20°C and wind speed of 1m/s. The NOCT

value is given by manufacturers of solar cells (42). The temperature of the PV module at

different conditions is determined using the expression below:

NOCT - 20

T. =T, +
c a 0.8

where:

T, Cell temperature (°C)

T, Ambient temperature (°C)
G Solar insolation (kW/m?)

3.7.2. Calculation of average efficiency

The most common model of efficiency is given by the following equation:

n= nr[l =BT, - T, ) + VLOgGo]

where:
7, Reference module efficiency
T, Reference temperature of 25°C

G, Solar insolation of 1000W/m?
Solar irradiance coefficient of the PV module (m*W)

Y
B Temperature coefficient of the PV module (1/K)

[S)

. Cell temperature which depends on the environmental conditions (°C)

(3.23)

(3.24)

Most often this equation is obtained with y = 0 (47). Then the equation (3.24) gives Evans-

Florschuetz correlation below:

n=n1-AT,-T,)]

(3.25)
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PV module electrical energy, E, as function of temperature is given by:

E = nAG (3.26)

where A is the PV module surface (m?).

The prediction of PV module performance in terms of electrical power output in the field which
is the deviation from the standard test conditions as reported by the manufacturers is modelled in

a manner similar to the above (48).
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CHAPTER FOUR
THERMOSYPHON PRINCIPLE AND FLUID VELOCITY IN
RECTANGULAR CHANNELS

This chapter presents details of the behavior of liquid due to variation of density with

temperature, and the modeling of fluid velocity in absorber rectangular channels.

4.1 Variation of density with temperature variation

Heat added to a fluid increases its temperature, causes a density drop and induces flow (49). The

factor that describes this phenomenon is called the volumetric thermal-expansion coefficient:

1 dp
B = _E(a_T)p 4.1)
where:
p Density of the fluid in absorber channels (kg/m?)
T Temperature of the fluid in absorber channels (°C or K)
p pressure in the channels (Pa)

For small variations, § can be approximated by:
__ LA 42
p=— G (42)

At the mean temperature T,,, , the mean density is p,, and P is given by:

_lp—pm
PmT — T

B = (43)

By rearranging equation (4.3), we obtain:

P = Pm — BPm(T — Tin) 4.4)
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Considered a Newtonian fluid with constant properties heated from the top, flowing in z

direction in a rectangular channel as shown in Figure 4.1. The fluid velocity is given by:

V= (0,0,W(x, y)) 4.5)

Figure 4.1: Newtonian fluid flowing in rectangular channel

Assuming that the system is at steady state, viscous dissipation and neglecting the edge effects,

equation (2.5) becomes:

ow

3, =0 (4.6)

The x temperature dependence is not significant so that 7 becomes a function of y and equation

(2.7) gives:
— =0 4.7
In this case, boundary conditions are 7= T}, aty =-0.5band T = T, aty = 0

where:

Tiew Temperature of lower channel wall (°C)
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T... Temperature of upper channel wall (°C)

a Width of the channel (m)

b High of the channel (m)

Solving equation (4.7) and applying the boundary conditions, we get:

Tucw —Ti
T—T, :%}, (4.8)

where T, is the mean temperature or a reference temperature given by:

T, T
Tm _ _ucw + liew (4‘9)
2
Substituting equation (4.8) into equation (4.4) gives:
Tyew — T
p=pm—ﬁpm%“wy (4.10)

4.2 Determination of velocity of the fluid in channels

As defined before, the channel profile has been considered to be rectangular. The velocity of the
fluid can be determined by using continuity equations, energy equations and thermal energy
equations. With the fluid velocity given by equation (4.6), we obtain from Navier-Stokes

equations (2.6) the following equations:

_6_p= 0 (4.11a)
d0x
dp

—@+pgy=0 (4.11b)
op 0’w 0%w

3 u(axz + ayz>+ng:0 (4.11¢)

With w=0 at -0.5a < x < 0.5a, equation (4.11c) can be solved by separation of variables. The

solution is given by:
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w =w,+XX)Y(y) (4.12)

where w), is a particular solution and can be obtained by considering the case of the fluid flow

between two parallel plates, so that equations (4.11a, 4.11b, and 4.11c) become:

_op_ (4.13a)
O0x

0= 2P (4.13b)
2

0wy _0p (4.13¢)

u 9y? ZE_PQZ

Solving equation (4.13c) with respect to boundary conditions w, = 0 for the upper surface of the

channel at y = b and the lower surface of the channel at y = 0, we obtain the particular solution:

1 /0p )
wy =5 (5~ po) 0~ by) (4.14)

And equation (4.12) becomes:

1 /0
w = —(a—z — pg cos 9) (y? —by) + X(x)Y(y) (4.15)

Applying second partial derivation about x and y to equation (4.15), we obtain:

1d2Y 1d2%X
?Wz_yﬁz_gz (4.16)

where A is a dimensionless constant.

We then solve equation (4.16) and apply no-slip boundary conditions and symmetry in the
direction of x. To meet the remaining condition, A must be equal to nz/a, where n is any positive
integer then applying to equation (4.15), the sum of Fourier series and the orthogonality

conditions for sine, we obtain:
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1 /0 - nm Nnix
w = Z<9_Z — sz) O2—ay)+ ) A, sinTycoshT] (4.17)
n=1
The value of the density p obtained in equation (4.10) gives:
dp dp Tuew — T1
= POz =7~ 9oPm + BpmIz Y (4.18)

Since the viscous terms are functions of at most y, and from the equations (4.13a) and (4.13b), p

must be independent of x and linear in y, Z—Z must be constant (50).
op _dp (4.19)
0z dz

. dp . . . :
A pressure gradient d—rz’ in the system exists because the fluid has a non-zero density (49).

Therefore from hydrostatics:

dp

2, = PmYz (4.20)
and

gz = gcosb (4.21)
where:

g Acceleration due to gravity (m/s?)

0 Tilted angle of the PV module

From equation (4.10) and equation (4.15) we obtain:

d Tyew — T

= pg, = fpmg cos§ Xy 422)

Equation (4.17) becomes:
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w = —,Bpmg cos @ Tuew = Tiew 5 Tiew y [(y —ay) + Z A, sm% cosh nzx (4.23)
=1
And coefficient 4,, is obtained from equation (4.24) below:
g Jaa—ysintEdy A 1= (~1)"] e
cosh™= f n? nny dy cosh n—nb
W (mfs}
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Figure 4.2: 3D view of velocity profile in channels simulated with Matlab

Figure 4.2 presents the profile of water velocity due to the thermosyphon phenomena in
rectangular channels. It can be that the maximum velocity is obtained in the middle of each half

of channel height and the average value of the velocity is the same for both parts although

moving in opposite directions as illustrated in Figure 4.3.
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Figure 4.3: a-b and b-w views of water velocity profile in rectangular channels

The volume of the fluid discharged is given by equation (4.25) as:

b (0.5a
0= f f wdx dy (4.25)
0 J/-0.5a
With w given by equation (4.23), equation (4.25) for the volume discharged becomes:
Tyuew — T;
Q = Bpmyg cosb %
o i A= 1 - —nm) [bsi N (1 hn”b)] (4.26)
12 ] " n2pg2 S T oSy '
n=

Temperature coefficient f, mean density p,, and dynamic viscosity u vary slightly with
temperature. Dimension parameters remain constant. From equation (4.26), the volume
discharge depends more on the temperature difference between the upper channel wall

temperature and the lower channel temperature.
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CHAPTER FIVE
THERMOSYPHON HYBRID PHOTOVOLTAIC THERMAL
SYSTEM

In Chapter Three we have shown that not only the ambient temperature has an impact on cell
temperature, but also the solar insolation. The impact of the insolation on the PV module is due
to the fact that the photovoltaic module converts only a small amount of insolation into
electricity. The remainder of energy is transformed to heat (42). To improve its efficiency, a PV
module must be cooled. The aim of this research is to cool the PV module with water by means
of the thermosyphon principle i.e. by collecting heat from a PV module to a water storage tank

for hot water use.

Figure 5.1: Hybrid photovoltaic thermal system
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5.1 Description and principle of operation of PVT systems

The PVT system is constituted with a thermal collector plate, a water tank exchanger and inlet

and outlet pipes as illustrated in Figure 5.1.

The thermal collector is constituted with front glazing, PV encapsulation, a thermal absorber

plate and insulation as illustrated in Figure 5.2.

Figure 5.2: PV module above thermal absorber

Heat from PV cells is extracted by water flowing by natural convection in thermal absorber
channels. Water is heated as the sun shines on the PV system, expands slightly, becomes lighter
and is pushed through the collector outlet to the top of tank exchanger by cold water from the
tank exchanger. The cold water enters the bottom of the collector by means of gravity and rises

to the heat exchanger as it is warms by means of the thermosyphon principle.

The PV module has been described and the effects of temperature and irradiance changes have

been presented in Chapter Three.

A thermal absorber is added at the back side of the PV module to cool it and collect thermal
energy. It is constituted by means of an assembly of flow modules with flat box flow channels in

which water flows by natural convection. To allow water circulation by natural convection, the
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thermal absorber is insulated at the bottom to avoid heat being exchanged with the external
environment on the back side. A cross-section view of the PVT collector is presented in Figure

5.3.

Dimensions of the thermal absorber are the heat transfer surface area 4. and the thickness 6. The
surface area A of the thermal absorber is approximately equal to the area of PV module defined
by cell manufacturers that can be calculated using dimensions of solar cells or modules given in

the associated datasheets and packing factor.

Figure 5.3: Cross-section view of the Photovoltaic Thermal absorber

5.2 Determination of the thermal collector temperature

To obtain temperatures for different components of the thermal collector, the energy balance for

each component is introduced.
For the PV module:

The total insolation, G, from the sun to the collector is divided into solar irradiance G, received
by solar cells and solar irradiance Gy received by the tedlar. Part of this energy is converted to
electricity E and the other part is transferred as heat H._, to ambient from the front glazing and

H._,cw to upper thermal absorber channel surface as illustrated in Figure 5.4.
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Figure 5.4: PV module input and output energies
Applying the energy balance to the element of surface d4 of the module, we obtain:
G.dA+ GrdA = H._,dA+ H._ycydA + EdA (5.1)
or
Gc+Gr=H,_g+H._yow +E (5.2)
where G, is the irradiance on PV cells and is given by:
Gc = PFtya.G (5.3)

where PF is the packing factor, 7, is transmissivity of the front glass and a, is absorptivity of

solar cells.
The irradiance on tedlar, G is given by:

Gr = (1 — PF)t,arG (5.4)

where a7 is the transmissivity of tedlar.

The heat transferred from solar cells to ambient by the top of the module H._, is given by:
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Heq=Ucq(Te —Tp) (5.5)
where U,_, is the overall heat transfer coefficient from solar cells to ambient (W/m?K), T, is
solar cells temperature (°C) and T, is the ambient temperature (°C).

The heat transferred from solar cells to the upper channels wall H._,,.,,, given by:

He_yew = Uc—ucw(Tc - Tucw) (5.6)

where U._,,., 1S the overall heat transfer coefficient from the solar cells to the upper thermal
absorber channel surface (W/m?K) and T, is the temperature of the upper thermal absorber

channel surface (°C).
The electrical energy produced by the module E is given by:

E =1n.PFrya.G (5.7)

The solar module efficiency 7, is obtained from equation (5.8) below:

Ne =Ny [1 = Bc(Te — T,)] (5.8)

where:

7, Solar module reference efficiency or solar module efficiency at Standard Test
Conditions (STC)

B Solar cell temperature coefficient (1/K)

Replacing the module efficiency into equation (5.7) by equation (5.8), the output electrical

energy from the PV module becomes:

E =n,.PFtya.G — 'PFtya.G(T. — T,) (5.9)

where is [” is given in Appendix C.

From equations (5.2), (5.3), (5.4), (5.5), (5.6) and (5.9) solar cell temperature is expressed as:
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T. — TeffG +UcoqTq = Uer T + Ucmiew Tucw (5-10)
‘ Uema + Ucuew = Uc—r

Coefficients U..,, Ue.yew, U.., and 7,y are given in Appendix B.

For the upper channel wall (ucw):

The upper channel wall or surface receives heat H._,,.,, from solar cells and transfers it to water

in channels of thermal absorber as heat Hy,, s as illustrated in Figure 5.5.

H

C-ucw

H

uew-f ucw

Figure 5.5: Upper channel wall input and output energies

Applying the energy balance to the element of surface d4 of the upper channel wall (ucw), we

obtain:

He—yewdA = Hygy_ rdA 5.11)

or

Heyew = Hycw-§ (5.12)
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where the heat transferred from the upper channel wall to the water flowing in thermal absorber

channels Hy¢,,_y, given by:

Hyew-5 = hf(Tucw - Tf) (5.13)
where hy is the channel water convective heat transfer coefficient (W/m’K) given in Appendix
B.

From equations (5.6), (5.12) and (5.13), we obtain:

UecuewTe = (A + Ue—yew ) Tucw + heTp = 0 (5.14)

where Ty is the temperature of water in the thermal absorber channels.

From equations (5.10) and (5.14), we obtain the temperature T;,.,, of the upper channel surface,

given by:

T _ EcuTeffG + Ecu(Uc—aTa - Uc—rTr) + thf (5-15)
uew hf + Uc—ucw(1 - fcu)

where the coefficient &, is the solar cell upper wall dimensionless coefficient, given in

Appendix C.

For the water flowing through water ducts:

The heat removed from the upper channel surface by the water flowing in thermal absorber

channels is Hy¢py— 5.

Water enters the channel at temperature T; and leaves at temperature T, at the velocity
(0,0, w(x, y)) given by equation (4.5). A certain quantity of heat removed by water from the PV
module is Hjy and another quantity of heat is transferred to the ambient from the back surface of

the thermal collector depending on the back surface insulation is H, as illustrated in Figure 5.6.
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Figure 5.6: Channel water input and output energies

Consider a volume element of water dV, illustrated in Figure 5.7, flowing in the channel at the

temperature dTy with the velocity w.

Figure 5.7: A volume element of water in thermal collector channel
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Applying the energy balance to the element of volume dV of the water in the channel wall, we

obtain:

The heat transferred from the channel water to the ambient from the back surface of the element
Hf_g, 18 given by:

Hf—a = Uf—a(Tf - Ta)a dz (517)
The heat removed from upper channel wall by the flowing water for an element of volume dV,
Hpg, is given by:

From equations (5.13), (5.18) and (5.19), we obtain:

dﬂ + Uf—a + hf(l - Ecu)T _ Efufcu(feffG + Uc—aTa - Uc—rTr) + Uf—aTa (5‘19)
dz bppwyrcys bprwycpr

where:

b Height of the channel (m)

Pr Density of water (kg/m?®)

Cpf Specific heat of the water (J/kgK)

Us_q Channel fluid ambient overall heat transfer coefficient (W/m’K)
¢ru Upper wall dimensionless coefficient of the water (-)

The state coefficients are given in Appendix C.

Equation (5.19) is a not an homogeneous first order differential equation and it can be solved by

assuming that:
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r=Ur_q+he(1—-¢) (5.20)
S = ffufcu(TeffG + Uc—aTq — Uc—rTr) + Ur—qTq (5.21)
m = bpswisCyr (5.22)

At z = 0, the temperature 7, of the fluid is equal to the inlet temperature 7;. We obtain from
equation (5.19):

Ty = ; + (Ti - ;) exp (— %Z) (5.23)

The output water temperature 7, is obtained with z = L and is given by:

T, = ; + (Ti - ;) exp (—%L) (5.24)

The average fluid temperature T in the thermal collector is obtained by integrate equation (5.23)

for z equal 0 to L and divide the result per L the length L of the channel:

q L (5.25)
Tf = z-[ Tf dz

0
That gives:
_ 1fsL m s r (5.26)
Tf = z T+7(Tl —;) <1 — exp (-aL))]

From equations (5.24) and (5.26), the average fluid temperature becomes:

T = [sL+m(T, ~ T,)] (5.27)

The average temperature of the upper channel wall is obtained from equation (5.15) and

equation (5.27):
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T _ StcuTeffG + Ecu(Uc—aTa - Uc—rTr) + thf (5-28)
wew hf + Uc—ucw(1 - ’fcu)

where:

o Solar cell upper channel wall dimensionless coefficient (-)

Tof Effective transmitivity (-)

G Solar insolation (W/m?)

U.,  Overall heat transfer between solar cells and ambient temperature from the top (W/m?K)
U.,  Overall heat transfer between solar cells and ambient temperature from the top (W/m?K)
U...or Overall heat transfer between solar cells and upper channel wall (W/m?K)

hy Water convective heat transfer coefficient (W/m?K)

T, Ambient temperature (°C)

T. Reference temperature (= 25°C)

And the average cell temperature is obtained from equation (5.10) and equation (5.28):

T _ TeffG + Uc—aTa - Uc—rTr + Uc—uchucw

(5.29)
¢ Uc—a + Uc—ucw - Uc—r

5.3 Determination of the temperature of the water storage tank

The temperature of water in the storage tank is obtained by dividing the tank into five layers and
applying the finite difference method to each layer. The average temperature of water in the tank
is the sum of temperatures of layers over the number of layers.

5.3.1 Tank geometry

Most tanks used are cylindrical and for a cylindrical tank, we have two surfaces of heat

exchange.
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The two areas Ap (the top and bottom the cylinder) perpendicular to the cylinder axis shown in
Figure 5.8 are given by:

| _ngi (5.30)
b=" 4

where D, is the diameter of the tank (m)
And the area 4, parallel to the cylinder axis is given by:

Ay, = Dk, (5.31)

where h; is the height of the tank (m)

The volume V; of the tank is obtained from the relation below:

V. = Aph, (5.32)
5.3.2 Temperature of the water in the tank

The heat transferred to water in the tank is transient heat conduction, the temperature of water

changing with position and time. For the specific case of a hybrid PVT system, a solar hot water

storage tank is used to store heat from the thermal collector.

