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ABSTRACT

An attempt has been made to determine the regression coefficients from sunshine hours for the
Vhembe Region, Limpopo Province. Parameters such as horizontal average daily extraterrestrial
solar radiation (/{,) and daily possible sunshine hours (V) were computed. Horizontal average
daily global radiation data and daily actual sunshine hour data for the five stations in this study
were obtained from Agricultural Research Council (ARC) and South African Weather Services

(SAWS).

: ! ] N . H
The plots of monthly average daily relative sunshine hours (7“) versus clearness index (H—) were
0

drawn to determine the values of @ and b of Angstrom — Prescott linear equation (where y and

H represent the actual sunshine hours (in hours) and global solar radiation on the horizontal
surface (in MJ) respectively. The variables @ and b are the regression coefficients. The results
obtained are discussed. From the computations, the values of @ and b for Vhembe Region are
calculated and the results obtained are compared with the regression coefficients for different

countries.
The regression coefficients from a station with the best correlation of the coefficients were used

to compute the estimated average monthly horizontal global solar radiation for the other four

stations and the results compare favourably with our data.
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CHAPTER 1

BACKGROUND TO THE RESEARCH PROBLEM

1.1 INTRODUCTION

This research is geared towards the collection and analysis of solar radiation data and hence to

compute the global solar radiation (H) and extraterrestrial solar radiation (H,). The daily and

monthly average values will be used to compute the values of regression coefficients for the
North-Eastern region of the Limpopo province, i.e. Vhembe Region. These values will be
compared with the values available in the literature for other countries. In fact, these values will

be of great use in the design and installation of solar energy devices in this region.

Global solar radiation is required in many applications due to its essential role. Global solar
radiation data helps the manufacturers when designing the solar panels to be installed in a
particular area. Architects and engineers need daily global radiation data too.It acts as a driving
input to agronomic, ecological, hydrological and soil-vegetation processes. Agriculturists depend
on daily global solar radiation for the vegetation they grow. The level of education and literacy
in regions within South Africa is low, for example within Limpopo Province. Thus the standard
of living is very low. For the survival of their families, the food givers depend on farming such

as cattle rearing as well as growing vegetables. Farming needs energy.

The use of energy is probably the most fundamental requirement for the human existence.
Renewable fuels and bio-fuels have been widely used by human beings for many centuries.
Energy usage has grown more rapidly than the population because of the simultaneously rising
standards of living and continuous change to more energy intensive methods of providing that
standard of living. According to the world assessment, energy services are indispensable for

human survival and development and consequently play a critical role in all development

activities [1].

© University of Venda



{

o
Q University of Venda
(@) it

However, the majority of the rural population in South Africa have never had the opportunity to
experience a high standard of living since their basic energy needs are not met [2]. There is a dire
need to intensify the renewable energy research with specific relevance to rural needs and also to
create awareness among the rural communities and science students to fully harness the freely
available energy [2]. In the present study an attempt will be made to study the solar radiation
data of the Vhembe region. This is of great importance because the fossil fuels are depleting and
hence we have to resort to different types of small-scale energy production for the rural

communities from the raw materials that are available in the communities.

12 RENEWABLE AND NON RENEWABLE ENERGIES

Energy can be classified under two broad categories; they are renewable and non-renewable
energy. Energy from sources which replenish as energy is released is termed renewable energy
sources and the reverse is the case for non-renewable energy sources. Hydropower, wind-power
and solar energies are forms of renewable energy sources, while energy from nuclear reaction
and fossil fuel are from non-renewable sources. Exploration and exploitation of non-renewable
energy sources has some negative effect on the environment. Pollution and radioactive emission
are some of the effects. On the contrary, renewable energy generated from solar radiation,
hydropower stations or wind-power stations is clean and environmentally friendly. This is
important since air quality has become a serious issue in many countries because it is linked to
health [2]. The use of wind as an energy source dates back ages. At one time wind was a major
source of energy for transportation (sailing), grinding grains and for pumping water. Other forms

of renewable energy like biomass, hydropower and ocean thermal energy have also contributed

in meeting energy needs of the society.

1.3 NEED FOR RENEWABLE ENERGY

The recent rapid growth of interest in renewable energy applications may be partly attributed to
concern over dwindling supplies of fossil fuels. Considerable amount of research is going on all
over the world to make the best use of the freely available renewable energy. It is important to

realize that the earth is a system with limited supplies of land, air, water, vegetation and

© University of Venda
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minerals. Because our present energy supplies are both finite and non-renewable, our energy
splurge appears to be coming to an end. In fact, it is the energy of sunlight assimilated by
biological organisms over millions of years that has made possible the industrial growth. Most of

the other renewable means of power generation also depend on the sun as the primary source [3].

Presently, the world is turning to renewable energy sources for responsible energy use, which
would be a footstool for sustainable development and a sustainable future [4]. The premise for
the search for a sustainable option was predicated by the political events, beginning with the oil
crises of 1973 and continuing through the Iranian revolution in 1979. This created awareness on
how crucial energy is to the daily functioning of modern society. The energy crises of the 1970s
were almost forgotten in the 1980s. However, that decade brought an increased awareness of the
environment. Concerns about global warming, acid rain and radioactive fall-out are still with us

today a reminder that each of these topics is a consequence of energy use [5].

In 1987, Brunt Land [2] defined sustainable development as "development that meets the needs
of the present generation without compromising the ability of the future generation to meet their
own needs". Africa needs not be an exception in embracing renewable energy option as a way
forward. Presently, African states are encountering various problems ranging from economic,
food production, socio-political and above all energy generation. Poverty also runs high in most
of these states and the worst hit areas are the rural communities. Here absence of energy carriers

and poverty culminate and tackling these problems is of great priority to African policy makers.

Among the three billion people living in rural areas in developing countries today, about two
billion neither have access to, nor can afford to pay for modern energy carrier, such as electricity,
liquid or gaseous fuel [1]. This will consequently affect the income opportunities and quality of
life of these rural people. Population growth is another factor that has defied efforts made to
provide these energy carriers; hence access to every service is virtually stable since 1980. The
problem is worse-off in sub-Saharan Africa, which hosts thirty of the forty nine least.developed
countries. Although 800 million people benefited from the rural electrification schemes during

1970-1990, only 20 million gained electricity access in sub-Saharan Africa [1].

© University of Venda
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1.4 ENERGY POVERTY IN SOUTH AFRICA

Access to electricity and other modern energy sources are necessities, though not a sufficient
requirement for economic and social development. Poverty alleviation among other factors like
clean water, adequate sanitation, effective health service, good educational system and

culminating all these, an inexpensive and available energy is indispensable.

Poverty is generally characterized by the inability of individual households or an entire
community to command sufficient resources to satisfy a socially acceptable minimum standard
of living [6]. It is necessary to consider whether poverty is a residual problem of uneven
development or rational problem arising from structural characteristics of the society and the
relationships they give rise to [7]. The understanding of trends of poverty is important since it
deeply influences the design of policies and other interventions to address the problem like
access to energy carriers. As observed in Table 1.1, poverty rate in rural areas is very high.
Renewable energy can address this problem by reducing the need of monthly payments of

electricity bills through installation of solar panels and solar water heaters.

Population share in % Poverty share in % Poverty rate in %
Rural 50.4 71.6 70.9
Urban 49.6 28.4 28.9
All 100 100 40.9

Table 1.1: The distribution of poor individuals by rural/urban classification in South Africa.

[11].

In 1995, a survey made based on a pre-adult equivalent line of payment of R352 per month,
estimated that 61% of Africans, 38% of Coloreds, 5% of Indians and 1% of Whites were poor in
South Africa [8]. Another dimension to these estimates is the geographical distribution of
poverty based on the same data set 72% of all poor people live in the rural areas and 71% of all
rural people were poor [9]. Kwazulu-Natal, Limpopo and Eastern Cape, the most populous

former homelands, record the highest figures of the rural poor [10].
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The energy poor could be referred to the population that cannot afford the basic standard energy
carrier, such as electricity, kerosene, LPG etc. In South Africa, the dominant feature of poor
households is a tendency to use multiple energy sources to meet their energy need. This
behavioural pattern is linked to inaccessibility to modern energy forms, which offer little
opportunities for making improvements in their economic well being. Efforts so far made in the
power industry toward providing power to rural communities seem inadequate and would require

new peak capacity in 2006 since about 30% of households have no access to electricity [11].

Solar energy technology implementation in rural areas could be the sustainable energy source in
this regard considering its diverse application. Furthermore, the availability of solar radiation,
affordability of the technology in medium to long term and the applicable cultural preference
will put solar energy technology development at the centre stage of sustainable energy provision

for indigent rural communities and could chart a new course for poverty alleviation.

1.5 SOLAR ENERGY

Solar energy harnessed with appropriate technologies could provide the much-needed sustainable
development largely due to its diverse application and environmental benefits. In the USA,
Cohen [5] found that solar energy is being utilized by businesses every day. Research revealed
that businesses could save 40-80% on electricity or fuel bills by replacing conventional water
heater systems with solar water heaters. Also at the summer Olympics games in Atlanta, a solar

heating system were used to maintain the temperature of the swimming pool [5].

For the protection of life and the environment, Wal-Mart stores in California.- integrated
photovoltaic systems into its operation and will be able to reduce atmospheric pollution that
causes smog by three tons and global warming by seven hundred and twenty tons and will save
four hundred and twenty tons of coal, one thousand three hundred barrel of oil [5]. In South
Korea, the twenty four storey Jae office building in Seoul met over eighty five percent of its
daily hot water needs with a solar hot water system. Installed in 1984, the efficiency of the

system has exceeded its design specification and provides ten to twenty percent of the annual

space heating [5].

© University of Venda
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Because of the growing demand for energy, combined with the depletion of fossil resources,
global warming and its associated climate change, there is an urgent need for environmentally
sustainable energy technologies. Among all the renewable energy technologies, such as wind
turbine, hydropower, wave and tidal power, solar cells, solar thermal, biomass-derived liquid
fuels and biomass-fired electricity generation, photovoltaic technology utilizing solar energy is
considered as the most promising one. Fortunately the supply of energy from the Sun to the

Earth is gigantic, which is in the order of 3 x10%* J / year [3, 12].

South Africa’s supply of energy mainly depends on water and coal for electricity. Several
interests have motivated the development of alternative energy sources, including those related
to economical and political questions, as well as those related to health and environmental
concerns e.g. for decreasing air pollution and carbon dioxide emission [2,12]. In view of such
concerns, solar energy can be considered the most important energy source. The great demand
for petrochemical energy has also led to the development of alternative power sources, such as
solar cells in recent years and is expected to be a clean energy source of the future. Solar

radiation is abundant, clean, and safe and allows energy generation in remote areas [14].

Nowadays there are many commercial applications for which solar power is already cost
effective [14, 15]. Solar cells operate by converting sunlight directly into electricity using
electronic properties of a class of materials known as semiconductors. This concept is one of the
most promising of renewable energy options to have emerged in the past few decades. Solar cells
depend upon the photovoltaic effect for their operation. Application of solar cells initially was in

space vehicles but now the big potential area is in terrestrial applications [15].

In South Africa most of the households lack modern energy services and the government is
working towards extensive electrification. The biggest challenge is the distant remote rural areas
where there is no grid line. Experience has demonstrated that renewable energy and energy
efficiency technologies are proven, commercially available and affordable by the majority of the
unserved population. Energy production and use are key factors in the economic and social

development, water management and the preservation of natural resources and climate change

[2, 13, and 16].

© University of Venda
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The fundamental problem of South Africa’s energy sector involves the interaction of several
factors, such as [13]:
(1) The lack of access to modern energy by the vast majority of South African
households.
(i)  Reduction in the availability of traditional fuels.
(i)  Global and environmental impacts of both current energy practice and the potential

adoption of the energy models of the industrialized world.

South African’s present electricity generation is dominated by fossil fuel use. The role of
traditional fuels is of major concern, as the environmental and health impacts of the traditional

fuel usage are well documented and retards future development.

The conventional silicon based solar cell is used worldwide to produce more than hundred
million watts of electricity each year [17]. Due to the cost of producing such high purity silicon,
as well as the fact that energy conversion efficiency for this type of cell remained neither a
practical nor an economically viable, replacement of fossil fuels energy sources [17, 18, and 19].
Development of solar cells from silicon-based devises to a new dye-sensitized type, which are
called dye-sensitized solar cells (DSC), is a great step forwardin the area of solar energy. It

utilizes a simple fabrication technique and reduces cost [12, 20, 21, and 22].

Titanium solar cell technology is a promising advancement for specific application in
photovoltaic (PV) solar cells. It is a completely different technology from that used in the
production of silicon solar cells. The cells are made by assembling layers of the semiconductor
titanium dioxide (TiO,), a light-sensitive dye, an electrolyte and a catalyst between two
transparent conductive glass plates. When light shines on the cell, the dye is energized and
releases an electron that is picked up by the (TiO;). The electrolyte regenerates the dye after it
gives off its charge, while the catalyst supplies the electron to the electrolyte [23, 24, and 25].

Clean and economically sound energy projects that reach rural as well as urban population are

needed, with a focus on the following [2, 13]:

© University of Venda
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(1) Photovoltaic (PV) solar home system in rural areas that displaces kerosene and
candles.

(i) Solar water pumping systems that supply clean, reliable water for household use and
irrigation, displacing diesel-powered pumps.

(iii)  Energy efficient upgrades of commercial and industrial buildings in urban centres that

reduce the amount of electricity consumed.

All of these approaches to energy production and use, have been demonstrated on a commercial
basis outside of Africa. The goal is to now seize the opportunity and harness them to the benefit

of the South African population.

The call for the implementation of solar energy technology in rural African communities has
been welcomed by "Core International”, describing solar power (solar technology) as a "practical
alternative to extending power distribution to remote and low density population" [26]. Solar
energy has been widely used in rural communities around the world for electricity (PV)
generation, crop processing and preservation, irrigation (using solar water pumps), heating and
cooling homes etc. This has greatly reduced incurred cost, pollution and global warming as
against conventional energy use. With better energy policies by government of African states in
solar energy technology will be easily accessible and hence the attainment of the government's
goal for better living standards of its populace could be achieved and also sustainable

development accelerated much faster than through conventional rural electrification programmes

[27].

Knowledge of the resource loading is a key to any renewable energy system. Solar resource
maps have been developed for countries such as the United States of America [28], Germany
[29] and Australia [30]. Unfortunately, South Africa lacks any accurate resource map, which is

a serious disadvantage for renewable energy researchers and developers.

© University of Venda
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1.6 ADVANTAGES AND DISADVANTAGES OF RENEWABLE ENERGIES

1.6.1 Advantages

After the initial investment has been recovered, energy from the sun is practically free. The
recovery/ payback period for this investment can be very short depending on the resource and
how much electricity the household uses. In South Africa financial incentives are available from
the government that can reduce cost. If one can develop a system that produces more energy than
what is used, the utility company can buy it and that will be building up a credit on the account.
This nifty little scheme is called "net-metering”. Solar energy does not require any fuel. It's not
affected by the supply and demand of fuel and is therefore not subjected to the ever-increasing

price of gasoline [31]. The savings are immediate and for many years to come. The use of solar

energy indirectly reduces health costs.

Solar energy is clean, renewable (unlike gas, oil and coal) and sustainable, helping to protect our
environment. It does not pollute air by releasing carbon dioxide, nitrogen oxide, sulphur dioxide
or mercury into the atmosphere like many traditional forms of electrical generation does.
Therefore solar energy does not contribute to global warming, acid rain or smog. It actively
contributes to the decrease of harmful green house gas emissions. It's generated where it is
needed. By not using any fuel, solar energy does not contribute to the cost and problems of the

recovery and transportation of fuel or the storage of radioactive waste.

Solar energy can be utilized to offset utility-supplied energy consumption. It does not only
reduce the electricity bill, but also continues to supply a home/ business with electricity in the
event of a power outage. A solar energy system can operate entirely independently, not requiring
a connection to a power or gas grid at all. Systems can therefore be installed in remote locations,
making it more practical and cost-effective than the supply of utility electricity to a new site. The
use of solar energy reduces the people’s dependence on foreign and/or centralized sources of
energy free from influenced by natural disasters or international events and so contributes to a

sustainable future. Solar energy supports local job and wealth creation, fuelling local economies.

© University of Venda
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Solar energy systems are virtually maintenance free and will last for decades. Once installed,
there are no recurring costs. They operate silently, have no moving parts, do not release offensive
smells and do not require one to add any fuel. More solar panels can easily be added in the future

when a household’s energy demand grows.

1.6.2 Disadvantages

The initial cost is one of the main disadvantages of installing a solar energy system, largely as a
result of the high expense of the semi-conducting materials used in building one. As energy
shortages are becoming more common, solar energy is becoming more price-competitive. Solar
panels require quite a large area for installation to achieve a good level of applicability [31]. The
efficiency of the system also relies on the location of the sun, although this problem can be
overcome with the installation of certain components such as solar panels. The production of
solar energy is influenced by the presence of clouds or pollution in the air. Similarly, no solar
energy will be produced during night time although a battery backup system and/or net metering
can solve this problem. As far as solar powered cars go, their slower speed might not appeal to

everyone caught up in today's rat race.

As one can see, there are many advantages of solar energy. Disadvantages can be found in any

product or system, but it is important to know that they can be managed in this case.

1.7 SUMMARY

This study consists of eight chapters. Chapter 1 discusses the background of the research study
and the need for renewable energy in South Africa. Chapter 2 gives a description of solar
radiation, i.e. extraterrestrial solar radiation and terrestrial solar radiation. Description of
different types of solar radiometers has been discussed as well. The descriptions of the selected
stations used in this study together with their Google maps are given in Chapter 3. The methods
used to compute the regression coefficients for the Vhembe Region have been explained in detail
in Chapter 4. Chapter 5 gives the results on calculation of meteorological parameters and

analysis of the horizontal global solar radiation while Chapter 6 describes the computation of the

10

© University of Venda



{

o

Q University of Venda
(@) it

regression coefficients. The science of measurement, including measurement of solar irradiance,
demands the calibrated instrumentation to ensure data quality. Towards this end, work done
during the International Pyrheliometer Comparison of 2010 is described in chapter 7. Results for

South Africa’s primary radiometer are given. Chapter 8 gives the summary of this study.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

All substances, at temperatures above the absolute zero, emit energy in the form of
electromagnetic waves. This energy is called radiation. During this process (radiation), no
intervention of medium is required for its transmission. The most important sources of radiation
to the living organisms on the surface Earth is that emitted by the Sun, the Earth and the
atmosphere lying within the ultraviolet, visible and infrared spectral regions. The radiation of
importance to solar energy users fall between 0.15 and 0.3 micrometre [32]. This chapter deals

with solar radiation and its geometry on the Earth’s surface.

