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ABSTRACT

Global solar radiation is an important parameter necessary for most ecological models
and serves as input for different photovoltaic conversion systems. Hence it is of
economic importance to renewable energy alternative. In this study, we have employed
the linear regression model of Angstrom (1924) and Page (1964) for these analyses to
correlate the global solar radiation data with relative sunshine duration, relative
humidity and maximum temperature for 3 cities (sites) in each of the six geopolitical
zones in Nigeria, which gives a total of 18 sites. Other multiple linear regression models
were obtained to check the correlation of global solar radiation with sunshine duration
combined with other meteorological parameters which include maximum temperature
and relative humidity. These meteorological parameters used for this work were
obtained from the archives of National Aeronautics and Space Administration (NASA)
for the time period of 11 years from 2000 to 2010. The results obtained were statistically
tested using four statistical error indicators; Mean Bias Error (MBE), Root Mean Square
Error, (RMSE), Mean Percentage Error (MPE) and t-stat to establish the validity of the
results. The analyses show that there is close correlation between the calculated mean
global solar radiation and the estimated global solar radiation using our established
models, though some models correlate better than others. The best empirical equation
for each of the sites was evaluated based on the values of the t — stat. H; is the best
model for Awka with t — stat value of 0.050. H, is the best model for Enugu with t —
stat value of 0.045. H; is the best model for Owerri with t — stat value of 4.692. H, is
the best model for Calabar with t — stat value of 0.0327. H; is the best model for Port —
Harcourt with t — stat value of 0.0830. H, is the best model for Asaba with t — stat value
of 0.0126. Hs is the best models for Lagos with t — stat value of 0.00259. H: is the best
model for Akure with t — stat value of 0.0232. H; is the best model for Ado — Ekiti with
t — stat value of 01.166. Hs is the best model for Gombe with t — stat value of 0.0361,
H, is the best model for Yola with t — stat value of 0.056. H; is the best model for
Maiduguri with t — stat value of 0.0359. H, is the best model for Abuja with t — stat
value of 0.0882. H, is the best model for Minna with t — stat value of 0.281. H; is the
best model for llorin with t — stat value of 0.00148. H; is the best model for Gusau with
t — stat value of 0.0184. H, is the best model for Kano with t — stat value of 0.0112. H,
is the best model for Birnin — Kebbi with t — stat value of 0.0338.
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CHAPTER ONE

INTRODUCTION
1.1  Background of the Study
Solar energy is vital for life on our planet because all other forms of energy depend on it.
Solar radiation arriving on earth is the most fundamental renewable energy source in
nature. Solar energy which is the radiant light and heat from the sun, has been harnessed
by humans since ancient times using a range of ever evolving technologies such as solar
heating, photovoltaics, solar thermal energy, solar architecture and artificial
photosynthesis. The energy from the sun could play a key role in decarbonizing the global
economy alongside improvements in energy efficiency and imposing costs on greenhouse
gas emitters (International Energy Agency, 2015).
This energy determines the surface temperature of the earth as well as supplying almost all
the energy for natural processes both on its surface and in the atmosphere. It heats up homes
and provides energy to grow crops through the process of photosynthesis. Sunshine has
traditionally been used for drying all types of things: clothes, agricultural produce, cash
crops, and bricks. Profitable use of this energy from the sun has been made in the
production of salt. The energy we derive from wood, petroleum, paraffin and
hydroelectricity originates indirectly from the sun. Solar energy is captured and stored in

plants. We use this energy when we burn firewood or eat food.



The sun also powers the rainfall cycles that fill the rivers from which we extract
hydroelectricity. Petroleum is made up of fossil remains of plants and animals that
collected energy from the sun thousands of years ago (Hankins, 1995).

Solar energy arrives at the edge of the earth's atmosphere at the rate of about 1367 watts
per square metre. This is fairly constant throughout the year and is referred to as the solar
constant (Igbal, 1983). However, not all of this energy reaches the earth's surface. When
the solar radiation enters the earth's atmosphere, a part of the incident energy is removed
by scattering or by absorption by air molecules, clouds and particulate matter usually
referred to as aerosols.

The amount of solar radiation to the earth can be direct, diffuse or reflected radiation. Direct
radiation is sometimes called beam radiation or direct beam radiation, it describes solar
radiation travelling on a straight line from the sun down to the surface of the earth daily.
On the other hand, diffuse solar radiation describes the solar radiation that has been
scattered by molecules and particles in the atmosphere but has still made it down to the
surface of the earth. The third radiation known as global radiation describes the sum of
direct radiation and diffuse radiation incident on the earth surface.

For a country like Nigeria, the economical and efficient application of solar energy
seems inevitable because of abundant sunshine available throughout the year. It has
been found that there is an estimated 3,000 hours of annual sunshine (Augustine and

Nnabuchi, 2010) and average solar radiation received in Nigeria per day is as high

as 20 MJ/m? depending on the time of the year and location (Olayinka, 2011).



In energy terms, Osuji (2003) estimates that Nigeria receives on her land area an annual
insolation that is four thousand times the annual production of crude oil. However, only a
negligible part of this abundant solar energy potential has been tapped by Nigeria.
Harnessing solar energy presents several problems. One of the main problems is the
collection of solar power. Information on the amount of global solar radiation is one of the
primary variables for determining solar energy production in a region. Despite the
importance of such solar radiation data, there are very few locations in Nigeria where solar
radiation is continuously and accurately measured. The problem of lack of data is further
compounded by the high cost of solar radiation measuring equipment. However, the
operation and maintenance of these instruments are not within the budget estimations of
many local meteorological stations. It is therefore necessary to employ solar radiation
estimation methods, which use as inputs certain meteorological parameters, such as
ambient temperatures, sunshine and relative humidity that are much more readily measured
than the solar radiation components.

Global solar radiation is of economic importance as a renewable energy alternative.
Recently, global solar radiation has being studied due to its importance in providing energy
for Earth’s climate system. The solar radiation reaching the Earth’s surface depends upon
climatic conditions of a location, which is essential to the prediction, and design of solar
energy systems (Burari and Sambo, 2001).

Nwokoye (2009) defined insolation as, “a measure of solar radiation energy received on a
surface area in a given time. It is commonly expressed as average irradiance in Watts per

square meter (W/m?) or kilowatt hours per square meter per day (KWhr/m?/day). The
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insolation unto a surface is largest when the surface faces the sun perpendicularly. The
earth receives 174 Petawatts (174 x 105 Watts) of incoming solar radiation (insolation)
at the upper atmosphere and about 30% is reflected back to space while the rest is absorbed
by clouds, oceans, and land masses. However, the spectrum of solar light at the earth’s
surface is mostly spread across the visible and near-infrared ranges with a small part in the
near-ultraviolet.

Martin (2005) was of the view that, total solar energy absorbed by earth’s atmosphere,
oceans and land masses is 3,850,000 exajoules per year (3,850,000 x 10> Joules per
year). The amount of solar energy reaching the surface of the planet is so vast that in one
year alone, the amount is twice compared to the one obtained from all of the earth’s non-
renewable energy resources of coal, oil, natural gas and mined Uranium.

Nwokoye (2003) in his work stated that, solar energy in effect is the light radiant heat from
the sun. It therefore drives the earth’s climate, plant, marine and terrestrial life and cycles.
Since ancient times, man has tried to harness solar energy using various evolving
technologies. Solar radiation and other secondary resources of energy such as wind and
tidal power accounts for most of the available renewable energy on earth. The energy is in
turn captured in form of heat or electricity and like any other source of energy can be put
to various uses. Solar energy is fast becoming an alternative to other renewable sources of
energy.

In Nigeria, only few stations have been measuring daily solar radiation on a consistent
basis. Therefore, it is rather important to develop method to estimate the global solar

radiation using climatological parameters such as sunshine hours, relative humidity, maxi
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mum and minimum temperature, cloud cover and geographical location. Several empirical
formulae have been developed to calculate the global solar radiation using various
parameters. These statistical relationships between daily global solar irradiation and other
climatic variables provide a practical way to calculate daily global irradiation (Barr et al.,
1996). For this reason, there are in existence many techniques for estimating daily global
solar radiation. These empirical formulae could be categorized according to the time scale
of the estimated insolation, that is, hourly, daily, weekly, monthly or yearly (Kizu, 1998).
They vary in sophistication, according to (Gooding et al., 1999), from the simple empirical
formulations based on common weather or climate data to the complex radiative transfer
schemes that explicitly model the absorption and scattering of the solar beam as it passes
through the atmosphere. Whichever of these is the most accurate is not known but it is
known that different empirical formulae give different results, even when applied to an
identical climate data set. The complex models are said to be capable of highly accurate
estimations but they tend to be too complex and data intensive and are therefore not really
suitable for use in a developing country like Nigeria that has little or no equipment for such
intensive data acquisition

These statistical models and parameters used include: The sunshine hours (Angstrom,
1924; Black et al, 1954); the relative humidity and sunshine hours (Gopinathan, 1988); the
declination angle and the latitude (Liu and Jordan, 1960); sunshine duration, relative
humidity, maximum temperature, latitude, altitude and location (Sabbagh et al, 1977) and

the total precipitation, turbidity and surface albedo (Hoyt, 1978).