Figure 5.8: Tank divided into five nodes
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The variation of the temperature is only in one direction from the tank inlet to the tank outlet.
Numerical methods based on finite difference are used to obtain the numerical value of the
temperature of water in the tank. The finite difference method has already been introduced in

Chapter Two.
Consider storage divided into five equal layers of temperature 7, with j equal 1 to 5 as shown in

Figure 5.8. From this division, six nodes from 0 and 5 are obtained with nodes 0 and 5 as

boundary nodes and nodes 1, 2, 3, 4 as interior nodes as shown in Figure 5.9.

Figure 5.9: Six nodes from five layers for the water tank

Applying the finite difference method to each node of the tank, we obtain:

For the top layer, j=1:



60

Figure 5.10: Exterior node 0 input and output energies

The energy balance applied to layer 1 gives:

1 dT,

5k
—VtPfo_l =mpcr(To — Tey) + _fAD (Tez = Teq) + Ut (
5 dt I,

Ap

L4 4p) (T =Te)  (533)

where:

s Mass flow rate in the thermal absorber channel (kg/s)

Ty Temperature of water in the tank at node 1 (°C)

Ty Temperature of water in the tank at node 2 (°C)

ks Thermal conductive heat transfer coefficient for the water (W/mK)

U,_: Water tank ambient overall heat transfer coefficient (W/m2K)

. dr, . -1} . .
The variation of the temperature d—il can be approximated by “A—t“, so that equation (5.33) is

rewritten as:
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THY - TE ' 25k
Viprcr <% = 5mef(To —Ty) + h—thD (Tez — Te1)

+Ua-¢(An +54p)(Ta = Tt1) (5.34)

or

. . k
Vt,DfoTtlfl - thfoTtll = [—SmefAt —25 h—};ADAt - Ua—t(Ah + SAD)At Ttl

k
+25 h—fADAtTtZ + 5t crAtT, + Uq—t (Ap + 5Ap)ALT, (5.35)
t
Applying the implicit finite difference method, equation (2.13) and equation (5.35) gives:

. kf i+1 kf i+1
Vipscr + SmpcyAt + 25 h—tADAt + Uy (Ap + 5Ap)AL|TH — 25 h_tADAtTtZ

= Smpcp AT + Vepror TH + Ug— i (Ay + 54p)ALT, (5.36)

where Ttij is the temperature of water in the tank at the node j at time t*

For interior layers

Consider an interior layer j:

Figure 5.11: Interior node j input and output energies
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The energy balance applied to the layer j gives:

1 th . Skt
=Vepeee— = pee(Te-1) = Tej) + 5 Ap(Tegj-1y — Tej)
5 dt h,
5k 1
+ h—fAD (Teren) = Tey) + 2 UameAn(Ta = Toy) (5.37)
t
or

i+1 i ; Sky
thtCtth - thtCtth - 5 (met + h_tAD)AtTt(]_l)

Ap

25k
. ?) ATy, + =L ApAtTy 4y + Ug_cApAtT, (5.38)

. 10k,
-5 <met + h_tAD + Ua_ ht
Applying the implicit finite difference method to equation (5.38), we obtain:

5k . 10k A .
-5 (mfct + h—tAD) AT ) + [thtct +5 (mfct +——tAp + Ua_t?h) At] Ti+
t t

25k . .
—h—tADAtT;;jiD = VepeC, T} + Ug—t ApALT, (5.39)
t

with j =2, 3 and 4.

For the bottom layer, j =5

Figure 5.12: Exterior node 5 input and output energies
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The energy balance applied to layer 5 gives:

1 dT,s

. Sk
=Vipecr—— = mfct(TM —Tis) + ——Ap(Tea — Tes) + Ug—t (
5 dt h;

Ap

L+ AD) (T, —Ty)  (5.40)

T, i+1 i

. d . T T, . .
The variation of the temperature d—is can be approximated to %, so that equation (5.40) is

rewritten as:

T3 =T . 25k,
Vepece )" Smpce(Teg — Tes) + n Ap(Teq — Tts)
t

+Uq-¢ (A + 54p) (Tq — Tts) (5.41)
or

. , k
Vipee: THY = Vipee T = [—SmfctAt — 25h—tADAt — Uyt (Ap + 5Ap)At| Tys
t

) Skt Ap
+5 (mfct + h—AD) AtT,y +5U,_, (? + AD> ALT, (5.42)
t

Applying the implicit finite difference method, equation (2.13) and equation (5.42) gives:

. Sk, 1 . Sk, Ay i1
_5 <mfct + h_AD) AtTtl: + tht(,‘t + 5 met + h_AD + Ua—t (? + AD) At Ttl5+
t t
. Ay
= Vipe¢:Tes + 5Uq—y (? + AD) AtT, (5.43)
Assuming that:
10k A 5.44
e=V,pc,+5 (mfct + h—tAD + Ua_t?h> At (5-44)
t

From equations (5.36), (5.39) and (5.43) we obtain the system of equations below in matrix

form:

AT =B (5.45)



where:
The temperature vector is given by:

Ty

r=|rig
T
rig*

The vector B is given by:

[« i+1 i An
St AtTy™ " + Vipece Ty + SUq—¢ 3
VepeceTéy + Ua— ApAtT,

B = VepeceTés + Ua— ApAtT,
VepeceTéy + Ua— ApAtT,

+ AD) AT,

Ap

Vepece T + SUa_t( =+ AD) AtT,

64

(5.46)

(5.47)



And the matrix A given by (5.48) is the matrix of coefficients of temperatures of different layers at time i+/:

/

e+5 (Ua_t

ke

5
—~——)ADAt

h

Sk,
he

———AD)At

25k,

ApAt

25k,

ApAt

65

25ktA AL
he P
25Kt 4 A
&€ ht D
. Sk ke
-5 (met +h_tAD)At £+ S(Ua—t _h_t)ADAt

J

(5.48)
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CHAPTER SIX
PVT SYSTEM BEHAVIOR AGAINST VARIATION OF
ENVIRONMENTAL PARAMETERS

Environmental parameters have great impact on output energy and efficiency of photovoltaic
systems. The important environmental parameters that influence the performance of PV systems
are solar irradiance, ambient temperature and wind velocity. The simulation results based on
models developed in Chapter Five are achieved for each environmental parameter, and PVT

module behaviors are compared to PV module behaviors.
6.1 PVT system behaviors against the variation of insolation
The most important environmental parameter is the solar irradiance due to the fact that the PV

panel converts light from the sun into electrical and thermal energies. Figure 6.1 and Figure 6.2

show the PVT system behaviors against the variation of insolation.
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Figure 6.1: PVT module behaviors for variation of solar irradiance
at ambient temperature of 25°C and wind speed of 1m/s
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Figure 6.1 represents the variation of PV module temperature and PVT module temperature with
solar insolation for 8 hours of exposure to the sunlight. For solar insolation varying from 0W/m?
to 1200W/m?, it can be seen that cell temperature for a conventional PV module varies linearly
from 25°C to 65°C while for a PVT module temperature varies linearly from 25°C to 45°C for

the 2 first hours then remains constant between 45°C and 48°C for the remaining time.
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Figure 6.2: Electrical efficiency behaviors for variation of solar irradiance at ambient
temperature 25°C and wind speed 1m/s for PVT module compared to PV module

Due to the increase in temperature of the module with solar insolation, the electrical efficiency
of a conventional PV module decreases linearly from the STC values of 15.6% to 13.58% while
the PVT module efficiency decreases linearly from 15.6% to 14.57% for the 2 first hours then

remains constant between 14.44% and 14.57% for the remaining time as shown in Figure 6.2

above.

From Figure 6.3, it can be seen that the Maximum Power Point (MPP) of the PVT module is at
the left of MPP of the conventional PV module for insolation below 600W/m? due to water in
the channels that constitutes a thermal resistance between solar cells and ambient on the back
side of the thermal collector. Above 600W/m?, water density in thermal absorber channels

decreases and the thermosyphon phenomenon occurs.
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Figure 6.3: Maximum Power point behaviors for variation of solar irradiance at ambient
temperature 25°C and wind speed 1m/s for PVT module compared to PV module

The MPP curve for the PVT module shifts to the right of the PV module MPP curve so that at
the same insolation, more power can be obtained from the PVT module than from the PV
module. This demonstrates the advantage of PVT systems compared to conventional PV

systems, especially at higher insolation.

The water tank temperature remains constant at 25°C for the first 2 hours then increases from

25°C to 38.56°C following the positive exponential law as seen in Figure 6.4.
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Figure 6.4: Water tank temperature for variation of solar irradiance at
ambient temperature 25°C and wind speed 1m/s for PVT module

6.2 The influence of ambient temperature on performance of the PVT system

The other important parameter that influences the efficiency of the PV module is ambient
temperature. Consider the case of ambient temperature varying from 15°C to 35°C for constant

insolation of 1000W/m? at 1m/s wind velocity for 8 hours.

For a constant value of insolation and wind velocity, it can see from Figure 6.5 that cell
temperature for conventional PV module increases linearly from 48.75°C to 68.75°C with
ambient temperature. For PVT module on the other hand, due to sudden exposure of PVT
module to high solar insolation, the cell temperature decreases from 89.39°C to 41.78°C

accompanied by oscillation behaviors due to under damped solution of equation (5.19).
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Figure 6.5: Cell temperature behaviors against the variation of ambient temperature
for PV module and PVT module at 1000w/m? insolation and 1m/s wind speed
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Figure 6.6: Electrical efficiency behaviors against the variation of ambient temperature
for PV module and PVT module at 1000W/m? insolation and 1m/s wind speed
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Figure 6.7: Water tank temperature for variation of ambient temperature
for PVT module at 1000W/m? insolation and 1m/s wind speed

Oscillation behavior of cell temperature is justified by the natural response of water temperature
in the channels to the thermal shock for the 3 first hours as seen in Figure 6.5. For the remaining
five hours, the cell temperature increases from 41.78°C to 49.22°C following the positive

exponential function.

The PV module efficiency decreases linearly from 14.41% to 13.42% while the PVT module
increases from 12.39% to 14.76% accompanied by oscillation for the first three hours due to
temperature behaviour explained above then following the negative exponential from 14.76% to

14.39% for the rest of time as shown in Figure 6.6.

The water tank temperature increases linearly with the ambient temperature from 15.02°C to

44.34°C as seen in Figure 6.7.
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6.3 PVT system behaviors against the variation of wind velocity
The other environmental parameter that has the impact on PV module efficiency is the wind. The

heat produced by solar cells is removed from the top and back sides by the wind. If the wind

velocity increases, more heat is removed from the module to the ambient.
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Figure 6.8: Cell temperature behaviors for the variation of wind velocity for PV
and PVT modules at insolation of 1000W/m? and ambient temperature of 25°C

Consider a variation of wind velocity from Om/s to 12m/s. Figure 6.8 shows the cell temperature
behaviors for the variation of wind velocity for PV module and PVT module at insolation of
1000W/m? and ambient temperature of 25°C. The PV temperature remains constant at 58.75°C
while the PVT temperature decreases from 156.8°C to 46.74°C accompanied by oscillation
behaviors explained in section 5.5.2 for the first hours then remains constant between 46.64°C

and 46.74°C the three next hours, then decreases from 46.64°C to 39.51°C.
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Figure 6.9: Electrical efficiency behaviors for the variation of wind velocity for PV
module and PVT module at 1000w/m? insolation and 25°C ambient temperature
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Figure 6.10: Water tank temperature for the variation of wind velocity for PVT module at
1000W/m? insolation and 25°C ambient temperature
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The electrical efficiency of the PV module remains constant to the value of 13.92% as the PV
module temperature is constant, while the PVT module temperature increases from 9% to
14.57% following the oscillation behaviours of the temperature for the first hour, then remains
constant between 15.51% and 14.57% for the next three hours then increases to 14.88% as seen

in Figure 6.9.

The water tank temperature increases logarithmically with wind velocity from 25.13°C to

38.56°C as seen at Figure 6.10. The maximum tank temperature reached was 35.8°C.
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CHAPTER SEVEN

DESIGN OF THERMOSYPHON HYBRID GRID CONNECTED
PHOTOVOLTAIC SYSTEM FOR DURBAN MODEST
HOUSEHOLD

Electricity is used for a number of objectives ranging from everyday domestic needs for the
using of electrical appliances to industrial purposes for production through to commercial use.
Between 1994 and 1999, approximately 2.8 million of household in South Africa have been
connected to the national electricity network. The acceleration of electrification of households
anticipates an increase in electricity demand for residential use (51). It is estimated that around

2025, approximately 11.4 million of household in South Africa will be connected (52).

7.1 Load determination

Prediction of daily peak load demand is very important for decision making processes in the
electricity sector (53). This is accomplished by selecting items that are often used to determine

the average load for designing the PV system for modest household demand.

Based on electrical rating, hours used per day, and days used per month, the following household
appliances have been considered from the Eskom residential tariff (see Appendix D):

- Computer

- Geyser

- Heater: two bars

- Hotplate: two plates

- Kettle

- Lighting: ten FLC

- Microwave oven

- M-net decoder/DVD player

- Refrigerator with freezer

- Television: 51cm colour

- Toaster
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Items not enumerated will be used based on the energy management of home owner or user.

The electrical rating, hours used, days used and kWh used for those items are given in Table 7.1.

The total of energy hours used is 692.3kWh/month or 8307.6kWh/ year.

Table 7.1: Daily electrical use and kWh used per month for modest household

Electrical Appliances Electrical Hours Used Days Used kWh Used
Rating (Watts) Per Day Per Month | Per Month

Computer 480 2 15 14.4
Geyser 2000 5 30 300
Heater: 2 Bar 1000 5 15 75
Hotplate: 2 Plate 1500 3 30 135
Kettle 2000 0.5 30 30
Lighting: Single 100 W 100 5 30 15
Microwave Oven 1000 1 20 20
M-Net Decoder / DVD
Player 25 6 30 4.5
Refrigerator (With Freezer) | 400 6.5 30 78
Television: 51cm Colour 80 6 30 14.4
Toaster 800 0.5 15 6

7.2 Grid connected photovoltaic array sizing

7.2.1 PV generator

The design is based on the Q-PEAK 250 monocrystalline solar module with characteristics given

in Appendix E.

A First Pass:

The design of the PV generator is based on the roof top non-tracking fixed orientation array. The

maximum averaged irradiation for a year is obtained at the tilt angle 29°, as explained in Chapter
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One. The average irradiance on the horizontal surface is 5.18kWh/m*day at tilt angle 29°

obtained from NASA surface meteorological Data (see Appendix F).

Using the peak hour approach:

£ (kWh) £ (kW)( h @1 ) 365days

| = —_— * —
nergy year ac day sun year
or

kWh
E (kW) = Energy(ye‘") _ 83076 = 4.3939kW
ac T @1sun «3229S T 518365
day year

(7.1)

(7.2)

The impacts of temperature, inverter efficiency, module mismatch and dirt is considered to be

25% lost for an efficiency of 75%.

Eg. 43939

= = 5.8585kW
Conversionef ficiency 0.75

Eqcsrc =

Using Q PEAK BLK 250 PV module to reduce area,

kw ) 5
Eacste = —* Insolation x A(m*) *n,

And the collector area is:

Eqcsrc 58585

= = 39.0567m?
kW
19, 1015

A(m?) =

The number of modules required is given by:

Egestc 58585

= — 23.43 ~ 24modul
Egcsrc/module 250 modules

Numberofmodules =

(7.3)

(7.4)

(7.5)

(7.6)
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Arrangement into an array

The architecture of modules into array is led by the choice of the converter and the size of the
grid. For large grid connected systems, each string of modules can be connected to its own
inverter in the same way as for the single module-inverter topology as presented in Figure 7.1.
This makes the system modularised, so that maintenance can be done on certain parts of the
system without disconnecting the whole system. In addition, installation costs are lower because

of using many small inverters instead of one large central inverter (42).

To connect 24 PV panels in a string, there are seven possible combinations SMA Solar is the
biggest solar inverter manufacturer in the solar inverter market with a 40% share of the global
market. For SMA Solar inverter, the best option is to use two Sunny Boy 3000TL inverters
instead of one mini central 6000TL inverter for 5858.5W, as explained above. Technical data for

the Boy 3000TL inverter is given in Appendix F.

Figure 7.1: Large grid-connected system using an individual inverter for each string

Based on the array output energy and MPP voltage range, four strings of six modules each
arranged into an array are obtained. With six modules per string, the STC rated voltage would

be:
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6 *30.01V = 180.06V (7.7)

The Sunny Boy 3000TL inverter has one MPP tracker with two string plugs so that for the
maximum input current of 17A, an MPP voltage range of 188V-440V, and a maximum current

per string of 17A.

The STC rated voltage for two strings for one MPP tracker is 180.06V. This is in the range of
180-280Vand the maximum input current of 16.82A which is less than 17A.

It is important to limit the maximum open-circuit voltage of the strings for the inverter to operate
safely. That voltage must be less than the highest DC voltage that can be supported by the
inverter. With two strings of six modules in parallel at each input of the inverter, the total

voltage is about 180.06V and is much less than the limit of 550V of the inverter.

But V. increases when the temperature of solar cells is less than the temperature of solar cells at
Standard Test Condition of 25°C. It can be imagined that on a cold morning, with a strong and
cold wind, and poor insolation, cell temperature can be close to ambient temperature and can be
less than 25°C with a temperature coefficient for the open-circuit voltage of -0.32% and the

lowest recorded temperature of 6°C (54).

Assuming that cell temperature and ambient temperature are the same, the open-circuit voltage

V,e.m at one MPP tracker would now be:

Voc,m = oc,String[1 + .BV (Tc - Tr)] (7.8)
where:

Voe swrings Open-circuit voltage of the photovoltaic string at NOCT (V)

B Voltage temperature coefficient (1/K)

T, Cell temperature (°C)

T. Reference temperature (°C)
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or

Vperm = 180.04  [1 — 0.0032 * (6 — 25)] = 190.9864V (7.9)

This is still below the 550V limit of this inverter.