2.2  THE SUN AS THE SOURCE OF RADIATION

The Sun is a sphere of intensely hot gaseous matter with a diameter of 1.39 x 10° m and is about
1.5 x 10" m away from the Earth. It generates heat by thermo-nuclear fusion reactions, where
four hydrogen atoms combine to form one helium atom whose mass is less than that of the four
protons, some mass having been lost in the reaction and converted to energy. The amount of

energy is released in accordance with the following reaction [33]:

4H' - 2He'* E=426.7MeV 2.1

The nuclear reaction represented by equation 2.1 results from the fact that the four protons of
hydrogen have a total of uncombined mass of 4.0304 atomic mass unit (amu) and mass of helium
nucleus is 4.0027 amu. Thus 0.0277 amu of matter are converted into energy in accordance with

the energy (E) and mass (m) relation E = mc?, given by Einstein, where ¢ is velocity of light [33].

The Sun radiates energy in every direction as seen from figure 2.1. This radiant energy moves
outward through space as electromagnetic waves that have a wide range of frequencies. In free

12
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space, radiation would travel a distance equal to the Sun’s radius in a little more than two
seconds, but absorption is so strong inside the sun that it takes a million or two million years for
the radiation to make its way out. A radiation zone reaches out from the core for about 70% of
the Sun’s radius. Core radiation slowly diffuses through this region until it reaches the boundary
of the convection zone, where the temperature has fallen and made the gas highly opaque. Warm
gases move from the interior to the outer layers, causing a transfer of energy, eventually carrying

the flow of energy all the way to the sun’s visible surface [34].

T=5x1°K" |1 _qp0K ?Is%ofvoluma T=10°K T-10°K
p=10*gem |, 10" gom?l 90% of energy  p = 10~ giom® p = 10% glom®

T=7x10°K genarated

p = 107 glom’ T=8-40x10°K
P = 10" alm
p=100§lcm’

Figure 2.1 The structure of the sun

The Sun’s surface appears to be composed of irregular convection cells. Other features of the
solar surface are sunspots which vary in size, photosphere (meaning sphere of light) which is the
source of most of solar radiation, chromospheres (meaning sphere of colour) which is made up of

fiery red clouds of gases which sometimes shoot as far as a 1 609 344 km out into the space and

corona with very low density and very high temperature (10°K) [35].

13
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23 THE EARTH AND SOLAR CONSTANT

The Earth is considered to be a sphere with a diameter of approximately 12, 800 km. It makes
one rotation about its axis every 24 hours and completes a revolution about the Sun in a period of
approximately 365.25 days [35, 36]. Its mean density is about 5.517 g/cm’ and its central core is

about 2,560 km in diameter which is more rigid than steel. Beyond the central core is a mantle

which forms about 70% of the Earth’s mass.

Sun

Earth

Diameter =
12700 km

diameter =
1390000 km

Solar Constant =
1367 W/m?

r = 1495000000 knr
Figure 2.2 Schematic diagram of the earth and the sun

At a distance of one astronomical unit, 1.495 x 10" m, the mean Earth-Sun distance, the Sun
subtends an angle of 5.03° on earth [32]. The radiation emitted by the Sun and its spatial
relationship to the Earth result in a nearly fixed intensity of solar radiation outside the Earth’s
atmosphere. H, in equation 2.2 represents the energy from the Sun per unit time, received on a
unit area of surface perpendicular to the direction of propagation of the radiation at the Earth’s
mean distance from the Sun outside the atmosphere. The World Meteorological Organization
(WMO) has adopted a value of 1367 W/m?® as the solar constant with uncertainty of the order of

1% for solar constant. The value of the solar constant is not actually a constant, but varies with

season and somewhat with solar activity [37].

14
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Solar radiation intensity leaving the surface of the Sun is given by Stephan-Boltzman’s law as:
H, =0T, 22
where ¢ = Stefan-Boltzman constant = 5.670 x 10 W/m*-K* and

T, = Average temperature on surface = 5762°K

Now using equation 2.2, Hy = 5.961 x 10’ W/m®.
Total radiant power P,, emitted from the Sun is obtained by multiplying equation 2.2 by the

surface area of the Sun. We find

P, = H,x4nR’ 23

where R = radius of the Sun’s spherical surface = 6.960 x 10® m. Then P, = 3.630 x 10%° W [33].

2.4 SPECTRAL DISTRIBUTION OF EXTRATERRESTRIAL RADIATION

2o
o
o=y
‘é Solar irradiation curve outside atmosphere
‘g Solar irradiation curve at sea level
0.15 X __ Curve for blackbody at 5900 °K
3 03
5 20
i O2H20
£ o010t H20
Ev HQO
o
a
¢E . 0009
03
0 S mAu_‘"“"‘&éu‘zi:mn_-:u;-:mx.z.u.m:.\-.._ >

O 02 0406 08 101214 16 18 20 22 24 20 2.8:30D 34
Wavelength (um)

Figure 2.3 The spectral distribution of the sun’s radiation and its absorption by atmospheric

gases
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It is useful to know the spectral distribution to the extraterrestrial radiation that would be
received in the absence of the atmosphere. A standard spectral irradiance curve has been

compiled, based on high-altitude and space measurements. The WRC standard spectrum is

shown in Figure 2.3 [37].

VARIATION OF THE EXTRATERRESTRIAL RADIATION ON THE
HORIZONTAL SURFACE

2.5

There are two causes of variation in extraterrestrial radiation that have to be considered. The first
is the variation in the radiation emitted by the sun. The second cause, variation of the Earth-Sun
distance, however, does lead to variation of extraterrestrial radiation flux. The dependence of the

extraterrestrial radiation on the time of year is indicated by Equation 2.4 and Figure 2.4 [32]

1, =1,[1+0.033 cos(%onj 2.4
; 365

where I, is the extraterrestrial radiation, measured on the plane normal to the radiation on the n"

day of the year , I, is the solar constant and 7 is the day of the year.

w 1400
= 1380 ¥ ,/
S l /

B

g 1360 S .

2 \ £

2 i ‘g

= 1320 \\ //

u"»j =

1300
e N s A AN il A B AN
Month

Figure 2.4 Variation of extraterrestrial solar radiation with time of the year
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The extraterrestrial radiation on horizontal surface, H, is given by equation 2.5.

Ho =" | 11033 ‘cos 360")005 g 25
g 365

where 6, is the solar zenith angle [35].

The Earth’s axis of rotation is tilted 23.45° with respect to its orbit about the Sun. In its orbital

movement the Earth keeps its axis oriented in the same direction as observed in Figure 2.5.

Automnal
equinox

21 June

Summer

soistce

Wirter :
solstice

Figure 2.5 Position of the Earth with respect to the Sun at solstice and equinoxes .
This tilted position of the Earth, along with the Earth’s daily rotation and yearly revolution,

accounts for the varying distribution of solar radiation over the Earth’s surface, changing length

of hours of daylight and darkness, and changing of the seasons.

T
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In South Africa, the day length hours in summer season are longer compared to winter. The
average day length in summer is approximately thirteen hours and about ten and half hours in

winter. Figure 2.6 below is a diagram of the earth’s orbit around the sun [32].

N
\23‘/:° ;
Tropic of cancer

23%° N

Equator

Sun's rays Sun's rays 23%°

23%

Tl Axis of revolution of the

‘ earth about the s

Capricom 2314°S S gh $

21 December, Sy Solstice 21 Jung,  Ver solstice

Figure 2.6 The tropics

At winter solstice the North Pole is inclined 23.5° away from the Sun and at summer solstice
the situation is reversed, at the time of the two equinoxes, both the poles are equidistant from the

Sun and all points on the Earth’s surface have 12 hours of daylight and 12 hours of darkness.

2.6 SOLAR GEOMETRY

In order to calculate the solar radiation reaching the horizontal surface on the Earth, it is
necessary to indicate the trigonometric relationships between the solar position in the sky and the
surface coordinates on the Earth. The knowledge of the Sun’s path in the sky on various days in

a year at a particular place is of a fundamental pre-requisite since this helps in designing solar

devices [32].
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Figure 2.7 Solar zenith, altitude and azimuth angles

With reference to Figure 2.7:

» The altitude angle (@) (solar altitude or solar elevation) is defined as the vertical angle

between the projection of the sun’s rays on the horizontal plane and the direction of the
Sun’s rays. At sunrise and sunset, a = 0. This angle lies between 0° and 90° and it is the
complement of the zenith angle.

The solar zenith angle (6,) is the complementary angle of the Sun’s altitude angle. It is a

vertical angle between the sun’s ray and a line perpendicular to the horizontal plane at
point P [33]. That is

6

z

R IR 2.6(a)
2

And it follows that

cos@, =sina =cosd - cos¢g-cosw+sing-sing 2.6(b)

Solar zenith angle increases steadily from sunrise to sunset. When the solar zenith angle reaches

90°, the Sun’s rays are parallel to the Earth’s surface. The time of suarise and sunset depends on

the terrain and on which point of the solar disc it is taken as the characteristic of the Sun [32, 39].
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Fig.2.8 Latitude (@), hour angle (w) and sun’s declination (&)

» Azimuth angle A, (solar azimuth angle) is the angle in the horizontal plane measured
from the south (northern hemisphere) to the horizontal projection of the Sun’s rays.

> Latitude is the angle between the line drawn from a point on the Earth’s surface to the
centre of the Earth, and the Earth’s equatorial plane.

» Solar declination (&) is defined as the angle between the line joining the centres of the
Sun and the Earth and its projection on the equatorial plane. Declination is due to the
rotation of the Earth about an axis which makes an angle of 66.5 percent with the plane of
its rotation around the Sun. The declination varies from a maximum value of 23.45° on
June 21 to a minimum of -23.45° on December 21. The declination can be calculated

from the relation (Cooper’s equation, 1969) [40, 41 and 60]:
5 =23.45° sin {ﬂ(284 - n)] 2.7
365

where 7 is the day of the solar year (n € [1;365])

» Hour angle (@) is the angle through which the Earth must be rotated to bring the

meridian of the plane directly under the sun. It may be referred to as the displacement of
the sun east or west of the local meridian due to rotation of the Earth on its axis at 15° per

hour. The hour angle is zero at solar noon. The hourly variation of the hour angle takes it
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from negative values before noon to positive values after solar noon. It can be computed

using the equation [32, 39]
w=(120-1)x15° 2.8

where ¢ is the local solar time (LST) in hours The negative sign refers to time before

solar noon.

The sunset (sunrise) hour angles (w;): This angle indicates the length of the day and can

be expressed according to the relation [39]:

cosw, =—tang-tand 29

The sunset (sunrise) hour angle is directly related to the number of hours from solar noon

to sunset (sunrise). The day length or possible sunshine hours, N, is given by [38]
N=(3Jw: 2.10

The possible sunshine hours depend on the location, i.e. latitude and the day of the year.

SOLAR TIME AND EQUATION OF TIME

It is desirable to convert clock time into solar time in solar energy problems. Solar time is

measured with respect to solar noon which is the time when the Sun is crossing the observer’s

meridian. Solar time is converted to standard time by the equation [32, 39]:

Solar time (t) = Standard time & 4(Ls — Lioc) + E 211

where E is the correction arising out of the variation in the length of the solar day through the

year. Thi is called equation of time. The second term arises due to the difference in observer’s
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longitude (L) and longitude on which the local time (Ljoc) is based; the sun traverses each

degree of longitude in 4 minutes.

E =9.87sin2B—-7.53cos B—1.5sin B 242
where
g 360(n-1) 2.13
364

and n = day of the year, 1< n < 365

Solar day varies throughout the year in a somewhat irregular manner [33, 39]. The mean value of
solar day taken over the year is exactly 24 hours. The solar day has a maximum length of 24 hr +
30 sec near the winter solstice and a minimum length of 24 hr — 19 sec shortly before autumnal
equinox. A secondary maximum occurs near the summer solstice, whereas secondary minimum

occurs near the vernal equinox. The solar noon at a place can be determined from the following

equation:

Local solar noon = 12 — equation of time in hours on that day

longitude of reference meridian—observer's longitude
3 Joy = £ 2.14

Solar noon occurs when the Sun crosses an imaginary line in the sky extending from the North
Pole to the South Pole and passing directly over an observer’s head [39]. The times between two

successive solar noon (solar day) is very nearly constant throughout the year, This means that if

an observer observes solar noon at say, 11:55 AM local time, the next solar noon can be

observed at no more than 19 seconds before or 30 seconds after 11:55 AM on the following day .
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2.8 SOLAR RADIATION AT THE EARTH’S SURFACE (TERRESTRIAL
RADIATION)

From the point of view of utilization of solar energy, the energy received at the earth’s surface is

of vital importance. Solar radiation received in the Earth is in the form of direct radiation (also

referred to as beam radiation) and diffuse radiation.

2.8.1 Beam and diffuse solar radiation

That portion of the incident solar radiation which comes from the apparent solar disc without

reflection from other objects is called direct or beam radiation [33]. These radiations are received

from the Sun without change in direction.

Extra-terrestrial
] Radiation

/

{_ D Atmospheric
abso.rpﬁcn
(Warming of air)

Reflected back

into s'pacle\ 1

R Diffus v
Scatterings
Retlwepad - SiE Rt
Back by i s
sur face \ Diffuse

Direct

e ok o e, radiation

surface of earth

Figure 2.9 Direct, diffuse and total solar radiation [33]

With reference to Figure 2.9 diffuse radiation is observed as that solar radiation received from
the Sn after its direction has been changed by reflection and scattering by the atmosphere. Clouds
have a far greater effect on the variation of solar radiation. A cloud between the observer and the
Sun blocks the direct radiation, clouds elsewhere in the sky increase diffuse radiation. Effects on
solar radiation due to aerosols, water vapour and atmospheric pollution are smaller and normally

treated for clear-sky conditions. The intensity of diffuse radiation seen by the observer on a clear
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day varies as a function of latitude, time of the year, time of the day, atmospheric content and

other factors[32,33].

If the latitude of the Sun is small, the length traversed by the beam is long. On the other hand, if

the Sun is at zenith (overhead), the solar beam traverses a vertical path, the shortest path through

the atmosphere.

2.8.2 Global solar radiation

The total solar radiation or global solar radiation reaching the surface of the Earth is all solar

radiation incident on a surface, including scattered, reflected, and direct (where scattered and

reflected is referred to as diffuse solar radiation. The total solar radiation that reaches the Earth

surface does not include radiation that has been absorbed by matter and then re-emitted. This is

also indicated in Figure 2.8. It can be concluded that the total solar radiation is given by the

equation:

Total solar radiation = Diffuse radiation + Direct radiation Pl i

2.8.3 Depletion of solar radiation by the atmosphere

When the atmosphere is very clear, depletion in the solar radiation occurs via three distinct

physical processes §32k
(1) Selective absorption

(i)  Rayleigh scattering by molecules and dust particles

(iii)y Mie scattering
These processes occur when the atmosphere is very clear. In a cloudy atmosphere, considerable

depletion of the direct solar radiation takes place. A major part of solar radiation is reflected back

into space by the clouds. The fraction of the total solar radiant energy reflected back to space by

the clouds, scattering by the atmospheric gases and dust particles, and by reflection at the Earth’s

surface is called albedo of the Earth atmosphere system [32]. The path length of the beam through

the atmosphere is accounted for in air mass (m).
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m =secH, 216

Air mass is the ratio of the path of the sun’s rays through the atmosphere to the length of path

when the Sun is at the zenith.
m=0 Outside the earth’s atmosphere

m=1 When the sun is at zenith, i.e. directly overhead

m=2 When the zenith angle is 60°.

2.8.3.1 Selective absorption

The transmittances for absorption Tj(aps) are to be combined in the same manner as those for

scatteringTy(s), the resulting monochromatic transmittance for beam radiation may be written as

[33]
Y

= Tl(.\') X T).(abx)
where 7, = monochromatic atmospheric transmittance considering scattering and absorption (at

wavelength A)

= monochromatic atmospheric transmittance considering scattering only

—  monochromatic atmospheric transmittance considering absorption only.

TA(s)

TA(abs)

2.8.3.2 Rayleigh scattering

Rayleigh scattering of sunlight in clear atmosphere is the main reason why sky is blue. A portion

of the light from the sun scatters off due to other molecules and particles in the atmosphere. The

sky appears blue because air scatters short-wavelength light more than longer wavelengths. Since

blue light is at the short wavelength end of the visible spectrum, it is more strongly scattered in

the atmosphere than long wave

when looking toward parts of the sky oth

length red light. The result is that the human eye perceives blue

er than the sun. Rayleigh’s scattering formula is given

as:
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gaf? 2.18

where ¢ is the amount of the scattered light and f is the frequency of light.

f* indicates the fast increase with frequency.

This type of scattered light gives the sky its brightness and its colour. During the day, the sky is

seen as blue due to the Rayleigh scattering which is inversely proportional to the fourth power of

wavelength, so that the shorter wavelength violet and blue light will scatter more than the longer

wavelengths (yellow and especially red light).So, Rayleigh scattering is wavelength dependent.

This scattering occurs through light’s interaction with air molecules.

2.8.3.3 Mie Scattering

Mie scattering is responsible for white appearance of clouds. This type of scattering is caused by

pollen, dust, smoke, water droplets, and other particles found in the lower atmosphere. Clouds,

ice and deserts have high albedos (i.e. the fraction of solar energy that is reflected back to space).

Clouds reflect more shortwave radiation back to space than the surface would in the absence of

the cloud thus leaving less solar energy available to heat the surface and atmosphere.

It is of vital importance that we study scattering in this research since it is the main factor

responsible for the variation of the coefficient of clearness index in the form of cloudiness, dust,

ozone, etc. Of all these factors cloudiness is the most influential and also exhibits the largest

variation from day to day as was pointed out by Liu and Jordan [42]. Increasing daily cloudiness

decreases the clearness index.
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2.9 SOLAR RADIATION ON INCLINED AND HORIZONTAL SURFACES

2.9.1 Average daily diffuse radiation

Liu and Jordan [42] showed that there is a positive correlation between the ratio of average daily

diffuse radiation, H ,to average daily global radiation, H , ( H, ) and the ratio of daily global
H

H, known as the cloudiness index k., .

radiation to average daily extraterrestrial radiation,

Several researchers in different countries compared Liu and Jordan correlation and observed

some discrepancy. The differences could be due to instrumental error or seasonal effects.

2.9.2 Hourly total irradiance on 2 horizontal plane

The hourly solar radiation on a horizontal surface is dependent on the sunset hour angle (ws).

The ratio of hourly total to daily total solar radiation is given by Equation 2.19 [38].

1ol

Zwo _ —_|g+bcosw
H, 28 : 27
SN, cos @,
360

where I, is the hourly total radiation on horizontal surface in mega joules per meter square

(MJ/m?*) and a and b are t

determined for the Vhembe region terrain province in t

he regression coefficients. These regression coefficients are to be

his study. See also Chapter 4, Equation

4.1.

2.9.3 Hourly diffuse radiation components on a horizontal plane

The ratio of hourly diffuse solar radiation 711% had been developed by Liu and Jordan [42] in 1960.

This ratio is given by Equation kP4

&
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TG T COS W — COS @ 2:26

152 9 27w
sin o, - cos @,
360 :

where I, and Hy are the hourly and daily diffuse solar radiation on horizontal surface

respectively in mega joules per meter square.