1.2  Statement of Problem

The scarcity of hourly solar radiation data which is available in few locations in Nigeria is
due to lack of existing solar radiation measuring instruments such as pyranometers and
pyrheliometers which presents difficulties in assessing the potential of solar energy
applications. The present worldwide economic recession with its effects in all spheres of
life contributes to the lack of some of these instruments in some areas, particularly in
developing countries like Nigeria. In some stations, the available instruments are degrading
and lack adequate maintenance culture. This leads to incorrect reading of some
meteorological data which are highly unreliable and unsuitable for analytical purpose.
Scientists have therefore thought it wise to develop mathematical tools (models) that can
be employed to calculate or predict the availability of solar radiation within a given location
on the earth surface. Meteorological parameters such as sunshine duration, latitude and
cloud cover are the most widely and commonly used data to predict daily global solar
radiation and its components at any location of study. The other input parameters such as
minimum, maximum and average temperature, relative humidity and altitude of any

location can also be employed in predicting daily global solar radiation.

1.3 Aim and Objectives of the Study
The aim of this study is to estimate and analyze total solar radiation received on a surface
of unit cross-sectional area at a given location within the selected eighteen Nigeria cities

using measured meteorological data.



The specific objectives of the study include;
1. Calculation of global solar radiation Hca using different climatic parameters such
as ratio of sunshine hour, relative humidity, maximum temperature.
2. Correlation between calculated global solar radiation Hca and measured global
solar radiation Hm for each location under study.
3. Determination of empirical equations for the estimation of global solar radiation
in the cities under study.

4, The selection of the best performed empirical equation for each of the cities.

1.4 Significance of Study

The present system of energy production is heavily dependent on the use of conventional

energy sources which is highly damaging to the environment and human health and causes

air pollution, and the depletion of ozone layer. These negative effects to the human

existence can be reduced or totally eradicated if solar energy systems are introduced such

as the photovoltaics and photo thermal systems.

From this study therefore, we can accomplish the following.

(1) Accurate prediction of the availability of solar energy and the effective designs of solar
energy conversion systems.

(i1) Adequate conversion of solar energy to electricity in any part of Nigeria so as to meet
the domestic energy needs of typical households in the country.

(iii) A reliable source of reference material for other researchers in this field of study.

(iv) A veritable tool for policy makers on solar energy matters.
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1.5  Scope of Study
The study is limited to 3 cities in each of the six geopolitical zones of Nigeria. Cities

involve in this research are presented in the Nigeria map of figure 1.1

Figure 1.1: Map of Nigeria showing the cities under study

Cities covered within the South Eastern zone are Awka, Enugu and Owerri. Cities covered
in the South Southern Zone are Port Harcourt, Calabar and Asaba. Cities in the South
Western Zone include Lagos, Ado — Ekiti and Akure. Cities studied within the North

Central Zone are Abuja, Minna and llorin. Cities studied within the North Eastern Zone



are Gombe, Yola and Maiduguri. Cities studied within the North Western Zone Gusau,
Kano and Birinin — Kebbi. The data for these sites such as sunshine hour, humidity,
temperature, rainfall, wind speed, longitude and latitude, and the daily insolation for the
locations concerned were obtained from NASA’s website. The daily data were analyzed
into monthly mean values. These data analyzed were used to develop empirical equations
for each city. Statistical error indicators such MBE, RMSE, MPE and t — stat were used to

evaluated the performance of all the developed equations.



CHAPTER TWO

LITERATURE REVIEW

2.1  Estimation of Global Solar Radiation

According to Chegaar and Chibani (2000) solar energy occupies one of the most important
places among the various possible alternative energy sources for both urban and rural areas.
An accurate knowledge of the solar radiation distribution at a particular geographical
location is of vital importance for the development of many solar energy devices and for
estimation of their performance.

Garba et al., (2018) in their study, used the meteorological parameters measured in Sokoto
(12.55 °N, 5.15 °E) for a period of 10 years (2005 — 2014) obtained from the Nigerian
Meteorological Agency Sultan Abubakar Il International Airport, Sokoto state. The data
used include Gunn-Bellani solar radiation, sunshine hour duration, maximum and
minimum temperatures, which were analyzed using modified Angstrom models to estimate
the monthly mean global solar radiation in Sokoto. Four statistical methods have been used
in order to evaluate the results namely; Mean Bias Error (MBE), Mean Percentage Error
(MPE), Root Mean Square Error (RMSE) and T-statistic. The standard error (SE) and
coefficient of determination (R?) were also obtained for each model. Based on the result
obtained models 4 and 5 gave lower RMSE values, and R? values close unity, which
indicates that there is a good agreement between measured and estimated global solar

radiation.
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Muhammad et al., (2018) reviewed the global solar radiation models available in the
literature. according to their study, there are several formulae which relate global radiation
to other climatic parameters such as sunshine hours, relative humidity and maximum
temperature. They classified the reviewed models into three categories viz: models based
on ratio (H/Ho), non-linear models and models based on empirical coefficients ‘a’ and ‘b’.
they concluded that (i) Most of solar radiation models given to estimate the monthly
average daily global solar radiation are of the modified Angstrom-type equation. (ii It may
be concluded that the models presented in this study may be used reasonably well for
estimating the solar radiation at a given location and possibly in anyplace with similar
climatic conditions. (iii) Solar radiation models are to measure amount of solar radiation
hourly or daily. (iv) Solar radiation can be affected due to some parameters such as
atmospheric layer, distance between the Earth and Sun, incident angle of solar radiation,
length of the day and rotation of Earth, e.t.c. (v) The regression constants of some collected
solar models have been generally presented to calculate the global solar radiation with high
accuracy in a given location.

Adejumo et al., (2017) analyzed readings of solar radiation received at three meteorological
sites in Nigeria. Analysis of Variance (ANOVA) statistical test was carried out on the data
set to observe the significant differences on radiations for each quarter of the specified
years. The data were obtained in raw form from Nigerian Meteorological Agency
(NIMET), Oshodi, Lagos. In order to get a clear description and visualization of the
fluctuations of the radiation data, each year were considered independently, where it was

discovered that for the 3" quarter of each year, there is a great fall in the intensity of the
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solar radiation to as low as 73.27 (W/m?), 101.66 (W/m?), 158.51 (W/m?) for Ibadan, Port-
Harcourt and Sokoto respectively. they concluded that the data can provide insights on the
health implications of exposure to solar radiation and the effect of solar radiation on climate
change, food production, rainfall and flood patterns.\

Okundamiya et al., (2016) assessed the performance of six solar radiation models. The
objective was to determine the most accurate model for estimating global solar radiation
on a horizontal surface in Nigeria. Twenty-two years meteorological data sets collected
from the Nigerian Meteorological agency and the National Aeronautics and Space
Administration for the three regions, covering the entire climatic zones in Nigeria were
utilized for calibrating and validating the selected models for Nigeria. The accuracy and
applicability of various models were determined for three locations (Abuja, Benin City,
and Sokoto), which spread across Nigeria using seven viable statistical indices. This study
found that the estimation results of considered models are statistically significant at the
95% confidence level, but their accuracy varies from one location to another. However, the
multivariable regression relationship deduced in terms of sunshine ratio, air temperature
ratio, maximum air temperature, and cloudiness performs better than other relationships.
The multivariable relationship has the least root mean square error and mean absolute bias
error, not exceeding 1.0854 and 0.8160 MJ m2 day*, respectively, and monthly relative
percentage error in the range of + 12% for the study areas.

Pandey et al., (2018) developed sunshine based Angstrom meteorological parameter
(relative sunshine hours, maximum and minimum temperature, minimum relative

humidity) to predict the monthly average global solar radiation for the year 2011 of Jumla
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in Nepal. The estimated solar radiation from these models were compared with the
measured solar radiation which were found to be in close agreement with each other. The
statistical test like mean bias error (MBE), mean percentage error (MPE), root mean square
error (RMSE) and coefficient of determination (R?) were performed to evaluate the model.
The multiple linear regression model has a higher value of R? (0.95) and lower value of
RMSE (0.3614) which indicate a better agreement between measured and estimated global
solar radiation. It is suggested that the multiple linear model can be employed for the
estimation of monthly global solar radiation on horizontal surface for Jumla and other
region with similar climatic condition where radiation data are inaccessible.

Augustine and Nnabuchi, (2010) opined that solar radiation data may be considered as an
essential requirement to conduct feasibility studies for solar energy systems. The
knowledge of solar energy preferably gained over a long period should be useful not only
to the locality where the radiation data is collected but for the wider world community.
Several empirical formulas have been developed to calculate the global solar radiation
using various parameters. These parameters include: the sunshine hours (Angstrom, 1924;
Black et al, 1954); the relative humidity and sunshine hours (Gopinathan, 1988); the
declination angle and the latitude (Liu and Jordan, 1960); sunshine duration, relative
humidity, maximum temperature, latitude, altitude and location (Sabbagh et al, 1977) and
the total precipitation, turbidity and surface albedo (Hoyt, 1978).