The other motive to verify the open-circuit voltage of a grid-connected array under strongest
cold ambient conditions on the site is to limit the open-circuit voltage to a value less than 600V
as specified by the National Electrical Code for one or two households (42).The array designed
satisfied this constraint, and 24 modules arranged in 4 strings, with each string constituted of

modules is suitable to be used for this purpose.
Second Pass:

The roof area required for the 24 modules Durban system with the fixed orientation collector,

and the estimate of the annual energy produced:
By considering module dimensions given in Appendix E, for 24 modules, the collector area is:

A = 24 modules * 1.16 * 1.53 = 42.5952m? (7.10)

The DC STC rated power of the array will be:

250w

* 24 = 6000W (7.11)
module

Edc,STC =

Assuming a 25% de-rating for AC and using the 5.18 kWh/m’day average solar radiation for

Durban, it implies that the system is predicted to produce:

5.18h 365days
*
day year

E = 6(kW) % 0.75 * = 8508.15kWh/year (7.12)

From the above calculations it can be seen that the system can produce 8508.15kWh/year. From
Table 7.1 above it is evident that the electrical power required by a modest Durban house is

8307.6 kWh/year. Therefore, the PV system can easily meet the requirements.
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The designed results for the PV generator are given in the Table 7.2:

Table 7.2: Array description

Array Description

Module Type Q-PEAQK 250
Monocrystalline Silicon
Array Size 42.60 m?
Number of Strings 24
Number of Modules per String 6
Electrical Data

Maximum Voltage at MPP (Vpy) 180.06V
Open Circuit Voltage (Voc) 222.90V
Maximum Current at MPP (Ipy) 33.64A
Short Circuit Current (Isc) 36.28 A

7.2.2 Cable sizing and over-current protection

The procedure based on NEC requirements of Section 690-9, 690-8, 210-22(C), 220-3(a), 220-
10(b), 215-3, and 240-3(b) have been used for cable sizing and over-current protections of

cables.

(a) From array to inverter:

Circuit Current:

For circuits carrying currents from the PV array, multiplying the short-circuit current by 125%

and using this value for all further calculations. The circuit current obtained is:

1.25 % 2  (9.074) = 22.684
(7.13)
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Over-current Device Rating:

The over-current device must be rated at 125% of the circuit current determined in Step 1. This

is to prevent over-current devices from being operated at more than 80% of rating.

The required fuse (with 75°C terminals) is:

1.25 % 22.684 = 28.354 (7.14)

From NEC 240.6 (A) in appendix H, the next standard fuse size is 30A.
Cable Sizing:

To assure a good operation of connected over-current devices, cables must have an ampacity of
125% of circuit-current at 30°C. No additional deratings are applied with this calculation. Same

procedure as Step 2, the cable ampacity without deratings must be 28.35A.
Cable Derating:

The cable size and estimated temperature of insulation (60, 75 or 90°C) are selected from NEC
ampacity Tables using results from Step 3 and the specific location of the cable (raceway or free-
air). For a roof-mounted PV array, free-air cables are used and for 28.35A cable ampacity
without deratings, cable size and insulation temperature are selected from NEC Ampacity Table
310-17 in Appendix I. In this table, the 75°C cable ampacities are used to get the size, and then
the ampacities from the 90°C column are used in case the deratings are to be determined. The
cable is then derated for the temperature. The derated ampacity obtained must be greater than the
circuit current. If this condition is not satisfied, a larger cable size or higher insulation

temperature is to be chosen.

From Table 310-17 in Appendix I, for cables with 75°C insulation, a No. 14 AWG conductor at
30Amps is needed. This meets Step 3 requirements. This leads to the installation of a No. 14
AWG Copper cable with 90°C insulation and 30°C ampacity of 35 A. The cable temperature
derated correction factor is 1.04 for 21° to 25°C. The temperature range is chosen based on

meteorological data annual range of 14°C and 27°C (see Appendix G).
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The derated ampacity is:

35 x 1.04 = 36.44 (7.15)

This is greater than the required 22.68A circuit current and meets the requirement.
Ampacity versus Over-current Device:

The over-current device rating calculated in Step 2 must be less or equal to the derated ampacity
of the cable selected ampacity of the cable selected in Step 4. If not, then a larger cable is to be
chosen. In case the derated cable ampacity is between the standard over-current device sizes

obtained in NEC section 240-6, the next larger standard size over-current device is used.

36.44 > 304 (7.16)

The above obtained current meets requirements.
Device Terminal Compatibility:

As long as most of over-current devices have terminals to be used at 75°C (or 60°C) cables,
compatibility is checked. A 90°C insulated cable is chosen in the above process, the circuit-
current obtained in Step 1 must be greater than the 30°C ampacity of the same size cable with

75°C (60°C) insulation.

36A exceeds the 30A requirement. Verifying the cable with a 75°C insulation, the fuse end has
an ampacity of 30A which is greater than 22.68A required. This cable can be protected by a 30A
fuse or by a circuit breaker (125% of 2x9.07A is 22.68A).

The fuse has 75°C terminals, so the allowable ampacity for a No 14 AWG cable with 75°C
insulation is 30A and is higher than the 22.68A circuit-current obtained in Step 1. To be sure that
this check is passed, the 75°C column in Table 310-17 in Appendix I is used to begin Step 4.

The derated ampacity is:

30 = 1.05 = 31.54 > 22.684 (7.17)
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(b) From inverters to inverters junction, the strings are in parallel so that the maximum current

flowing in the conductor is the sum of the two string currents:

9.07 x 2 = 18.144 (7.18)

The same calculations as above are performed for:
Circuit current is:

1.25 % 18.144 = 22.684 (7.19)

Over-current device rating:

Applying the NEC 1.25 current multiplier to the 3000TL 240V inverter, its fuse must be rated to

handle a current greater than:

3000
1.25 *

=12. 7.20
240 12.54 (7.20)

From table NEC 240.6(A) in Appendix H, the next standard fuse size is 15A. The 15A standard

fuse has been chosen for strings so that for the inverters, the 20A standard fuses are used.

Notice that only a single 1.25 multiplier is used for the inverter since the PV temperature and
insolation adjustments are inapplicable to the AC portions of the system (42).

Cable sizing:

The cable ampacity without deratings must be 28.34A.

Cable derating:

From Table 310-17 in Appendix I for cable with 75°C insulation, the No. 14 AWG conductor at
35A is needed. The derated ampacity is:

35 x 1.04 = 36.44 (7.21)

This is greater than the required 22.68A circuit current in the cables.
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Ampacity versus over-current device:

36.44 > 304 (7.22)

This meets the requirements.
Device terminal compatibility:
The ampacity of a No. 14 AWG cable with 75°C insolation is 35A.

354 > 22.684 (7.23)

(c) From inverters junction to load and utility grid, inverters are in parallel so that the maximum

current flowing in conductor is the sum of the four string currents:

9.07 x4 = 36.284 (7.24)

The same calculations as above will be performed:
Circuit current is:

1.25 % 36.284 = 45.354 (7.25)

Over-current device rating:

1.25 * 45.354 = 56.694 (7.26)

From Table NEC 240.6(A) in appendix H, the next standard fuse size is 60A.
Cable sizing:

The cable ampacity without deratings must be 56.69A.

Cable derating:

From Table 310-17 in Appendix I for cable with 75°C insulation, the No. 8 AWG conductor at
70A is needed. The derated ampacity is:
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80 * 1.04 = 83.24 (7.27)

This is greater than the required 45.35A circuit current in the cables.
Ampacity versus over-current device:

83.24 > 604 (7.28)

This meets requirements.
Device terminal compatibility:
The ampacity of a No. 8 AWG cable with 75°C insolation is 70A.

704 > 56.694 (7.29)

The same No. 8 AWG cable is selected for all other system wiring, because it has the necessary
ampacity for each circuit. The No. 14 AWG is the minimum wire size and may need to be

enlarged to 8 AWG to reduce voltage drop.
Finally, the results are tabulated in the Table 7.3 below:

Table 7. 3: Wire sizing specification

Wire Runs System Maximum AWG Wire
Voltage Current Number Type
M (A)
Array to inverter 180 16.82 8 or 14 THHN
Inverter to inverters junction | 240 16.82 8 or 14 THHN
Inverters junction to load 240 33.64 8 NM

For switches and protection components, we have:
Array to inverter:

Should a ground fault occur in the module while the inverter is engaged, the fuse is provided to
protect strings and the conductors from high current. For this purpose, we will use a 15A 180V

fuse.
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Inverter to inverters junction:

A 30A utility disconnect switch or breaker is also installed to provide the capacity to manually

insulate each array separately to the load in case of fault or maintenance.

Inverters junction to load.

In the load circuits, a fuse or circuit breaker is installed for each significant load as seen in
Figure 7.2. For this purpose, a 60A circuit breaker is used in the lead circuit to provide the

capacity to manually interrupt power to the house load in case of emergency or maintenance.

Utility Grid
ARBAY
(4 Parallel Strings ) INVERTER 1
Meter
304 Array (00 00]
Disconnect 1 304 Brealker 1 1"
CRE T T
- il 60A AC
Disconnect
i ] 5 e P S P =
— " % _--'_m_,-’_
30A  Array
Disconnect 2 30A Brealker 2
INVERTER 2 House Loads

Figure 7.2: Electrical drawing of the system design for the Durban modest household

demand

Table 7.4 shows switches and protection components for a grid connected PVT system:
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Table 7.4: Switches and protection components for grid connected a PVT system for

Durban modest household demand

Switches and Protection Components

Circuit Protection Device Rated Rated Description
Switch | Diode | Fuse | Surge | curren | voltage
t W)
A)

String output X 15 180 DC fused

disconnect switch
Inverter to X 30 240 Circuit breaker in
inverters junction a lead circuit
Inverters junction X 60 240 Circuit breaker in
to load a lead circuit
Inverters junction X Circuit breaker in

to load

a lead circuit

7.3 Thermal collector and water tank

7.3.1 The design of thermal absorber

The design of thermal collector is based on Chow"'s research results (55), (56). An air-gap is left

between the front glazing and solar cells to increase the thermal efficiency of the system by

recovery of the energy lost from the top of solar cells. The thermal absorber length and width are

approximately equal to 1670mm and 1000mm respectively, and key dimensions of Q-PEAK 250

PV module are given in Appendix E. Each thermal absorber is attached to individual PV

modules to make a unity and has 42 rectangular channels with channel width equal to two times

the height of the channel.

The thermal collector channel width a is:

PV module width B 1000

= number of channels 42

= 24mm

(7.30)

By substituting the value of a in the equation below, the thermal collector channel height b is

obtained as:
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a 24
—_— o e— 7-31
b > > 12mm ( )

Results are obtained for the module packing factor (PF) of 0.9 and Q cells dimensions of 156mm

x 156mm, dimensions obtained from Q cells data sheets in Appendix E.
7.3.2 Design of water tank

The average South African rural household potable water consumption per person is less than 20
litres per day with half of this quantity used for hygiene purpose like bathing and washing of
dishes (57). This has been confirmed by Taylors investigation of rural households in the
Pretoria area (58). Zingano (59) concluded that a temperature of about 40 to 41°C is preferred
for bath water in South Africa (57). Solar water heating should have the capacity to meet all
household heated water requirements (60). Tank size depends on daily hot water need. The size
of the system should be based on the number of people in the house. Eskom have produced the

following sizing for an urban household (61):

50 litres per person of daily hot water is required;

5 litres per person per day for hand basins;

3 litres per meal, assume 2 meals at home daily for dishwashing; and

20% of total above is added for compensation for heat loss due to cold water mixing.
Those values are established with no washing machine added.

For a house of four people the tank size is;

4 %20
4x(50+5+3%2)+ W(SO + 54 3 %2) = 2928 litres per day (7.32)

The standard tank size is 300 litres.

Thermal collectors are connected through pipes to make an array. The array and storage tank are
in close vicinity to the backup and house distribution systems. This is to avoid extreme pipe

losses therefore the pipes need to be well insulated.
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7.4 The Design summary

Components of the grid connected photovoltaic thermal system for a modest Durban household

without indicating the electricity distribution inside the house are listed in Table 7.5.

Table 7.5: Hybrid Grid Connected PVT System Components

Compound Make/Model Quantity
Solar module Q-PEAK 250 24
Thermal absorber Flat plat 24

Water tank Vertical 3001
Inverter Sunny Boy 3000TL 2

DC fused disconnect switch 15A/180V 4

Circuit breaker 30A/240V 2

Circuit breaker 60A/240V 1

Wire AWG #6

Physical and electrical properties of the components are given in Appendices E and F.



91

CHAPTER EIGHT
GRID CONNECTED PVT SYSTEM SIMULATIONS

For this study, the grid connected PVT system was designed to provide electricity and hot water
for modest Durban household demand. It is simulated to predict its performance before

economic analysis and implementation.

The simulation of the system at different environmental parameters allows understanding of the
system behaviors in outdoor conditions. Developed mathematical models of different
components are connected in the way that components interact in order to produce the behaviors
of the entire system through simulations. Based on the mathematical models developed in
previous chapters, grid connected PV and PVT arrays will be simulated. The results from
simulations are compared to those found in the literature and also to the experimental results

obtained by Chow (62).

A comparison between the two systems for different days in terms of energy and efficiency is

presented and the results discussed.

8.1 Description of dynamical simulation tool program

Several hybrid system simulation packages including TRNSY'S, INSEL, HYBBRID2 and so on

have been developed by different research teams and agencies during the last twenty years (63).

In this work, Matlab codes based on Matlab version 7.8 were written. Matlab (matrix laboratory)

is a numerical computing environment and fourth-generation programming language.

Two types of input data are used. The first type groups the technical characteristics and physical
properties of components; this type has been defined for developing mathematical models. The
second type of input data consists of environmental parameters; this is constituted of solar
insolation, ambient temperature and wind speed and is used for proper simulation of design
systems. Daily and average monthly environmental data are obtained from excel worksheets

through an m-file in Matlab codes for simulations.
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The system and its components® performances are provided by the developed simulation models.
Results from simulations are displayed as Tables and Graphs. Selected results from simulations

are given in Appendix J.

8.2 Simulation results

An array of 24 Q PEAK 250 PV modules for PV system and an array of 24 Q PEAK 250 PV
modules attached on top of thermal absorbers connected to a 300 1 water tank have been used for
simulation for the Durban area. The two systems were tilted at 29.867° and weather data for two
particular days were used. The environmental parameters were obtained from the Greater
Durban Radiometric network (GRADRAD) for solar irradiance, and Weather Analytics for

ambient temperature and wind velocity.

For summer period:

Environmental data and simulation results for the day of 04/12/2010 are represented in Figures

8.1t08.5.

1.2 26
—~ 1 25.5
Y
£
2
B 08 25 8
a o
(2] =]
T B
E | o
S 06 245 g
€ P
s <
< 2
o 04 24 €
e <
o
©
g
= 02 Irradiance 235

Wind speed
Ambient Temperature
0 : : : 23
8 9 10 11 12 13 14 15 16

Time (h)

Figure 8.1: Environmental parameters for summer day of 04/12/2010
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Environmental parameters for summer day of 04/12/2010 are presented in Figure 8.1. Before the
solar insolation reaches the arrays, the temperature of the water in the storage tank is assumed to
be equal to the ambient temperature. From 8h00, the solar insolation, the ambient temperature
and the wind speed are increasing to the ambient temperature of 25.83°C and the wind speed of
3.6m/s for the insolation of 1043W/m?. The temperature decreases to 24.44°C and the wind
speed decreases to 3.15m/s at 11h15 while the insolation continues to increase to the maximum

of 1072W/m? at 12h00.
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Figure 8.2: PV and PVT solar cell temperatures for summer day of 04/12/2010

As can be seen from Figure 8.2, the PV array temperature is higher than the PVT array
temperature as, which justifies the high electrical efficiency of the PVT array compared to the
PV array as shown in Figure 8.3. At 11h15, the temperature of PV array is 60.23°C and is equal
to the temperature of the PVT array (Figure 8.2). The temperature of the storage tank is 56.67°C

as shown in Figure 8.4 and is higher than the ambient temperature of 24.44°C.
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Figure 8.3: PV and PVT arrays electrical efficiencies for summer day of 04/12/2010
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Figure 8.4: Storage tank temperature for summer day of 04/12/2010
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Figure 8.6: PV and PVT arrays total efficiency for summer day of 04/12/2010
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At this stage, the PVT array is no longer cooled by the water from the storage tank, the thermal
absorber constitutes a thermal resistance between solar cells and ambient from the back side of
the PVT array. There is more heat transferred from the solar cells of the PV array to the ambient
than from the solar cells of the PVT array to the ambient. The temperature of the PVT array
increases, reaching a maximum of 64.13°C at 12h35 then decreases (Figure 8.2) with the
consequence that the efficiency of the PV system is improved more than the electrical efficiency
of the PVT array (Figure 8.3). The PV array delivers more electrical power then the PVT array

as shown in Figure 8.5.

The solar insolation reaches the maximum of 1073W/m? at 12h00 while the maximum
temperature of 62.86°C of the storage tank is obtained at 12h55. Due to hot water produced by
the PVT array, this total efficiency is higher than the efficiency of PV array which is used only

for electricity purposes as shown in Figure 8.6.

It can be seen that at 13h00, the total energy of the PV array is higher than the total energy of the
PVT system. The contribution of thermal energy to increase the total efficiency of the PVT
system is considerable. At 13h00, the storage tank has reached its maximum temperature. No
more heat transfer from array to storage tank, only the electrical efficiency is considered for the

system. Results for others days are given in Appendices J and K.

Table 8.1 presents a summary of the results from simulation for a conventional photovoltaic
array and a hybrid photovoltaic array for Durban for four particular days in winter and summer

weather conditions.