2.9.4 Hourly beam and diffuse radiation components on an inclined plane

Any plane oriented towards the Sun is making an angle with the incident solar beam. The angle

between the solar beam and the normal to the surface is called the angle of incidence,

6;, and can be expressed as 132,39

cos 6; = siné‘sin(Z)cosB-sinécos(z)sinﬁcosy+cosdcos(2)cosa)+

cos & sin @ sin B cos w cos y + cos & sin B sin @ siny 2.21
where & = declination angle,
B = tilt angle,
@ = latitude angle and
y = the angle by which the collector is diverted from south.
If the plane is a horizontal one then the angle of incidence is equivalent to the sum zenith

angle, 6,. In most of the applications where the solar collectors are fixed, the collectors are

sloped towards the equator, in thiscase  y = 0° and the expression for 6; can now be given by

cosf, = cos(¢ - ,B)- cosf}-cosm+ sin(¢— ,B)- sind 2.2
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At the time of solar noon, the altitude of the sun, a,, can be determined from the following

equations:

cosf, = c0sd -cos@cosw+sing-sind

and o = 90° — 6. on a horizontal surface, then

a, =90° ~(¢-9)

223

224

Figure 2.10 below depicts various angles discussed above, where O is the centre of the Earth and

P is an observer on the Earth. Iy is the direct solar radiation. Sunrise hour angle or sunset hour

angle, ws is determined using the following equation cos@, = —tan ¢-tanS (from Eq.2.9).

#
L e v —— e -

Fig 2.10 Direction of beam radiation

For inclined plane,
cosw! =—tan(g— f)tans

where @' is the sunrise or sunset hour angle for an inclined plane.
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2.10 SOLAR RADIOMETERS

Experimental determination of energy transferred to a surface by solar radiation requires

instruments which measure the heating effect of direct, diffuse solar radiation and global solar

radiation. It is important to know the specific instruments (as explained in 2.10.1 —2.10.4) that

r the measurement of diffuse, direct or global solar radiation although there is one

e and direct or direct and global radiation simultaneously. Some of these

are suitable fo
that can measure diffus

instruments are listed in this section.

2.10.1 Pyranometer

A pyranometer is a type of radiometer used to measure broadband solar irradiance on a planar

sensor that is designed to measur
eld of view of 180 degrees. It is suitable for the measurement of the

surface and is a e the solar radiation flux density (in watts per

meter square) from a fi

global or sky radiation usually on a horizontal surface. Horizontal global solar radiation data

used in this study are measured by pyranometers.

A Pyranometer is sensible to radiation from the entire hemisphere. The name of the pyranometer

stems from Greek, "pyr — n0p" meaning "fire" and "ano - Gvo" meaning "above sky". A typical

pyranometer does not require any powe
m 300 to 2,800 nm. Pyranometers usually cover that spectrum with a spectral

r to operate. The solar radiation spectrum extends

approximately fro
sensitivity that is as «flat” as possible [42].

For an irradiance measurement it is required by definition that the response to “beam” radiation

sine of the angle of incidence; i.
(normal to the surface, sun at zenith, 0 degrees angle of incidence),

varies with fhe 60 e. full response when the solar radiation hits

the sensor perpendicularly
zero response when the sun is at the horizon (90 degrees angle of incidence, 90 degrees zenith
angle), and 0.5 at 60 degrees angle of inci

should have a so-called «directional response” or

dence. It follows from the definition that a pyranometer

“cosine response” that is close to the ideal

cosine characteristic.
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A pyranometer’s main components are:

» A thermopile sensor with a black coating. This sensor absorbs all solar radiation, has a

flat spectrum covering the 300 to 50,000 nanometer range, and has a near-perfect cosine
response.

> A glass do
(cutting off the p

Another function of the

me. This dome limits the spectral response from 300 to 2,800 nanometers
art above 2,800 nm), while preserving the 180 degrees field of view.

dome is that it shields the thermopile sensor from convection.

The black coating on the thermopile sensor absorbs the solar radiation. This radiation is

converted to heat. The heat flows through the sensor to the pyranometer housing. The thermopile

sensor generates a voltage output signal that is proportional to the solar radiation. Pyranometers

are frequently used in meteorology, climatology, solar energy studies and physics of buildings.

They can be seen in many meteorological stations - typically installed horizontally and next to

solar panels - typically mounted with the sensor surface in the plane of the panel.

2.10.2 Pryheliometers

A pyrheliometer is an instrument for direct measurement of solar irradiance at normal incidence.

Sunlight enters the instrument through a window and is directed onto a thermopile which

converts heat to an electrical signal that can be recorded. The pyrheliometer is used with used

with a solar tracking system to keep the instrument aimed at the sun [44]. Every five years, The

World Solar Group (WSG) organises International Pyrheliometer comparisons at Davos.

Calibrated pyrheliometer instruments that participated during these comparisons are considered

nd they can be used to calibrate other solar radiometer instruments

as reference pyrheliometers a

such as pyranometer through shade and unshade methods. This is discussed in chapter 6 in this

study.

In order to find the global solar radiation data, one can measure direct solar radiation and diffuse

solar radiation since the sum of direct and diffuse gives global solar radiation. Computation of

global solar radiation has to specify whether it is horizontal or on an incline surface.
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2.10.3 Pyrgeometer

A pyrgeometer is a device that measures the atmospheric infra-red radiation spectrum that

extends approximately from 4.5 ym to 100 pm. It measures the terrestrial solar radiation only

[44].

A pyrgeometer consists of the following major components:

> A thermopile sensor which is sensitive to radiation in a broad range from 200 nm to 100
pm

» A silicon dome or window with a solar blind filter coating. It has a transmittance between
4.5 pm and 50 pm that climinates solar shortwave radiation.

The Figure 2.11 shows the components of a pyrgeometer .

BODY TEMPERATURE SILICON WINDOW
SENSOR
SENSING ELEMENT

DRYING e { | R :
CARTRIDGE a Ji SUNSHIELD

Figure 2.11 A pyrgeometer components

> A temperature sensor to measure the body temperature of the instrument.

> A sun shield to minimize heating of the instrument due to solar radiation.

2.10.4 Sun-Shine Recorder

It is also desirable to have the duration of bright sunshine in a day. Sun-shine recorder is an

instrument used to measure the duration in hours of bright sun shine during the course of the day.
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It consists of a glass sphere mounted in a section of spherical brass bowl with grooves for

holding the recorder cards. The sphere burns a trace being a direct measure of the duration of

bright sunshine.

2.10.5 Univen’s system at Vuwani

A special discussion is given here on the University of Venda’s system at Vuwani. The system is

a pyranometer, which consists of the data logger unit (DL2) containing all the hardware required

for capturing and storing data from a wide variety of sensors under most environmental

conditions [45]. DL2 runs an internal logging program as set by the user and records the data.

There are features such as starting and stopping the logger, displaying current readings,

providing status reports, and outputting logged data to a local printer.

The windows software Ls2Win also provides control over all essential features mentioned above

and is used to program the logger. Programming involves choosing the number of channels to be

logged, the types of sensor and appropriate data conversions, the rate at which each channel is to

be logged and action to be taken out of limiting conditions. It also provides a range of other

features such as timed start, triggering of events, collecting and manipulating logged data.

The DL2e logger has two states known as ‘awake’ and ‘asleep’. When awake all of the logger’s

circuitry is powered up and all its functions are active. The logger is awake during a LOG,

WARM-UO or EVENT while communicating via its RS232 port or performing any of the tasks

controlled from its keypad. When one is logging or carrying out one of the priority tasks, the

logger flashes up a message on its display to indicate that the other logger functions are

temporarily suspended. When asleep a minimum number of components are powered up, notably

the clock, memory and circuitry which enables the logger to be woken. The logger’s display is

always blank when the logger is asleep.
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2.10.5.1 Sensor status

The current status of all channels programmed as sensors are displayed on the user’s PC in the

sensors panel of the DL2 control pane

displays a single value of each chann
h no interference to logged data. The READ panel or Sensor

| using the keypad READ function. The DL2 Control panel

el. This information is independent of logging, and can be

obtained before or while logging wit

panel gives an error message if appropriate. Error status are categorized as battery failure,

memory full, sensor malfunctions and over-run errors [45].

2.10.5.2 Collecting logged data

e collected from the logger at any time during logging. There is no need to stop

e PC. In order to create space the data,

Data can b

a output from the logger is controlled from th

logging. Dat
er’s memory. Data is transferred to the

data that have been collected can be erased from the logg

PC for processing as required [45].'
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CHAPTER 3
STUDY AREA IN VHEMBE REGION

31 OVERVIEW

The study area is Vhembe Region in Limpopo Province South Africa. South Africa is the

e African continent. The
1ts surface ared is 1 219090 km” [58]. South Africa is divide H0 i

southernmost part of th latitude stretches across 22° to 35° S, and from

17° to 33° E, longitude.

provinces, namely, Gauteng, Mpumalanga, North West, Kwazulu-Natal, Eastern Cape, Northern

Cape, Western Cape, Free State and Limpopo.

South Africa is a subtropical Jocation. The temperature conditions are mainly defined by the
Benguela (or Mozambique) ocean currents and the altitude of the interior plateau [43]. It is

ne. It's a relatively a dry country, with an average annual rainfall of about

famous for its sunshi

464mm (compared to a world average of about 860mm).

uth Africa, summer (mid-October to mid-February) is characterised by hot,

at clear quickly, leaving a warm, earthy,

Over much of So
often with afternoon thunderstorms th

sunny weather -
mell in the air. Autumn (fall) in South Africa (mid-February to April) offers in

uniquely African s
st weather [43]. Very little rain falls over the whole country, and it is warm but

some ways the be
s. Winter in South Africa (May to July) is

g colder as the season progresse
lying areas of the interior plateau by dry, sunny, crisp days and cold

ovinces, offer fantastic winter weather with

not too hot, gettin

characterised in the higher-
e of Mpumalanga and Limpopo pr

nights. The climat
pring is in August to mid-October.

sunny, warmish days and virtually no wind or rain. S

The subtropical location on either side of 30°S accounts for the warm temperature conditions so

h Africa. South Africa is dry with abundant sunshine. Temperature conditions in

e characterised by three main featu
Australia. Secondly despite a latitudinal span of

typical of Sout
res. Firstly, temperature tends to be lower than

South Africa ar

in other regions at similar |atitudes, for example,

13 degrees, average annual temperatures are remarkably uniform throughout the country.
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Temperatures above 32°C are fairly common in summer, and frequently exceed 38°C

Limpopo Province. In September, the temperatures may sometimes reach the maximum of 42°C.

R Comoros
L)
Malawi Moroni  Glorioso Isla

."}L.long.we Mayotte
Zambia

s

,:j.r»:a'aro

Mozambique

’
Zimbabwe

Bassas da India

Europa !sland

Mbaoane&Mapuw
prs

Swaziland

Google
C

Figure.3.1 Map of South Africa

Ficure 3.1 is the South African map with Vhembe Region marked in red colour. Although
gure

Makhado Alldays is slightly out of the Vhembe region, it is included so as to make a

ison. Limpopo is South Africa’s northernmost province, which has a strong rural basis.
comparison.

Li o’s surface area is 123 910 km? wherein more than 5.2 million people live. The northern
impop

and eastern parts of Limpopo are subtropical with hot, humid summers-[58]. Limpopo is sub-
e

divided into regions, namely Capricorn, Waterberg, Skl ot Vhembe

).
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Figure 3.2 Demarcation of Vhembe Region

The image of Figure 3.2 gives the elevation profile for the perimeter ofthe?Yhembe Region.

Aside from the station at Vuwani, all the stations illustrated in Figure 3.3 are managed by the

Agricultural Research Council (ARC). The ARC has provided daily global solar irradiance data

for their stations. The South African Weather services have pr0v1ded ‘the required data for

sunshine duration from their stations closest to the ARC stations used in thys study.

k.
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i tions of the stations under study. -
Figure 3.3 Loca o

Th ions that were selected for this study along with their latitude, longitude, altitude and the
e stations tha

b f rs in which horizontal global solar radiation was measu:r,ed by the ARC are
number of yea £

presented in Table 3.1. These values were obtained from ARC.
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Latitude |  Longitude Altitude Availability
Station
L—’__’ of data
Vuwani 23.13030°S 30.41980°E 480 m none
2 ey B
Makhado | ) 8264°s | 29.10466°E 842 m 2006 — now
Alldays gy 1
Thohoyandou | 55 73461°S 30.52188°E 550 m 2006 — now
Mutale
Malamulele 22.79675°S 30.84219°E 460 m 2006 — now
Mhinga
M 22.87038°S 30.08112°E 720 m 2006 — now
Rabali
Malia 23356125 | 29.98923°E 1032 m 2006 - now
Mulima e TE

ted stations.

Table 3.1 Geographical locations of the selec
32 UNIVEN’S VUWANI SITE

Figure 3.4 indicates where Vuwani si
buildings and trees are at a distance
installed at the northern side of o
pryranometer from Kipp and Zonn

is given in section 2.10.5).

© University of Venda

te is situated. There are tarred and dusty roads. The
of about one kilometre from the station. Instruments are
ne of the buildings at the centre. These are a Cmp-6

en, solar panels and a weather station (A detailed description
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Figure 3.4 Vuwani Site

33 AGRICULTURAL RESEARCH COUNCIL SITES IN THE VHEMBE REGION

A

The Agricultural Research Council (ARC) collects meteorological data froﬁj'many stations in the
e Agricu

i ' igation tations were
i i rovince. For the present investigations five s

northern region of the Limpopo P '

identified in the Vhembe re

the ARC are average daily

gion. Some of the meteorological parameters fthat were recorded by
global horizontal radiation data in MJ/m* horizontal global solar

d minimum daily average temperatures; amount of rainfall; wind
s s . int il rag
radiation, the maximum an y p

t re recorded from August 2006. Some of the above parame_tgsrs are essential for the
parameters we ;

‘
L
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computation of regression coefficients. In the present study the horizontal daily global solar

radiation data (H) was used together with the computed values of p0551ble sunshine hours (N)

iation (Ho) on the horizontal surface were used.

.

and extraterrestrial solar radi

3.3.1 MAKHADO ALLDAYS SITE

As sh in Figure 3.5, Makhado Alldays station is situated in a dusty area and a street nearby is
snown

gravel. The trees and buildings are on the northern and southern side of the station. This location
ravel. (S

is classified as sub-Sahara area. Although the area looks dry and browmsh in colour, trees can

grow high.

Figure 3.5 Makhado Alldays Station
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3.3.2 THOHOYANDOU MUTALE SITE

As observed from Figure 3.6 Thohoyandou Mutale station is situated at the foot of Mutale

mountain range and surrounded by buildings. There are industrials centres towards southern part
ountain r

of the station.

Gox ):Qk'

Figure 3.6 Thohoyandou Mutale Station
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3.3.3 MALAMULELE MHINGA SITE

Malamulele-Mhinga station is in the midst of trees and there is a river on its north-eastern part.

The roads are dusty too. It is noticed
greenish during summer season and changes with seasons of the year. The 3D-

that the station is surrounded by ‘cultivated area. This

location looks

buildings are far away from the station.

Mhinga
‘ g

Gox )gl'\'

ye alt
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3.3.5 MAKHADO RABALI SITE

With reference to Figure 3.8 Makhado Rabali station is situated at the hill facing northwards.

The buildings are far away from the station. The ground is rocky which can attribute to an

increase of global radiation due to back-scattering depending on the season of the year.

fumbada

Googlké
C

Eyealt @ M o
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3.3.6 MAKHADO MULIMA SITE

Referring to Figure 3.9, it is observed from that Makhado Mulima station is situated closer to the

gravel road and surrounded by 3D-buildings. Radiometers that are used to record data in this

r to eliminate errors.

station need great care in orde

Google
Figure 3.9 Makhado Mulima Station

on indicates that there are gravel road near all the stations and in general the

An overall observati ' ,
h forests nearby. Along the rivers, thiere are concentrated

region under study is sub-Saharan wit

tall trees. Regular calibration of the solar energy measuring instruments in this area may improve

-

the accuracy of the readings recorded. 3

‘»
-
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CHAPTER 4
METHODOLOGY

41 INTRODUCTION

In this chapter, the methodology followed to compute the regression coefficients using the

Angstrom’s first order model for the five different stations selected in Vhembe Region is

described. Although one regression model has been employed, three more Angstrom’s equations

are discussed. The method used to calculate solar variables that are found in Angstrom’s linear

equation such as extraterrestrial solar radiation on the horizontal surface and possible sunshine

hours are explained as well.

42 REGRESSION MODELS

A linear relation proposed by Angstrom and modified by Prescott [41, 46], for computation of

the average daily global radiation on a horizontal surface is given by (Refer to equation 2.19):

4.1

=

>

]

Q

o

o
=

where H = average of the daily global radiation on a horizontal surface, H, = average of the

daily global radiation on a horizontal surface on clear days at the same location, Ny= daily

e hours, N = daily average of duration of possible sunshine

average of duration of actual sunshin

hours, and a and b are the revised empirical constants/regression coefficients.
’

Although Equation 4.1 is the only model that will be used in this study for parameterisation,

other models that use actual su
fficients exist.

n shine hours and daily global solar radiation for the

determination of the regression co¢
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For instance, models given by Equations 4.2, 4.3 and 4.4.

Quadratic  [46]: Bl [ﬂ__] ( j 4.2
e b N
Third degree [47]; i (Nf] [LV_.] (F___] 43
Hp N N N
Logarithmic [48]: __f—f_____ o dd i [ZV_;] 4.4
H, N

43 COMPUTATION OF SOLAR VARIABLES

With reference to the model in Equation 4.1, H is measured as average of an hourly daily global

solar radiation recorded at the geographical Jocation of the selected stations in MJ/m?*/day. The

other parameters computed in order to find the regression coefficients a and b, are (i) the daily

average extraterrestrial solar radiation on the horizontal surface, 7 in MJ/m*/day and (ii) the

daily possible sunshine hours, N

43.1 The extraterrestrial global radiation ( H,)

The daily extraterrestrial radiation on a horizontal surface, Ho, is calculated as a function of the

solar constant (1, ), the Jatitude of the site on study (¢), the eccentricity correction factor of the

Earth’s orbit (E,), the solar declination (5)and the mean sunrise hour angle (w,) using

Equation 4.5 [32, 33].

H, = 4 I,.CE,,(cos & -cos ¢ -sin @, +m"‘5m ¢ -sin wsj 4.5

7
360n
365

where I, is the solar constant defined a

atmosphere measured at an average distance between the Earth and the Sun on a surface oriented

where E, =1+ 0.033cos

s the amount of energy received at the top of the Earth’s

47
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d solar constant has been approximated as 1367

(WMO),

perpendicular to the Sun. The generally accepte
Wm? by the World Meteorological Organization
n = the day of the year, 1< n < 365,

) lar declination angle, (as in Equation 2.7) which can be expressed as follows [37, 58]:
= solar dec ,

> 46
0 gin| —(284 +n)}
% 5023 43 sm[365 (

= latitude of the solar ra& iatio ' i y and ws=mean sunrise hour
¢ itude of th d n station or site of study and ws
where, latit the solar radiati

i and i ressed as [60]:
angle, (as in Equation 2.9) in degrees and is exp

cosW, = —tang-tand 4.7

inati le and latitude of the geographical study
he solar declination ang
Sunset hour angle depends on't

area.