In Nigeria, a number of correlations involving global solar radiation and sunshine duration
maximum and minimum temperatures, relative humidity and other climate parameters for

different locations have been studied by different researchers.
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Gana and Akpootu, (2013) used the measured data of global solar radiation on a horizontal
surface and number of bright sunshine hours for Kebbi to evaluate global solar radiation.
Regression constants for the first order Angstrom-type correlations for Kebbi was
calculated and developed using the method of regression analysis. The monthly calculated

clearness index and monthly sunshine duration were correlated and modeled using four

sunshine-based models. Linear model: i=a+b( ) quadratic model: L-a+

S
Hy So Hy

1

S

b (SS—O) +c (Sio)z exponential model: Hi = a<%> and L =a + (i)b. The model that

0 Hy So
performed well is the quadratic model which according to them has a 100% clearness
index.

Musa et al. (2012) used the daily sunshine duration to estimate average global solar
radiation for Maiduguri, Nigeria. The daily sunshine hour were measured for five years

(2004 to 2007) from which the monthly mean values were determined. The Angstrom

model; Hi =a+b (Si) was used to estimate the global solar radiation. According to their
0 0

findings, the values of solar radiation for Maiduguri town vary from the range of
16.80403MJ/m™2day~* to 25.03763MJm~%day~! under the period of study with the
mean value of 23.20437MJm~?day~?. In their own opinion, the results of their research
clearly indicate the main significance of developing empirical models for estimating global
solar radiation.

Ituen et al (2012) used the Angstrom model as the basis to develop other regression

equations by modifying Angstrom equation to include maximum temperature and relative
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humidity which they used to estimate global solar for Uyo in Niger Delta region of Nigeria.

The developed equations are as follow; ?—0.239+0.585 (Si)
0

_ y _
0

= —0.229 +

0

= —0.589 — 0.280 (), 2 = —1.395 — 0.046(T,,) + 1.591 (), =2 =
0 0 0

Ay R
H 100

0.02(T), 2

0.056 + 0.833 (SST,) +0.170 (), ’;—’Z = 0138 + 0.011(T,,) — 0.136 () and 2=

R
100
s = R :
1.387 + 1.592 (—) — 0.045(T,,) + 0.004 (—) The results obtained show a remarkable
So 100
agreement between the measured and the predicted values using different models.

Innocent et al., (2015) applied Angstrom-Prescott model Hio =a+b (SS—O) to estimate the
global solar radiation based on the monthly mean sunshine hours. The values of global
solar radiation obtained for Gusau within the period of study (1995 — 2000) ranged from
16.168 - 21.654 MJm2day* with mean value of 18.8015 MJm2day*. The results obtained
in this research work clearly indicate the importance of developing empirical models for
estimating global solar radiation reaching a given geographical location.

Akpabio et al. (2005) presented a quadratic form of the Angstrom-Prescott model to
estimate global solar radiation at Onne. They employed Ogelman et al. model: Ky =0.195
+ 0.675Sr — 0.142Sgr?, Akinoglu and Ecevit model: Kt = 0.145 + 0.845Sg — 0.280Sr? and
Fagbenle's model: Kr = 0.375 + 0.128Sr + 0.660Sg? which were compared with the ones
developed for the Nigerian environment Kt = 0.147 + 1.125Sr — 1.416Sg?, Kt = 0.181 +
0.781Sr — 0.626Sr? and K = 2.014 + 9.445Sg + 13.412Sr2. These results showed that the

relationship between clearness index and relative sunshine in quadratic form is to some

extent locality dependent.
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Okundamiya and Nzeako (2010) developed empirical model for estimating global solar
radiation on horizontal surfaces for selected cities of Abuja, Benin City, Kastina, Lagos,
Nsukka and Yola in the six geopolitical zones of Nigeria. Their study proposes a
temperature-based model of monthly mean daily global solar radiation on horizontal
surfaces for each site, representing the six geopolitical zones in Nigeria. Their modeling
was based on linear regression theory and was computed using monthly mean daily data
set for minimum and maximum ambient temperatures. Their developed model has a
Tmin

general form as H = Hy(my + myRy + myTa,), Where Ry = —2 mg, my and m, are

max

regression constants. The results of their analysis suggest that a significant statistical
relationship (with coefficient of correlation (CC) of 89.9— 97.6%) exists between the
clearness index, ambient temperature ratio, and maximum ambient temperature.

Agbo et al (2010) developed empirical models for the correlation of monthly average
global solar radiation with sunshine hours at Minna, Nigeria. Using monthly average daily
values of global solar radiation and relative sunshine hours over a period of five years
(1987-1991). Using multi-linear polynomial form of the Angstrom-Prescott based models
were developed to estimate global solar radiation at Minna Nigeria. They expanded the
Angstrom - Prescott based models to the fourth order polynomials. It was found that the
fourth order polynomial utilizing relative sunshine hours gave the best overall estimate of
the total solar radiation in Minna. The correlation coefficient of 0.932 was found in the

fourth order polynomials and was the highest value compared to order models.
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Medugu and Yakubu (2011), used angstrom model to estimate mean monthly global solar
radiation in Yola, Nigeria with latitude 9° 12’ N. The daily sunshine hour were measured
for four years (2004 to 2007) using sunshine recorder. The monthly mean values were
determined. The Angstrom model was then used to estimate the global solar radiation based
on the available climatic parameters of sunshine hour. From the results obtained, the values
of the radiation varies from the range of 13.75 MJm2day* to 25.16 MIm2day* with the
mean value of 21.54 + 0.46 MJm-2day .

Okonkwo and Nwokoye (2014) analyzed solar energy parameters in Bida, Nigeria. The
monthly daily average solar energy parameters measured in Bida (9.1°N, 6.02°E) for a
period of thirteen years (2000 — 2012) were obtained from the Nigerian Meteorological
Agency Bida, Niger State. These data which include Gunn-Bellani solar radiation, sunshine
hour duration, relative humidity, rainfall, wind speed, maximum and minimum
temperatures were analysed using both single-variable and multi-variable regression
techniques of the Angstrom type to generate 12 regression equations (models) that were
used to estimate the total solar radiation reaching a horizontal surface in Bida. Based on
the highest values of correlation coefficient (R) and coefficient of determination (R?) and

least RMSE value, the empirical equation below performed better than the other model,

H
Ho

= —0.568 + 0.699 () + 0.033(Tax) — 0.020(Tyniy) + 0.022(R).

They recommended this model for designers and engineers of solar energy and other

renewable energy devices in this area.
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Falayi et al (2008) developed numbers of multi-linear regression equations to predict the
relationship between global solar radiations with one or more combinations of the
following weather parameters: clearness index, mean daily temperature, ratio of maximum
and minimum daily temperature, relative humidity and relative sunshine duration for
Iseyin, Nigeria for five years (1995 - 1999). Using the Angstrom model as the base, other
regression equations were developed by modifying Angstrom equation. The value of
correlation coefficient (R) and value of Root Mean Square Error (RMSE), Mean Bias Error
(MBE) and Mean Percentage Error (MPE) were determined for each equation. The

equation with the highest value of correlation coefficient (R) and least values of RMSE,

MPE and MBE is given as — = 1.3467 + 05305 () — 1.567(6) + 0.0033(RH) —

S
Hp So

0.00806(T). Other empirical equations developed are Hi = 1.1203 + 0.4690 (Si) —

0 0

1.595(Tx) — 0.0041(RH), A o~ 0.8559 + 0.6758 (i) — 0.01049(T,pqn) —

0.0043(RH). Where HE Is the cleanness index, RH is the relative humidity, Si is the relative
o 0

sunshine duration, @ is ratio of minimum and maximum daily temperature, T is the monthly
average daily temperature. The developed model can be used for estimating global solar
radiation on horizontal surfaces.

Akpabio and Etuk (2003) developed a relationship between global solar radiation and
sunshine duration for Onne. Global solar radiation and sunshine duration data during the
period from 1984 to 1999 at Onne (within the rainforest climatic zone of southern Nigeria)

were used to establish an Angstrom-type correlation equation. Five other commonly used
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correlations between global solar radiation and sunshine duration were also used to
estimate global solar irradiation for Onne and their results are compared with our model.
A good agreement (greater than 90% in most cases) was observed between the measured
and the predicted values of our model. They obtained an empirical equation for Onne with
regression coefficients a = 0.23 and b = 0.38.

Olayinka (2011) used Angstrom model to estimate the global and diffuse solar radiation
for selected cities of Abeokuta, llorin, Port — Harcourt, Sokoto in Nigeria. From the
estimated values it was found that solar energy can be utilized very efficiently throughout
the year in Sokoto and llorin. The clearness index which is availability of global solar
radiation varies with geographical location and period of the year. Clearness index in the
cities studied varies from 0.303 to 0.683. The least clearness index is in Port- Harcourt

(0.303) in the month of July and the highest value is 0.683 in Sokoto in the month of March.

The developed model equations are; Hi —0.423 4+ 0.301 ( ) + 0.0256(Ty0x) +

0

0.0725 (£2) for Ilorin, Hi = 1164 + 0294 (= ) + 0.0346(Tynqx) — 2.0997 (35) for

o RH
Port — Harcourt, ——=—0.834+0. 248( ) +0.0438(Tnax) — 0.00131 (E) for

0

Abeokuta, - = 0.376 + 0.0129 (= ) + 0.00842(Tyq,) — 0.1001 (£ for Sokoto.