It can be seen from the above that the PVT array system performs well on summer days with
high solar insolation and much better for regular solar insolation with a total efficiency of 87%
against 15% for the PV array system for the summer day of 29/12/2010. The maximum storage
tank temperature is about 68°C. This is in agreement with the findings of Chow*s experiments

at Hefei in which the storage tank temperature reached 60°C (55) (64).
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Table 8.1: Summary of the results from simulation for PV and PVT systems

Measured Summer Winter
Parameters 04/12/2010 29/12/2010 14/06/2011 28/06/2011
PV PVT | PV | PVT PV PVT PV PVT

Cell Average | 53.6 54 59 59 35.2 38.5 33.5 37.5
temperature | Minimum | 29.1 31 35 36 22.8 23.3 18.3 19.9
(°C) Maximum | 61.0 64.1 78 76 41.6 43.2 40.8 49.6
Maximum | Average | 2568.7 | 2564.4 | 2308 | 2316 | 1242.6 | 1222.8 | 1273.3 | 1244.5
electrical Minimum | 488.5 | 483.4 | 611 | 608 387.2 |386.2 | 407.2 | 405
power (W) | Maximum | 3106.8 | 3075.7 | 3495 | 3590 | 1693.4 | 1682.1 | 1741.8 | 1721.3
Electrical Average 14.2 14.2 14 14 15.1 14.9 15.2 15
efficiency | Minimum | 13.8 13.6 13 13 14.8 14.7 14.8 14.4
(%) Maximum | 15.4 15.3 15 15 15.7 15.7 15.9 15.9
Tank water | Average 0 51.9 0 62 0 29.2 0 32
temperature | Minimum | 0 233 0 30 0 18.1 0 13.7
(°C) Maximum | 0 62.9 0 68 0 36.2 0 474
Total Average 14.2 18.6 14 19 15.1 19.2 15.2 21.9
efficiency | Minimum | 13.8 12.8 13 12 14.8 14.3 14.8 13.1
(%) Maximum | 15.4 33.1 15 87 15.7 27 15.9 37.2
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CHAPTER NINE
GRID-CONNECTED PV AND PVT SYSTEMS ECONOMICS

To complete the design, an economic analysis was performed. Economic analysis was
considered necessary to perform based on two major inputs which are common to any economic
analysis of a PV system to have a complete design. These are: initial cost of the system and the
amount of energy it will deliver each year. The economic viability of the system ultimately
depends on the price of the energy generated by the system which includes the possibility of tax

credits, economic advantages and the mode in which system is paid for (42).

9.1. Cost of PV and PVT systems and energy delivery

The cost of the system is obtained using the SUNSIM simulation results published by Bekker
(12). and the experimental results from Chow (56). Electricity yield is consumed directly
without battery storage. A major cost advantage is that the equipment is maintenance free apart
from material degradation since there are no moving parts in the integrated PV and

thermosyphon systems (56). Table 9.1 gives cost for the components of both the PV and the

PVT systems.
Table 9.1: PV and PVT Components Cost
SYSTEM DESCRIPTION PV Component PVT Component
Cost (Rand) Cost (Rand)

Water tank 1,410
Collector frame and support 21,090.85 21,090.85
Thermal absorber 27,037.72
PV module 210,908.52 210,908.52
Inverter 46,868.56 46,868.56
Piping, wiring and accessories | 5,858.57 9,783.81
Transport and installation 23,434.28 35,151.42
Total cost 308,160.78 352,250.88
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Design results show that to attend to the required household electricity demand, a 4500W AC
PV system should be used. The system must delivere 8508.15kWh per year to a house that
currently pays R0.94 per kWh, which is the Eskom energy cost without VAT (2012 residential
tariffs).

Solar power is considered one of the most reliable sources of renewable energy available today.
By engaging it in water heating, which is one of the most intensive household activities (65), we

have achieved a major milestone in maximum power saving.
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I \Vater tank
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- Piping, wiring and accessories
I Transport and installation

Figure 9.1: Average cost of residential PV systems for Durban modest household demand

Eskom is currently stimulating the demand for efficient water heating systems to counter the
high consumption of electric geysers which account for 30-50% of the electricity consumed by
an average household. The programmes are arranged in rebate schemes whereby rebates are paid
directly to consumers such that the products, suppliers and installers are registered into the
programme. Presently, two programmes exist in the market, the solar water heating rebate

programme and the residential heat pump rebate programme (66).
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The cost of electricity generator remains the same for both the PVT system and the PV system,
but the PVT system is able to produce more useful energy. From the design in Chapter Six, we
can see that the PV system is predicted to deliver 8508.15kWh/year with 3600kWh allocated to
hot water corresponding to 42% of energy produced. If we take into consideration the thermal
energy produced by the thermal absorber and the increase of electrical efficiency due to cooling
of the PV array, and convert this total amount of energy into electricity (i.e. add the amount that
would have been used to heat water separately to the kW produced by a more efficient PV array)

the predicted energy for the PVT system is 12108.15kWh/year.

As can be seen from Figure 9.1 and Figure 9.2, more than 70% of investment is allocated to the
electricity generator, with 68% for PV modules and 15% for inverters for PV systems and 60%
for PV modules and 13% for inverters for PVT systems, with at least 85% to PV modules for
both systems. The PVT system cost is higher than the PV system due to addition of the thermal

absorber, but is less costly in the medium to long term as explained below.

6% <1%

10%

13%

I \Vater tank
I Collector frame and support

[ Thermal absorber

[ IModule

60% [ Tinverter

I Piping, wiring and accessories
I Transport and installation

Figure 9.2: Average cost of residential PVT systems for Durban modest household demand
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9.2 Loan terms and income tax
The following is assumed for the calculations below: the taxpayer earns R300,000 per year and
so is in the 22.23% tax bracket (see Table 9.2); the bank loan will be for a term of 20 years at an

interest rate of 8.5% (67); both systems are eligible for a rebate of R50 per WAC.

Table 9.2: The tax rates applicable to individuals for the tax year 2012/2013 (67)

Taxable Income Tax Rate
R0.00 - R160,000.00 18% of taxable income
R160,001.00 - R250,000.00 R 28,800 + 25% of taxable income
R250,001.00 - R346,000.00 R 51,300 + 30% of taxable income
R346,001.00 - R484,000.00 R 80,100 + 35% of taxable income
R484,001.00 - R617,000.00 R 128,400 + 38% of taxable income
R617,001.00 R 178,940 + 40% of taxable income

9.3 Systems finance

Systems finance is based on the determination of the net economic benefit of both PV and PVT

systems.

The net cost of the system, the annual load payment, annual cost and saving for both systems are
calculated and compared over 20 years. The energy cost is also determined and compared to

Eskom cost.

Net Cost of the System:
The net cost of the system, NCS is given by:

NCS = SC — ER * SNP (9.1)

where SC is the system cost, £R is the energy rebate and SNP is the system nominal power.
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Annual Loan Payment:

The annual loan payment is given by:

Loan = CRF(i,n) * NCS 9.2)

where CRF (i,n) is the capital recovery factor for an interest i over n years and is obtained from
equation (7.2) below:
i1+ 93)

CRF(l, Tl) = m

Tax Savings:
The reduction in income taxes or tax savings 7. is obtained using equation (9.4):

TS =ixNCS * MTB 94)
where MTB is the marginal tax bracket

Cost of Electricity:
The cost of electricity CE from the system is obtained from equation (9.5):

E— Loan — TS 9.5)
- SEP

where SEP is the system energy predicted

Net Economic Benefit:
The net economic benefit NEB is given by:

NEB = SEP  (PER — CE) (9.6)

where PER is the public electricity rate which is the Eskom rate for South Africa.
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By using data from Sections 9.1 and 9.2, we obtain the cost of PV and PVT electricity and the

net economic benefit in the first year is given in Table 9.3.

Table 9.3: System electricity cost and net economic benefit in the first year

Parameter PV PVT
System power (kW) 4500.00 4500.00
System power predicted (kWh/yr) 8508.15 12108.15
Total cost (R) 308160.78 352250.88
PV rebate (R/W) 50.00 50.00
Loan interest (i) 0.09 0.09
Number of years (n) 20.00 20.00
Tax rate (MTB) 0.22 0.22
Eskom electricity tariff ( R’kWh ) 0.94 0.94
Net cost (R) 83160.78 127250.88
CRF (i,n) 0.11 0.11
Loan (R) 8787.68 13446.72
Tax saving (R) 1571.36 2404.47
System electricity cost ( R’kWh) 0.85 0.91
System Net economic benefit (R) | 756.67 304.29

Figure 9.3 represents the variation of loan balance and loan interest for both systems over 20
year for utility electricity cost increasing of 5% each year. The loan balance of the PVT system
is higher due to the cost of the system. It can be seen that after twenty years, the balance is zero

due to the saving realized over twenty years.

While the utility electricity cost increases from R0.94/kWh by 5% each year over 20 years to
R2.49/kWh, the PV system and PVT system increase from R0.94/kWh to R1.01/kWh and from
R0.91/kWh to R1.09/kWh respectively for 19 years then drop to RO/kWh at the twentieth year as

shown in Figure 9.4 above, which means free electricity at the twentieth year.
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The savings for the PV system and the PVT system increase linearly over 19 years from
R756.70 to R11,512.70 and from R304.30 to R15,460.06 per year respectively. At the twentieth
year, the loan balance is zero for both systems, which justifies the brusque increase of savings to
R21,154.71 per year for the PV system and R30,106.64 per year for the PVT system, in that

year.

x 10°
35

I PV Savings
I PVT Savings

2.5

1.5 |

Savings (Rand)

05 id -

0 L
-5 0 5 10 15 20 25
Year

Figure 9.5: PV system and PVT system tax savings over 20 years

After 20 years of using a grid connected hybrid PVT system, R167,856.80 would be saved
which is 29.5% more than the saving of R129,618.9 realized with the use of a grid connected PV

system.
If the same calculations are made with the 15% increase in Eskom tariffs due to start from 2014;
the savings would be R792,101.36 for the PV system and R1,110,678.54 for the PVT system

which is very huge particularly for the PVT system.

More details of annual cash flow for each system are given in Appendix L.
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CHAPTER TEN
CONCLUSION AND RECOMMENDATIONS

The overall goal of this study was to design a Thermosyphon Hybrid Photovoltaic Thermal
System or PVT system for a moderate demand Durban household and evaluate the economic

impact. The main conclusions and recommendations drawn from this are summarized below.

10.1 Conclusion

A comparison was made between the conventional grid connected photovoltaic system to grid
connected hybrid photovoltaic thermal system for four particular Durban weather days (winter
and summer). To achieve our goal, based on certain assumptions (as laid out in Chapter One and
Chapter Four), a complete model of cell temperature for a PVT system using Fourier™s series and
a temperature model of water in a storage tank using finite difference method was developed and
implemented using Matlab codes. This model was employed to predict the PVT system"s
operational performance through numerical simulation. Electrical and heat transfer relations
were the basis for these models. However, a number of other empirical relationships for some
coefficients were also used. The modeling, identification and validation of the system show that
the agreement between simulation, literature and the Chow experiments is quite congruent (55)

(64).

The answers to the key research questions of this study have been addressed as follows:

1) Referring to Eskom residential tariff 2012 and Eskom tank sizing, South Africa

household energy demand was estimated for a household of four people.

2) Utilization of maximum power of a PV array is essential to the energy efficiency and
cost effectiveness of the system. In most such systems made to date, voltage-conversion
devices have commonly been used between the PV array and the house loads to
maximize the energy transfer. The optimal performance and lowest unit power costs of
these systems have been obtained by operating the systems at the maximum power point

at low temperature. Clearly if cooling the PV system by water can be achieved without
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the use of any intervening equipment such as a pump, the economic attractiveness of
PVT systems compared to alternatives will be enhanced, since the costs of pumps and

maintenance are avoided.

3) A PV module converts more than 60% of insolation to heat. The high electrical energy
of a PV module is obtained at high solar insolation. But at high insolation, the efficiency
of the module drops due to the increase of the temperature. By cooling the PV module
with water using rectangular channels, a large surface for heat exchange between the PV
module and the thermal absorber is provided and the maximum power point of the PVT
module is shifted to the left of the conventional PV module. Both electrical and thermal

energy are generated through the same hybrid PVT module.

4) The used of a grid connected PVT system for household energy demand is more
beneficial in terms of energy output with 42% more than a conventional grid connected
PV system due to the production of thermal energy for production of hot water. The grid
connected PVT system is also economically more beneficial for the household. With this
system, 30.26% greater savings than a conventional grid connected PV system can be

realized over 20 years.

10.2 Recommendations

The maximum power point (MPP) of the PVT is at the right of the MPP curve of PV array at
low irradiance. This then shifts to the left of the PV array curve for regular insolation and
constant ambient temperature and wind speed. It is possible in principle to improve the
maximum power point curve of the PVT array at low insolation by increasing the water rate in
absorber channels and improving the insulation at the storage tank, causing the array temperature
to drop and shift the maximum power point curve further to the left by combining thermosyphon
and force convection. This can be achieved by connecting two storage tanks in series through a
control valve and a pump at the inlet of the thermal absorber to control the rate of heat removal
by the water flowing in the thermal absorber channels. In a design such as this, heat from the
thermal collector is removed to the first tank. At a specified temperature the control valve will
transfer hot water from the first tank to a second tank for storage. The transfer is stopped when

the water in the first tank reaches a specified minimum level. At this point a pump will start
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automatically to fill the first tank and stop when the maximum level required for the
thermosyphon phenomena to occur in the circuit branch between the first and thermal absorber is
reached. Thus, cooler water will once again circulate through the thermal absorber to cool the
PV array and accumulate hot water in the first tank. Hot water from the second tank will be
available for household use. A design like this will no doubt cause an increase in the capital cost

of the system, but the overall efficiency improvement will more than compensate for those costs.

In this study a life cycle assessment has been carried out to estimate the cost of systems and
economic recovery/savings. This assessment revealed that the PVT is more economical in the
long term than the conventional PV system and the increase in the capital costs of the system to
improve efficiency can easily be recovered. A separate analysis of unit lifecycle costs to confirm

the economically-optimal combination of PVT components is recommended.
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APPENDICES

Appendix A: The Newton Raphson’s method

The Newton's method is described as:

f ()

Xn+1 = Xn _f,(x )
n

(A-1)

Where: () is the derivative of the function, f(x)=0, x, is a present value, and x,+, is a next value.

Rewriting the equation (3.17) gives the following function:

V+IRs

f(h=I,.—1-1, [eq(W) - 1] = (A-2)

Plugging this into the equation (A-1) gives a following recursive equation, and the output current (I) is

computed iteratively.

V+IR
I e—1,—1, [eq( ) — 1]

Inyr=1In = V+IRg (A-3)
-1-1, (Z'TR;) eq( AKT )

Where:

Ly Module current at step n+17 (A)

1, Module current at step n (A)



Appendix B: Heat transfer coefficients
Fluid heat transfer coefficients calculation

o  Convective heat transfer coefficient for wind h,, (W/m?K):

o Convective heat transfer coefficient for the air gap (W/m?K):

k
hag = Nugg 5;‘19
ag

Where:

Nu,, is the Nusselt number for the air gap and is given by:

1-1708 sin(1.86)1
Nugg =1+ 1.44(———)(1-1708 2

Rag4cos@ Rag4cos@

1
Ra,, cos® /2
(=

Ra,g is the Rayleigh number for the air gap. It is obtained by using equation below:

6ag3Prag
Ragg = gﬂag(Tc - Tg)ﬁ
agVag
Pag Volume expansion coefficient of the air gap (1/K)
Prg Prandtl number for the air gap
Olag Thermal diffusivity (m?/s)
Vag Kinematic viscosity of the air gap (m?/s)

The values of f,4 Prae @4 and v,, are obtained from Thermodynamic Tables.
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(B.1)

(B.2)

(B.3)

(B.4)
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e Convective heat transfer coefficient for the water in channel hy(W/m*K)

The convective heat transfer coefficient for the water flowing in the channel is given by:

kg

Where:

Nuy is the Nusselt number for water flowing in rectangular channel with length side equal two times

width side and is:

Nuy = 4.11 (B.6)
K; is the conductive heat transfer for the water. This coefficient depends on the temperature of the
water and is given Thermodynamic tables.

Dy, is the hydraulic perimeter of the channel and is obtained from equation below:

D, = 4% (B.7)
Pz

Where:

A, Cross section of the channel (m?)

p- Perimeter of the cross section of the channel (m)

Overall heat transfer coefficients:

« The overall heat transfer between solar cells and ambient temperature from the top U,.,

(W/m?K) is given by:

Uig=——F

hag = kg = hw
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o The overall heat transfer between solar cells and upper channel wall U, 1s given by:

k
_ Muew (B.9)

Uq._
c—ucw 6uCW
o The overall heat transfer coefficient between fluid in the channel and the ambient by the
backside U, (W/m’K) is given by:

1
Uf—a_1 5 5; 1 B.10
— o lew 4 Oins 4 (B.10)
hf kicw kins hw

o The overall heat transfer coefficient between water in the tank and ambient U,, (W/m?K) is

given by:

1
1, 5 S¢ , 1 (B.11)
— pims 4 Tty -
hy Kins k¢ he

Ug—t =
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Appendix C: Dimensionless coefficients

The dimensionless coefficients are used to simplify the model. Those coefficients are obtained be
combining or grouping different heat transfer coefficients in one equation and are given below:

o Coefficient 7,5

Terf = Tg[PFa,(1 —n,) + ar(1 — PF)] (C.1)

o Coefficient &,

Uc—ucw
£ = (C2)
«“ Ue—qg + Ue—yew + Uc—r

Where:
Uer =T'PFT4a.G (C.3)
and
Ny
r=-—_ C4
3 (C4)

e Coefficient &

_ hy
hf + Uc—ucw(1 - ‘fcu)

$u (C.5)



Appendix D: Eskom Residential Tariff

The following Table shows the typical costs of running appliances on the residential tariffs'.