432 Actual sunshine hours (N,)

easured at large stations in almost all countries of the world using
s are m

Actual sunshine hour

hi corder. In the present study the daily actual sunshine data (in hours)
ine re ;

s
Campbell SiokeRe Services (SAWS) has been used.

obtained from the South African Weather

4.3.3 Possible sunshine hours (N)

| r ] tl nd day Of the yea al d can be
i i i hours depend on the location a
he dally p0351ble sunshme r an

i 32]:
computed using the equation given in the subsequence page [32]

N:zf)'—"cos"‘(—— tan¢~tan5) 4.9
15
48
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In the northern and southern hemispheres, the shortest day lengths are observed during winter

season irrespective of the latitude.

4.3.4 The regression coefficients @ and b

e hours or day length N, horizontal daily extraterrestrial solar radiation H,
0s

The possible sunshin
horizontal daily global solar radiation A and actual sunshine duration N, are the parameters that
determine the regression coefficients of a particular location. The daily averages of each of the
parameters mentioned above are used to determine the monthly and annual average regression

coefficients. The daily clearness index _H_ and relative sunshine hours e for each station are
3 N

computed in order to draw the best fit lines. Regression coefficients a and b are read from the
equation given on each graph, b represents the gradient while a is for the y-intercept of the

s of the monthly and annual regre

of a and b are compared.

graph. The average ssion coefficients of each station are

calculated. The annual values

The Angstrom-Prescott linear equation was used to calculate the horizontal global solar radiation

global solar radiation. The following
N,, N, H, and average monthly regression

also called estimated parameters are substituted in place of

as complete as possible:

parameters make reading
d. Nand H, are computed , N is the data received from SAWS

coefficients @ and b are determine
while ¢ and b are the monthly regression coefficients of the station whose correlation coefficients

bove 90% for all the months of study. The accuracy of the estimated values was

are the best, i.e. a

g the correlation coefficient of regression, the root mean square error

later tested by calculatin

and the mean bias error.

The R—squared statistic (Rz) or correlation of coefficient (CO) indicates the percentage of
variability of the dependent variable as it is fitted in the full model [40, 50 and 51]. The standard

error of the estimate shows the value for the standard deviation of the residuals, estimated by the

square root of the mean squared error. The mean absolute error is a measure of the forecast

ed by summing the absolute errors and dividing by the number of observations

accuracy, calculat

49
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RMSE) and the mean absolute error are the

The square root of the mean squared error (

fundamental measures of accuracy- It is given by

RMSE = l(Z df) 4.10
B

The mean bias error (MBE) is given by

1 n
e 4.11
MBE nZ ,

where 7 is the number of data pairs observed, d; is the difference between the i th estimated and

the i th measured horizontal global radiation.

The number of data pairs depends on the number of days used in a month during computation of

coefficients per station. The -statistic is given by the equation [63]:

the respective regression

(n-1)- MBE’ o

= —/
t=\RMSE * - MBE®

The t-statistic is a statistical indicator that allows models to be compared and at the same time

t the model’s estimates are statistically significant at a particular

indicates whether or no - 2
ul verified that the /-statistic used in addition to RMSE and MBE

confidence interval [64]. Torg
gave more reliable and explanatory

better is the model’s performance. In
critical value must
1) degree of freedom. The model’s estimate is statistically

results [63]. The smaller the value of t-statistic calculated the
order to determine whether the model’s estimates are

tatistically significant, 7 be obtained from.the standard statistical tables, i.e.
statistically signi , I

te at a level of confidence and (n-
2

significance if t-calculated is less than -critical.
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CHAPTER 5

DATA ASSIMILATION

51 INTRODUCTION

is research was 10 determine the regression coefficients a and b for the

The main objective of th
h Africa. In chapter 3 a detailed

e Vhembe Region, in Limpopo Sout

selected stations in th
ession coefficients of a and b was

hods for the computation of the regr

description of the met
o the initial plans of this study, the data logger was used to record the

presented. According t
Science Resource Centre whose coordinates are

r radiation data at Vuwani

horizontal global sola
as follows: Latitude: 13.1303° S, Longitude: 30.4198° E. However due to some technical

collected for a period of six month
the Agricultural council (ARC) and we

problems data was s. The data collected during those six

pared with the data obtained from

possibility of calibration for future use.

months will be com

will then explore the

As given in Chapter 4, the Angstrom-Prescott linear equation [4.1] is used for the computation of

the regression coefficients and b. The equation is rewritten here [41, 46]:

o R |

=| 2|

=a+b

==l

To determine the values of a and b, it is necessary to compute or measure the values of the

parameters N, No, H, and H for the area under study.

52 DAILY POSSIBLE SUNSHINE HOURS (V)

The daily possible sunshine hours N for the selected stations are calculated using relation 4.9
[29]. The daily possible sunshine hours are solar sunrise hour angle dependant while sunrise hour

angle changes with day number, n, of the year.

ad
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521 Solar declination (&)

The results of solar declination angles computed using Equation 4.6 is displayed graphically in

Figure 5.1

30 1
20

10

Oct Nov Dec

-10

declination in degrees
o

-20

month of the year

-30

Figure. 5.1 Variation of solar declination angles in a year

daily solar declination angle in the northern hemisphere is comparably

The monthly average of

the same as in the souther

n hemisphere [41]. The variation of solar declination angles depends on

endent of the altitude or longitude of the geographical site of study. It

the day number and indep
is noticed from Figure 5.1 1

September 22nd as expecte

hat the solar declination angle is zero on March the 21% as well as on

d. These days are referred to as vernal and autumnal equinoxes and

h lue of approximately +93.5° at winter and about - 23.5° at summer in the Southern
ave a value o: .
hemisphere which opposes the Northern hemisphere due to seasons that differ.

5.2.2 Daily sunrise hour angle (@)

ach of the selected stations are computed using Equation 4.7.

The dai rise hour angles for € T
105G a station’s results are presented graphically in Figure 5.2. All

: ion. Malamulele Mhing .
ror e he closely matched daily sunset/rise hour angle given the

stations in the study ought to have t

D2

© University of Venda
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proximity of their latitudes. At low solar declination angle, the respective sunrise hour angles are

is high.
sunrise hour angle

12000

100.00 A

2080004
<
£
Q
P

g 160 0=
5
o
o
2

S 40.00 -
-
wv

20.00 -

OOO -/ﬂ—___"/‘__———f—'—‘_’——/r’__—_r’_—' T T T 1
o %

Month

Figure.5.2  Daily sunrise hour angles (ws) of Malamulele Mhinga Station (22.79675° S;

30.842190 E)

5.2.3 Computed daily possible sunshine hours for the selected stations.

The daily possible sunshine hour values, calculated from Equation 4.9, and using the above

inputs are presented in Tables 5.1 - 5.5 below.

53

© University of Venda



Jan Feb

B

A May

R
Jun

Jul

Aug

Sep

Oct

Nov

Dec

Mar pr

13.367| 13.013

12.467| 11.775 11.146

10.698

10.626

10.962

11.566

12.236

12.881

13.307

13.361] 12.997

12.445| 11.753 11.128

10.689

10.631

10.978

11.587

12.258

12.900

13.315

13.356] 12.979

13.349] 12.962

13.342| 12.945

13.335| 12.927

12.424| 11.731 11.109
12.402| 11708 1 1.091
12.380] 11.686 11.073

10.680

10.636

10.995

11.609

12.281

12.918

13.324

10.672

10.641

11.012

11.631

12.303

12.936

13.331

10.665

10.648

11.029

11.653

12325

12.953

13.339

12.358| 11.664 11.055

10.658

10.654

11.047

11.675

12.347

12.971

13.346

13.328] 12.909

13.320] 12.891

o les |l i | [w o | —

13.311] 12.872

R
=

13.302| 12.854

[o—
[o—

13.293] 12.835

e
(3]

13.283] 12.816

—_—
w

13273 12.79

—
KN

13.263| 12.777

[om—
W

13.252| 12.757

fech
(=)

13.240| 12.737

—
~J

13.229] 12.718

[a—
oo

13.217| 12.697

—
\O

13.204| 12.677

[Se)
e

13.192] 12.657

N}
—

13.179] 12636

(3]
3%}

13.165] 12615

3]
W

13.151] 12.595

(o}
=~

13.137| 12.574

[ ]
wn

13.123 12.552

[y}
(=)

13.108] 12531
s

3]
sty

13.093] 12.510

o
oo

13.078] 12.488

(3]
\O

13.062

(U]
== |

13.046

w
—t

13.030

10.651

10.661

11.064

11.697

12.369

12.988

13.352

12.336] 11.642 11.038
| 1o000

12.314] 11.620 11.021

12292 11.598] 11 003

10.644

10.669

11.082

11.719

12.391

13.005

13.359

10.639

10.676

11.100

11.742

12,413

13.022

13.364

10.633

10.685

11.119

11.764

12.434

13.038

13.369

12.269| 11.576 10.987

I

12.247| 11.555 10.970

10.628

10.693

11.137

11.786

12456

13.054

13.374

12.225| 11.533 10.954
12.202| 11.512 10.938
| 12204 - S ——
12.180] 11.490 10.922
| 12100 - ——

10.624

10.702

11.156

11.809

12478

13.070

13.378

10.620

10.712

11.175

11.831

12499

13.085

13.382

10.616

10.722

11.194

11.854

12.521

13.101

13.386

10.613

10.732

11.213

11.876

12.542

13.115

13.389

[ 12.158| 11.469] 10907
| 12.135] 11448) 10892
12.113] 11.426] 10877
12.000] 11.405| 10863

10.610

10.743

11.233

11.899

12.563

13.130

13.391

10.608

10.754

11.253

11.921

12.584

13.144

13.393

10.606

10.765

11.272

11.944

12.605

13.158

13.395

10.605

10.777

11.293

11.966

12.626

13.172

13.396

12.068| 11.385 10.849
12.045| 11.364 10.835

10.604

10.789

11313

11.989

12.646

13.185

13.396

12.023] 11.343 10.821
12.000] 11.323 10.808

10.604

10.802

11.333

12.011

12.667

13.198

13.396

10.604

10.815

11354

12.034

12.687

13.211

13.396

10.604

10.828

11.374

12.056

12.707

13.223

13.395

11.977| 11.303 10.796
IRERARA BLEL
11.955| 11.282 10.783

10.605

10.842

11.395

12.079

12.728

13.235

13.394

10.607

10.856

11416

12.101

12.747

13.246

13.392

11.932] 11.263 10.771

11.910{ 11.243 10.760

10.609

10.870

11.437

12.124

12.767

13.257

13.390

10.611

10.885

11.458

12.146

12.787

13.268

13.387

11.887| 11.223 10.748
| 11.007] — =
11.865| 11.204 10.737
| 11,0021 -

10.614

10.899

11.479

12.169

12.806

13.278

13.384

10.618

10.915

11.501

12.191

12.825

13.288

13.380

11.842| 11.184 10.727
| 11.ota
11.820{ 11.165 10.717
| 11,6204 20—
11.798 10.707
bt

_—__——-—'____———-

10.622

10.930

11.522

12.214

12.844

13.298

13.376

10.946

11.544

12.863

13.372

10.629

12.134] 11.462 10.904

10.758

11.240

11.888

12.558

13.111

13.373

Averag

13.225| 12.761

Table 5.1
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Jun Jul

Aug

Sep

Oct

Nov

Jan Feb |Mar __|Apr May

13.371{ 13.016

12.468| 11.774 11.144

13.366] 13.000

10.694

10.622

10.959

11.564

12.237

12.884

10.685

10.626

10.975

11.586

12.259

12.903

12.447| 11.752 11.125

13.360] 12.982

12.425| 11.730] 11.107

13.353| 12.965

12.403| 11.707) 1 1.088

13.347| 12.948

12.381] 11.685 11.070

13.339| 12.930

12.359| 11.663 11.052

13.332| 12912

12.337| 11.641 11.035

13.324] 12.893

10.676

10.632

10.992

11.608

12.281

12.921

10.668

10.637

11.009

11.630

12.304

12.939

10.661

10.643

11.026

11.652

12.326

12.956

10.653

10.650

11.044

11.674

12.348

12.974

10.647

10.657

11.061

11.696

12.370

12.991

10.640

10.664

11.079

11.719

12.392

13.008

12.315] 11.619 11.018

O loo | |l v [ [w o |—

13.315] 12.875

R
[

13.306] 12.856

oy
[

13.297| 12.837

—
[S®]

13.287| 12.818

p—
w

13.277] 12.799

ey
S

13.266| 12.779

—
W

13.256| 12.760

e
N

13.244| 12.740

12.181| 11.489 10.919

12.293| 11.597 11.000
12.270 11.575 10.984

10.634

10.672

11.097

11.741

12414

13.025

10.629

10.681

11.116

11.763

12.436

13.041

10.624

10.689

11.134

11.786

12.458

13.057

12.248| 11.553 10.967
12.226| 11.532 10.951
12203 11.510 10.935

10.619

10.698

11.153

11.808

12.479

13.073

10.615

10.708

11.172

11.831

12.501

13.089

10.612

10.718

11.192

11.853

12.522

13.104

12.158] 11.467 10.904
12.136] 11.446 10.889

—
~J

13.233| 12.720

—
o0

13.220] 12.700

ol
O

13.208| 12.679] 12

[\
(=}

13.195] 12.659

NS
—

13.182| 12.638] 12

N
[\

13.169| 12.617

10.874
12.090| 11.404 10.859

s
[\®]
—_—
—_—
W)
-
—
~
[\
W

10.609

10.728

11.211

11.876

12.543

13.119

| 10606

10.739

11.231

11.898

12.565

13.133

10.750

11.250

11.921

12.586

13.148

10.604
10.602

10.762

11.270

11.943

12.607

13.162

10.601

10.773

11.290

11.966

12.628

13.175

12.068| 11.383 10.845

12.045| 11.362 10.831
12.023| 11.341 10.818

10.600

10.786

11.311

11.989

12.648

13.189

10.599

10.798

11.331

12.011

12.669

13.202

10.600

10.811

11.352

12.034

12.689

13.214

12.000| 11.321 10.805

[SS]
(U8}

13.155] 12.596

[\
21

13.141| 12.575

|3}
W

13.126| 12.554

[V
(=

13.111] 12.533

N
~J

13.096| 12.511

[\
o0

13.081| 12.490

S
\O

13.065

Table 5.2

11.932| 11.260 10.767
| 11704

11.910] 11.240 10.756

11.887| 11.221 10.744
| 1100

11.864| 11.201 10.734

11.977| 11.300 10.792
| 2ol G.cibd

11.955| 11.280 10.780
LRty jEd e 2

10.600

10.825

11.372

12.057

12.710

13.227

10.601

10.838

11.393

12.079

12.730

13.238

10.603

10.852

11.414

12.102

12.750

13.250

10.605

10.867

11.435

12.124

12.769

13.261

10.607

10.881

11.457

12.147

12.789

13.272

10.610

10.896

11.478

12.169

12.808

13.282

10.723

Possible sunshine hours fo

10.613

10.911

11.499

12.192

12.828

13.292
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et

s T
May Jun Jul Aug |Sep Oct Nov |Dec

2 Jan Feb |Mar _|Apr
39| 13,016 12.468] 11774 11.144| 1067 10622] 10.959] 11.564] 12237 12.884] 13311
10.685 10.626| 10.975 11.586| 12.259| 12.903 13.319

13.366| 13.000{ 12.447 11.752| 11.125

T nadl B R it
12.425| 11.730 11.107| 10.676 10.632| 10.992| 11.608 12.281] 12.921] 13.328

13.360] 12.982
13353 12.965| 12.403| 11.707] 11.088 10.668| 10.637] 11.009| 11.630| 12.304] 12.939} 13.336

13.347] 12.088| 12.381] 11.685| 11070 10.661] 10643] 11.026| 11.652] 12326 12956] 13343

13.339| 12.930{ 12.359 11.663] 11.052 10.653| 10.650] 11.044 11.674| 12.348| 12.974] 13.350

11.035| 10.647 10.657| 11.061] 11.696 12.370| 12.991] 13.357

13332| 12012] 12.337] 11.641] 11059 =2~
13.304] 12.803| 12315 11619] 11018 T0.640| 10664] 11.079] 11.719| 12392 13.008) 13.363

O oo | oy v | W I |—

13.315| 12.875 12.293 11.597] 11.000 10.634| 10.672| 11.097 11.741| 12.414| 13.025| 13.368

13.306| 12.856] 12.270 11.575] 10.984 10.629| 10.681 11.116| 11.763] 12.436] 13.041] 13.374

=
(=]

13.297| 12837 12.248] 11.553| 10967 T0.624] 10.689] 11.134] 11.786| 12458] 13.057| 13.378

[o—
—

| 12.248
13287 12.818| 12.226] 11.532 10051| 10619 10.698] 11.153| 11.808 12.479| 13.073| 13.383

b
(o)

fa—
(98]

13.277] 12799] 12.203| 11510} 10935 10615| 10708] 11.172| 11.831] 12.501] 13.089} 13.387

13266 12.779] 12.181| 11.489| 10919 10612] 10718 11.192| 11.853| 12.522] 13.104) 13.39

Lo
>~

| 11.489) 1077
L467] 10904] 10.609] 10.728] 11211} 11.876 12,543 13.119] 13.393

—
wn

13.256| 12.760 12.158
10.889| 10.606 10.739] 11.231] 11.898 12.565| 13.133| 13.395

e
N

13.044| 12.740] 12.136] 11.446
13.033| 12720] 12.113] 11.425| 10878 10604 10750] 11:250| 11.921| 12.586| 13.148] 13.397
13.200| 12.700] 12.000] 11.404] 10859 10602l 10762] 11.270] 11.943| 12607 13.162) 13.399

13.208] 12.679 12.068| 11.383 10.845| 10.601 10.773| 11.290] 11.966 12.628] 13.175] 13.400

—
~

—_—
o0

pog
O

13.195| 12.659 12.045| 11.362 10.831

[y}
(=)

10.600| 10.786| 11.311 11.989| 12.648] 13.189] 13.400
13.182] 12.638 12.023] 11.341

[3]
—_

10.818] 10.599 10.798| 11.331{ 12.011] 12.669 13.202{ 13.401
13.169| 12.617 12.000] 11.321

[ )
o

10.805| 10.600 10.811| 11.352] 12.034] 12.689 13.214{ 13.400
13.155| 12.596 11.977] 11.300 10.792| 10.600 10.825] 11.372

N
(%)

12.057| 12.710{ 13.227| 13.399
| 120701 — 2
13.141} 12.575 11.955| 11.280 10.780] 10.601

()
~

10.838| 11.393] 12.079| 12.730 13.238] 13.398
13.126] 12.554 11.932| 11.260

[\e)
N

10.767| 10.603 10.852| 11.414] 12.102 12.750{ 13.250] 13.396
13.111} 12.533 11.910] 11.240

[\)
N

10.756| 10.605 10.867| 11.435] 12.124] 12.769 13.261] 13.394
13.096] 12.511 11.887| 11.221 10.744| 10.607 10.881

(3]
~

11.457| 12.147| 12.789] 13.272] 13.391
13.081{ 12.490 11.864| 11.201

[}
o0

10.734 10.610_5).896 11.478] 12.169| 12.808| 13282 13.388
13.065 11.842| 11.182| 19.