Augustine and Nnabuchi (2010) used monthly mean daily global solar radiation, sunshine
duration hours, maximum temperature, Cloudiness index and relative humidity data for
some selected cities in the Eastern and Southern zone of Nigeria covering a period of

seventeen years (1990 - 2007) were used to generate several linear and multi-linear
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regression equations. The values of the solar radiation estimated by the equations and the
measured solar radiation were tested using the mean bias error (MBE), root mean square
error (RMSE) and mean percentage error (MPE) statistical techniques. The values of the
correlation coefficient (R) and coefficient of determination (R?) were also determined for
each equation. The equations with the highest values of R, R? and least values of MBE,
RMSE and MPE are suitable for predicting global solar radiation in the Eastern and
Southern parts of Nigeria. They suggested that the developed empirical equations can be
used for estimating solar radiation in other locations with similar geographical information.
Mfon et al., (2013) developed a model on the estimation of global solar radiation on
horizontal surface from sunshine hours and other meteorological parameters for Calabar.

Multiple linear regression models were developed by them to estimate the monthly daily
Sunshine Hours using four parameters during a period of eleven years (1997 — 2007) for
Calabar, Nigeria (Latitude 5016°07.6°’N); The parameters include Relative Humidity,
Maximum and Minimum temperatures, Rainfall and Wind Speed. The result of the
correlations shows that the four variable correlations with the highest value of R gives the

best result when considering the error term Root Mean Square Error (RMSE). The model

IS given as HE = —11.049 — 6.540RF — 0.534W + 0.142RH + 1.127T. Where RH is

o

Relative humidity, T is the Difference in maximum and minimum temperature, RF is
Rainfall, and W is wind speed. The developed model can be used in estimating Global solar

radiation for Calabar and other locations with similar climatic conditions.
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Ogolo (2014) developed model equations for estimation of global solar radiation for Port

— Harcourt, Benin, Lagos, Akure, Ibadan, Osogbe, Lokoja, Yola, Minna, Jos, Maiduguri

an Sokoto stations in Nigeria. The equations are given as; Hi = 0.439 + 0.119 (Si) +
0 0

0.0346(T,,0qn) — 0.00689(RH) for Port — Harcourt, Hi = 0.728 + 0.116

0

LN

S

0.00642(T,pqn) — 0.00218(RH) for Benin, — = 2459 —0.549 (-

0

o

0.0881(T,,pqn) + 0.00779(RH) for Lagos, — = 0.333 +0.233

0

0.000537 (Tyneqn) — 0.00017(RH) ~ for  Akure, - =0.291—0.0029

0

0

H 2873 —0.453

0

0.0187(Tyeqn) — 0.0138(RH) for Osogbo,

0.0908(T,0n) — 0.0379(RH) for Lokoja, = = —0.65— 0.033

0

0.0459(T,,p0n) — 0.000926(RH) for Yola, = = 0777 +0.128

0

N
S

5)-
&)
5)-
5)-
0.0205(Teqn) — 0.00603(RH) ~ for  Ibadan, == =0.743 + 0266 () +
5)-
&)
5)-
5)-

0.0104(T, ,pq,) — 0.000342(RH) for Minna, Hi = 0.875 + 0.214

0

[=}

0.036(Tneqn) — 0.00684(RH) for Jos, +- = 2.166 — 0.819 (= ) +0.00294(T)p0n) —
0

0.032(RH) for Maiduguri and -~ =0.382—0.0712 (< ) +0.0062(Typan) —

(0]

0.00157(RH) for Sokoto.
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CHAPTER THREE
MATERIALS AND METHODS

3.1 Research Method

The data for this work were collected from the Archives of National Aeronautics and Space
Administration (NASA). The climate parameter data collected were; measured daily global
radiation (Hm), the daily extra-terrestrial solar radiation on a horizontal surface (Ho), the
daily maximum temperature (Tmax), the daily maximum number of hours of possible
sunshine (N), the daily number of hours of bright sunshine (n) and daily relative humidity

(RH) values of each site.

3.2 Procedure for Data Collection and Analysis

The daily data for the sunshine duration, global solar radiation, extra — terrestrial global
solar radiation on a horizontal surface, minimum temperature, maximum temperature,
average temperature and relative humidity were obtained from the archives of National
Aeronautics and Space Administration (NASA). The duration of record is from 2000 to
2010. The daily data were analyzed to obtain monthly mean values for each of the
parameters for the years from 2000 to 2010. The cities under study with their latitude and
longitude in degrees are listed in table 3.1. The mean values of the meteorological
parameters for each of the eighteen cities studied are presented in table 3.2 to table 3.19

below.
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3.3 Models used for the Estimation

Many researchers have proposed correlation that should be used to estimate global solar
radiation in different locations around the world. Angstrom (1924) proposed the first
correlation for estimating the monthly mean daily global solar radiation (H) on a horizontal
surface using the sunshine duration and clear sky radiation ( H¢ ) data. The developed

equation according Angstrom is given as

Hic= a+b(§) (3.1)

Because there may be problems in calculating clear sky radiation accurately, by replacing
clear sky radiation with extraterrestrial radiation ( Ho), the Angstrom correlation was put
in more convenient form by Prescott (Prescott, 1940). Page (1961) and others have
modified the method using the value of the extraterrestrial radiation H, on a horizontal

surface rather than the clear day radiation H, (Duffie and Beckman, 1991).

=a+b(3) (3.2)

|

Where H is the monthly average daily global radiation on a horizontal surface
(mJ.m™2.day™1). H, is the daily extraterrestrial solar radiation on a horizontal surface
mJ.m™2.day1, 1 is the monthly average daily hours of bright sunshine, N is the monthly
average day length, (a and b) values are known as angstrom empirical constant or
regression coefficients. Their values have been obtained from the relationship given by

(Tiwari and Sangetta, 1977) and also confirmed by (Frere et al., 1980) as
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a =—0.110+0.235 cos® + 0.323 (%) (3.3)

n
N
n
b = 1.449 — 0.553 cos @ — 0.694 (E) (3.4)
H, is the monthly mean extra — terrestrial solar radiation on horizontal surface given by
Igbal (1983) as;

Hy, = %Isceo [% w sin @ sin § + cos @ cos 6§ sin ws] (3.5)

Where

I;. — the solar constant,

€o,— the eccentricity correction factor of the earth’s orbit,
@ — the latitude

o - the solar declination angle

w, — the sunset hour angle

The expressions for I, €,, 6, and w are given by same Igbal as:

_ 1367x3600 2l

¢ = “Taoeoes MM “day (3.6)
360dy,

o =1+ 0033cos(22) (3.7)

Equations for the solar declination angle (3) and the sunset hour angle (w;) are given as

§ = 23.45sin [*E | [e] (3.8)

w; = cos™1(—tan @ tan §) (3.9)
Other regression models were obtained through the modification of the Angstrom — Page

model by various researchers. Multiple linear regression and correlation analysis of
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Hmn

different parameters for example, % , Tmax and RH were employed to estimate the

Hcal

global solar radiation in this work. Where fm

is the clearness index, % is monthly mean

cal

fraction of sunshine radiation, T,,,, is the monthly mean maximum temperature,

Equation (3.2) has been found to be very convenient in estimation of global solar radiation
of a number of locations around the world. In this work, simple linear and multiple linear
Hn

regression analysis of different climatic parameters such as — , Tonax and RH were

n
)=
cal N

used to develop model equations which were used to estimate global solar radiation in the

sites under study.

3.4  Linear Regression Equation
The general equation of simple linear regression of first order with two variables, one
dependent and one independent is given as

Y =a, + b, X. (3.10)
Where a, and b, are regression constants which can be determined. Y is the dependent
variable and X is the independent variable (Nnabuchi et al., 2013). Other first order linear
regression containing one dependent variable and two or more independent variables
known as multiple linear regression equation can be given as

Y =a, + b,X, +cX, + dX, (3.11)
Where X, X, and X5 are independent variables. a,, b,, c and d are the regression constants.

Equation (3.10) and (3.11) are used in this work to develop our empirical equation.
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In developing our model equations, climatic parameters such as fraction of sunshine hours,
maximum temperature and relative humidity are substituted in equation (3.10) and (3.11)

which give rise to the following equations.

';_ =a,+b, (%) (3.12)
Z = a, + b, (3) + ¢;(Tax) (3.13)
Z = a + by (2) + c5 () (3.14)
Z— = a4+ by () + 4 (Tna) + dy (o) (3.15)
Z = a5 + b (Tax) + Cs () (3.16)

Where a, and b, are regression constants for H,. a,, b, and c5 are regression constants for
H,. a3, b; and c5 are regression constants for H;. a,, b,, ¢, and d, are regression constants

for H,. as, b and cg are regression constants for Hs. These regression constants were
determined by performing the linear regression analysis of HL” against each of the climatic
0

parameters used in this study as contained in equations (3.12) to (3.16). The monthly mean
values of H,, used in this work were estimated using equations (3.2), (3.3) and (3.4).

Equations (3.3) and (3.4) were used to calculate the regression constants in equation (3.2).