Electrical Appliances Electrical | Hours Days Kwh Monthly
Rating In Used Used Per | Used Per Cost At
Watts Per Day | Month Month 106.83
Cents/kWh
Incl.VAT

Air Conditioner 1500 12 20 360 R 384.59
Cellphone Charger 28 5 7 0.98 R 1.05
Clothes Iron 1500 4 6 36 R 38.46
Computer 480 2 15 14.4 R 15.38
Dishwasher 2500 2 25 125 R 133.54
Freezer (Chest) 250 6.5 30 48.75 R 52.08
Geyser 2000 5 30 300 R 320.49
Heater: 2 Bar 1000 5 15 75 R 80.12
Hotplate: 2 Plate 1500 3 30 135 R 144.22
Kettle 2000 0.5 30 30 R 32.05
Lighting: Simple 100W 100 5 30 15 R 16.02
Microwave Oven 1000 1 20 20 R 21.37
M-Net Decoder/DVD Player | 25 6 30 4.5 R 4.81
Oven: Bake Element 1500 0.5 20 15 R 16.02
Oven: Grill Element 1500 0.5 15 11.25 R 12.02
Oven: Warmer Drawer 400 0.8 25 8 R 8.55
Pool Pump 750 8 30 180 R 192.29
Refrigerator (With Freezer) | 400 6.5 30 78 R 83.33
Stove: Back Large Plate 1500 1.5 30 67.5 R 72.11
Stove: Back Small Plate 1000 1 25 25 R 26.71
Stove: Front Large Plate 1500 2 30 90 R 96.15
Stove: Front Small Plate 1000 1 15 15 R 16.02
Total Stove 197.5 R 210.99
Television: 51cm Colour 80 6 30 14.4 R 15.38
Toaster 800 0.5 15 6 R 6.41
Vacuum Cleaner 1400 3 4 16.8 R 17.95
Washing Machine 2300 4 6 55.2 R 58.97

'Ethekwini Electricity: Tariff 2011/2012, 2010: Durban
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Appendix E: Q cells and Q PEAK Module characteristics
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Appendix F: Sunny Boy 3000TL/ 4000TL / S000TL Characteristics
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Appendix G: NASA insolation Data for Durban

o ATMOSPHERIC NASA Surface meteorology and Solar Energy -

4 SCIENCE .
¥ DATA CENTER Available Tables

Latitude -29.867 / Longitude 30.967 was chosen.

Parameters for Sizing and Pointing of Solar Panels and for Solar Thermal Applications:

Monthly Averaged Insolation Incident On A Horizontal Surface (kWh/m?/day)
Lat -29.867 Annual
Lon 30.967 Jan |Feb |Mar Apr May [Jun |Jul |Aug |Sep |Oct |Nov [Dec Average

22-year Average  |5.67 |5.51 |5.03 4.40 [3.81 [3.40 3.65 |4.25 |4.84 |4.93 |5.30 |5.69 |4.70

Minimum And Maximum Difference From Monthly Averaged Insolation (%)

Lat -29.867

Lon 30.967 Jan |Feb Mar |Apr May |Jun Jul |Aug Sep |Oct |[Nov |Dec
Minimum -11 -19  |-14 |15 -12 -14 |-19 |18 20 |21 |23 -18
Maximum 14 |12 16 21 12 9 13 9 15 17 18 16

Parameters for Tilted Solar Panels:

Monthly Averaged Radiation Incident On An Equator-Pointed Tilted Surface (kWh/m?*/day)

Lat -29.867 Jan |Feb |[Mar |Apr May |Jun |[Jul |Aug |Sep |Oct |[Nov |Dec Annual

Lon 30.967 Average
SSE HRZ 5.67 551 |5.03 440 3.81 |3.40 [3.65 |4.25 |4.84 493 |5.30 |5.69 |4.70
K 0.47 10.50 0.53 |0.58 |0.63 |0.64 |0.65 |0.62 |0.56 |0.47 |0.45 |0.46 |0.55
Diffuse 2.61 230 [1.84 |1.31 |0.87 |0.72 |0.76 |1.07 |1.59 [2.17 [2.53 |2.67 |1.70
Direct 447 479 |5.08 |5.59 |6.18 |6.15 |6.38 |6.10 |5.40 |4.18 |4.06 |4.39 |5.23
Tilt 0 5.64 548 495 436 (3.71 |3.34 |3.57 |4.22 |4.78 |4.82 |5.27 |5.66 |4.65
Tilt 14 5.53 |5.52 |523 |4.94 453 |427 448 496 |5.18 492 521 |5.51 |5.02
Tilt 29 5.17 530 |5.27 |5.31 |5.16 |5.02 |5.21 |5.49 |535 4.81 491 |5.12 |5.18
Tilt 44 4.58 |4.85 |5.05 |5.39 |5.50 |5.48 |5.63 |5.71 |5.23 |4.47 |439 |4.51 |5.07
Tilt 90 2.13 2.43 297 3.89 455 |4.83 |4.84 442 |3.34 238 [2.12 |2.07 |3.34
OPT 5.64 553 |5.28 |5.39 [5.55 |5.61 |5.73 |5.72 |5.35 492 |5.28 |5.66 |(5.47

OPT ANG 0.00 9.00 24.0 |40.0 [52.0 |57.0 |55.0 |47.0 |30.0 |14.0 |2.00 |0.00 (27.6

http://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi?&num=211061&lat=-

29.867&submit=Submit&hgt=100&veg=6&sitelev=&email=marcntumba@yahoo.fr&step=2&p=grid_id&p=swv_dwn&p=ex

p_dif&p=avg_dnr&p=daylight&p=DLYRANGE&p=wspd50m&p=ws50 0 2&p=wspd10arpt&lon=30.967



http://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi?&num=211061&lat=-29.867&submit=Submit&hgt=100&veg=6&sitelev=&email=marcntumba@yahoo.fr&step=2&p=grid_id&p=swv_dwn&p=exp_dif&p=avg_dnr&p=daylight&p=DLYRANGE&p=wspd50m&p=ws50_0_2&p=wspd10arpt&lon=30.967
http://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi?&num=211061&lat=-29.867&submit=Submit&hgt=100&veg=6&sitelev=&email=marcntumba@yahoo.fr&step=2&p=grid_id&p=swv_dwn&p=exp_dif&p=avg_dnr&p=daylight&p=DLYRANGE&p=wspd50m&p=ws50_0_2&p=wspd10arpt&lon=30.967
http://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi?&num=211061&lat=-29.867&submit=Submit&hgt=100&veg=6&sitelev=&email=marcntumba@yahoo.fr&step=2&p=grid_id&p=swv_dwn&p=exp_dif&p=avg_dnr&p=daylight&p=DLYRANGE&p=wspd50m&p=ws50_0_2&p=wspd10arpt&lon=30.967
http://eosweb.larc.nasa.gov/
http://eosweb.larc.nasa.gov/
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Meteorology (Temperature):

Monthly Averaged Air Temperature At 10 m Above The Surface Of The Earth (°C)

11:2; 30.967 29867 lyon [Feb  Mar Apr May |Jun |Jul |Aug |Sep |Oct Nov |Dec 232;213
22-year Average 21.1 |21.2 20.6 |18.8 |16.8 144 144 |16.4 [182 185 |19.5 20.5 |18.3
Minimum 17.5 |17.6 |17.0 |15.1 |13.1 [10.7 [10.5 [12.2 [13.9 |14.6 |15.7 169 |14.5
Maximum 25.1 1253 24.8 [23.3 |21.7 [19.3 [19.2 21.0 22.6 22.4 23.3 244 [22.7

Average Daily Temperature Range (°C)
Lat -29.867
Lon 30.967 Jan  Feb Mar |Apr May |Jun Jul |Aug [Sep |Oct Nov |Dec

22-year Average 7.61 |7.64* |7.77 |8.19 [8.63 |8.66 |8.63 8.84 |8.65 |7.83 [7.69 |7.52

Average Minimum, Maximum and Amplitude Of The Daily Mean Earth Temperature (°C)
Lat -29.867 Annual
Lon 30.967 Jan |Feb Mar |Apr May Jun |Jul |Aug [Sep |Oct [Nov |Dec Amplitude

Minimum 17.6 |17.7 |17.0 14.7 |12.2 |9.75 9.68 |11.5 |13.7 |14.7 |159 [17.0
Maximum 29.2 1294 287 |27.1 |25.4 229 234 |26.4 |28.8 |28.2 284 |28.5
Amplitude 579 |5.86 |5.84 |6.16 |6.57 |6.58 |6.86 |7.44 |7.53 |6.73 |6.29 |5.75 [9.90

Meteorology (Wind):

Monthly Averaged Wind Speed At 50 m Above The Surface Of The Earth (m/s)
Lat -29.867 Annual

Lon 30.967 Jan |Feb Mar Apr May [Jun |Jul |Aug |Sep |Oct |Nov [Dec Average

10-year Average |4.73 |4.41 |4.43 4.55 4.63 |5.23 |5.25 |5.48 |5.77 |5.47 [5.07 |4.70 |4.98

Monthly Averaged Wind Speed At 10 m Above The Surface Of The Earth For Terrain Similar To
Airports (m/s)

Lat -29.867 Annual
Lon 30.967 Jan |Feb |[Mar Apr May Jun [Jul |Aug |[Sep |Oct [Nov |Dec Average

10-year Average |3.74 |3.48 |3.50 |3.60 [3.66 |4.13 |4.15 |4.33 4.55 432 |4.01 |3.71 |3.93

http://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi?&num=211061&lat=-



http://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi?&num=211061&lat=-29.867&submit=Submit&hgt=100&veg=6&sitelev=&email=marcntumba@yahoo.fr&step=2&p=grid_id&p=swv_dwn&p=exp_dif&p=avg_dnr&p=daylight&p=DLYRANGE&p=wspd50m&p=ws50_0_2&p=wspd10arpt&lon=30.967
http://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi?&num=211061&lat=-29.867&submit=Submit&hgt=100&veg=6&sitelev=&email=marcntumba@yahoo.fr&step=2&p=grid_id&p=swv_dwn&p=exp_dif&p=avg_dnr&p=daylight&p=DLYRANGE&p=wspd50m&p=ws50_0_2&p=wspd10arpt&lon=30.967
http://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi?&num=211061&lat=-29.867&submit=Submit&hgt=100&veg=6&sitelev=&email=marcntumba@yahoo.fr&step=2&p=grid_id&p=swv_dwn&p=exp_dif&p=avg_dnr&p=daylight&p=DLYRANGE&p=wspd50m&p=ws50_0_2&p=wspd10arpt&lon=30.967
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Appendix H: Table 310.17 Allowable Ampacities of Single-Insulated Conductors Rated 0

Through 2000 Volts in Free Air, Based on Ambient Air Temperature of 30°C (86°F)

Temperature Rating of Conductor [See Table 310.13(A).]

60°C
(140°F) 75°C (167°F) 90°C (194°F) 60°C (140°F) 75°C (167°F) 90°C (194°F)
Types TBS, SA,
SIS, FEP, FEPB, Types TBS, SA,
MI, RHH, RHW-2, SIS, THHN,
THHN, THHW, THHW, THW-2,
Types RHW, THW-2, THWN-2, Types RHW, THWN-2, RHH,
THHW, THW, USE-2, XHH, THHW, THW, RHW-2, USE-2,
Size Types TW, THWN, XHHW, XHHW-2, THWN, XHH, XHHW, Size
AWG or UF XHHW, ZW ZW-2 Types TW, UF XHHW XHHW-2, ZW-2 AWG
kemil COPPER ALUMINUM OR COPPER-CLAD ALUMINUM | or kemil
18 18
16 24
14 25 30 35
12 30 35 40 25 30 35 12
10 40 50 55 35 40 40 10
8 60 70 80 45 55 60 8
6 80 95 105 60 75 80 6
4 105 125 140 80 100 110 4
3 120 145 165 95 115 130 3
2 140 170 190 110 135 150 2
1 165 195 220 130 155 175 1
1/0 195 230 260 150 180 205 1/0
2/0 225 265 300 175 210 235 2/0
3/0 260 310 350 200 240 275 3/0
4/0 300 360 405 235 280 315 4/0
250 340 405 455 265 315 355 250
300 375 445 505 290 350 395 300
350 420 505 570 330 395 445 350
400 455 545 615 355 425 480 400
500 515 620 700 405 485 545 500
600 575 690 780 455 540 615 600
700 630 755 855 500 595 675 700
750 655 785 885 515 620 700 750
800 680 815 920 535 645 725 800
900 730 870 985 580 700 785 900
1000 780 935 1055 625 750 845 1000
1250 890 1065 1200 710 855 960 1250
1500 980 1175 1325 795 950 1075 1500
1750 1070 1280 1445 875 1050 1185 1750
2000 1155 1385 1560 960 1150 1335 2000
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CORRECTION FACTORS
Ambient Ambient
Temp. For ambient temperatures other than 30°C (86°F), multiply the allowable ampacities shown above by | Temp.
(°C) the appropriate factor shown below. (°O)
21-25 1.08 1.05 1.04 1.08 1.05 1.04 70-77
26-30 1.00 1.00 1.00 1.00 1.00 1.00 78-86
31-35 0.91 0.94 0.96 0.91 0.94 0.96 87-95
36-40 0.82 0.88 0.91 0.82 0.88 0.91 96-104
41-45 0.71 0.82 0.87 0.71 0.82 0.87 105-113
46-50 0.58 0.75 0.82 0.58 0.75 0.82 114-122
51-55 0.41 0.67 0.76 0.41 0.67 0.76 123-131
56-60 0.58 0.71 0.58 0.71 132-140
61-70 0.33 0.58 0.33 0.58 141-158
71-80 0.41 0.41 159-176
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Appendix I: NEC 240.6 Standard Ampere Ratings

Fuses and Fixed-Trip Circuit Breakers. The standard ampere ratings for fuses and inverse time
circuit breakers shall be considered 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 110, 125, 150,
175, 200, 225, 250, 300, 350, 400, 450, 500, 600, 700, 800, 1000, 1200, 1600, 2000, 2500, 3000, 4000,
5000, and 6000 amperes. Additional standard ampere ratings for fuses shall be 1, 3, 6, 10, and 601. The

use of fuses and inverse time circuit breakers with nonstandard ampere ratings shall be permitted.
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Appendix J: Graphical results from simulation of PV and PVT arrays systems

e The following are authors graphical results
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e The following are authors graphical results obtained for winter day of 14 June 2011
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The following are authors graphical results obtained for winter day of 28 June 2011
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Appendix K: Numerical results from simulation of PV and PVT arrays systems for

particular days

o The following simulation data for the day of 04/12/2010 were obtained by the Author:

Index

t

1.0e+003 *

0.0010
0.0020
0.0030
0.0040
0.0050
0.0060
0.0070
0.0080
0.0090
0.0100
0.0110
0.0120
0.0130
0.0140
0.0150
0.0160
0.0170
0.0180
0.0190
0.0200
0.0210
0.0220
0.0230
0.0240
0.0250
0.0260
0.0270
0.0280
0.0290
0.0300
0.0310
0.0320
0.0330
0.0340
0.0350
0.0360
0.0370
0.0380
0.0390
0.0400
0.0410
0.0420

0.0080
0.0081
0.0082
0.0083
0.0083
0.0084
0.0085
0.0086
0.0087
0.0088
0.0088
0.0089
0.0090
0.0091
0.0092
0.0092
0.0093
0.0094
0.0095
0.0096
0.0097
0.0098
0.0098
0.0099
0.0100
0.0101
0.0102
0.0103
0.0103
0.0104
0.0105
0.0106
0.0107
0.0107
0.0108
0.0109
0.0110
0.0111
0.0112
0.0113
0.0113
0.0114

G

0.6291
0.6458
0.6628
0.6541
0.4221
0.5330
0.7033
0.7771
0.7241
0.8543
0.7618
0.6884
0.6061
0.5038
0.5754
0.5286
1.0234
0.8261
0.8436
0.9033
0.9210
0.9324
0.9410
0.9513
0.9595
0.9745
0.9819
0.9871
0.9856
1.0084
1.0128
1.0155
1.0284
1.0375
1.0368
1.0429
1.0464
1.0528
1.0559
1.0609
1.0628
1.0642

T,

0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0241
0.0241
0.0241
0.0241
0.0241
0.0241
0.0241
0.0241
0.0241
0.0241
0.0241
0.0241
0.0258
0.0258
0.0258
0.0258
0.0258
0.0258
0.0258
0.0258
0.0258
0.0258
0.0258
0.0258
0.0244
0.0244
0.0244
0.0244
0.0244
0.0244

Vi

0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032

T,

0.0445
0.0450
0.0456
0.0453
0.0375
0.0412
0.0470
0.0494
0.0477
0.0521
0.0489
0.0465
0.0445
0.0411
0.0435
0.0419
0.0586
0.0519
0.0525
0.0545
0.0551
0.0555
0.0558
0.0562
0.0582
0.0587
0.0590
0.0591
0.0591
0.0599
0.0600
0.0601
0.0605
0.0608
0.0608
0.0610
0.0598
0.0600
0.0601
0.0602
0.0603
0.0604

T, pvt

0.0482
0.0484
0.0475
0.0460
0.0375
0.0422
0.0490
0.0507
0.0471
0.0496
0.0454
0.0426
0.0419
0.0403
0.0440
0.0429
0.0604
0.0510
0.0470
0.0472
0.0477
0.0482
0.0487
0.0493
0.0498
0.0509
0.0517
0.0523
0.0529
0.0540
0.0547
0.0552
0.0560
0.0567
0.0571
0.0577
0.0593
0.0596
0.0598
0.0602
0.0607
0.0612

E mpy

1.9327
1.9811
2.0299
2.0050
1.3114
1.6490
2.1458
2.3522
2.2043
2.5621
2.3097
2.1033
1.8575
1.5541
1.7674
1.6286
2.9867
2.4754
2.5225
2.6804
2.7266
2.7562
2.7783
2.8047
2.7998
2.8376
2.8562
2.8691
2.8656
2.9223
2.9330
2.9398
2.9715
2.9939
2.9921
3.0071
3.0376
3.0534
3.0610
3.0732
3.0778
3.0811