N
O

10.723] 10.613 10.911| 11.499] 12.192| 12.828 13.292{ 13.385
it B BT
13.049 11.819] 11.163 10.713] 10.617 10927 11.521{ 12.214| 12.847 13.302{ 13.381

W
o

B e e
10.703 10.943| 11.542 12.866 13.376

w
—

13.033 11.797
12135| 11.461] 10901] 10624 10.754| 11.238] 11.888| 12.560| 13.114} 13.377
ottt |

st o

Averag| 13.229 12.764

Table 5.3 Possible sunshine hours for Makhado Rabali station.

56

© University of Venda




Jan

Feb Mar

13.409

13.044| 12.481

13.403

13.027| 12.459

13,39

13.010{ 12.437

13.391

12.992| 12414

13.384

12.974| 12.391

13.376

12.955| 12.369

13.369

12.937| 12.346

13.360

12.918| 12.323
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13.352

12.899] 12.301

=
(=

13.342

12.880| 12.278

ST
—

13.335

12.860| 12.255

—
%)

13.325

12.841| 12.232

—
w

13312

12.821| 12.209

[y
ESN

13.302

12.801| 12.186

—_—
W

13.290

12.781| 12.162

—
N

13279

12.760| 12.139

—
~J

13267

12.740| 12.116

—
o0

13.254

12.719| 12.093

=
\O

13.241

12.698| 12.070

[\
(=]

13.228

12.677| 12.046

N
b=,

18.215

12.656| 12.023

N
[\

13.201

12.634| 12.000

N
(%)

13.187

12.613| 11.977
[adieedin]

[\
S

13,172

12.591] 11.954

[y e)
W

13057

12.569| 11.930

[\
(=)

13.142

12.547| 11.907

27

3 o )

12.526| 11.884

1311

12.503| 11.861

3095

11.838
| —

13.078

11.814

13.061

11.791

1

13.263

B
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Aug

Sep

Oct

Nov

{B T

Apr May [Jun Jul
11.768| 11.120 10.658| 10.583

10.930

11.552

12.243

12.909

13.347

10.947

11575

12.266

12977

13.356

11.101| 10.648 10.588

10.964

11.597

12.289

12.946

13.365

|

11.063| 10.631 10.599

10.982

11.620

12312

12.965

13.373

l

11.745
11.722| 11.082 10.640| 10.594
11.699

10.999

11.642

12553

12.983

13.380

11.677| 11.045 10.624| 10.606

11.017

11.665

12.358

13.001

13.387

11.654| 11.026 10.616| 10.613

11.035

11.688

12.380

13.018

13.394

L

11.631| 11.008 10.609] 10.620
| LA

11.054

1Ak,

12.403

13.036

13.401

11.609| 10.990 10.603| 10.627

11.073

11.734

12.425

13.053

13.406

11.586| 10.973 10.597| 10.635

L

11.091

11,787

12.448

13.070

13.412

11.563| 10.956 10.591| 10.644

11441

11.780

12.470

13.086

13.417

11.541| 10.939 10.586] 10.653
11.519| 10.922 10.581| 10.662

11.130

11.803

12.492

13.103

13.421

11.149

11.826

12.514

15118

13.425

11.497| 10.905 10.577| 10.672

11.169

11.849

12954

13.134

13.429

11.474| 10.889 10.573] 10.682

11.189

11.872

12.558

13.150

13.432

L

11.453| 10.873 10.570| 10.693
11.431] 10.858 10.567| 10.704

11.209

11.895

12.580

13.165

13.434

11.230

11.919

12.602

13.180

13.436

11.409| 10.843 10.565| 10.715

| L —
10.727

11.250

11.942

12.623

13.194

13.438

11.387| 10.828 10.563

11.271

11.965

12.645

13.208

13.439

11.366| 10.813 10.562| 10.739

11.292

11.988

12.666

13222

13.439

11.344| 10.799 10.561| 10.752

11315

12.012

12.687

13233

13.439

11.323| 10.785 10.561| 10.765

11.334

12.035

12.708

13.248

13.439

11.302| 10.772 10.561| 10.778
| 11.502] ~ o o ——
11.281| 10.759 10.561] 10.792

11.355

12.058

12 h2s

13.261

13.438

11.260] 10.746 10.562| 10.806
| 11200 —

o7

12.081

12.750

18:273

13.437

11.398

12.105

12.770

13.285

13.435

11.240| 10.733 10.564| 10.820
R s B

11.420

12.128

125794

13.296

13.433

11.219] 10.721 10.566| 10.835

11.442

12.151

12.811

13.307

13.430

11.199] 10.710 10.568| 10.850
11.179] 10.698 10.571] 10.866
| o7

11.463

12.174

12.831

13.318

13.427

11.486

12.197

12.851}

13.328

13.423

11.159] 10.688 10.575| 10.881
| .07 — —

11.508

12.220

12.870

13.338

13.419

11.140| 10.677 10.579] 10.897
| 111401 o e
10.667 10.914

11.530

12.889

13.414

12.785| 12.138

Table 5.4

EERERES
11.446| 10.871 10.586| 10.720
I——_—‘/

LLZE/

11.885

12579

13.145

13.415

Possible sunshine hour:
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Jan

Feb Mar

F—

15362

13.011] 12.466

Apr May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

10.701

10.629

10.965

11.567

12.235

12.879

13.303

11.776] 11.149

13.358

12.994| 12.444

13:352

12.977| 12.422

10.692

10.634

10.981

11.588

12.258

12.898

13.512

11.753] 11.130

10.684

10.639

10.998

11.610

12.280

12.916

13.320

11.731] 11.112

13.346

12.960| 12.401

10.676

10.645

11.015

11.632

12.302

12.933

13.328

11.709] 11.093

13339

12.942| 12.379

11.687| 11.075

13:332

12.925| 12.357

10.668

10.651

11.032

11.654

12.324

128551
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10.661

10.658

11.049

11.676

12.346

12.968

13.342

11.665| 11.058

13.324

12.907| 12.335

10.654

10.665

11.067

11.698

12.368

12.985

13.349

11.643] 11.040

13.316

12.888| 12.313

11.621] 11.023

10.648

10.672

11.084

11.720
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13.002

13.355
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13.308

12.870] 12.291
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S
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12.851] 12.269
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10.680

11.102

11.742

12.412

13.019

13.361
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10.637
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|
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N
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12.455
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11.556] 10.973
11.534] 10.957

10.627

10.706
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11.809

12.476

13.067
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10.623

10.715

11.177

11.832

12.498

13.083
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11.491| 10.925
11.470| 10.910

11.449| 10.895
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11.854
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13.098

13.382

10.616

10.735

11.215

11.876

12.540
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13.385

10.614

10.746

11238

11.899

12.562

13421

13.387

10.612

10.757

11.254

11921

12.583

13.141

13.389

11.428| 10.880

11.386| 10.852

11.407| 10.866

10.610

10.769

11.274

11.944

12.603
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10.608

10.780

11.294

11.966

12.624

13.169

13392
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S
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12.675| 12.067
12.655| 12.045

N
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12.634| 12.022

N
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12.572| 11.955

N
N
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o
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12.530| 11.910

N
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|

13.090

12.509| 11.888
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13.075

12.487| 11.865

|

N
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13.059

11.843

w
(=]

13.043

11.820

w
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13.027

11.798
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13.222

11.366| 10.838
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11.325] 10.811
11.304] 10.799
11.284| 10.786
11.264| 10.774
11.245| 10.763
| 112800
11.225| 10.752
| 11.220) -

10.608

10.793

11.314

11.989

12.645

13.182

13,399

11.345] 10.825

10.607

10.805

11335

12.011

12.665

13.195

19,355

10.607

10.818

11.355

12.034

12.686

13.207

13.392

10.608

10.831

11.376

12.056

12.706

13.220

13.392

L

10.609

10.845

11.397

12.079

12.726

JS23l

13.390

10.611

10.859

11.417

12.101

12.746

13.243

13.388

10.613

10.873).

11.438

12.124

12.765

13.254}

13.386

10.615

10.887

11.460

12.146

12.785

13.265

13.384

10.618

10.902

11.481

12.168

12.804

13:215

13.380

11.206] 10.741
s B

11.186| 10.730

11.167| 10.720
| 11,1671~ e

10.710
Bk Wb ekt

10.621

10.917

11.502

12191

12.823

13.285

1507

10.625

10.933

11.524

122215

12.842

13.294

3.0

10.949

11.545

12.861

13.368

12.759| 12.134

Table 5.5

11.464| 10.907

Possible sunshine hou

10.632

10.761

11.242

11.888

12551

13.108

13.369
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5.2.4 Discussion of computed possible sunshine hours, N

It is observed from the tables that for all the stations in the study, the average possible sunshine

anuary to June and thereafter sho i
November, December and January and the shortest during the

h d o w an increasing trend. The longest
ours decrease fro

sunshine hours are noticed during

winter month namely May, June and July.

Comparing Tables 5.1 — 5.5, the highest and lowest monthly average possible sunshine hours are

noticed at Makhado Mulima station W

r the corresponding days and mo
ne hours. This is due to where the stations are:situated, recalling that

ith those values read as 13.415 hours and 10.586 hours

i nths, all stations have approximately the same
respectively. Fo

number of possible sunshi

the stations are very close to each other and in the same region.
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Figure 5 5 Variation of monthly average possible sunshine hours

F furth mparison of possible sunshine hours of the selected stations a graph represents
or a further co

the monthly average daily possible suns
possible sunshine hours v

hine hours versus the month of the year was drawn. The

g ersus the month of the year is represented in
monthly average daily

Figure 5.3. .
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5.3

As explained in Chapter 4, section 4.3.2, the resu

@ University of Venda
o) Croirs e oaders

ACTUAL SUNSHINE HOURS, N,

measured by SAWS are presented in Table 5.6.
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Table 5.6 Daily Actual sunshine hours, in hours as measured by the SAWS

The symbol *** shows that there is no data recorded during that respective day. No explanation

was given for data with zero readings.

53.1 Comparison between N and N,

It is observed in Figure 5.3 that the average monthly possible sunshine hours of the stations in

study are almost identical. The average monthly possible sunshine hours of Malamulele Mhinga

station are compared to the average monthly actual sunshine hours in Table 5.6 graphically.

sunshine hours in hours

14.000

12.000

10.000

8.000

6.000

4.000

2.000

0.000

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov

month

Figure 5.4 Average monthly possible and actual sunshiﬁé‘hours.
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Referring to Figure 5.4, No and N have the same decreasing trend of sunshine hours during mid-

March to mid-April and mid-June to July. The actual sunshine hour data show that there is a

need for the calibration of the measuring instrument and/or training of the personnel.

54 EXTRATERRESTRIAL SOLAR RADIATION (H,) ON THE HORIZONTAL

SURFACE

H, is one of the important parameters to be calculated for the determination of solar regression

coefficients. The daily extraterrestria
m?. Daily extraterrestrial solar radiation is computed and

| solar radiation on a horizontal surface is computed using

Equation 3.5 and converted to MJ/
thereafter these values were used t

radiation. H, depends on the declinatio

o determine the monthly average daily extraterrestrial
n angles that change with seasons, latitude of the study

area and eccentricity correction factor of the Earth’s orbit E, given by the expression [35]:

360n A
365 ;

E, =1+ 0.033 cos

5.4.1 Daily horizontal extraterrestrial radiation.

ontal extraterrestrial radiation calculated in MJ/m? for the selected

The results of daily horiz
and daily global radiation on a horizontal

stations are listed in Tables

surface H gives the clearnes

5.7 —5.11. The ratio of H,
s index of the sky. These values are high during summer and low

to the horizontal global radiation, H, is always high because it is

during winter. In comparison
measured at the top of the surface.

Thohoyandou Mutale station receives high extraterrestrial solar radiation during summer time
like other stations, that is, Novem
are 22,727 and 42.661 MJ/m’” respe

hours, as the possible sunshine hou

ber, December and January. The lowest and highest daily H,

ctively. In. comparison to the station’s daily possible sunshine
r increases the corresponding extraterrestrial radiation also

increases. The minimum and maximum monthly average daily extraterrestrial radiation on the

horizontal surface of Malamulele Mhinga, Makhado Mulima, Makhado Rabali and Makhado
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Alldays are 22.693 MJ/m’ - 42.673 MJ/m?, 2
22.775 — 42.651 MJ/m?

3

o

Q University of Venda
) et o

2.389 — 42.779 MJ/m?, 22.653 — 42.687 MJ/m* and

respectively. The diffzrence between the stations’ average Hj lies

between 0.092-0.118 MJ/m” and 0.264-0.338 MJ/m? for maximum and minimum respectively.

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

CIct

Nov

Dec

42.708

41.356

38.305

33.010

27.398

23:39

22.666

25.527

30.841

36.280

40.375

42.362

42.692

41.279

38.161

32.819

27.228

23.274

22.704

25.670

31.029

36.443

40.472

42.399

42.675

41.200

38.016

32.628

27.060

23.19

22.746

25.815

31.218

36.604

40.566

42.433

42.656

41.118

37.868

32.436

26.894

23.127

22792

25.963

31.407

36.763

40.658

42.466

42.636

41.034

37.718

32.243

26.730

23.059

22.842

26.114

31.596

36:921

40.748

42.497

42.614

40.948

37.566

32.051

26.569

22.99

22.896

26.267

31.785

37.076

40.836

42.526

42.589

40.860

37.412

31.858

26.410

22:935

22953

26.423

31.974

37.230

40.922

42.554

42.564

40.769

37.256

31.665

26.253

22.879

23:015

26.580

32.163

37.382

41.005

42.580

O [0 ||| |H W[ |—

42.536

40.675

37.097

31.473

26.098

22.826

23.080

26.740

32.351

37:531

41.087

42.604

—
(=)

42.506

40.580

36.937

31.280

25.946

22.777

23.148

26.902

32.539

37.679

41.166

42.626

—_—
—

42.475

40.482

36.775

31.087

25.797

22.732

23221

27.066

32 1LV,

37.824

41.243

42.647

12

42.442

40.381

36.611

30.895

25.650

22.691

23.297

27232

32.914

37.968

41.318

42.667

13

42.407

40.278

36.445

30.703

25.506

22.64

23371

27.400

33.101

38.109

41.391

42.684

14

42.370

40.173

36.277

30.511

25.364

22.621

23.460

27.569

33.286

38.249

41.461

42.700

15

42.331

40.065

36.107

30.320

25.226

22.592

23.547

27.740

33.472

38.386

41.530

42.714

16

42.290

39.955

35.936

30.129

25.090

22.567

23.637

27,915

33.656

38.521

41.597

42.727

17

42.247

39.842

35.763

29.939

24.957

22.546

23.7/31

28.088

33.839

38.653

41.661

42.738

18

42.203

397127

35.588

29.750

24.828

22.528

23.828

28.264

34.022

38.784

41.724

42.748

19

42.156

39.610

35.412

29.562

24.701

22.515

23.929

28.442

34.203

38.912

41.784

42.755

20

42.107

39.490

35.235

29.375

24.577

22.506

24.033

28.620

34.384

39.038

41.843

42.762

21

42.056

39.368

35.056

29.188

24.457

22.500

24.141

28.800

34.563

39.162

41.900

42.766

22

42.003

39.243

34.875

29.003

24.340

22.499

24.251

28.982

34.741

39.284

41.954

42.769

23

41.948

39.116

34.693

28.819

24.226

22.502

24.365

29.164

34.918

39.403

42.007

42.770

24

41.891

38.987

34.510

28.636

24.115

22.508

24.482

29.347

35.093

39.520

42.058

42.770

25

41.832

38.855

34.326

28.454

24.008

22519

24.603

29:53%

35.267

39.635

42.107

42.768

26

41.771

38.721

34.141

28.274

23.904

22.534

24.726

29701

35.440

39.747

42.154

42.764

Zh

41.707

38.584

33.9595

28:096

23.803

22.552

24.852

29.903

35.611

39.857

42.199

42.759

28

41.641

38.446

33.767

27.918

23.706

22815

24.981

30.089

35.781

39.965

42.243

42.752

29

41.573

33.579

27.743

23.613

22.601

25:113

30.276

35.949

40.071

42.284

42.743

30

41.503

33.390

27.569

23523

22.632

25.248

30.464

36.115

40.175

42.324

42.733

31

41.431

33.200

23.436

25.386

30.652

40.276

42.721

Avera

42.212

40.041

35.870

30.248

25.207

22, 1l

23.776

27.976

33.533

38.434

41.487

42.661

Table 5.6

Daily extraterrestrial radiation in MJ/m? ( Thohoyandou Mutale)
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P

n Jan

Oct

Nov

Dec

|
Feb [Mar |Apr May Jun [Jul Aug |Sep

42.719

36.268

40.377

42.373

41.361|38.298/32.990 27.369|23.320 22.632|25.496|30.818

42.704|41.283|38.154 32.799(27.

36.432

40.474

42.409

199(23.241(22.671 25.639|31.007

42.687

36.593

40.569

42.444

2.607(27.031 23.166|22.713|25.785 31.196

42.668

41.204/38.008(32. ;
32.415

36.753

40.661

42.477

41.122(37.860 26.865(23.094 22.759(25.933|31.385

22.809|26.084|31.575

2690

40.752

42.508

42.625

37.067

40.840

42.538

22.962(22.862|26.238 31.764

40.951|37.557|32.029 26.539

42.600(40.862|37.402 31.836|26.379

37.221

40.926

42.565

22.901[22.920]|26.393 31,953

42.574|40.771|37.246

31373

41.010

42.591

31.643[26.222 77.845|22.981|26.551 32.143

42.547

1
2
3
4
<42 64741.038|37.710|32.222|26.701|23.026
6
7
8
9

37.523

41.091

42.616

40.677|37.087|31.450 26.068/22.792 23.046|26.711|32.331

10[42.517|40.581[36.926 31.257|25.916 22.743

23.115|26.873|32.520

37.671

41.171

42.638

11{42.485

3. 8L

41.248

42.659

40.482|36.764|31.064/25.766 22.699|23.188|27.037|32.708

12]42.452|40.381{36.599 30.871]25.617)

37.961

41.323

42.679

619(22.658|23.264 27.203(32.895

13(42.417

38.103

41.397

42.696

30.679|25.475 77.620(23.344(27.371 33.082

14{42.380

40.278|36.43330. :
23.427|27.541|33.268

38.243

41.468

42.712

15(42.340/40.064[36.094 30.295|25.194 22.558

40.172|36.264 30.487|25.333 22.587
23.514|27.713|33.454

38.380

41.537

42.727

16]42.299|39.954[35.923 30.105|25.059

38.516

41.604

42.739

22.533|23.605 27.886(33.638

17|42.256|39.841(35.749 29.914|24.