3.5 Methods of Comparison
Statistical comparisons of the data are usually done using error indicator such the Mean

Bias Error (MBE), Root Mean Square Error (RMSE) and Mean Percentage Error (MPE).
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These statistical error formulae were obtained from previous researches done in this field
by (Chukwuemeka and Nnabuchi, 2009, Marwal et al, 2012, Falayi et al, 2008). t — statistic

is also used to validate the significant of the proposed models (Stone, 1993).

3.5.1 Mean Bias Error (MBE)

The MBE provides information on the long — term performance of the correlations by
allowing a term by term comparison of the actual deviation between calculated and
measured values. A positive MBE represent an overestimation whereas a negative MBE
shows an underestimation. A low value of MBE is desired for a good correlation. The ideal
value of MBE is zero (Che et al., 2007). The values of MBE represent the systematic error
or overall bias. The error equation for MBE is given as;

MBE = [X(Heqr — Hops)1/m (3.17)

3.5.2 Root Mean Square Error (RMSE)

The Root Mean Square Error (RMSE) provides information on the short — term
comparisons of the deviation performance of the correlations by allowing a term by term
between the calculated and measure values. The RMSE is a frequently used statistical toold
for the measure of the difference between values predicted by a model or an estimator and
the values actually observed from the values being modeled or estimated. RMSE is a good
measure of precisions. The RMSE indicates the level of scatter that a model produces, thus
providing a term by term comparison. It also provides information on the short term

performance of the correlations of the actual deviation between the estimated and measured
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values. The value of RMSE is always positive. Almoxo et al., (2005) and Che et al., (2007)
have recommended that a zero value of RMSE is ideal and the lower the RMSE, the more
accurate is the estimated value. The values of RMSE represent non — systematic error. The

value of RMSE is determined using the equation below;

RMSE = [Y.(Heq; — Hops)?/n]72 (3.18)

3.5.3 Mean Percentage Error (MPE)

The Mean Percentage Error (MPE) gives long term performance of the examined
regression equations, a positive MPE value provides an indication of some amount of
overestimation in the estimated values. Negatives values indicate underestimation. A low
value of MPE is desirable as proposed by Akpobio and Etuk (2002). MPE is an overall
measure of forecast bias, computed from the actual difference between a series of forecasts
and actual data points observed. The differences are expressed as percentage of each
observed data point, the summed and averaged (Almorox, 2011). MPE is determined using

the equation;

MPE = |3 Heb=tteal x 100] /n (3.19)

(H Obs)

Where H,, is the measured monthly mean global solar radiation value on a horizontal
surface, H.,; is the calculated value of monthly global radiation on the same surface and n

the number of observations.
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3.5.4 t-statistic (t — test)

After an estimation of a coefficient, the t-statistic for that coefficient is the ratio of the
coefficient to its standard errors. Stone (1993) demonstrated that MBE and RMSE
separately do not represent a reliable assessment of the model’s performance and can lead
to the false selection of the best model from a set of researcher’s models. To determine
whether or not the equation estimates are statistically significant, Stone (1993) proposed t-

stat as:

(n—1)MBE?

t —stat =
RMSE2?—-MBE?

(3.20)

The smaller the value of t — stat of a model, the better is the model's performance. To
determine whether a model's estimates are statistically significant, one simply has to

determine a critical t value obtainable from standard statistical tables, i.e., ¢,/, at the a

level of significance and n — 1 degrees of freedom. For the model's estimates to be judged
statistically significant at the 1 — a confidence level, the calculated, t value must be less

than the critical t value (Stone, 1993).

The t-statistic, which has a long history of popular usage, is proposed as a criterion for the
more complete evaluation of solar radiation estimation models. In addition to providing a
single integrated criterion for the evaluation and comparison of models, it also enables the
model tester to determine whether or not a model's predictions are statistically significant
at a particular confidence level. The t-statistic is not meant to replace the widely used root
mean square and mean bias errors but to supplement them in aiding the model tester to
more rapidly and reliably assess a model's performance.
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Table 3.1: Latitude and Longitude of Three Cities in each of the Six Geopolitical Zone

Geopolitical Zones Cities Latitude (°) | Longitude (°)
South East Awka 6.207 7.068
Enugu 6.452 7.510
Owerri 5.485 7.035
South South Calabar 4.950 8.325
Port — Harcourt 4.750 7.000
Asaba 6.198 6.728
South West Lagos 6.453 3.396
Akure 7.250 5.195
Ado — Ekiti 7.621 5.221
North East Gombe 10.250 11.167
Yola 9.230 12.460
Maiduguri 11.833 13.150
North Central Abuja 9.067 7.483
Minna 9.613 6.557
llorin 8.500 4.550
North West Gusau 12.150 6.667
Kano 12.000 8.517
Birnin Kebbi 12.454 4.200

30



Table 3.2: Solar Radiation and Climate Parameters for Owerri

SIN

MONTH

Ho
(MJIm?
day™)

Hm

(MIm2 | @

day™)

(hrs)

N
(hrs)

K

nIN

Tmax(°C)

RH (%)

January

34.15

20.06

6.35

11.58

0.59

0.55

29.56

74.39

February

36.13

20.37

6.15

11.74

0.56

0.52

29.87

76.76

March

37.55

19.55

5.99

11.95

0.52

0.50

29.03

83.81

April

37.55

18.20

5.45

12.18

0.48

0.45

29.06

84.84

May

36.44

16.85

5.49

12.37

0.46

0.44

28.59

85.65

June

35.56

15.06

5.35

12.46

0.42

0.43

27.16

87.11

July

35.80

13.55

3.86

12.4

0.38

0.31

26.49

87.03

August

36.77

13.27

3.78

12.24

0.36

0.31

26.49

86.66

O |00 | (O |01 |~ (W [N |-

September

37.21

13.87

4.45

12.02

0.37

0.37

26.86

87.05

[EEY
o

October

36.31

15.36

4.94

11.79

0.42

0.42

27.35

86.72

[
[

November

34.47

17.52

5.50

11.61

0.51

0.47

28.33

84.39

[ERN
N

December

33.31

19.07

6.63

11.54

0.57

0.57

28.89

81.12

Table 3.3: Solar Radiation and Climate Parameters for Enugu

S/IN

MONTH

Ho
(MJm-

day)

Hm (MJm
2 day?)

n
(hrs)

N
(hrs)

nIN

Tmax(

OC)

RH
(%)

January

33.69

20.60

5.98

11.75

0.61

0.51

30.68

62.36

February

35.80

20.92

5.95

11.84

0.58

0.47

30.66

69.17

March

37.47

20.55

4.29

11.97

0.55

0.36

29.56

81.28

April

37.67

19.01

4.54

12.11

0.50

0.38

29.43

83.95

May

36.65

17.01

4.21

12.23

0.46

0.34

28.81

85.01

June

35.89

16.15

3.24

11.72

0.45

0.28

27.58

86.25

July

36.12

14.85

3.23

11.74

0.41

0.28

26.9

86.43

August

36.94

14.15

3.42

11.89

0.38

0.29

26.83

86.10

O (00 [N O (O [ (W (N (-

September

37.20

14.85

3.75

11.98

0.40

0.31

27.21

86.51

JEnY
o

October

36.06

16.58

4.93

11.87

0.46

0.41

27.85

85.60

-
-

November

34.07

18.75

5.98

11.76

0.55

0.51

28.83

82.62

[EEN
N

December

32.84

19.93

5.68

11.71

0.61

0.49

29.76

72.78
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Table 3.4: Solar Radiation and Climate Parameters for Awka

— Hm
Ho | (MJmr
(MIm2 | 2day n N _ | Tmax(® | RH
S/IN MONTH day?) > (hrs) | (hrs) K | n/N | C) (%)
1 January 33.68 | 20.71 | 6.22 | 11.43 | 0.61 | 054 | 30.74| 61.98
2 February 35.80 | 2092 | 6.94 | 11.83 | 0.58 | 0.59 | 30.66 | 69.17
3 March 3747 | 2055 | 6.92 | 11.27 | 055 | 0.61 | 29.56| 81.28
4 April 37.67 | 19.00 | 6.12 | 12.11 | 050 | 0.51 | 29.43 | 83.94
5 May 36.71 | 17.74 | 452 | 1222 | 0.48 | 0.37 | 28.96 | 84.68
6 June 35.89 | 16.15 | 4.38 | 12.35 | 0.45 | 0.35 | 2758 | 86.25
7 July 36.12 | 14.85 | 3.83 | 12.47 | 0.41 | 0.31 26.9 | 86.43
8 August 36.94 | 1415 | 3.45 | 11.88 | 0.38 | 0.29 | 26.83 | 86.10
9 September | 37.20 | 1485 | 4.78 | 11.63 | 0.40 | 0.41 | 27.21| 86.51
10 October 36.06 | 16.58 | 497 | 1151 | 0.46 | 0.43 | 27.85| 85.60
11 November | 34.08 | 18.74 | 6.31 | 11.43 | 055|055 | 28.84| 82.62
12 December | 32.85 | 19.93 | 6.95 | 11.63 | 0.61 | 0.60 | 29.75| 72.86
Table 3.5: Solar Radiation and Climate Parameters for Asaba
Ho Hm
(MIm2 | (MIm?2 | 7@ N _ | Twmax
S/IN | MONTH | day?) | day?) | (hrs) [ (hrs) | K | @/N | (°C) |RH (%)
1 January 33.70 20.06 | 583 | 1193 | 0.60 | 0.49 | 30.32 66.63
2 February | 35.80 20.17 | 512 |11.89| 0.56 | 0.43 | 30.26 72.85
3 March 37.48 20.03 | 409 | 1192 | 0.53 | 0.34 | 29.32 83.19
4 April 37.66 1855 | 3.98 | 12.25| 049 | 0.32 | 29.24 85.00
5 May 36.71 17.16 | 3.85 [ 12.33 | 047 | 0.31 | 28.80 85.55
6 June 35.88 15.89 | 3.47 [ 1239 | 044 | 0.28 | 27.45 86.79
7 July 36.12 1438 | 3.10 [ 1227 | 04 | 0.25 | 26.76 86.96
8 August 36.94 13.79 | 296 1221 | 037 | 0.24 | 26.72 86.50
9 | September | 37.18 1441 | 265 [12.11] 0.39 | 0.22 | 27.12 87.03
10 October 36.11 16.34 | 3.16 | 11.86| 045 | 0.27 | 27.81 86.16
11 | November | 34.07 18.38 | 4.05 [ 11.78 | 0.54 | 0.34 | 28.80 83.45
12 | December | 32.82 1955 | 556 | 1154 | 0.60 | 0.48 | 29.42 76.74
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Table 3.6: Solar Radiation and Climate Parameters for Port Harcourt