Empvt

1.8951
1.9473
2.0105
1.9980
1.3109
1.6403
2.1238
2.3366
2.2110
2.5940
2.3517
2.1445
1.8821
1.5605
1.7624
1.6204
2.9592
2.4873
2.5942
2.7817
2.8309
2.8605
2.8809
2.9042
2.9230
2.9539
2.9649
2.9714
2.9592
3.0116
3.0155
3.0157
3.0420
3.0589
3.0503
3.0592
3.0441
3.0600
3.0662
3.0734
3.0715
3.0682

T

0.0233
0.0235
0.0239
0.0244
0.0246
0.0248
0.0252
0.0258
0.0266
0.0277
0.0288
0.0296
0.0301
0.0304
0.0307
0.0310
0.0319
0.0332
0.0346
0.0362
0.0377
0.0392
0.0407
0.0421
0.0434
0.0446
0.0458
0.0469
0.0480
0.0490
0.0499
0.0508
0.0516
0.0524
0.0531
0.0538
0.0546
0.0553
0.0560
0.0567
0.0573
0.0578

'IPV

0.0146
0.0146
0.0146
0.0146
0.0150
0.0148
0.0145
0.0144
0.0145
0.0142
0.0144
0.0145
0.0146
0.0148
0.0147
0.0148
0.0139
0.0143
0.0142
0.0141
0.0141
0.0141
0.0141
0.0140
0.0139
0.0139
0.0139
0.0139
0.0139
0.0139
0.0139
0.0138
0.0138
0.0138
0.0138
0.0138
0.0139
0.0139
0.0138
0.0138
0.0138
0.0138

Wpve

0.0144
0.0144
0.0145
0.0146
0.0150
0.0147
0.0144
0.0143
0.0145
0.0144
0.0146
0.0147
0.0148
0.0148
0.0146
0.0147
0.0138
0.0143
0.0145
0.0145
0.0145
0.0144
0.0144
0.0144
0.0144
0.0143
0.0143
0.0142
0.0142
0.0142
0.0141
0.0141
0.0141
0.0140
0.0140
0.0140
0.0139
0.0139
0.0139
0.0138
0.0138
0.0138



0.0430
0.0440
0.0450
0.0460
0.0470
0.0480
0.0490
0.0500
0.0510
0.0520
0.0530
0.0540
0.0550
0.0560
0.0570
0.0580
0.0590
0.0600
0.0610
0.0620
0.0630
0.0640
0.0650
0.0660
0.0670
0.0680
0.0690
0.0700
0.0710
0.0720
0.0730
0.0740
0.0750
0.0760
0.0770
0.0780
0.0790
0.0800
0.0810
0.0820
0.0830
0.0840
0.0850
0.0860
0.0870
0.0880
0.0890
0.0900
0.0910
0.0920
0.0930
0.0940
0.0950
0.0960
0.0970

0.0115
0.0116
0.0117
0.0118
0.0118
0.0119
0.0120
0.0121
0.0122
0.0123
0.0123
0.0124
0.0125
0.0126
0.0127
0.0127
0.0128
0.0129
0.0130
0.0131
0.0132
0.0133
0.0133
0.0134
0.0135
0.0136
0.0137
0.0138
0.0138
0.0139
0.0140
0.0141
0.0142
0.0143
0.0143
0.0144
0.0145
0.0146
0.0147
0.0147
0.0148
0.0149
0.0150
0.0151
0.0152
0.0153
0.0153
0.0154
0.0155
0.0156
0.0157
0.0158
0.0158
0.0159
0.0160

1.0672
1.0718
1.0729
1.0677
1.0735
1.0694
1.0733
1.0729
1.0718
1.0711
1.0608
1.0620
1.0544
1.0567
1.0469
1.0436
1.0280
1.0219
1.0360
1.0378
1.0117
1.0032
0.9943
0.9834
0.9801
0.9684
0.9476
0.9456
0.9382
0.9340
0.9160
0.9002
0.8232
0.7734
0.8553
0.8427
0.8283
0.8069
0.7988
0.7832
0.7638
0.7500
0.7411
0.7363
0.7176
0.6951
0.6165
0.6359
0.6108
0.6814
0.1622
0.3120
0.6469
0.4473
0.6251

0.0244
0.0244
0.0244
0.0244
0.0244
0.0244
0.0242
0.0242
0.0242
0.0242
0.0242
0.0242
0.0242
0.0242
0.0242
0.0242
0.0242
0.0242
0.0243
0.0243
0.0243
0.0243
0.0243
0.0243
0.0243
0.0243
0.0243
0.0243
0.0243
0.0243
0.0241
0.0241
0.0241
0.0241
0.0241
0.0241
0.0241
0.0241
0.0241
0.0241
0.0241
0.0241
0.0237
0.0237
0.0237
0.0237
0.0237
0.0237
0.0237
0.0237
0.0237
0.0237
0.0237
0.0237
0.0234

0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0032

0.0605
0.0606
0.0607
0.0605
0.0607
0.0605
0.0604
0.0604
0.0604
0.0604
0.0600
0.0601
0.0598
0.0599
0.0596
0.0594
0.0589
0.0587
0.0593
0.0594
0.0585
0.0582
0.0579
0.0575
0.0574
0.0570
0.0563
0.0562
0.0560
0.0559
0.0550
0.0544
0.0518
0.0502
0.0529
0.0525
0.0520
0.0513
0.0510
0.0505
0.0498
0.0494
0.0487
0.0485
0.0479
0.0471
0.0445
0.0451
0.0443
0.0467
0.0291
0.0342
0.0455
0.0388
0.0445

0.0616
0.0621
0.0624
0.0626
0.0630
0.0632
0.0634
0.0636
0.0637
0.0639
0.0638
0.0640
0.0639
0.0641
0.0639
0.0640
0.0636
0.0635
0.0613
0.0615
0.0607
0.0605
0.0602
0.0599
0.0598
0.0594
0.0588
0.0587
0.0585
0.0583
0.0575
0.0570
0.0545
0.0527
0.0553
0.0550
0.0545
0.0538
0.0535
0.0530
0.0523
0.0518
0.0511
0.0509
0.0503
0.0495
0.0468
0.0473
0.0465
0.0488
0.0310
0.0357
0.0472
0.0407
0.0486

3.0886
3.0996
3.1023
3.0898
3.1039
3.0939
3.1068
3.1058
3.1032
3.1015
3.0764
3.0793
3.0608
3.0664
3.0423
3.0341
2.9958
2.9806
3.0138
3.0182
2.9536
2.9323
2.9099
2.8825
2.8741
2.8444
2.7914
2.7861
2.7672
2.7563
2.7134
2.6724
2.4676
2.3319
2.5537
2.5200
2.4812
2.4233
24014
2.3588
2.3054
2.2671
2.2470
2.2334
2.1812
2.1176
1.8915
1.9479
1.8750
2.0787
0.4885
0.9648
1.9796
1.3857
1.9187

3.0698
3.0757
3.0737
3.0561
3.0656
3.0513
3.0595
3.0548
3.0489
3.0442
3.0161
3.0161
2.9952
2.9985
2.9727
2.9627
2.9229
2.9061
2.9820
2.9851
2.9194
2.8977
2.8749
2.8473
2.8388
2.8090
2.7560
2.7508
2.7319
2.7210
2.6779
2.6374
2.4344
2.3017
2.5220
2.4874
2.4490
2.3920
2.3707
2.3287
2.2763
2.2388
2.2190
2.2058
2.1544
2.0920
1.8693
1.9266
1.8541
2.0555
0.4834
0.9570
1.9621
1.3717
1.8792

0.0584
0.0589
0.0593
0.0597
0.0601
0.0605
0.0608
0.0611
0.0614
0.0616
0.0619
0.0621
0.0622
0.0624
0.0626
0.0627
0.0628
0.0629
0.0629
0.0629
0.0628
0.0628
0.0628
0.0627
0.0627
0.0626
0.0626
0.0625
0.0624
0.0624
0.0623
0.0622
0.0621
0.0620
0.0619
0.0618
0.0617
0.0616
0.0615
0.0614
0.0613
0.0612
0.0611
0.0610
0.0609
0.0608
0.0607
0.0606
0.0605
0.0604
0.0605
0.0604
0.0603
0.0602
0.0601

0.0138
0.0138
0.0138
0.0138
0.0138
0.0138
0.0138
0.0138
0.0138
0.0138
0.0139
0.0138
0.0139
0.0139
0.0139
0.0139
0.0139
0.0139
0.0139
0.0139
0.0139
0.0139
0.0140
0.0140
0.0140
0.0140
0.0140
0.0140
0.0141
0.0141
0.0141
0.0141
0.0143
0.0143
0.0142
0.0142
0.0143
0.0143
0.0143
0.0143
0.0144
0.0144
0.0144
0.0144
0.0145
0.0145
0.0146
0.0146
0.0146
0.0145
0.0154
0.0151
0.0146
0.0149
0.0146
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0.0138
0.0137
0.0137
0.0137
0.0137
0.0137
0.0137
0.0137
0.0137
0.0137
0.0137
0.0137
0.0137
0.0136
0.0137
0.0137
0.0137
0.0137
0.0138
0.0138
0.0138
0.0138
0.0138
0.0139
0.0139
0.0139
0.0139
0.0139
0.0139
0.0139
0.0140
0.0140
0.0141
0.0142
0.0141
0.0141
0.0141
0.0142
0.0142
0.0142
0.0142
0.0143
0.0143
0.0143
0.0143
0.0144
0.0145
0.0145
0.0145
0.0144
0.0153
0.0151
0.0145
0.0148
0.0144



o The following simulation data for the day of 29/12/2010 were obtained by the Author:

Index

t

1.0e+003 *

0.0010
0.0020
0.0030
0.0040
0.0050
0.0060
0.0070
0.0080
0.0090
0.0100
0.0110
0.0120
0.0130
0.0140
0.0150
0.0160
0.0170
0.0180
0.0190
0.0200
0.0210
0.0220
0.0230
0.0240
0.0250
0.0260
0.0270
0.0280
0.0290
0.0300
0.0310
0.0320
0.0330
0.0340
0.0350
0.0360
0.0370
0.0380
0.0390
0.0400
0.0410
0.0420
0.0430
0.0440
0.0450
0.0460
0.0470
0.0480
0.0490

0.0080
0.0081
0.0082
0.0083
0.0083
0.0084
0.0085
0.0086
0.0087
0.0088
0.0088
0.0089
0.0090
0.0091
0.0092
0.0092
0.0093
0.0094
0.0095
0.0096
0.0097
0.0098
0.0098
0.0099
0.0100
0.0101
0.0102
0.0103
0.0103
0.0104
0.0105
0.0106
0.0107
0.0107
0.0108
0.0109
0.0110
0.0111
0.0112
0.0113
0.0113
0.0114
0.0115
0.0116
0.0117
0.0118
0.0118
0.0119
0.0120

G

0.3535
0.3272
0.3369
0.3292
0.3057
0.3283
0.3584
0.8614
0.7361
0.2876
0.7910
0.7966
0.8537
0.8856
0.8871
0.8419
0.8463
0.8428
0.8565
0.8769
0.8632
0.8856
0.9034
0.9226
0.9283
0.9522
0.9536
0.9540
0.9658
0.9801
0.9850
0.9896
0.9983
1.0093
1.0141
1.0174
1.0243
1.0370
1.0303
1.0361
1.0405
1.0599
1.0522
1.0563
0.9715
1.1444
1.2714
0.4201
0.3816

T,

0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0312
0.0312
0.0312
0.0312
0.0312
0.0312
0.0312
0.0312
0.0312
0.0312
0.0312
0.0312
0.0319
0.0319
0.0319
0.0319
0.0319
0.0319
0.0319
0.0319
0.0319
0.0319
0.0319
0.0319
0.0327
0.0327
0.0327
0.0327
0.0327
0.0327
0.0327
0.0327
0.0327
0.0327
0.0327
0.0327
0.0332

Vi

0.0009
0.0009
0.0009
0.0009
0.0009
0.0009
0.0009
0.0009
0.0009
0.0009
0.0009
0.0009
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0040
0.0040
0.0040
0.0040
0.0040
0.0040
0.0040
0.0040
0.0040
0.0040
0.0040
0.0040
0.0045

T,

0.0419
0.0410
0.0413
0.0410
0.0403
0.0410
0.0420
0.0590
0.0548
0.0396
0.0566
0.0568
0.0600
0.0611
0.0612
0.0596
0.0598
0.0597
0.0601
0.0608
0.0604
0.0611
0.0617
0.0624
0.0633
0.0641
0.0641
0.0641
0.0645
0.0650
0.0652
0.0653
0.0656
0.0660
0.0662
0.0663
0.0673
0.0677
0.0675
0.0677
0.0678
0.0685
0.0682
0.0684
0.0655
0.0713
0.0756
0.0469
0.0460

T, pvt

0.0580
0.0543
0.0511
0.0482
0.0463
0.0482
0.0503
0.0760
0.0539
0.0360
0.0629
0.0624
0.0499
0.0510
0.0553
0.0566
0.0579
0.0589
0.0603
0.0617
0.0621
0.0636
0.0647
0.0657
0.0631
0.0651
0.0659
0.0663
0.0669
0.0674
0.0677
0.0679
0.0683
0.0688
0.0690
0.0692
0.0657
0.0664
0.0663
0.0665
0.0666
0.0672
0.0670
0.0671
0.0648
0.0698
0.0731
0.0510
0.0481

E mpy

1.0591
0.9791
1.0084
0.9850
0.9134
0.9824
1.0740
2.4920
2.1611
0.8580
2.3081
2.3230
24554
2.5366
2.5405
2.4250
24363
2.4273
2.4626
2.5145
2.4798
2.5368
2.5817
2.6297
2.6338
2.6926
2.6960
2.6970
2.7259
2.7607
2.7724
2.7835
2.8045
2.8309
2.8424
2.8501
2.8545
2.8845
2.8686
2.8824
2.8926
2.9381
2.9200
2.9297
2.7282
3.1306
3.4055
1.2406
1.1241

E mpvt

0.9665
0.9080
0.9548
0.9467
0.8832
0.9437
1.0261
2.2678
2.1712
0.8753
2.2320
2.2544
2.5882
2.6741
2.6195
2.4646
2.4604
2.4370
2.4599
2.5020
2.4567
2.5035
2.5398
2.5820
2.6363
2.6781
2.6700
2.6660
2.6919
2.7249
2.7352
2.7445
2.7637
2.7886
2.7988
2.8048
2.8792
2.9058
2.8875
2.9012
29114
2.9587
2.9395
2.9492
2.7383
3.1573
3.4541
1.2131
1.1116

T;

0.0300
0.0304
0.0309
0.0314
0.0318
0.0323
0.0328
0.0363
0.0413
0.0415
0.0434
0.0475
0.0498
0.0513
0.0528
0.0542
0.0555
0.0567
0.0578
0.0589
0.0599
0.0608
0.0618
0.0628
0.0632
0.0636
0.0639
0.0643
0.0646
0.0649
0.0652
0.0655
0.0658
0.0661
0.0664
0.0667
0.0668
0.0668
0.0669
0.0669
0.0669
0.0670
0.0670
0.0670
0.0670
0.0671
0.0674
0.0678
0.0680

”pv

0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0147
0.0139
0.0141
0.0149
0.0140
0.0140
0.0139
0.0138
0.0138
0.0139
0.0139
0.0139
0.0138
0.0138
0.0138
0.0138
0.0138
0.0137
0.0137
0.0136
0.0136
0.0136
0.0136
0.0136
0.0136
0.0136
0.0136
0.0136
0.0135
0.0135
0.0135
0.0135
0.0135
0.0135
0.0135
0.0134
0.0134
0.0134
0.0136
0.0133
0.0131
0.0145
0.0145
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Hpve

0.0140
0.0141
0.0143
0.0144
0.0145
0.0144
0.0143
0.0131
0.0142
0.0151
0.0137
0.0137
0.0144
0.0143
0.0141
0.0140
0.0140
0.0139
0.0138
0.0138
0.0137
0.0137
0.0136
0.0136
0.0137
0.0136
0.0136
0.0135
0.0135
0.0135
0.0135
0.0135
0.0134
0.0134
0.0134
0.0134
0.0136
0.0135
0.0135
0.0135
0.0135
0.0135
0.0135
0.0135
0.0136
0.0134
0.0132
0.0143
0.0144



0.0500
0.0510
0.0520
0.0530
0.0540
0.0550
0.0560
0.0570
0.0580
0.0590
0.0600
0.0610
0.0620
0.0630
0.0640
0.0650
0.0660
0.0670
0.0680
0.0690
0.0700
0.0710
0.0720
0.0730
0.0740
0.0750
0.0760
0.0770
0.0780
0.0790
0.0800
0.0810
0.0820
0.0830
0.0840
0.0850
0.0860
0.0870
0.0880
0.0890
0.0900
0.0910
0.0920
0.0930
0.0940
0.0950
0.0960
0.0970

0.0121
0.0122
0.0123
0.0123
0.0124
0.0125
0.0126
0.0127
0.0127
0.0128
0.0129
0.0130
0.0131
0.0132
0.0133
0.0133
0.0134
0.0135
0.0136
0.0137
0.0138
0.0138
0.0139
0.0140
0.0141
0.0142
0.0143
0.0143
0.0144
0.0145
0.0146
0.0147
0.0147
0.0148
0.0149
0.0150
0.0151
0.0152
0.0153
0.0153
0.0154
0.0155
0.0156
0.0157
0.0158
0.0158
0.0159
0.0160

1.3189
1.0165
1.0560
1.2618
0.4361
0.4175
1.1125
1.1322
1.1342
1.0893
1.0563
1.0715
1.0467
0.9913
1.0360
1.0101
0.9898
0.9697
0.9691
0.9523
0.9428
0.9324
0.9234
0.9146
0.9094
0.8977
0.8882
0.8904
0.7291
0.8293
0.7555
0.8296
0.8120
0.7959
0.7850
0.7815
0.7876
0.6696
0.6239
0.5643
0.3590
0.2200
0.2829
0.2873
0.3175
0.2554
0.2222
0.2055