38.649

41.668

42.750

4.926/22.512(23.699 28.061(33.822

18({42.211

38.780

41.731

42.760

0.72524.796|22.494/23.796|28.237 34.005

19|42.164|39.607(35.398 29.536(24.669

39.725(35.574|29. :
77.481|23.897|28.415 34.187

38.908

41.792

42.768

20(42.115(39.487(35.220 29.349(24.545 22.472

39.035

41.851

42.774

24.001|28.594|34.368

21|42.064|39.364(35.040 29.162(24.425

39.159

41.908

42.778

27.467|24.109|28.774 34.547

22|42.011

39.281

41.963

42.781

6124.307|22.465 24.219|28.956|34.726

23|41.956|39.112{34.677 28.792|24.193

39.239/34.859 28.97
77.468|24.333(29.138 34.903

39.401

42.016

42.783

24141.89838.982|34.494|28.007]

28.609(24.082 92.475|24.451|29.322 35.079

39.518

42.067

42.782

25(41.839(38.850] 34.309|28.427 23.975

39.634

42.116

42.780

27.485(24.571|29.506 " e

26|41.777|38.715|34.123 28.247|2

39.747

42.164

42.777

3.871(22.500 24.694(29.692|35.426

\.

27|41.713

272.518|24.821]29.878 35.598

39:85%

42.209

42.771

38.578/33.937 28.068|23.770

|
|

28|41.647/38.439|33.

24.950 30.065|35.768

39.966

42.253

42.764

3.749[27.890 23.673|22.541

29(41.579

40.072

42.295

42.756

33.560(27.715 23.580(22.567 25.082|30.252(35.937

30(41.508 33.371|27.541]22.220

40.176

42.335

42.745

23.490(22.598 25.217|30.440(36.103

31141.436 :

40.277

42.733

403 25.355|30.629

W
W
—
o0
—
\I\J
W

Averag42.221

23.743(27.949|33.515

38.429

41.494

42.673

30.223]25.175 22.693

W
o0
W
~

40.040]3

Table 5.7

Daily extraterrestrial
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radiation in MJ/m? ( Malamulele Mhinga)
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Jan

42.824

41.399| 38.234/32.810 251

42.807

41.319|38.086 32.616|26.936 22.941|22.367

42.789

41.23637.937| 32. :

42.769

41.151/37.784 32.225(26.599 22:793

42.747

41.063|37.630{32.029 26.433

42.723

40.973|37.474 31.833|26.269 22.659

42.698

40.881(37.315 31.637/26.1

42.670

1
2
3
4
5
6
i
8
9

42.641

40.786| 37.155 31.44 :
40.689] 36.992 31.245|25.793 22.489| 22.746

10

42.609

40.589| 36.827 31.048|25.639| 22.

11

42.576

40.487| 36.661 30.853]25. :

12

42.541

40.383|36.492 30.657|25.340] 22.

13

42.504

40.276| 36.322 30.462| 25.194 22.316|23.046

14

42.465

40.166| 36.150

1

42.424

16

42.380

Eadnhies
30.267

40.054|35.976 30.073/24.911 22.253/23.218
29.879

I

Feb Mar |Apr May _[Jun Jul
09| 23.021 22.329 25.220

2.421[26.766 22.865|22.410
22.456

22.724| 22.506 25.814
22.561|25.969

08| 22.599|22.619 26.127

22.440(22.816 26.612

488|22.394|22.889
22.353(22.966 26.946

25.051|22.282 23.130

&) ) university of Venda
- Creating Futuro Loaders

Aug

Sep

Oct

Nov

et

30.610

36.165[40.390

42.466

25.364

30.802

36.332]40.491

42.504

25.512

30.994

36.497(40.589

42.540

25.662

31.187

36.661|40.685

42.575

31379

36.823|40.779

42.607

31.572

36.983]40.870

42.638

31.764

37.141[40.959

42.667

31.956

37.297|41.046

42.694

1125.949|22.542 22.681]26.286

26.448

32.148

37.451{41.131

42.719

32.340

37.603|41.214

42.743

26.778

3953

37.753|41.294

42.765

32.722

37.900(41.372

42.785

27.116

32.913

38.046| 41.448

42.803

27.288

33.102

38.190{41.522

42.820

27.462

43,291

38.331{41.594

42.835

27.637

33.479

38.470| 41.664

42.848

39.940| 35.800 24.774|22.228 23.310

17

42.335

39.823

18

42.288

39.704| 35.444 29.494(24.509 22.189(23.503

19

42.239

20

42.187

24.256|22.166 23.710

35.623|29.686 24.640|22.206 23.404

24.381[22.176 23.605

27.814

33.667

38.607|41.731

42.860

27.993

33.853

38.742|41.797

42.869

28.173

34.038

38.874|41.860

42.877

28.354

34.223

39.005[41.921

42.884

39.458| 35.082

21

42.134

et
39.582| 35.264 29.303
29.113
28.924

39.332| 34.899

22

42.078

23.930

[\
=
=
—
N
N
N
—_—
(o))
(=]

39.203| 34.715

23

42.020

24.134|22.161 23.818

28.537

34.406

39.133/41.981

42.888

28.721

34.588

39.259(42.038

42.891

28.906

34.769

39.382[42.093

42.892

== ]
o
N

[\
(O8]

24

41.960

29.092

34.949

39.503|42.147

42.892

28.736
39.072|34.529 28.549|23.9 2.162[24.045
38.938| 34.342 28.363|23.789 22.169|24.164

2D

41.898

29.280

39127,

39.622(42.198

42.889

28.179| 23.681 22.180| 24.285

26

41.833

38.802| 34.153| 2¢.
38.663|33.964 27.997|23.576 22.195|24.410

27

41.767

29.468

35.304

39.739|42.247

42.885

29.656

35.479

39.853(42.295

42.879

33.774|27.816 23.474|22.214 24.538
EENEaIEIA | Lol TS

28

41.698

38.523
36| 24.668

29.846

35.653

39.965(42.341

42.872

|

38.380| 33.583 27.636|23.376 e
24.802

29

41.627

W

[\®]
N
N
[\
[\*]
(o)}
)

30

41.553

33.391|27.458| 23.282| 22.263
: 23.191|22.294| 24.938
23.104 25.078

£]]

41.477

30.036

35.825

40.075|42.384

42.862

30.227

35.996

40.182] 42.426

42.851

30.418

40.287

42.839

33.198|27.283
33.004

Aver

42.299

40.031}35.736 30.001]24.893 22.389| 23.450

Table 5.8

Daily extraterrestri

27.702

33.356

38.383]41.550

42.779
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5.4.2 Monthly average dail

The monthly average dail

y extraterrestrial radiation com

3
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i

y extraterrestrial radiation

puted from Tables 5.7-5.11 is listed in

Table 5.11.
Mutale Mhinga | Rebali Alldays Mulima
Jan 42212 42221 42.231 42.204 42.299
Feb 40.041 40.040 40.039 40.041 40.031
Mar 35.870 35.857 35.841 35.881 35.736
Apr 30.248 30.223 30.194 30.268 30.001
May 25.207 25.175 25.138 25233 24.893
Jun o 6 22.693 22.653 22753 22.389
Jul 23.776 23.743 23.705 23.803 23.450
Aug 27.976 27.949 27.916 27.999 27.702
Sep 33.533 33.515 33.494 33.547 33.356
Oct 38.434 38.429 38.423 38.438 38.383
Nov 41.487 41.494 41.501 41.481 41.550
Dec 42.661 42.673 42.687 42.651 42.789
L___’/,_,L/ A
Table 5.11 Monthly average daily extraterrestrial radiations in MJ/m’

It is evident from Table 5.11 that the computed H, values for the stations in a given month are
re is a slight variation of monthly average daily extraterrestrial solar

very close to each other. The
d during November, December, January and February

radiation. The highest values are observe

with 40 MJ/m? and above for all the selected stations.
jons is obtained in May, june and July ranging from 22.389 — 25.207

The lowest monthly average global

radiation of these stat

MJ/m?* during winter.
68
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This is clearly indicated by the graph drawn in Figure 5.4 below. The graphs overlap, indicating

eceive almost the same magnitude of horizontal extraterrestrial

of the earth. The minimum value is about 22.309 MJ/m’ while

ummer which ranges from 41.487 to

that the selected stations T

radiation above the surface

maximum extraterrestrial radiation is observed during S

42.789MJ/m>.
45 -
40
35
b 30 e UL 2] €
g 25 - e Mhinga
2 :
E 20 - e Rab 2N
E e Al AY'S
15
cmme [V UlIMA
10 4
5 i
0 _w
Nov Dec

jan Feb Mar Apr May jun Jul Aug Sep Oct

Months of the year

onthly average daily extraterrestrial radiation

Figure 5.5 Variation of m

It may also be seen in Figure 5.5 that the horizontal extraterrestrial solar radiation decreases in

winter.

55 DAILY GLOBAL SOLAR RADIATION (H)

The monthly average daily global radiation is another parameter found in Angstrom-Prescott

[5.1]. In order to det
e essential. The monthl

n Table SRl Decembe

ermine - the monthly average H, daily ground global

linear equation
y average daily global radiation of the five selected

measurements ar
r is excluded in each station. During computation of

stations is listed i
69
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regression coefficients, the month of December has been excluded since there is no daily actual

sunshine hour data for this month.

Station Mutale Mhinga Rabali Alldays Mulima
January 17.8 18.15 20.77 18.92 16.53
February 16.96 18.06 21.47 19.32 17.97
ymmET s T R 14.62 18.59 16.52
April S R Gy R 11.94 11.44
May 11.98 12.16 10.5 13.69 12.18
June “TT 11.95 14.54 13.47 12.1
July 11.75 Ld 14.16 12.26 11.51
August 14.01 12.64 17.2 17.06 14.39
September 19.33 16.62 21.94 21.26 13.08
ravn I WA 21.74 21.23 6.26
November W—W_{—_ 24 17.1 6.56

. . . 2
Table 5.12 Monthly average daily global solar radiation in MJ/m

Environmental conditions and the geographic positions of the stations determine the amount
viron

of global radiation received per day. It could be noticed from Table 5.12 that the Rabali

location receives higher global radiation than any other station selected except during March,
ion

April and May. Rabali is surrounded by shrubs and it is a semi-desert with no industrial
pril an :

i i und
companies nearby that releases unwanted gas. As stated in Section 5.1, the rocky gro

gi e scattering that increases the horizontal global solar radiation. One can predict
IVES mor

therefore that there could be some errors that might have occurred during measurements or it

Id be due to the rainfall in that location. The trend of increasing and decreasing of global
could be du

2 i i ril.
radiation data is the same with some exceptions during Ap

70
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About 40% of the days on which daily global radiation was measured, data was recorded as

zero during October and November at Mulima station which eventually contributes to a lesser

value of daily global radiation. Hence these two months are excluded during computation of

regression coefficients.

The monthly average daily global solar radiations listed in Table 5.12 are translated into a

graphical representation in Figure 5.6.

25+

201+
=4
2
2 —4— Mutale
®
LR : —@— Rabali
m .
-8 wge= Mulima
5 Mhi
g 10 - wpie Mhinga
< e Alldays
=
o
T

5 o

0 _M T

Jan Feb Mar Apr May Jun Jjul  Aug Sep Oct Nov

Month of the year

Figure 5.6 Annual horizontal global radiations of the five stations

It is clearly observed from the graph that Mulima station recorded the lowest monthly average
daily global radiation in September to November. Makhado Rabali recorded the highest global

radiation in January and dropped in February to mid-April. The lowest horizontal global
id-April to mid-July with an exception of Makhado Mulima

radiation was measured from m :
lamulele Mhinga and Makhado Alldays station have the same

station. Thohoyandou Mutale; Ma

pattern from January to July and differ slightly in the remaining months. The amount of global

g
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radiation measured on the horizontal surface is mostly affected by geographical parameters such

as type of buildings around the station.

It may be observed from the map (Figure 3.6) that Mulima station is situated closer to the gravel
road and surrounded by 3D-buildings. Radiometers that were used to record data in this station
need great care. It is noticed from Table 4.13 that November and December have low average
monthly radiations; this might have been caused by dust and shades. During these months, trees

grow high since it is summer season and hot.

56 COMPARISON OF GLOBAL RADIATION BETWEEN STATIONS

The ratios of monthly average global radiation between each of the stations are compared in this
section. The ratio of monthly horizontal global radiation of two stations were calculated and
tabulated in Table 4.14 with their annual averages. The distance between any two stations was
also measured from google maps given in section 3.1, so as to determine whether there is any
significant difference between the stations. As observed from Figure 5.13, consistency is noticed
in January to March and June to August for all the stations, the three stations that were compared

with Mulima deviated from the trend observed in September to November.

Mhi/ Mh/ Mhi/ All/ Mut/ Mut/ Mut/ Rab/ All/
Station | Mut Rab All Mul Rab All Mul Mul Rab

X (km) | 34.6 78.11 178.26 | 116.94 | 47.88 145.61 | 87.74 53.51 102.1

Jan 1.020- [ 0.874 [0.959 | 1.145 [ 0.857 094} | 1.077 k25 (0911

Feb 1.065 |0.841 |[0.935 |1.075 |0.790 0878 |0.944 1.195 0.900

Mar 1032 11179 {0927 | 1125 |1L143 0899 |1.012 0.885 1.272

Apr 1.008 | 1.383 |0.997 |1.044 | 1.373 0990 | 1.033 0.753 1.387

May 1.015 | 1.158 |0.888 |1.124 |1.14] 0875 |0.984 0.862 1.304

Jun 0964 |0.822 |0.887 |1.113 |0.852 0920 |1.024 1.202 0.926

J s
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Jul 0.945 10784 0905 |1.065 |0.830 0958 [1.021 |1.230 |0.866

N

Aug 0.902 |0.735 |0.741 1.186 | 0.815 0.821 |0.974 1.195 0.992

Sep 0.860 10.758 |0.782 |1.625 |0.88] 0.909 |1.478 |1.677, |0.969

Oct S505 078z |0g50 11391 0808 (0839 | ZI0 RRSTS 10T

o009 |6 |0872 | 2007 p0-760 | O | 88 3218 | 0.810

Aver. 10968 |0.907 |0.877 |1.500 0932 |0.905 |1.346 |1.541 1.028

Table 5.13 Comparison of H of different stationé

Key: Mut — Mutale, Mhi — Mhinga, Rab — Rabali, All — Alldays and Mul — Mulima.

The results tabulated in Table 5.13 are represented graphically in Figure 5.7

4.000 -
pind .+ g 34.6km
= 3000 - . —a—78.11km
g 2500 | —#—178.26km
£ 200 - | —e-116.94km
% 1.500 . =¥=47.88km
= 1000 -  —#—145.61km
0.500 - | i 87.74km
0.000 —W T T T ) 53.51km
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov 102.1km

Month of the year

Figure 5.7 The monthly average ratio for global solar radiation

With an assumption that the larger deviations may be due to a suspecf_'data flagging for sun-

obscured days, only ratios within £ 10% of the annual average monthly global radiation was

calculated for each pair of the station in Table 5.13. A column diagram was then drawn to

represent the data graphically as displayed in Figure 37

/s,
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Average of the ratio

Average ratio of H versus distance

Figure 5.8

Distances are arranged in increasing order as indicated in Figure 5.8. There is no significant

trend that could be observed fr
within a probability of 0.8 to 1.0 wit
1.1as read from Figure 5.8. Basically Alldays

should not exceed one. We could therefore suggest
ly and the history of calibration of the instruments

om the graph as distance increases. All these pairs of stations lie
h an exception of Alldays / Mulima whose probability is
/ Mulima could be rejected since the probability
that the stations’ apparatus should be

monitored regular be checked. Where there is a

need calibration should be done.
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CHAPTER 6

REGRESSION COEFFICIENTS

6.1 MONTHLY AVERAGE BEST FIT LINES

In order to determine the regression coefficients of each of the selected stations, best fit lines are

N

and the relative sunshine hOUI‘S(_Lj. The

drawn from the clearness index points (?f{f_] 2

clearness index and relative sunshine hours were calculated daily in each month and best fit line

was drawn in a scatter plot of clearness index versus relative sunshine hours.

6.2 THOHOYANDOU MUTALE STATION

The monthly best fit lines of Thohoyandou Mutale station are drawn below. A scatter plot of the

_E__J and (—ﬁ—j is drawn for the determination of the monthly average

daily coordinates of [ =2
H,

N
nts. It is noticed from the best fit lines that there is a relationship between the

regression coefficie
statistic (R?) ranges from

d the relative sunshine hours since the R-squared
Figures 6.1.1 —6.1.11 .

clearness index an
88.4% to 96.7%. The best fit lines are represented by

75

© University of Venda



Jan-2010
0.8
y=0.502x + 0.184
0.6 4 R%?=0.932 *
[®]
Z0.4
T
024 §"
0 T
0 0.5 1
No/N
Figure 6.1.1
Feb-2010
0.6
0.6
o
=04
T i y=0,544x+0.135
2 1 R?=0.904
0 g R e
No/N
Figure 6.1.2
Mar-2010
0.8 7 y=0.509x +0.147
06+ R2=0.910
[*]
T Ol 4
T
0B lg
0 S et Ty N
0 0.5
No/N
Figure 6.1. 2

%

&) et
Apr-2010
0.8 1
0.6 -
o
=084
T
y=0.552x + 0.136
0.2 Jeq R?=0.911
0 T T 1
0 0.5 1l 15
No/N
Figure 6.1. 4
May-2010
0.8
0.6 -
T
S 0.4 1 y = 0.470x + 0.190
2 o
b R?=0.921
0 “rt T T 1
0 0.5 1 15
No/N
Figure 6.1. 5
Jun-2010
0.8
0.6 >
o
L 04
T
0.2 y=0.538x +0.138
R?=0.967
O —— Y T 1
0 0.5 1 15
No/N’
Figure 6.1. 6

© University of Venda



(@) e
Jul-2010 Oct-2010
0.8 -
0.8 A
0.6
0.6 - &
2 L B Z04 A "
o B B - y=0578x+0.121
] LBy g . R2=0.922
o . RZ=0.900 0.2 &
0 T T 1 O -
0 0.5 1 1.5 2 P
No/N No/N
Figure 6.1.7 Figure 6.1..10
Aug-2010 Nov-2010
0.8 - 0.8 -
0.6 4 ¢ 0.6
(e o
< 04 v = 0.585x + 0.104 T 04 - v = 0.508x + 0.202
T RZ=0.937 - R?=0.884
0.2 - 0216
0 e T 0 .
0 0.5 1 1.5 0 0.5
No/N No/N
Figure 6.1. 8 Figure 6.1. 11
Sep-2010
0.8 g
0.6
£
Wi y = 0.568x + 0.152
2 =
el R2=0.901
0 . —
0 0.5 1 1.5
No/N
Figure 6.1.9

N

© University of Venda

s



@ University of Venda
o7) ConsFutre Lescors

The monthly average regression coefficients a and b as well as their R? for Thohyandou Mutale

station as read from the above figures are listed in Table 6.1.