Ho Hm
(MIm™ | (MIm= n N Tmax | RH
S/N MONTH |?day?®) | day?) |(hrs) | (hrs) | K | A/N (°C) | (W)
1 January 34.54 1892 |595 (1178 | 055|051 | 2794 |78.92
2 February | 36.44 1949 |493]11.83 053|042 | 28.08 |81.88
3 March 37.65 1795 | 454 (1199|048 038 | 2785 |84.49
4 April 37.43 16.36 | 4.76 | 12.20 | 0.44 | 0.39 | 28.00 |84.61
5 May 36.17 15.03 | 5.10|12.44 1042|041 | 27.68 |84.93
6 June 35.22 1207 | 4851248 034|039 | 26.58 |85.05
7 July 35.49 1147 | 356 | 1256 | 0.32|0.28 | 25.85 |84.89
8 August 36.57 1226 | 2.86 | 12.00 | 0.34 | 0.24 | 25.66 |84.94
9 September | 37.23 1221 | 3.66 | 12.02 | 0.33 | 0.30 | 25.97 | 85.98
10 October 36.51 1341 | 4871193037041 | 26.41 |85.88
11 November | 34.85 1546 | 5.68 |11.78 1044|048 | 27.12 |84.83
12 December | 33.77 18.18 | 5.86 | 11.50 | 0.54 | 0.51 | 27.59 |82.61
Table 3.7: Solar Radiation and Climate Parameters for Calabar
Ho Hm .
(MIm2 | (MJm? n N Tmax | RH
SIN MONTH | day?) | day?h) |(hrs)| (hrs) | K | @/N | (°C) | (%)
1 January 34.54 20.14 5.10 | 11.68 | 0.58 | 0.44 | 2751 | 78.07
2 February | 36.40 2040 | 458 |11.86 | 056 |0.39 | 27.63| 80.83
3 March 37.64 1869 | 3.75 | 11.97 | 050 | 0.31 | 27.36 | 83.52
4 April 37.44 16.59 3.97 | 1211 {044 | 0.33 | 2751 | 83.95
5 May 36.14 1564 | 438 | 1223 | 043 | 0.36 | 27.21 | 84.54
6 June 35.22 1250 | 3.63 | 1229 | 035|030 | 26.11| 85.14
7 July 35.50 1160 | 243 | 12.26 | 0.33 | 0.20 | 25.33 85.2
8 August 36.59 11.31 2011|1216 {031 |0.17 | 25.11| 85.34
9 September | 37.21 1196 | 2.21 | 12.03 | 0.32 | 0.18 | 25.39 | 85.91
10 October 36.57 13.83 | 293 | 11.89 | 0.38 | 0.25 | 25.87 | 85.60
11 November | 34.84 16.00 | 3.85 | 11.63 | 0.46 | 0.33 | 26.63 | 84.25
12 December | 33.80 1847 | 496 | 1155 | 055|043 | 27.06 | 81.89
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Table 3.8: Solar Radiation and Climate Parameters for Akure

Ho Hm
(MIm2 | (MIm™ n N _ | Twax |RH
SIN Month day?) day?) | (hrs) | (hrs) K | n/N | (°C) (%)
1 January 33.21 20.39 | 6.88 | 11.73 | 0.61 | 0.59 | 30.48| 61.28
2 February 35.52 20.81 | 5851198 |0.59|0.49 | 30.17| 69.48
3 March 37.36 20.75 | 6.41 |12.08 | 0.56 | 0.53 | 29.15| 81.57
4 April 37.74 1925 |6.33 | 122 | 051 | 052 | 28.82| 85.16
5 May 36.97 18.11 | 5351243049 | 043 | 28.53| 84.96
6 June 36.23 1643 | 4.64 | 1255|045 ]0.37 | 27.11| 86.80
7 July 36.40 1473 | 3.75|12.64 040 | 0.30 | 26.32| 87.28
8 August 37.07 1356 | 352 |1242 |0.37 | 0.28 | 26.20 | 87.09
9 September 37.15 1516 | 4.01 | 1240|041 | 032 | 26.84| 87.13
10 October 35.79 1695 | 4.93 |11.93 047 | 041 | 27.78| 85.69
11 November 33.67 1943 | 5.67 | 1185|058 | 0.48 | 28.76 | 82.05
12 December 32.36 20.11 6.1 | 11.69 | 0.62 | 0.52 | 29.75| 71.29
Table 3.9: Solar Radiation and Climate Parameters for Ado - EKiti
Ho Hm
(MIm2 | (MJm™ n N | Tmax RH
SIN Months day?) day?) | (hrs) | (hrs) | K | /N | (°C) (%)
1 January 33.21 20.39 | 563 | 1156 | 0.61 | 0.49 30.48 | 61.28
2 February 35.52 20.81 | 5.55 | 11.85 | 0.59 | 0.47 30.17 | 69.48
3 March 37.36 20.75 |5.34 | 12.16 | 0.56 | 0.44 29.15 | 81.57
4 April 37.74 19.25 | 4.86 | 12.28 | 0.51 | 0.40 28.81 | 85.17
5 May 36.96 18.12 | 4.77 | 1251 | 0.49 | 0.38 28.41 | 85.57
6 June 36.23 16.43 | 4.21 | 12.68 | 0.45 | 0.33 27.11 | 86.80
7 July 36.40 1473 |391 1271 | 0.4 | 0.31 26.32 | 87.28
8 August 37.07 13.56 | 3.17 | 12.43 | 0.37 | 0.26 26.20 | 87.09
9 September | 37.15 15.20 3.8 | 12.26 | 0.41 | 0.31 26.85 | 87.13
10 October 35.78 1691 | 454 | 11.78 | 0.47 | 0.39 27.78 | 85.69
11 November | 33.66 1944 | 487 | 11.63 | 0.58 | 0.42 28.76 | 82.04
12 December 32.35 20.11 [ 5.96 | 11.52 | 0.62 | 0.52 29.76 | 71.27
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Table 4.10: Solar Radiation and Climate Parameters for Lagos

Ho Hm
(MJm‘Z (|\/|JI’TI'2 n N _ Tmax RH
S/IN | MONTH | day?) day?) | (hrs) | (hrs) K | alN | (°C) (%)
1 January 33.70 19.24 554 | 1148 [ 057 | 0.48 28.28 | 76.46
2 February 35.83 20.31 6.48 | 11.62 | 0.57 | 0.56 28.42 | 80.27
3 March 37.49 20.23 523 | 12.09 | 0.54 | 0.43 28.14 | 84.61
4 April 37.66 19.01 512 | 1223 | 0.5 | 042 28.37 | 84.52
5 May 36.73 16.91 436 | 12.31 | 0.46 | 0.35 28.10 | 84.61
6 June 35.88 14.33 4.00 | 12.38 | 0.40 | 0.32 27.05 | 84.91
7 July 36.10 14.44 3.89 | 12.27 | 0.40 | 0.32 26.14 | 84.65
8 August 36.91 14.90 3.00 | 12.18 | 0.40 | 0.25 25.76 | 84.93
9 September | 37.18 15.08 364 | 119 041 ]0.31 26.23 | 86.08
10 October 36.02 16.47 454 | 11.67 | 0.46 | 0.39 26.99 | 85.39
11 | November | 34.04 18.63 536 | 11.57 | 0.55 | 0.46 27.81 | 83.63
12 | December | 32.82 19.36 564 | 11.44 | 0.59 | 0.49 28.21 | 80.32
Table 3.11: Solar Radiation and Climate Parameters for Ilorin
Ho Hnm
(MIm2 | MIm2 | 7 | N | Twax |RH
SIN MONTH day?) day?) | (hrs) | (hrs) | K | @/N | (°C) | (%)
1 January 32.79 20.55 6.58 | 11.89 | 0.63 | 0.55 | 31.32 | 52.94
2 February 35.18 21.54 7.29 | 1158 | 0.61 | 0.63 | 31.05| 63.02
3 March 37.22 22.12 7.10 | 11.87 | 0.59 | 0.60 | 30.07 76.5
4 April 37.84 20.71 598 | 12.1 | 055 ]0.49 | 29.16 | 83.73
5 May 37.20 19.22 5.86 | 12.65 | 0.52 | 0.46 | 28.72 | 84.22
6 June 36.54 17.47 537 | 1257 | 048 | 043 | 27.47 | 85.52
7 July 36.68 15.19 3.68 | 1241 | 041 | 0.30 | 26.57 | 86.45
8 August 37.24 13.95 3.13 | 1212 | 0.37 | 0.26 | 26.42 | 86.38
9 September 37.09 16.18 410 | 1199 | 044 | 0.34 | 27.32| 85.77
10 October 35.56 17.97 581 | 11.74 | 051 | 0.49 | 28.48 | 83.37
11 November 33.25 20.15 7.69 | 11.62 | 0.61 | 0.66 29.9 | 75.52
12 December 31.85 20.33 8.18 | 11.58 | 0.64 | 0.71 | 31.18| 60.43
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Table 3.12: Solar Radiation and Climate Parameters for Abuja