0.0332
0.0332
0.0332
0.0332
0.0332
0.0332
0.0332
0.0332
0.0332
0.0332
0.0332
0.0328
0.0328
0.0328
0.0328
0.0328
0.0328
0.0328
0.0328
0.0328
0.0328
0.0328
0.0328
0.0312
0.0312
0.0312
0.0312
0.0312
0.0312
0.0312
0.0312
0.0312
0.0312
0.0312
0.0312
0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0282

0.0045
0.0045
0.0045
0.0045
0.0045
0.0045
0.0045
0.0045
0.0045
0.0045
0.0045
0.0054
0.0054
0.0054
0.0054
0.0054
0.0054
0.0054
0.0054
0.0054
0.0054
0.0054
0.0054
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0036
0.0040
0.0040
0.0040
0.0040
0.0040
0.0040
0.0040
0.0040
0.0040
0.0040
0.0040
0.0040
0.0036

0.0777
0.0675
0.0688
0.0758
0.0479
0.0473
0.0707
0.0714
0.0714
0.0699
0.0688
0.0690
0.0682
0.0663
0.0678
0.0669
0.0662
0.0656
0.0655
0.0650
0.0646
0.0643
0.0640
0.0620
0.0619
0.0615
0.0611
0.0612
0.0558
0.0592
0.0567
0.0592
0.0586
0.0580
0.0577
0.0563
0.0565
0.0525
0.0510
0.0490
0.0421
0.0374
0.0395
0.0396
0.0407
0.0386
0.0374
0.0351

0.0728
0.0644
0.0655
0.0710
0.0495
0.0480
0.0672
0.0676
0.0676
0.0664
0.0655
0.0620
0.0613
0.0599
0.0609
0.0603
0.0598
0.0593
0.0592
0.0588
0.0586
0.0583
0.0581
0.0642
0.0641
0.0638
0.0634
0.0635
0.0584
0.0613
0.0591
0.0614
0.0609
0.0604
0.0600
0.0566
0.0566
0.0530
0.0513
0.0494
0.0426
0.0376
0.0396
0.0399
0.0408
0.0389
0.0376
0.0359

3.4950
2.8292
2.9217
3.3770
1.2847
1.2302
3.0514
3.0956
3.1001
2.9986
2.9224
2.9631
2.9056
2.7742
2.8804
2.8191
2.7708
2.7222
2.7208
2.6798
2.6567
2.6311
2.6091
2.6104
2.5975
2.5679
2.5440
2.5496
2.1282
2.3931
2.1991
2.3939
2.3482
2.3058
2.2773
2.2829
2.2992
1.9792
1.8516
1.6823
1.0757
0.6498
0.8435
0.8570
0.9496
0.7589
0.6565
0.6109

3.5902
2.8767
2.9749
3.4658
1.2731
1.2255
3.1109
3.1594
3.1664
3.0568
2.9747
3.0768
3.0149
2.8710
2.9881
2.9203
2.8677
2.8150
2.8136
2.7691
2.7443
2.7165
2.6928
2.5805
2.5665
2.5364
2.5126
2.5184
2.0987
2.3653
2.1709
2.3654
2.3189
2.2770
2.2490
2.2792
2.2976
1.9742
1.8488
1.6786
1.0724
0.6490
0.8428
0.8560
0.9486
0.7576
0.6558
0.6080

0.0681
0.0680
0.0680
0.0681
0.0684
0.0685
0.0684
0.0685
0.0685
0.0685
0.0684
0.0684
0.0683
0.0682
0.0681
0.0680
0.0679
0.0678
0.0678
0.0677
0.0676
0.0675
0.0674
0.0673
0.0673
0.0672
0.0671
0.0670
0.0669
0.0669
0.0668
0.0667
0.0666
0.0665
0.0664
0.0663
0.0662
0.0661
0.0660
0.0659
0.0658
0.0657
0.0657
0.0656
0.0655
0.0655
0.0654
0.0654

0.0130
0.0135
0.0134
0.0131
0.0145
0.0145
0.0133
0.0133
0.0133
0.0134
0.0134
0.0134
0.0134
0.0135
0.0135
0.0135
0.0135
0.0136
0.0136
0.0136
0.0136
0.0136
0.0137
0.0138
0.0138
0.0138
0.0138
0.0138
0.0141
0.0139
0.0140
0.0139
0.0139
0.0140
0.0140
0.0140
0.0140
0.0142
0.0143
0.0144
0.0147
0.0150
0.0149
0.0149
0.0148
0.0149
0.0150
0.0151
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0.0132
0.0136
0.0136
0.0133
0.0144
0.0145
0.0135
0.0135
0.0135
0.0135
0.0136
0.0138
0.0138
0.0139
0.0138
0.0138
0.0139
0.0139
0.0139
0.0139
0.0139
0.0139
0.0139
0.0136
0.0136
0.0137
0.0137
0.0137
0.0139
0.0138
0.0139
0.0138
0.0138
0.0138
0.0139
0.0140
0.0140
0.0142
0.0143
0.0144
0.0147
0.0150
0.0149
0.0149
0.0148
0.0149
0.0150
0.0151



o The following simulation data for the day of 14/06/2011 were obtained by the Author:

Index

t

1.0e+003 *

0.0010
0.0020
0.0030
0.0040
0.0050
0.0060
0.0070
0.0080
0.0090
0.0100
0.0110
0.0120
0.0130
0.0140
0.0150
0.0160
0.0170
0.0180
0.0190
0.0200
0.0210
0.0220
0.0230
0.0240
0.0250
0.0260
0.0270
0.0280
0.0290
0.0300
0.0310
0.0320
0.0330
0.0340
0.0350
0.0360
0.0370
0.0380
0.0390
0.0400
0.0410
0.0420
0.0430
0.0440
0.0450
0.0460
0.0470
0.0480
0.0490

0.0080
0.0081
0.0082
0.0083
0.0083
0.0084
0.0085
0.0086
0.0087
0.0088
0.0088
0.0089
0.0090
0.0091
0.0092
0.0092
0.0093
0.0094
0.0095
0.0096
0.0097
0.0098
0.0098
0.0099
0.0100
0.0101
0.0102
0.0103
0.0103
0.0104
0.0105
0.0106
0.0107
0.0107
0.0108
0.0109
0.0110
0.0111
0.0112
0.0113
0.0113
0.0114
0.0115
0.0116
0.0117
0.0118
0.0118
0.0119
0.0120

G

0.1487
0.1631
0.1771
0.1906
0.2041
0.2175
0.2305
0.2442
0.2580
0.2709
0.2830
0.2952
0.3067
0.3183
0.3310
0.3435
0.3547
0.3665
0.3782
0.3891
0.3983
0.4062
0.4175
0.4253
0.4352
0.4464
0.4579
0.4672
0.4726
0.4779
0.4855
0.4953
0.5005
0.5064
0.5142
0.5192
0.5235
0.5232
0.5193
0.5278
0.5279
0.5286
0.5385
0.5419
0.5427
0.5442
0.5463
0.5459
0.5451

T,

0.0181
0.0181
0.0181
0.0181
0.0181
0.0181
0.0181
0.0181
0.0181
0.0181
0.0181
0.0181
0.0203
0.0203
0.0203
0.0203
0.0203
0.0203
0.0203
0.0203
0.0203
0.0203
0.0203
0.0203
0.0218
0.0218
0.0218
0.0218
0.0218
0.0218
0.0218
0.0218
0.0218
0.0218
0.0218
0.0218
0.0227
0.0227
0.0227
0.0227
0.0227
0.0227
0.0227
0.0227
0.0227
0.0227
0.0227
0.0227
0.0232

Vi

0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0032

T,

0.0231
0.0236
0.0240
0.0245
0.0249
0.0254
0.0258
0.0263
0.0268
0.0272
0.0276
0.0280
0.0307
0.0311
0.0315
0.0319
0.0323
0.0327
0.0331
0.0335
0.0338
0.0340
0.0344
0.0347
0.0365
0.0369
0.0373
0.0376
0.0378
0.0380
0.0382
0.0385
0.0387
0.0389
0.0392
0.0394
0.0403
0.0403
0.0402
0.0405
0.0405
0.0405
0.0408
0.0410
0.0410
0.0410
0.0411
0.0411
0.0416

T, pvt

0.0280
0.0289
0.0296
0.0305
0.0313
0.0321
0.0329
0.0336
0.0344
0.0351
0.0358
0.0364
0.0391
0.0396
0.0399
0.0403
0.0407
0.0411
0.0414
0.0416
0.0418
0.0418
0.0421
0.0421
0.0392
0.0402
0.0413
0.0418
0.0419
0.0419
0.0421
0.0424
0.0424
0.0425
0.0427
0.0428
0.0417
0.0418
0.0420
0.0425
0.0426
0.0426
0.0430
0.0431
0.0430
0.0431
0.0432
0.0432
0.0419

E mpy

0.4598
0.5070
0.5529
0.5972
0.6415
0.6854
0.7280
0.7726
0.8179
0.8599
0.8992
0.9389
0.9647
1.0022
1.0428
1.0824
1.1183
1.1557
1.1927
1.2272
1.2564
1.2812
1.3167
1.3411
1.3616
1.3961
1.4317
1.4603
1.4767
1.4931
1.5163
1.5464
1.5621
1.5801
1.6037
1.6189
1.6249
1.6240
1.6122
1.6378
1.6382
1.6403
1.6700
1.6803
1.6826
1.6872
1.6934
1.6921
1.6853

E mpvt

0.4473
0.4923
0.5360
0.5780
0.6198
0.6610
0.7009
0.7427
0.7851
0.8243
0.8610
0.8981
0.9224
0.9579
0.9971
1.0352
1.0698
1.1059
1.1418
1.1756
1.2048
1.2301
1.2651
1.2900
1.3428
1.3725
1.4024
1.4290
1.4456
1.4626
1.4860
1.5159
1.5323
1.5510
1.5749
1.5908
1.6139
1.6114
1.5974
1.6209
1.6208
1.6229
1.6519
1.6623
1.6649
1.6696
1.6755
1.6740
1.6821

T

0.0181
0.0181
0.0181
0.0181
0.0182
0.0182
0.0182
0.0183
0.0184
0.0184
0.0185
0.0186
0.0188
0.0189
0.0191
0.0193
0.0196
0.0199
0.0202
0.0205
0.0209
0.0213
0.0218
0.0223
0.0226
0.0229
0.0232
0.0236
0.0239
0.0243
0.0246
0.0250
0.0255
0.0259
0.0264
0.0268
0.0273
0.0277
0.0280
0.0284
0.0288
0.0291
0.0295
0.0299
0.0303
0.0307
0.0311
0.0314
0.0318

”PV

0.0157
0.0157
0.0156
0.0156
0.0156
0.0156
0.0156
0.0155
0.0155
0.0155
0.0155
0.0154
0.0153
0.0153
0.0153
0.0153
0.0152
0.0152
0.0152
0.0152
0.0152
0.0151
0.0151
0.0151
0.0150
0.0150
0.0150
0.0150
0.0150
0.0150
0.0149
0.0149
0.0149
0.0149
0.0149
0.0149
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
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Hpve

0.0155
0.0154
0.0154
0.0153
0.0153
0.0152
0.0152
0.0152
0.0151
0.0151
0.0151
0.0150
0.0149
0.0149
0.0149
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0147
0.0147
0.0149
0.0148
0.0148
0.0148
0.0148
0.0148
0.0147
0.0147
0.0147
0.0147
0.0147
0.0147
0.0148
0.0148
0.0148
0.0147
0.0147
0.0147
0.0147
0.0147
0.0147
0.0147
0.0147
0.0147
0.0148



0.0500
0.0510
0.0520
0.0530
0.0540
0.0550
0.0560
0.0570
0.0580
0.0590
0.0600
0.0610
0.0620
0.0630
0.0640
0.0650
0.0660
0.0670
0.0680
0.0690
0.0700
0.0710
0.0720
0.0730
0.0740
0.0750
0.0760
0.0770
0.0780
0.0790
0.0800
0.0810
0.0820
0.0830
0.0840
0.0850
0.0860
0.0870
0.0880
0.0890
0.0900
0.0910
0.0920
0.0930
0.0940
0.0950
0.0960
0.0970

0.0121
0.0122
0.0123
0.0123
0.0124
0.0125
0.0126
0.0127
0.0127
0.0128
0.0129
0.0130
0.0131
0.0132
0.0133
0.0133
0.0134
0.0135
0.0136
0.0137
0.0138
0.0138
0.0139
0.0140
0.0141
0.0142
0.0143
0.0143
0.0144
0.0145
0.0146
0.0147
0.0147
0.0148
0.0149
0.0150
0.0151
0.0152
0.0153
0.0153
0.0154
0.0155
0.0156
0.0157
0.0158
0.0158
0.0159
0.0160

0.5447
0.5439
0.5426
0.5418
0.5421
0.5386
0.5351
0.5336
0.5305
0.5276
0.5229
0.5155
0.5093
0.5041
0.4979
0.4928
0.4853
0.4781
0.4733
0.4645
0.4544
0.4485
0.4402
0.4291
0.4189
0.4095
0.3994
0.3886
0.3787
0.3697
0.3586
0.3457
0.3317
0.3186
0.3063
0.2936
0.2797
0.2658
0.2519
0.2405
0.2268
0.2134
0.2000
0.1849
0.1699
0.1550
0.1394
0.1267

0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0232
0.0229
0.0229
0.0229
0.0229
0.0229
0.0229
0.0229
0.0229
0.0229
0.0229
0.0229
0.0229
0.0217
0.0217
0.0217
0.0217
0.0217
0.0217
0.0217
0.0217
0.0217
0.0217
0.0217
0.0217
0.0186

0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0036

0.0416
0.0415
0.0415
0.0415
0.0415
0.0413
0.0412
0.0412
0.0411
0.0410
0.0408
0.0406
0.0404
0.0402
0.0400
0.0399
0.0396
0.0394
0.0392
0.0389
0.0386
0.0384
0.0381
0.0374
0.0371
0.0368
0.0364
0.0361
0.0357
0.0354
0.0350
0.0346
0.0341
0.0337
0.0333
0.0316
0.0312
0.0307
0.0302
0.0298
0.0294
0.0289
0.0285
0.0280
0.0275
0.0270
0.0264
0.0228

0.0422
0.0424
0.0425
0.0426
0.0427
0.0426
0.0425
0.0425
0.0425
0.0424
0.0423
0.0422
0.0420
0.0419
0.0417
0.0416
0.0414
0.0412
0.0411
0.0408
0.0405
0.0403
0.0400
0.0394
0.0391
0.0388
0.0384
0.0380
0.0377
0.0374
0.0370
0.0365
0.0360
0.0355
0.0350
0.0334
0.0328
0.0323
0.0318
0.0313
0.0308
0.0303
0.0297
0.0291
0.0286
0.0280
0.0273
0.0233

1.6841
1.6819
1.6781
1.6757
1.6764
1.6660
1.6555
1.6510
1.6419
1.6331
1.6188
1.5962
1.5776
1.5617
1.5431
1.5276
1.5049
1.4829
1.4685
1.4417
1.4105
1.3925
1.3671
1.3349
1.3034
1.2743
1.2427
1.2092
1.1782
1.1501
1.1153
1.0747
1.0309
0.9893
0.9504
0.9160
0.8718
0.8270
0.7827
0.7460
0.7019
0.6589
0.6156
0.5669
0.5188
0.4709
0.4207
0.3872

1.6786
1.6739
1.6690
1.6658
1.6660
1.6553
1.6445
1.6395
1.6300
1.6208
1.6063
1.5834
1.5645
1.5483
1.5295
1.5137
1.4909
1.4688
1.4542
1.4275
1.3965
1.3784
1.3531
1.3212
1.2899
1.2611
1.2298
1.1968
1.1661
1.1384
1.1041
1.0641
1.0209
0.9799
0.9415
0.9076
0.8640
0.8199
0.7762
0.7400
0.6965
0.6541
0.6113
0.5632
0.5156
0.4682
0.4185
0.3862

0.0320
0.0323
0.0326
0.0328
0.0331
0.0333
0.0335
0.0337
0.0339
0.0341
0.0343
0.0345
0.0347
0.0348
0.0350
0.0351
0.0352
0.0354
0.0355
0.0356
0.0357
0.0357
0.0358
0.0359
0.0359
0.0360
0.0360
0.0361
0.0361
0.0362
0.0362
0.0362
0.0362
0.0362
0.0362
0.0362
0.0362
0.0362
0.0362
0.0362
0.0362
0.0362
0.0362
0.0362
0.0362
0.0362
0.0362
0.0361

0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0149
0.0149
0.0149
0.0149
0.0149
0.0149
0.0149
0.0149
0.0150
0.0150
0.0150
0.0150
0.0150
0.0151
0.0151
0.0151
0.0151
0.0151
0.0152
0.0152
0.0153
0.0153
0.0153
0.0153
0.0154
0.0154
0.0154
0.0154
0.0155
0.0155
0.0155
0.0155
0.0157
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0.0147
0.0147
0.0147
0.0147
0.0147
0.0147
0.0147
0.0147
0.0147
0.0147
0.0147
0.0147
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0149
0.0149
0.0149
0.0149
0.0149
0.0150
0.0150
0.0150
0.0150
0.0151
0.0151
0.0151
0.0152
0.0152
0.0152
0.0153
0.0153
0.0153
0.0153
0.0154
0.0154
0.0154
0.0155
0.0155
0.0157



o The following simulation data for the day of 28/06/2011 were obtained by the Author:

Index

t

1.0e+003 *

0.0010
0.0020
0.0030
0.0040
0.0050
0.0060
0.0070
0.0080
0.0090
0.0100
0.0110
0.0120
0.0130
0.0140
0.0150
0.0160
0.0170
0.0180
0.0190
0.0200
0.0210
0.0220
0.0230
0.0240
0.0250
0.0260
0.0270
0.0280
0.0290
0.0300
0.0310
0.0320
0.0330
0.0340
0.0350
0.0360
0.0370
0.0380
0.0390
0.0400
0.0410
0.0420
0.0430
0.0440
0.0450
0.0460
0.0470
0.0480
0.0490