~ | Feb Apr | May Jun | Jul Aug |Sep |Oct |Nov

Month | Jan Mar
a 0.184 | 0.135 0.147 | 0.136 0.190 | 0.138 0.157 | 0.104 | 0.152 Gl2E 10202
b 0.502 | 0.544 0.509 | 0.552 0.470 | 0.538 0517 | 0.585 | 0.568 0.578 | 0.508

i 0.932 | 0.904 0.91 0911 0.921 0.967 | 0.900 0.937 | 0.901 0.922 | 0.884
L__,_—L,/L,,____L_,,L,_._

Table 6.1 Regression coefficients of Thohoyandou Mutale Station

There is variation of the regression coefficients a and b. The standard deviation of each

and 0.104 respective
f q and b are then calculated as 0.151 and 0.533

regression coefficient is 0.030 ly. Annual average regression coefficients

calculated from the monthly values 0

m-Prescott linear regression model of Thohoyandou Mutale station is

respectively. Thus, Angstro

now given by the equation:

_ 'N_

[ o } L0151 + 0,533 6.1
HO Thohoyando umutale

Where g = 0.151 is the intersection on the (i} axis and 0.533 the slope of the straight line.
- P

63 MALAMULELE MHINGA STATION

The best fit lines drawn below are for Malamulele Mhinga station. It is moticed from the monthly
best fit lines drawn in Figures 6.2.1 — 6.2.11 that the correlation of coefficient CC ranges from
85.1% to 94.7% which is good. The values of @ and b the regression coefficients vary monthly

from 0.149 — 0.227 and 0.394 — 0.486 respectively.
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The monthly regression coefficients and correlation of coefficients of Malamulele Mhinga

station are listed in Table 6.2.

Month | Jan |Feb |M Apr |May |Jun Jul Aug |Sep |Oct |Nov

/_,__—-——4___———___——
a 03227 10.189 | 0219 | 0.184 | 0.219 0.149 | 0.159 | 0.182 | 0.195 | 0.190 | 0.176
b 0432 | 0.478 | 0.446 | 0.486 0455 | 0.478 | 0.467 | 0.428 | 0.394 | 0.420 0.436
R’ 0911 [0.035 | 0.924 | 0.924 | 0.940 0047 [ 0.921 | 0.921 | 0.851 | 0.920 | 0.910
B e B0 E
Table 6.2 Monthly regression coefficients of Malamulele Mhinga Station

ual regression coefficients are calculated from the monthly values that were read

The average ann
6.2.11 and the averages are 0.189 and 0.447. The annual

from the best fit lines in Figures 6.2.1 -

on model of this station can be written as follows:

linear regressi

(_H;] Cateng 04 2 6.2
HO malamulele Imhinga N
6.4 MAKHADO RABALI STATION
Feb-2010
0.8 W 0.8 -
0.7
0.6 0:6:
o o Uo7 .366x +0.311
£O4 ] 504 1 R2=0912
i y = 0.414x +0.290 0.3 A
0.2 R? =0.904 0.2 A
(5,3 Tty
0 "L____T__————y/V—’_r———__‘ O —L—( ! T )
0 0.2 0.4 0.6 0.8 ;9 0 0.5 1 15
No/N No/N
Figure 6.3.1
Figure 6.3. 2
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Figures 6.3.1 — 6.3.11 show the correlation of clearness index and relative sunshine hours

Makhado Rabali station. The months of April and May are excluded since there was a very low

parameters. For all these months, a goo
r than 90.0%. During most days of the

correlation of the two d correlation is observed since

ents of most of the months is highe

correlation of coeffici
re greater than 0.500. It clearly indicates

ndex and relative sunshine hours a

month, the clearness i
obal radiation was recorded

that the sky was clear and therefore a high horizontal gl

Table 6.3 shows the values of the monthly regression coefficients and correlation coefficients.

Jul Aug Sep Oct Nov

Month | Jan Feb Mar Jun u

a 07290 0311 |0200 |0321 0789 0215 |0.331 [0.298 |0.296
b 0414 0366 |0485 | 0401 0433|0511 | 0395 |0.416 | 0471
I 0904 |0.912 |0.903 0944 0011 |0915 | 0852 0902 |0.934

I

L___————L/—L/L__———

Table 6.3 Monthly regression coefficients of Makhado Rabali Station

m the above table that both values of a and b vary throughout the month. The

It is observed fro
e calculated from the monthly values as 0.283

average of the regression coefficients a and b ar

and 0.433 respectively. Thus Angtrom-Prescott annua

(—_ﬁl————] =0.283 +0.433
HO makhadorab ali

| linear equation can be written as:

=

£ 6.3

2|

6.5 MAKHADO MULIMA STATION

Monthly average daily clearness indices Vversus relative sunshine duration are represented
graphically in Figures 6.4.1 — 6.4.9. November and December are excluded during this

computation.
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t of view, the best correlation determined provided the regression

From the statistical poin
e, that is about hundred percent. Out of these

coefficient is closer to on

squared or correlation of
s 87.1%. One could notice that there is a good

nine months, the lowest regression square 1

e relative sunshine hours an
st of the days had zero horizontal global radiation

correlation between th d clearness index because there are high values

of correlation of coefficients. In November mo

data. The highest horizontal global radiation recorded was 2221 MJ/m* whilst in most of the

days the recorded data was as low as 4.41 MJ/mz.

Monthly average regression coefficients are given in Table 6.4.
Month | Jan Feb Mar Apr May | Jun Jul Aug Sep
..__/__.———"‘—/—————‘—“——/——'___————
a 0.184 |0.219 0.104 |0.126 0270 |0.168 0235 |0273 |0.158
_//////,/—’__
b 0467 |0.430 |0.566 0560 |0.374 |0.484 0398 |0.357 |0.487
7 /-’/——//—/—-———_’———______
R 0.921 |0.948 0.910 MI,_O.%O 0903 |0.910 |0.916

Table 6.4 Regression coefficients of Makhado Mulima station

variation of the coefficients of regression throughout the year. The standard deviation

There is a
b are 0.060 and 0.076 respectively, while the annual average

of the regression coefficients @ and
of monthly regression coefficients are 0.193 and 0.459 respectively. The sum of the values of a

and b ranges from 0.633-0.695. The annua

(IL} = 0.193 +0.459 ==
H° makhadomu  lim @

| Angstrom-Prescott linear equation can be written as

%

6.4

=|
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6.6 MAKHADO ALLDAYS Apr-2010
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The above figures show the relationship between horizontal global solar radiation and actual

sunshine hours during clear days. Correlation of coefficient varies from 76.5% to 93.1% which is

fairly good. Just like other selected station, the regression coefficients vary. The monthly

regression coefficients for the Makhado Alldays station .are listed in Table 6.5 as well as their

correlation of coefficients.

Month | Jan Feb |Mar | Apr May | Jun Jul Aug |Sep |Oct Nov

a 57234 | 0311 | 0.283 | 0.224 | 0307 0284 | 0277 | 0.337 | 0.386 | 0.354 | 0248

350 | 0.426 | 0.350 0373 | 0.369 | 0.357 | 0.290 0.284 | 0.346

b 0.398 | 0.313 | 0.

R 0918 | 0.923 | 0.811 0.872 | 0.931 | 0.838 0.878 | 0.821 | 0.765 | 0.792 0.895

e

Table: 6.5 Regression coefficients of Makhado Alldays station
n coefficients a and b calculated from Table 4.6 are 0.295

The annual average of the regressio
f a and b are 0.050 and 0.042 which are

ard deviations O

and 0.350 respectively. The stand
linear model equation is now written in the

reasonably low. The proposed Angstrom-Prescott

|

The range of the ARC’S sites of the values of R? of the

form:

} =0.295 +0.350 ﬁi
N
makhadoall ~ days

6.7

l“m\

0

proposed model as read from Table 6.1 -
6.5 are as follows:

96.7%); Malamulele Mhinga (85.1%-94.7%); Makhado Rabali

Thohoyandou Mutale (88.4%-
1%-94.8%) and Makhado Alldays (79.2%- 93.1%). This

(85.2%- 94.4%), Makhado Mulima (87.

shows good agreement of the measured horizontal global radiation and the actual sunshine hours.

For further analysis, monthly estimated global radiations on the horizontal surface were

computed.
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6.7 VUWANI STATION — UNIVEN SITE

This station is included in order to make comparison with the ARC horizontal global solar

radiation data. Solar parameters such as N and H, were calculated and these values are

reasonably compared to the computed values of the five selected stations from ARC. Taking into

consideration the standard deviation of the variation of the values of a and b, the monthly

regression coefficients were determined, i.e. @ = 0.161 and » = 0.382. The correlations of
coefficients were above 80.0% which is quite good. This simply gives an idea that sunshine
hours play an important role to the global solar radiation falling on the horizontal surface. During

clear days H measured values are high like in the ARC selected stations in this study.

68 ANNUAL REGRESSION COEFFICIENTS

In order to calculate the monthly horizontal global solar radiation of each of the selected station,

the annual average values of the regression coefficients a and b were computed from Tables 6.1-

6.5 and listed in Table 6.6 below:

Station — [ Malamulele Thohoyandou Makhado ‘ Makhado Makhado
Mhinga Mutale Rabali Alldays Mulima

" Latitude | 22.797°S 22.735°S 2287°S | 22.683°S | 23356°S
Longitude —30842°E | 30.522°E 30081°E | 29.105°E | 29.989°E

Altitude (m) 460 550 720 842 1032

a 0.189 0.151 0.283 0.295 0.193

b R T 0.433 0.350 0.459

Il
Table 6.6 Annual regression coefficients of the selected stations

n Table 6.6, it can be concluded that neither a or b vary with latitude or altitude

From the results i
fficients a + b; which represent

in any systematic manner. However the sum of the regression o€

<13
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; N .
the clearness index provided the relative sunshine hour (—N2 = 1) averaged over the period of

recording data were found to be almost the same. Those values were 0.684, 0.716, 0.687, 0.636

and 0.652 for Mhinga, Mutale, Rabali,

regression coefficients did not vary with an mncr

Alldays and Mulima respectively. The sum of the

case of latitude, longitude or altitude as it does in

other countries like in Nigeria [65]

69 SEASONAL TRENDS

The graphical representations of a and b versus month of the year were drawn in order to observe

whether there was any seasonal trend. Regression coefficients of the stat_jon in this study were

grouped together. Three stations were considered since Mulima and Rabali missed two month.

Figures 6.6 and 6.7 represent the relationship of a and b values respectively.

045 1
0.4 A
0354
Q.30 -
s " —g=—Mutale
0.2 .

0,257
s e Alldays

O &

Jan Feb Mar Apr May Jun Jul  Aug Sep Oct Nov

~i— Mhinga

Regression coefficient a

month

Figure 6.6 Month of the year versus d

0:7 1
0.6 A
Q5 1
o —4— Mutale
0.3 1 ,

0.2 4
0.4 =

MM —ge— Alldays
0 4

jan Feb Mar Apr May Jun jul  Aug Sep Oct Nov

~i— Mhinga

Regression coefficient b

month

Figure 6.7 Month of the year versus b
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6.10 REPRESENTATIVE REGRESSION COEFFICIENTS FOR VHEMBE REGION

An attempt has been made to determine a representative pair of coefficients for Vhembe Region.

Malamulele Mhinga‘s regression coefficients, from Equation 6.2 were used to compute

horizontal global radiation for each of the other stations. The Figures 6.8.1 — 6.8.4 represent the

correlation between H measured Versus H estimated of the stations in this study.

Makhado Rabali Station

P!
20 4 y=0.773x+1.671 »
?‘i-’, R2=0.940 &
Ny
=
2%
w1044
o
o
5 o
0 —’_____________I____————————"T"—'—_———————’
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Figure 6.8.1
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257
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o
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T
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Figure 6.8.2
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Makhado Mulima station

255
o 20
=
e /
—
o
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E vi=0.975%E 0.107
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0 B R syt S B S  —  TE0
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—
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Figure 6.8.4.

The high values of the coefficient of correlation of the proposed model give a good agreement of

d observed values of monthly average daily g
The highest correlation coefficient is read from Makhado Mulima

cstintisted a0 lobal solar irradiation. The R’ values

range from 94.0% - 98.7%.
followed by Thohoyandou Mutale.

6.11 STATISTICAL TESTS

The monthly average regression coefficients computed has been employed to calculate the

ression coefficients which are then used to determine the monthly estimated global

annual reg

solar radiation. In this study, three statistical tests, the root mean square error (RMSE), mean bias

error (MBE) and t-test are used to evaluate the accuracy of the correlations. Equations 4.10; 4.11
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and 4.12 were employed respectively and the values of RMSE; MBE and t-test are recorded in

Tables 6.7 - 6.10 below.

Mulima H(Meas) H(calc.) error RMSE MBE t

Jan 19.450 19.165 0.015 0.070 0.015 0.936
Feb 19.480 18.635 0.043 0.189 0.042 1.000
Mar 17.600 17.690 0.005 0.020 -0.004 1.000
Apr 12.730 12785 - | 0.004 0.013 -0.003 0.986
May 13.700 13.017 0.050 0.159 0.028 0.873
Jun 12.440 12.224 0.017 0.043 0.009 1.000
FREmE L 12.346 0.019 0.054 0.012 0.947
Aug | [ 15.022 0.021 0.075 0.017 0.945
Sep 16930 | 16936 | 0.000 0.001 0.000 1.000

n results and root mean square error, mean bias error and z-statistic

Table 6.7 Regressio

Mutale H(Meas) H(calc.) error RMSE MBE t
Jan 20.330 19.168 0.057 0.209 0.068 1.387
Dok MSasCRe T
Feb 18.910 18.613 0.016 0.068 0.017 1.059
Mar 17.340 17.418 0.005 0.020 -0.005 1.000
At
Apr 12.970 12.900 0.005 0.017 0.004 1.000
| R L TR R
May 13.880 13.412 0.034 0.100 0.021 1.000
Bl
Jun 13.300 12.711 0.044 0.118 0.024 1.000
Jul 12.750 12.259 0.038 0.107 0.023 1.000
o
Aug 14.790 14.341 0.030 0.092 0.019 1.000
o M el
Sep 19.810 17.892 0.097 0.400 0.087 1.048
Oct 20780 | 19.780 0.048 0.243 0.056 0.941
Nov 21.930 19.718 0.101 0.5 0.147 1.000
Table 6.8 Regression results and root mean square error, mean bias error and f-statistic of
Thohoyandou Mutale.
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Rabali H(Meas) H(calc.) Error RMSE MBE t

Jan 23.280 19.843 0.148 0.810 0.202 1.063
Feb 992920 19.430 0.126 0.697 0.174 1.000
Mar 18.980 17.588 0.073 0.420 0327 1.000
Jun 15.040 12.911 0.142 0.444 0.093 1.000
Jul 15.090 12,747 OpIsT) 0.528 0.118 1.026
Aug 17.980 15.730 0125 0.530 0.125 1.000
Sep 21.440 18.079 0157 0771 0.177 1.106
Oct 22.960 19.634 0.145 0.831 0.208 1.000
Nov 24.770 19.657 0.206 1.476 0.426 1.000
Table 6.9 Regression results and root mean square €rror, mean bias error and z-statistic of

Makhado Rabali.

Alldays H(Meas) H(calc.) Error RMSE MBE t

Jan 20.780 20.200 0.028 0.150 0.039 1.000
Feb 20.400 18.810 0.078 0.397 0.099 1.000
Mar 18.720 17.629 0.058 0.244 0.055 1.000
Apr 14.360 13.667 0.048 0.209 0.063 1.000
May 14.880 13.814 0.072 0.245 0.056 1.000
Jun 13.800 13.208 0.043 0.123 0.026 1.000
Jul 13.030 12.305 0.056 0.162 0.036 1.000
Aug 17.830 15.845 0.111 0.468 0.110 0.970
Sep 21.030 18.760 0.108 @52} 0.119 0.972
Oct 21.190 19.187 0.095 0.448 0.100 1.000
Nov 17.670 }7.333 0.019 0.090 0.024 0.920

d root mean square error, mean bias error and z-statistic of

Table 6.10 Regression results an

Makhado Alldays
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The following observations are made from a study of the results presented in Tables 6.7 -6.10.

The RMSE and MBE values vary.
E is desirable since it gives a remarkable agreement between the

A.A El-Sebaii and A.A Trabea [57] in one of their published

papers indicated that low RMS
s of horizontal global solar radiation. The positive MBE shows

measured and calculated value
[62]. It is noticed from Tables

overestimation while a negative MBE indicates underestimation

6.7 — 6.10, that there are negative and positive MBE values.

6.12 SUMMARY

The regression coefficients a and b for Angstrom- Prescott equation are listed in Tables 6.1 —

6.5. In each of the selected stations there is a monthly variation of the regression coefficients a

and b. This can be explained as the consequence of periodic climatologically variations in the

atmosphere. In South ‘Africa, during summer (November- February), high temperatures are

predicted but this is the period wherein rainfall is received and hence this variation. Windy days

are observed in spring (August- October). It is rare to receive rainfall during the winter season.

The statistical tests of RMSE, MBE, R” and t-test were determined for the entire period of study.

The observations made from the study of the results are presented in Tables 6.7 — 6.10. The
easure of the accuracy of estimation, vary in each station as
02-0.571); Makhado Mulima (0.001 - 0.189). The MBE values

are positive and negative as noticed from the presented tables

RMSE values, which are the m
follows: Thohoyandou Mutale (0.

obtained from the selected station

and this shows that Angstrom- Prescott model vary above and below the estimated of the average

horizontal global radiation.

The use of the additional t-statistic is used to achieve more statistical reliable result. This is

because it is possible to have large RMSE values at the same time very small MBE (Table 6.7-

6.10). The smaller the t-calculated value, the better the model’s performance. To determine

whether the model’s estimates are statistically significant, we determined the critical t-value

= 1.96) from the standard statistical tables at @ level of confidence a = 95%. In order to

(tcritica[
— a) confidence level the calculated value must be within the

analyse the model’s estimates at (1
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interval defined by - fcritical and feitica. This 18 the accepted region under normal distribution
The low values of t-calculated demonstrate the excellent performance of the proposed

curve. = .

li model for estimating the monthly mean daily global solar radiation on a horizontal surface

inear

for different stations in Vhembe District of Limpopo, South Africa.
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CHAPTER 7

CALIBRATION OF SOLAR RADIOMETERS

71  INTRODUCTION

It is of vital importance to this study to understand and know how to calibrate solar radiometers.