H

(MJI(;T2 Ho(MIm | @ N Tmax | RH

S/IN | MONTH day?) 2dayt) | (hrs) | (hrs) K | AlN | (°C) | (%)
1 January 32.33 21.30 6.62 | 11.50 | 0.66 | 0.57 | 31.65 | 36.86
2 February 34.87 22.30 7.71 | 11.60 | 0.64 | 0.67 | 32.19 | 44.68
3 March 37.10 23.25 7.63 | 1250 | 0.63 | 0.61 | 31.12 | 62.29
4 April 37.88 21.98 6.17 | 11.90 | 0.58 | 0.52 | 29.12 | 80.64
5 May 37.46 20.04 6.23 | 12.20 | 0.54 | 0.51 | 28.32 | 82.81
6 June 36.84 18.13 532 | 1240 | 0.49 | 0.43 | 26.94 | 85.04
7 July 36.95 15.95 444 | 1250 | 0.43 | 0.36 | 25.97 | 86.63
8 August 37.38 14.75 3.61 | 1250 | 0.39 | 0.29 | 25.72| 87.1
9 September 37.06 17.14 439 | 12.30 | 0.46 | 0.36 |26.83 | 85.23
10 October 35.29 19.24 571 | 12.00 | 0.55 | 0.47 | 28.17 | 81.68
11 November 32.89 21.45 6.20 | 11.80 | 0.65 | 0.52 | 30.36 | 63.23
12 December 31.75 21.00 6.53 | 11.60 | 0.66 | 0.56 | 31.13 | 46.58

Table 3.13: Solar Radiation and Climate Parameters for Minna

Ho(MIm™ | Hn (MIm™ | n N | Twax |RH

S/IN | MONTH | 2day?) 2day?) |[(hrs) | (hrs) | K | @/N | (°C) (%)
1 January 32.32 20.72 6.78 | 1143 | 0.64 | 0.59 | 32.55 | 39.50
2 February 34.86 21.92 7.23 1 11.89 | 0.63 | 0.61 | 33.00 | 46.96
3 March 37.10 23.15 6.94 | 12.34 | 0.62 | 0.56 | 31.93 | 63.69
4 April 37.91 22.14 6.64 | 12.56 | 0.58 | 0.53 30.11 | 79.88
5 May 37.44 20.43 6.02 | 12.63 | 055 | 0.48 | 29.33 | 81.79
6 June 36.83 18.64 487 | 12.67 | 051 | 0.38 | 27.97 | 84.03
7 July 36.95 16.43 459 | 12.68 | 044 | 0.36 | 27.00 | 85.73
8 August 37.39 15.50 418 | 12.62 | 0.41 | 0.33 26.78 | 85.94
9 | September 37.05 17.56 524 | 12.08 | 047 | 0.43 | 27.80 | 84.47
10 October 35.32 19.68 747 | 1191 | 056 | 0.63 | 29.03 | 81.40
11 | November 32.82 21.05 8.63 | 11.73 | 0.64 | 0.74 31.18 | 65.07
12 | December 31.39 20.89 8.52 | 11.48 | 0.67 | 0.74 32.63 | 43.55
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Table 3.14: Solar Radiation and Climate Parameters for Yola

Ho Hm

(MIm2 | (MIm? n N _ Twmax | RH
SIN MONTH day?) day?) | (hrs) | (hrs) | K | @i/N | (°C) | (%)
1 January 32.33 21.54 8.36 | 11.36 | 0.67 | 0.74 | 33.69 | 22.32
2 February 34.83 22.79 8.05 | 11.60 | 0.65 | 0.69 | 35.89 | 24.34
3 March 37.10 23.77 7.93 | 11.94 | 0.64 | 0.66 | 36.56 | 35.49
4 April 37.92 22.76 7.65 | 12.24 | 0.6 | 0.63 | 32.89 | 64.96
5 May 37.45 21.13 7.26 | 12.47 | 0.56 | 0.58 | 31.18 | 72.84
6 June 36.85 19.51 6.68 | 12.63 | 0.53 | 0.53 | 29.14 | 78.92
7 July 36.95 18.25 6.21 | 1268 | 0.49 | 0.49 | 27.7 | 82.46
8 August 37.38 16.98 593 | 1258 | 0.45 | 0.47 | 27.89 | 83.24
9 September | 37.05 18.64 574 | 12.28 | 0.50 | 0.47 | 28.81 | 79.06
10 October 35.26 20.93 7.88 | 11.94 | 0.59 | 0.66 | 30.75 | 69.98
11 November | 32.83 21.82 8.61 | 11.66 | 0.66 | 0.74 | 33.59 | 414
12 December | 31.38 21.22 8.73 |11.30 | 0.68 | 0.77 | 33.11 | 27.77

Table 3.15: Solar Radiation and Climate Parameters for Gombe

Ho Hm

(MIm2 | (MIm? n N _ | Tmax | RH
S/IN MONTH day?) day?) (hrs) | (hrs) K n/N | (°C) | (%)
1 January 31.86 20.95 846 | 11.30 | 0.66 | 0.75 | 33.22 | 20.46
2 February 34.53 22.61 8.75 | 1150 | 0.65 | 0.76 | 35.90 | 20.23
3 March 36.94 23.86 8.10 | 11.60 | 0.65 | 0.70 | 37.63 | 26.01
4 April 37.97 23.23 8.00 | 12.30 | 0.61 | 0.65 | 34.76 | 55.95
5 May 37.68 22.40 8.13 | 12.60 | 0.59 | 0.65 |32.99 | 64.60
6 June 37.16 20.77 7.74 | 12.70 | 0.56 | 0.61 |30.23|74.51
7 July 37.21 18.64 522 | 1250 | 050 | 042 |28.17|81.12
8 August 37.52 17.59 514 | 1250 | 0.47 | 0.41 |27.58 | 83.14
9 September 37.00 19.49 6.38 | 12.40 | 0.53 | 0.52 |29.23 | 78.00
10 October 35.00 21.23 764 | 1190 | 0.61 | 0.64 |31.52|65.81
11 November 32.36 21.03 8.93 | 11.70 | 0.65 | 0.76 |33.68 | 37.14
12 December 30.85 20.37 8.65 | 1150 | 0.66 | 0.76 | 32.78 | 25.35
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Table 3.16: Solar Radiation and Climate Parameters for Maiduguri

Ho Hn
(|\/|JITI'2 (MJm‘Z n N _ Tmax | RH

S/IN | MONTH | day?) day?) | (hrs) | (hrs) K /N | (°C) | (%)

1 January 31.39 20.65 8.84 | 11.32 | 0.66 | 0.78 | 32.83 | 18.42

2 February 34.19 22.90 8.33 | 11.66 | 0.67 | 0.71 | 35.98 | 15.32

3 March 36.89 24.47 7.69 | 11.82 | 0.66 | 0.65 | 38.9| 15.32

4 April 38.04 24.10 746 | 1218 | 0.63 | 0.61 | 38.16 | 38.84

5 May 37.89 23.05 7.68 | 1254 | 0.61 | 0.61 | 36.76 | 47.09

6 June 37.45 21.25 7.01 | 1269 | 0.57 | 0.55 | 33.34 | 61.19

7 July 37.44 19.46 578 | 1281 | 052 | 0.45 | 30.09 | 73.55

8 August 37.59 17.95 596 | 1263 | 0.48 | 0.47 | 28.74| 79.3

9 | September | 36.90 20.12 7.23 | 12.15 | 0.55 0.6 | 30.85| 70.72
10 October 34.75 21.63 8.30 | 1195 | 0.62 | 0.69 | 34.37 | 47.72
11 | November | 31.96 21.52 8.87 | 11.58 | 0.67 | 0.77 | 34.87 | 27.85
12 | December | 30.36 20.18 8.46 | 11.26 | 0.67 | 0.75 | 32.79 | 22.73