0.0080
0.0081
0.0082
0.0083
0.0083
0.0084
0.0085
0.0086
0.0087
0.0088
0.0088
0.0089
0.0090
0.0091
0.0092
0.0092
0.0093
0.0094
0.0095
0.0096
0.0097
0.0098
0.0098
0.0099
0.0100
0.0101
0.0102
0.0103
0.0103
0.0104
0.0105
0.0106
0.0107
0.0107
0.0108
0.0109
0.0110
0.0111
0.0112
0.0113
0.0113
0.0114
0.0115
0.0116
0.0117
0.0118
0.0118
0.0119
0.0120

G

0.1371
0.1514
0.1664
0.1799
0.1943
0.2082
0.2227
0.2357
0.2483
0.2613
0.2743
0.2887
0.3042
0.3173
0.3309
0.3438
0.3556
0.3669
0.3790
0.3912
0.4021
0.4109
0.4206
0.4292
0.4413
0.4481
0.4593
0.4686
0.4780
0.4864
0.4945
0.5017
0.5089
0.5148
0.5194
0.5254
0.5317
0.5343
0.5386
0.5412
0.5454
0.5479
0.5503
0.5513
0.5541
0.5568
0.5569
0.5596
0.5576

T,

0.0137
0.0137
0.0137
0.0137
0.0137
0.0137
0.0137
0.0137
0.0137
0.0137
0.0137
0.0137
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0196
0.0196
0.0196
0.0196
0.0196
0.0196
0.0196
0.0196
0.0196
0.0196
0.0196
0.0196
0.0217
0.0217
0.0217
0.0217
0.0217
0.0217
0.0217
0.0217
0.0217
0.0217
0.0217
0.0217
0.0219

Vi

0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0027
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0022
0.0014

T,

0.0183
0.0188
0.0193
0.0198
0.0203
0.0207
0.0212
0.0217
0.0221
0.0225
0.0230
0.0235
0.0269
0.0274
0.0278
0.0283
0.0287
0.0291
0.0295
0.0299
0.0302
0.0305
0.0309
0.0312
0.0345
0.0347
0.0351
0.0354
0.0357
0.0360
0.0362
0.0365
0.0367
0.0369
0.0371
0.0373
0.0396
0.0397
0.0398
0.0399
0.0401
0.0402
0.0402
0.0403
0.0404
0.0405
0.0405
0.0406
0.0408

T, pvt

0.0199
0.0205
0.0211
0.0217
0.0224
0.0230
0.0236
0.0241
0.0247
0.0253
0.0258
0.0264
0.0300
0.0305
0.0310
0.0315
0.0319
0.0324
0.0329
0.0333
0.0337
0.0340
0.0344
0.0347
0.0461
0.0452
0.0425
0.0405
0.0399
0.0402
0.0407
0.0408
0.0407
0.0406
0.0406
0.0407
0.0390
0.0401
0.0413
0.0418
0.0420
0.0420
0.0420
0.0421
0.0423
0.0425
0.0426
0.0429
0.0478

Empv

0.4324
0.4801
0.5301
0.5753
0.6236
0.6701
0.7185
0.7619
0.8041
0.8476
0.8906
0.9385
0.9752
1.0178
1.0621
1.1042
1.1423
1.1788
1.2178
1.2570
1.2920
1.3202
1.3512
1.3786
1.3964
1.4175
1.4526
1.4815
1.5107
1.5368
1.5617
1.5838
1.6061
1.6241
1.6384
1.6566
1.6579
1.6659
1.6788
1.6868
1.6993
1.7068
1.7139
1.7171
1.7255
1.7335
1.7338
1.7418
1.7336

E mpvt

0.4288
0.4759
0.5250
0.5694
0.6168
0.6624
0.7098
0.7522
0.7934
0.8358
0.8778
0.9244
0.9601
1.0016
1.0451
1.0862
1.1234
1.1590
1.1970
1.2351
1.2693
1.2969
1.3272
1.3540
1.3134
1.3417
1.3974
1.4433
1.4787
1.5038
1.5268
1.5494
1.5738
1.5940
1.6097
1.6280
1.6629
1.6624
1.6660
1.6705
1.6829
1.6910
1.6984
1.7012
1.7085
1.7153
1.7147
1.7213
1.6713

T,

0.0137
0.0137
0.0137
0.0137
0.0137
0.0138
0.0138
0.0138
0.0138
0.0138
0.0138
0.0138
0.0139
0.0139
0.0140
0.0140
0.0141
0.0142
0.0143
0.0143
0.0144
0.0145
0.0146
0.0148
0.0151
0.0156
0.0163
0.0171
0.0180
0.0188
0.0197
0.0206
0.0215
0.0225
0.0234
0.0244
0.0252
0.0259
0.0265
0.0271
0.0278
0.0285
0.0291
0.0298
0.0304
0.0311
0.0317
0.0323
0.0333

”PV

0.0159
0.0159
0.0159
0.0159
0.0158
0.0158
0.0158
0.0158
0.0157
0.0157
0.0157
0.0157
0.0155
0.0155
0.0155
0.0154
0.0154
0.0154
0.0154
0.0154
0.0153
0.0153
0.0153
0.0153
0.0151
0.0151
0.0151
0.0151
0.0151
0.0151
0.0150
0.0150
0.0150
0.0150
0.0150
0.0150
0.0149
0.0149
0.0149
0.0149
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
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Hpve

0.0159
0.0158
0.0158
0.0158
0.0157
0.0157
0.0157
0.0156
0.0156
0.0156
0.0156
0.0155
0.0154
0.0153
0.0153
0.0153
0.0153
0.0152
0.0152
0.0152
0.0152
0.0151
0.0151
0.0151
0.0145
0.0146
0.0147
0.0148
0.0149
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0149
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0147
0.0147
0.0147
0.0147
0.0147
0.0145



0.0500
0.0510
0.0520
0.0530
0.0540
0.0550
0.0560
0.0570
0.0580
0.0590
0.0600
0.0610
0.0620
0.0630
0.0640
0.0650
0.0660
0.0670
0.0680
0.0690
0.0700
0.0710
0.0720
0.0730
0.0740
0.0750
0.0760
0.0770
0.0780
0.0790
0.0800
0.0810
0.0820
0.0830
0.0840
0.0850
0.0860
0.0870
0.0880
0.0890
0.0900
0.0910
0.0920
0.0930
0.0940
0.0950
0.0960
0.0970

0.0121
0.0122
0.0123
0.0123
0.0124
0.0125
0.0126
0.0127
0.0127
0.0128
0.0129
0.0130
0.0131
0.0132
0.0133
0.0133
0.0134
0.0135
0.0136
0.0137
0.0138
0.0138
0.0139
0.0140
0.0141
0.0142
0.0143
0.0143
0.0144
0.0145
0.0146
0.0147
0.0147
0.0148
0.0149
0.0150
0.0151
0.0152
0.0153
0.0153
0.0154
0.0155
0.0156
0.0157
0.0158
0.0158
0.0159
0.0160

0.5566
0.5567
0.5548
0.5542
0.5536
0.5467
0.5475
0.5478
0.5425
0.5376
0.5354
0.5319
0.5271
0.5214
0.5153
0.5096
0.4999
0.4944
0.4887
0.4808
0.4728
0.4653
0.4549
0.4468
0.4364
0.4220
0.4129
0.4030
0.3893
0.3752
0.3643
0.3508
0.3353
0.3249
0.3116
0.2982
0.2840
0.2706
0.2547
0.2402
0.2253
0.2142
0.1997
0.1865
0.1728
0.1609
0.1470
0.1312

0.0219
0.0219
0.0219
0.0219
0.0219
0.0219
0.0219
0.0219
0.0219
0.0219
0.0219
0.0222
0.0222
0.0222
0.0222
0.0222
0.0222
0.0222
0.0222
0.0222
0.0222
0.0222
0.0222
0.0223
0.0223
0.0223
0.0223
0.0223
0.0223
0.0223
0.0223
0.0223
0.0223
0.0223
0.0223
0.0204
0.0204
0.0204
0.0204
0.0204
0.0204
0.0204
0.0204
0.0204
0.0204
0.0204
0.0204
0.0161

0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0014
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032

0.0407
0.0407
0.0407
0.0406
0.0406
0.0404
0.0404
0.0404
0.0402
0.0401
0.0400
0.0401
0.0400
0.0398
0.0396
0.0394
0.0390
0.0389
0.0387
0.0384
0.0381
0.0379
0.0375
0.0374
0.0371
0.0366
0.0363
0.0359
0.0355
0.0350
0.0346
0.0342
0.0336
0.0333
0.0328
0.0305
0.0300
0.0296
0.0290
0.0285
0.0280
0.0277
0.0272
0.0267
0.0263
0.0259
0.0254
0.0205

0.0459
0.0434
0.0431
0.0443
0.0454
0.0457
0.0461
0.0466
0.0468
0.0472
0.0477
0.0482
0.0485
0.0487
0.0489
0.0492
0.0492
0.0494
0.0496
0.0495
0.0495
0.0494
0.0492
0.0400
0.0397
0.0392
0.0389
0.0385
0.0380
0.0374
0.0370
0.0365
0.0359
0.0354
0.0349
0.0325
0.0320
0.0314
0.0308
0.0302
0.0296
0.0292
0.0286
0.0280
0.0275
0.0270
0.0264
0.0215

1.7305
1.7309
1.7251
1.7235
1.7215
1.7010
1.7032
1.7042
1.6883
1.6736
1.6669
1.6544
1.6399
1.6227
1.6042
1.5870
1.5576
1.5407
1.5236
1.4995
1.4747
1.4518
1.4200
1.3938
1.3616
1.3171
1.2889
1.2579
1.2153
1.1711
1.1369
1.0942
1.0456
1.0124
0.9705
0.9370
0.8915
0.8482
0.7971
0.7502
0.7020
0.6658
0.6188
0.5761
0.5318
0.4932
0.4484
0.4072

1.6851
1.7074
1.7040
1.6913
1.6795
1.6553
1.6541
1.6510
1.6318
1.6132
1.6017
1.5859
1.5686
1.5488
1.5276
1.5076
1.4767
1.4575
1.4386
1.4139
1.3889
1.3657
1.3348
1.3752
1.3428
1.2993
1.2716
1.2413
1.1997
1.1564
1.1229
1.0811
1.0335
1.0010
0.9599
0.9270
0.8823
0.8398
0.7896
0.7436
0.6961
0.6604
0.6141
0.5719
0.5283
0.4901
0.4457
0.4050

0.0344
0.0356
0.0366
0.0375
0.0384
0.0392
0.0401
0.0408
0.0416
0.0423
0.0429
0.0435
0.0441
0.0446
0.0451
0.0455
0.0459
0.0462
0.0465
0.0468
0.0470
0.0472
0.0474
0.0474
0.0474
0.0474
0.0473
0.0473
0.0473
0.0473
0.0473
0.0472
0.0472
0.0472
0.0471
0.0471
0.0471
0.0470
0.0470
0.0470
0.0469
0.0469
0.0469
0.0468
0.0468
0.0468
0.0467
0.0467

0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0148
0.0149
0.0148
0.0149
0.0149
0.0149
0.0149
0.0149
0.0149
0.0149
0.0149
0.0149
0.0150
0.0150
0.0150
0.0150
0.0150
0.0150
0.0151
0.0151
0.0151
0.0151
0.0151
0.0152
0.0152
0.0152
0.0153
0.0153
0.0154
0.0154
0.0154
0.0154
0.0155
0.0155
0.0155
0.0155
0.0156
0.0156
0.0158
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0.0146
0.0147
0.0147
0.0146
0.0146
0.0146
0.0145
0.0145
0.0145
0.0145
0.0145
0.0144
0.0144
0.0144
0.0144
0.0144
0.0144
0.0144
0.0144
0.0144
0.0144
0.0144
0.0144
0.0149
0.0149
0.0149
0.0149
0.0149
0.0150
0.0150
0.0150
0.0150
0.0151
0.0151
0.0151
0.0152
0.0153
0.0153
0.0153
0.0153
0.0154
0.0154
0.0154
0.0154
0.0155
0.0155
0.0155
0.0158



Appendix L: Annual Cash Flow for Systems
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The annual cash flow for each system for the PV system with the utility cost of electricity increasing

by 5% each year over twenty years:

Loan Loan Loan Delta Delta Annual | PV cost Utility Savings
Year | Balance | Payment | Interest Pay tax Cost (R’kWh) | (R’kWh) (R/yr)
0 83160.78 | 8787.68 7068.67 1719.01 | 1571.36 | 721632 | 0.85 0.94 756.67
1 81441.77 | 8787.68 6922.55 1865.13 | 1538.88 | 7248.80 | 0.85 0.98 1122.84
2 79576.64 | 8787.68 6764.01 2023.67 | 1503.64 | 7284.04 | 0.86 1.03 1506.18
3 77552.97 | 8787.68 6592.00 2195.68 | 1465.40 | 7322.28 | 0.86 1.08 1907.45
4 75357.29 | 8787.68 6405.37 2382.31 | 142391 | 7363.77 | 0.87 1.14 2327.45
5 7297498 | 8787.68 6202.87 2584.81 | 1378.90 | 7408.78 | 0.87 1.20 2766.99
6 70390.17 | 8787.68 5983.16 2804.52 | 1330.06 | 7457.62 | 0.88 1.26 3226.94
7 67585.66 | 8787.68 5744.78 3042.90 | 1277.06 | 7510.62 | 0.88 1.32 3708.18
8 64542.76 | 8787.68 5486.13 3301.55 | 1219.57 | 7568.11 | 0.89 1.38 4211.62
9 61241.21 | 8787.68 5205.50 3582.18 | 1157.18 | 7630.50 | 0.90 1.45 4738.22
10 57659.03 | 8787.68 4901.02 3886.66 | 1089.50 | 7698.18 | 0.90 1.53 5288.97
11 53772.37 | 8787.68 4570.65 4217.03 | 1016.06 | 7771.62 | 0.91 1.60 5864.89
12 49555.34 | 8787.68 4212.20 457548 | 936.37 | 785131 | 0.92 1.68 6467.03
13 44979.86 | 8787.68 3823.29 4964.39 | 849.92 | 7937.76 | 0.93 1.77 7096.49
14 40015.47 | 8787.68 3401.31 5386.37 | 756.11 8031.57 | 0.94 1.86 7754.40
15 34629.10 | 8787.68 2943.47 5844.21 | 654.33 | 8133.35 | 0.96 1.95 8441.92
16 28784.90 | 8787.68 2446.72 6340.96 | 543.91 | 8243.78 | 0.97 2.05 9160.26
17 2244393 | 8787.68 1907.73 6879.95 | 424.09 | 8363.59 | 0.98 2.15 9910.64
18 15563.99 | 8787.68 1322.94 7464.74 | 294.09 | 8493.59 | 1.00 2.26 10694.35
19 8099.24 | 8787.68 688.44 8099.24 | 153.04 | 8634.64 | 1.01 2.37 11512.70
20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.49 21154.71
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The annual cash flow for each system for the PVT system with the utility cost of electricity increasing

by 5% each year over twenty years:

Loan Loan Loan Delta Delta Annual PV cost Utility Savings
Year | Balance | Payment Interest Pay tax Cost (R’kWh) | (R/kWh) (R/yr)
0 127250.88 | 13446.72 | 10816.32 2630.40 | 2404.47 | 11042.26 | 0.91 0.94 304.30
1 124620.48 | 13446.72 | 10592.74 2853.98 | 2354.77 | 11091.96 | 0.92 0.98 821.94
2 121766.50 | 13446.72 | 10350.15 3096.57 | 2300.84 | 11145.89 | 0.92 1.03 1363.72
3 118669.92 | 13446.72 | 10086.94 3359.78 | 2242.33 | 11204.40 | 0.93 1.08 1930.71
4 115310.14 | 13446.72 | 9801.36 364536 | 2178.84 | 11267.88 | 0.93 1.14 2523.99
5 111664.78 | 13446.72 | 9491.51 395522 | 2109.96 | 11336.76 | 0.94 1.20 3144.72
6 107709.56 | 13446.72 | 9155.31 429141 | 2035.23 | 11411.50 | 0.94 1.26 3794.07
7 103418.15 | 13446.72 | 8790.54 4656.18 | 1954.14 | 11492.59 | 0.95 1.32 4473.27
8 98761.97 | 13446.72 | 8394.77 5051.96 | 1866.16 | 11580.57 | 0.96 1.38 5183.60
9 93710.01 13446.72 | 7965.35 5481.37 1770.70 | 11676.03 | 0.96 1.45 5926.36
10 88228.64 | 13446.72 | 7499.43 5947.29 | 1667.12 | 11779.60 | 0.97 1.53 6702.92
11 82281.35 13446.72 | 6993.91 6452.81 1554.75 | 11891.98 | 0.98 1.60 7514.69
12 75828.54 | 13446.72 | 644543 7001.30 | 1432.82 | 12013.91 | 0.99 1.68 8363.10
13 68827.24 | 13446.72 | 5850.32 7596.41 1300.53 | 12146.20 | 1.00 1.77 9249.68
14 61230.83 13446.72 | 5204.62 8242.10 | 1156.99 | 12289.74 | 1.01 1.86 10175.94
15 52988.73 13446.72 | 4504.04 8942.68 | 1001.25 | 12445.48 | 1.03 1.95 11143.50
16 44046.05 13446.72 | 3743.91 9702.81 832.27 | 12614.45 | 1.04 2.05 12153.99
17 34343.24 | 13446.72 | 2919.17 10527.55 | 648.93 12797.79 | 1.06 2.15 13209.08
18 23815.69 13446.72 | 2024.33 11422.39 | 450.01 12996.72 | 1.07 2.26 14310.52
19 12393.29 | 13446.72 | 1053.43 12393.29 | 234.18 | 13212.55 | 1.09 2.37 15460.06
20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.49 30106.64
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