Parameters that are employed in this study found in Angstrom-Prescott linear equation are

measured using solar radiometers. That is, horizontal global solar radiation is measured using a

pyranometer or a pyrheliometer with a shading mechanism. In collaboration with CSIR, gave the

researcher an opportunity to attend the Eleventh International Pyrheliometer Comparison at

Davos Switzerland as well some hands-on training at DWD, Germany to gain skills in the

calibration of radiometers.

72  THE IMPORTANCE OF CALIBRATING MEASURING INSTRUMENTS.

Calibration can be defined as the setting of a device with another instrument whose

measurements are known. The instrument with known correctness is called a standard reference.

It is of vital importance to calibrate the measuring instruments like solar radiometry

yranometer, pryheliometer, pyrgeometer, €.t.C.), barometers, and others. Calibration can be

(p
onditions:

done before the instrument’s scheduled time due to the following ¢

e If the measurements are out of uncertainty range assigned by the manufacturer or a body

assigned to standardize such an instrument.

e When the scheduled period specified by the manufacturer has elapsed.

e If the equipment is new and one is not quite sure that it has been calibrated i.e when

calibration schedule is not indicated.
e Sudden change of climate (temperature rises or falls extremely).

e Change of position as this can change the optical design of the instrument due to shifting.
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Calibration of solar radiometers must be in accordance with the specifications given in the

International Organization for Standardization (ISO) 9060 standards or the revised

standardization and Guide to the expression of Uncertainty in Measurement (GUM) for

evaluating and expressing uncertainty in measurement.

7.3 TERMS INVOLVED IN CALIBRATION OF RADIOMETERS

There are terms and parameters that the. calibrator has to understand when calibrating solar

r. Pyrgeometer, e.t.c [53].

fined as the determination of the responsivity of a

radiometers like pyrheliometer, pyranomete

i Calibration of a radiometer is de

radiometer  under well-defined measurement conditions.  Well-defined

measurement conditions defined by the World Meteorological Organization

(WMO) are:
a. Clear sky conditions- this reduces the variance in the results.

b. Tolerable clouds at large angular distance greater than 15 degrees.

c. Range of solar elevation

The reciprocal of responsivity is the calibration factor of the calibrated

radiometer.

ii. Field —of- view: This is a full angle of the cone which i
Field-of-view of absolute

s defined by the center of

the receiver surface and the border of the aperture.

cavity of pyrheliometer is discussed in 7.7.1

Solar tracker or sun tracker: The power-driven or manual operated support which

iii.
ted sun trackers are now

RUSAG. The steps for

is employed to direct a pyrheliometer to the sun. Automa

available from EPLAB manufacturers as well EKO and B

operation of solar tracker are found in information and guideline manual of a
respective company.

iv. Sun-shading device: Device which allows movement of a disc in such a way that

r of the radiometer is shaded from the sun. This is mostly applied to a

the receive
icable during

pyranometer for diffuse radiation measurement. It is also appl

calibration of pyranometers where pyrheliometers are refered to as references, i.e.

calibration of pyranometer with reference pyrheliometer.
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74  WORLD RADIOMETRIC REFERENCE (WRR)

World Meteorological Organization (WMO) realized that several radiation references were used

in the past in meteorology. Such references include Angstrom scale of 1905 and IPS 1936. In

order to control the standardization of meteorological instruments on national and international

scale, WMO adopted a system of national and international standards [54]. In order to guarantee

WRR), a group of several absolute pyrheliometers

the long-term stability of the new reference (
re used as World Standard Group (WSG). For

of different design from different companies a

these instruments to meet the stability criteria, they must fulfill the following specifications:

1. Long-term stability has to be better than 0.2 % of the measured value.

2. The 95% uncertainty of the series of measurements with instrument has to lie within

the limits of the uncertainty of the WRR.

3. The instrument must have a different design from other WSG instruments.

The World Radiation Centre (WRC) at Davos is responsible for maintaining the basic reference,

the WSG of instruments, which is used to establish the WRR. International comparison of solar

radiometric instruments takes place every five years. During this comparison, the standards of

the regional centers are compared with the WSG, and their calibration factors are adjusted to the

WRR. During international Pyrheliometer comparisons (IPCs) the WRR value is calculated from

an of at least three participating instruments of the WSG. Instruments that had an

the me
ity of being calibrated at PMOD WRC are in turn used to tranfer the WRR periodically

opportun

to national centers.

75 CALIBRATION FACTOR

ion of calibration factor involves the transfer of calibration from one radiometer to

Determinat
[53]. The intercomparison of these radiometers is always

another of similar type of instrument

nlight on a very clear day. One of the instruments has to be a standard or reference

done in the su

instrument from which the calibration is transferred. In this case a reference radiometer is the one

that participated during recent International Pyrheliometer Comparisons.
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The reference radiometer and the one to be calibrated should be mounted on the same solar

tracking device or exposed to the same solar intensity on different trackers. The solar tracker has

ed properly with the sun [16]. Both instruments mus
llected for calibration purposes and direct

to be align t be allowed to stabilize before

taking data. At least three clear days’ data must be co

radiation data must be above or equal to 800W/m2 [53, 54]. A set of one day data with a number

of series are compared, if these values differ, a calibration factor is calculated.

For each reading i within a measurement series j, the ratio is calculated using the formula:

ESP(i,j) 71

P yalod)

where Esp(i,j) is the irradiance of direct solar radiation given by the reference pyrheliometer and

Vip(ij) is the signals of the field pyranometer.

In order to find the final calibration factor F of the field pyranometer from the total number k of

the measuring series, the following formula is used:

F(j)= %Z F()) 72

Z Eg (i: ]) 3
where F(j)=&—7"73 .
)
In general, one can say that the calibration factor is calculated by dividing the sum of the
corresponding series of the reference radiometers by the one to be calibrated.

76 HIERARCHY OF CALIBRATION OF PYRHELIOMETERS

Primary standard pyrheliometers are referred to the WRR by comparison of well-maintained

group of primary standards [53]. Primary standard pyrheliometers are used as reference for

calibration of secondary standard pyrheliometer, first class and second class pyrheliometer. The
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reference for calibration of each pyrheliometer of a certain category is a pyrheliometer of the

same category. That is, the reference pyrheliometer for the calibration of absolute cavity

pyrheliometer is the absolute cavity. It is recommended that more than one reference

pyrheliometer of the same category must be used for calibrating test pyrheliometers.

i ABSOLUTE CAVITY PYRHELIOMETER (AHF 31117)

Absolute cavity pryheliometer AHF 31117 participated in the Eleventh International

Pyrheliometer Comparison in September 2010 at the World Radiation Centre in Davos

Switzerland, the coordinates are 46°48’ N (latitude); 9°50" E (longitude) and at the elevation is

1560 m (5.118 ft). Davos has an area of 283.99 km?. The instrument also participated in the [PC-

xi in 2000. Specifications of AHF 31117 are listed in this work where its calibration had been

done.
771 Description and operation of the AHF31117 pryheliometer.
outlined in the Eplab- instruction and

The literature and operation of this instrument is well

information manual [55] and J. Hickey developed a s
nd in Hickey J.R., Program [56]. The

yrheliometer is a self-calibrating

oftware program to be used during

calibration. The manual instruction of this program is fou

instrument is also described by Lysko [57]. The AHF 311V p

instrument.

A description of the absolute cavity radiometers is also found in the World Climate Research

Programme operation manual version 2.1. The AHF cavity radiometer has been a reference

standard device for quite number of years. Sensor consists of a balanced cavity receiver pair

attached to a circular wirewound and plated thermopile. The blackened cavity receivers are fitted

with heater windings. These windings allow for absolute operation using the electrical

substitution method, which relates radiant power in SI units. AHF cavity consists of two cavities.

The forward cavity views the direct solar beam by a 5° full field of view and a slope of 0.8°

r receiver views an ambient

g . 2
through a precision aperture whose area is 50 mm®. The rea

rature blackbody. The model AHF has an automatic shutter attached to the outer tube. A

tempe
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separate mounted window is supplied with each unit for continuous operation of the radiometer,

but at reduced accuracy.

The operation of the cavity radiometer and the measurement of the required parameter are

performed using the appropriate control box. The control box functions include setting of the

calibration heater power level, activation of the calibration heater, selection of the signals to be

measured and control of the meter measurement functions and ranges. The measured parameters

include the thermopile signal, the heater voltage and the heater current. The control box operates

one radiometer in the measurement mode. Since, AHF 31117 cavity is automatic, the automatic

operation allows for computer control of all shuttering, calibration heating and measurements

functions.

7.7.2  Specifications of AHF cavity radiometers

The sensor consists of sixty junction circular wirewounds and plated thermopiles with balanced

fty ohms. An inverted cone within a

cavity receivers of approximately three hundred and fi
99 [55]. The heater

cylinder coated with specular black paint has an emissivity greater than 0.9

resistance is approximated one hundred and fifty ohms whereas the irradiance sensitivity is

proximately 1 uVW'lmz. The diameter of the base of the instrument is 5.5 inch, the outer tube

ap

has

a diameter of 3.5 inch, shutter housing is 7 inch x 5 inch and its length is 13.32 inch without

ptor. The size, weight and power required by the control box are 7 inch high x 17 inch

an ada
23 Ib and 115 VAC @ or 230VAC 50 Hz selectable respectively.

wide x 16 inch deep,

78  CALIBRATION OF AHF31117 PYRHELIOMETER

onal Pyrheliometer Comparison’s (IPC) calibration procedure was e-mailed to each

Internati
in advance and it was revised each day before calibration. This is cal

participant led IPC protocol.

UNIVEN LIBRARY
i Item :
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7.8.1 Calibration procedure during IPC-xi

1. Mount the participating reference pyrheliometer on a solar tracker and keep it aligned to

the sun throughout the measurement runs for the day.

2. Computer control systems are synchronized to the timing of the IPC’s measurement

series, i.€.
(1) Measurement is taken in series of 21 minutes duration with 90-seconds base
cadence

(i) A 30-seconds sub-cadence is evaluated for HF
3. Participants maintain log-book (either electronic or on paper) of all the readings.

4. Data acquisition (DAQ) system warm-up for at least 30 minutes.

5. Real time or by file upload to the dedicated FTP directory by the end of each series or

day for comparison with WSG

7.8.2 Computation of direct solar irradiance

The series of direct irradiance S is submitted daily during calibration for direct comparison with

the WSG. The cal
Absolute Cavity R
described by Lysko [57] below.

culation of IPC-xi and general operation of AHF radiometers is by Primary

adiometer (PACRAD) mode the data reduction and equation used are as

) assigned to the solar irradiance which is effective in heating the

The instrument has power (Ps
.). The Power and solar

front cavity during exposure to the Sun and the electrical power (P

irradiance relation is given by the equation:

P =S ady 7.4

where «, is the absorptivity ; A is the area of the precision aperture; Y is the stray light factor for

the view tube and Sy 1s the solar irradiance.

and /; and the equation is:

The Electrical power is calculated from the measured

voltage and current v,
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p=1F-7.) 7.5

where V, = I;R. is the resistance drop with R, being the lead correction resistance between the

four wire connection points and the cavity heater .

The thermopile output signals are proportional the power dissipated in the cavity, i.e.

7.6

iy
where K, and K, the proportionality constants that are not equal due to the existence of non-

equivalence L between the radiant and the electrical heating such that

K, =LK, 7.8

Combining Equations 7.5 to 7.8, the solar irradiance is obtained using the following equation:

=) (22)

I the instrument’s constants are combined to a single correction factor Cy; then Equation 7.9 can

now be written as
Sn=(2) [G:h 04— hR)] 7.10

where Cf =

acAy

When solar irradiance is stable over the measuring period, thermopile outputs are approximately

equal during electrical calibration such that solar irradiance S, reduces to
Sog o TR [Cf11(V1 T 11Rc)] ikl
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Equation 7.11 assumes that an equilibrium temperature has been achieved before measurement
period and that the radiative loss from the front cavity to the surroundings has been the same

between measurements and calibration.
7.8.3 Traceability to the World Radiometric Reference

The absolute cavity NIP, AHF31117, has participated in the 11" International Pyrheliometer
Comparison (IPC XI) in October 2010. The AHF31117 therefore has direct traceability to the
WRR. The World Meterological Organisation (WMO) will publish the results from the [PC XI
within 2011. As an indication of the performance of the AHF31117, a set of its WRR factors
from the IPC XI is given in Figure 7.1. The final WMO report will show a mean correction
factor to the WRR by using at least four of the World Standard Group of instruments.

For the purposes of this report, the AHF31117 correction factor is set to unity given the close to

unity mean in Figure 7.1.

2 % i
- mean= 0.99923528 a]
1.005 — sdev=  0.0013441393 Yl
o - o
O - 4
= N : _ )
& - ' :
5 1.000 b o Bl it R R i s g o i ..... i 2
Q R 4 ol
& B 5 ]
(4 - x K al
£ 0.995 X —
= - -
X y
¥ x 5
0.990 — "
Oct-02 Oct-04 Oct-06 Oct-08 Oct-10 Oct-12 Oct-14
12:00 12:00 12:00 12:00 12:00 12:00 12:00

Figure 7.1: Preliminary results of AHF31117 to the World Radiometric Reference
As stated in section 7.5, a series of measurements was recorded daily so as to compare direct
solar radiation in W/m® of the calibrated instrument AHF 31117 with WSG reference

pryheliometers.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1 SUMMARY

This study was geared towards the collection and analysis of the solar radiation data and hence to

the computation of H (global solar radiation) and H, (extraterrestrial solar radiation). The daily

and monthly average values obtained were used to compute the values of regression coefficients

for the North-Eastern region of the Limpopo province, i.e. Vhembe Region. The method of

determining the regression coefficients was described in Chapter 4.

The results in Tables 5.6 — 5.10 indicate that the daily extraterrestrial radiation on the horizontal

surface in Thohoyandou Mutale, Malamulele Mhinga, Makhado Rabali, Makhado Mulima and

Makhado Alldays are in the range of 22.499 — 42770 MJ/m?, 22.465 — 42.783 MJ/m?, 22.425 —

42.797MJ/m?, 22.160 — 42.892MJ/m” and 22.527 — 42.760 MJ/m? respectively. As expected

there is no significant difference in the distribution of the
t study. The annual extraterrestrial solar

daily and annual extraterrestrial solar

radiation measured in all the stations in the presen

radiation computed in this research was compared with yearly variation of the extraterrestrial

horizontal daily insolation for South Latitudes calculated by Igbal [41]. It was found that there is

no significant difference except for the last two months of the year, namely November and

December. This insignificant difference may be caused by the use of different formulas while

computing the solar declination. Igbal used Spencer’s equation [41] and in this work Cooper’s

equation was used. There were also minor differences in solar declination.

According to the statistical test results, it can be seen that the regressions equation of the selected

stations in this study gave reasonably good results. Tables 6.1 — 6.4 show the values of the
Angstrom model parameters, d and b. It is observed from these tables that the values vary
throughout the year. In the development of the models, the values of the coefficient a varies from
0.104 to 0.386 while those for b vary from 0.284 to 0.51
ere found as 0.222 £ 0.042, 0.445 + 0.038 and 0.670 £ 0.025

1. The overall mean and deviation of the

five values of @, b and a + b w
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nalysis does not show any significant seasonal variation. The correlation of the

respectively. A
(Malmulele Mhinga), 85.8% ( Makhado Alldays),

stations in study gave averages of 91.8%

91,7% (Thohoyandou Mutale), 91,9% ( Makhado Rabali) and 91.8% (Mulima).

o check the variation of the regression coefficients in this study, graphs of a versus

In order t
ear were drawn. They are given in

s of the year and that of b versus months of the y

month
Thohoyandou Mutale and Malamulele

s 6.8 and 6.9. The variation of @ and b are similar in

Figure
e in the other two stations.

Mhinga while for Makhado Alldays the trend was not lik

Computation of Angstrom-Prescott linear regressions coefficients is found extensively in

literatures. The regression coefficients determined in this study are consistent with the values

reported in Toledo [66] where a = 0.2170 and b = 0.5453, in Comilla [67] where a = 0.2315 and
b = 0.5473, Rwanda [68] and Lesotho [69], a =
s recommended the values of a and b to be 0.250

0.266 and b = 0.512, Bulawayo [63], a = 0.304

and b = 0.440. However, in general Periera ha

and 0.50 respectively [70].

Estimated monthly average daily global solar radiation on horizontal surface was calculated

using Malamulele Mhinga Angstrom’s regression coefficients. The corresponding measured

value obtained from ARC was compared with the ca
ues of the monthly mean daily global solar irradiation intensity

f the estimated and measured

lculated values and discussed in section 5.8.

The calculated and measured val

were analysed using statistical tests per month. The accuracy 0
bal solar radiation was tested by calculating MBE, RMSE and -

values of the horizontal glo
measured versus H-calculated and it is

statistic. Linear regression graphs were drawn with H-

d correlation since CC is greater than 90.
measured are tabulated in Tables 6.7 — 6.10. The

noticed that there is goo 0% for each station. The

as H-calculated and H-

statistical values as well
critical; this shows that there is statistical significance

values of t-calculated are all less than #-

between H-calculated and H- measured.

orizontal global solar radiation data obtained from ARC is analysed graphically.

Furthermore h
ARC stations are calculated and

monthly horizontal global solar radiation for the

The ratio of
were then summed up so that a graph in Figure 5.7 could be

averaged. The average and its 10%
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drawn. It has been observed that the distance between two stations do not give any significance

although the distances are arranged in an increasing order. No normal distribution curve could be

fitted. This gives one an idea that ground measurements of global solar radiation are more

important than interpolation of data. The stations are within the probability of 0.8 to 1.0 as

observed from Figure 5.8. This gives one a prediction that the history of calibration of the

radiometer in each station can be checked and if there is a need for calibration of the instruments,

this must be done with immediate effect. Monitoring of the equipment regularly helps to reduce

unnecessary errors.

Angstrom linear regression coefficients for the Vhembe Region can now be taken as a = 0.262

and b = 0.483. Thus t

Vhembe Region may be given as:

he specific Angstrom’s equation [4.1] that can be used generally over the

H _ 062 +0483%

0
T 8.1

X

82 CONCLUSIONS

Regression coefficients for the Vhembe Region were computed using a linear regression method,

whereby plots of the ratio of monthly mean daily global solar radiation and extraterrestrial solar

radiation on a horizontal surface and relative sunshine hours were drawn. These values are

expressed in Equation 8.1. More accurate can be obtained if we can get the recording of solar

parameters from regularly calibrated instruments as well as other models such as the Angstrom

quadratic model, the third degree model and the exponential model. Due to the limited scope of

the third degree model and the exponential

this study, the other models like quadratic model,

model were not considered.

The values obtained from the present study can be taken as a first step for future investigations.

ion coefficients we have obtained are for the Vhembe Region. Hence there is a

Also, the regress

wide scope to extend the study to outer regions of South Africa in order to obtain the values of

the regression coefficients for the entire country. It should be borne in mind that South Africa is
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a country with abundant solar radiation and studies

crucial to tackle the energy crisis in the country,

8.3

10.

b

@) e
to harness this freely available energy is

particularly in rural areas.
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