Table 3.17: Solar Radiation and Climate Parameters for Brinin — Kebbi
Ho Hm _
(MIm? | (MIm? | 7 N Twax | RH

S/IN | MONTH day?) | day?) | (hrs) | (hrs) K | alN | (°C) (%)

1 January 30.89 19.86 | 883 | 11.35 | 0.64 | 0.78 33.49 | 18.63

2 February 33.82 2240 | 7.46 | 11.58 | 0.66 | 0.64 36.32 | 18.41

3 March 36.62 2433 | 7.59 | 11.81 | 0.66 | 0.64 38.81 | 22.03

4 April 38.06 24.52 7.74 | 12.15 | 0.64 | 0.64 38.31| 42.20

5 May 38.10 23.66 | 7.88 | 12.35 | 0.62 | 0.64 36.11 | 52.91

6 June 37.71 22.82 7.34 | 1259 | 0.61 | 0.58 3254 | 66.44

7 July 37.69 1996 | 6.11 | 12.78 | 0.53 | 0.48 29.92 | 75.85

8 August 37.72 18.43 513 | 12.66 | 0.49 | 0.41 29.39 | 78.32

9 September 36.84 20.44 | 557 | 12.37 | 0.55 | 0.45 30.79 | 74.80
10 October 34.46 2152 | 6.97 | 1201 | 0.62 | 0.58 33.93 | 57.75
11 | November 31.53 20.52 | 825 | 11.94 | 0.65 | 0.69 35.18 | 33.83
12 December 29.83 19.62 | 856 | 11.62 | 0.66 | 0.74 33.37 | 25.08
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Table 3.18: Solar Radiation and Climate Parameters for Gusau

Ho Hm

(MJm‘Z (MJm‘Z n N _ Tmax | RH

S/IN | MONTH day?) day?) | (hrs) | (hrs) K | alN | (°C) | (%)
1 January 30.9 20.24 | 7.14 | 1150 | 0.65 | 0.62 | 32.15| 195
2 February 33.82 2261 | 755 | 1181 | 0.67 | 0.64 | 34.98 | 18.75
3 March 36.62 24.37 | 7.34 | 1199 | 0.67 | 0.61 | 37.57|21.72
4 April 38.07 24.82 | 6.67 | 12.10 | 0.65 | 0.55 | 36.3|48.34
5 May 38.07 2390 | 6.21 | 12.21 | 0.63 | 0.51 | 33.86 | 61.78
6 June 37.71 23.11 | 581 | 12.25 | 0.61 | 0.47 | 30.42 | 74.85
7 July 37.70 20.00 | 459 | 1140 | 0.53 | 0.40 | 28.24 | 81.42
8 August 37.75 18.53 | 487 | 1151 | 049 | 0.42 | 27.92 | 82.27
9 September | 36.85 2098 | 6.36 | 11.65 | 0.57 | 0.55 | 29.21 | 79.59
10 October 34.45 2151 | 659 | 11.75 | 0.62 | 0.56 | 32.29 | 62.06
11 November | 31.51 2059 | 6.92 | 11.85 | 0.65 | 0.58 | 33.84 | 33.11
12 December 29.85 19.85 | 7.23 | 11.93 | 0.67 | 0.61 | 31.96 | 24.66

Table 3.19: Solar Radiation and Climate Parameters for Kano
Ho Hnm

(MIm2 | (MIm™2 n N | Twmax RH

SIN | MONTH day?) day?) | (hrs) | (hrs) K | nIN (°C) (%)
1 January 30.91 20.40 | 854 | 11.29 | 0.66 | 0.76 | 30.85 18.7
2 February | 33.79 2298 | 805 | 1143 | 0.68 | 0.70 | 33.96 | 16.22
3 March 36.61 25.05 | 836 | 12.02 | 0.68 | 0.70 | 37.12 |16.43
4 April 38.08 25.35 | 8.24 | 12.23 | 0.67 | 0.67 37.2 40.1
5 May 38.07 2425 | 848 | 1240 | 0.64 | 0.68 | 35.39 |52.82
6 June 37.71 22.80 742 | 1248 | 0.60 | 0.59 | 31.48 |69.13
7 July 37.71 20.32 6.30 | 1244 | 054 | 0.51 | 28.88 | 78.19
8 August 37.74 19.21 6.00 | 12.30 | 0.51 | 0.49 | 28.31 |80.58
9 | September | 36.87 21.06 6.54 | 12.10 | 0.57 | 0.54 | 30.14 |74.34
10 October 34.50 21.38 730 | 1155 | 0.62 | 0.63 | 33.56 |52.06
11 | November | 31.52 2054 | 848 | 11.33 | 0.65 | 0.75 | 33.55 | 28.61
12 | December | 29.84 19.87 | 8.63 | 11.25 | 0.67 | 0.77 30.9 23.32
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CHAPTER FOUR
RESULTS AND DISCUSSION
4.1  Estimation of Global Solar Radiation
Figure 4.1 to figure 4.18 show the measured global solar radiation and all the estimated
global solar radiation obtained using empirical equations developed for different cities
under study. The values of the measured global solar radiation and all estimated global

solar radiations for each city are presented in table 1 to table 18 shown in the appendix.

4.1.1 Global Solar Radiation for Owerri

Figure 4.1 shows the graph of monthly mean global solar radiation plotted against months
of the year for Owerri. The result shows that Hm has peak value of 20.37 MIm2day* in
February and least value of 13.27 MJm2day* in August. H1 has peak value of 21.02 MJm"
2day! in March and least value of 15.85 MJm-2day* in July. Hz has peak value of 20.99
MJm-2day?! in March and least value of 15.81 MJm-day in July. Hs has peak value of
21.08 MJm-day* in March and least value of 15.78 MJm-2day* in July. H4 has peak value
of 21.16 MJm2day in March and least value of 15.77 MJm-2day™ in July. Hs has peak
value of 21.43 MJm-day in February and least value of 13.27 MJm2day™ in July. This
result shows that peak values of global solar radiation determined for Owerri using our
models occurred during March and least values occurred during July except for Hs which

has peak value during February.
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Fig. 4.1: Graph of Global Solar Radiations versus Months of the Years (2000 — 2010)
for Owerri

4.1.2 Global Solar Radiation for Enugu

Figure 4.2 shows the graph of monthly mean global solar radiation plotted against months
of the year for Enugu. The result shows that Hm has peak value of 20.92 MJm-2day in
February and least value of 14.15 MJm2day? in August. Hi has peak value of 20.29 MJm"
2day* in November and least value of 14.80 MJm2day! in June. H; has peak value of 20.55
MJm-2day? in February and least value of 13.36 MJm-?day! in July. Hs has peak value of
21.30 MIm2day* in February and least value of 14.21 MJm2day in August. Hs has peak
value of 22.85 MIm-2day in February and least value of 16.20 MIm2day* in July. Hs has

peak value of 24.98 MJm2day? in February and least value of 19.32 MJm-2day™ in July.
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Fig. 4.2: Graph of Global Solar Radiations versus Months of the Years (2000 — 2010)
for Enugu

4.1.3 Global Solar Radiation for Awka

Figure 4.3 shows the graph of monthly mean global solar radiation plotted against months
of the year for Awka. The result shows that Hm has peak value of 20.92 MJm-2day* in
February and least value of 14.15 MJm-2day* in August. H1 has peak value of 22.23 MJm-
2dayt in March and least value of 14.49 MJm-2day in August. H2 has peak value of 21.95
MJm-2day? in February and least value of 14.54 MJm-?day! in July. Hs has peak value of
21.55 MIm2day* in February and least value of 14.74 MJm2day* in July. Hs has peak
value of 21.61 MJm-day* in February and least value of 14.34 MJm-2day* in July. Hs has

peak value of 21.69 MIm-2day? in February and least value of 14.50 MIm-2day* in July.
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Fig. 4.3.: Graph of Global Solar Radiation versus Months of the Years (2000 — 2010)
for Awka

4.1.4 Global Solar Radiation for Asaba

Figure 4.4 shows the graph of monthly mean global solar radiation plotted against months
of the year for Asaba. The result shows that Hn has peak value of 20.17 MJmday in
February and least value of 13.79 MJm-day* in August. H1 has peak value of 20.75 MJm"
2day? in January and least value of 14.64 MJm=day* in September. H has peak value of
20.42 MIm2day? in February and least value of 14.15 MJm2day™ in July. Hs has peak
value of 20.57 MIm2day* in December and least value of 14.26 MIm-2day* in September.
Ha has peak value of 20.38 MIm2day* in February and least value of 14.34 MJm-2day in
September. Hs has peak value of 21.18 MJm2day* in February and least value of 14.50
MJIm-2day?t in July.

43



22 - =¢—Hm
=l—H1

—_ == H2
‘-'|>. *HB
5 20 - == H4
".‘E =@=H5
5
2
c 18
Rl
-
0
k:
e 16 -
S
o
o
(7]
814 -
o
O

12 T T T T T T T T T T T 1

SHF&HFF&F & & 03"} S A
Q N & ks N O X
v &L ¥ Q,@ o & f
< 9
Months

Fig. 4.4: Graph of Global Solar Radiation versus Months of the Years (2000 — 2010)
for Asaba

4.1.5 Global Solar Radiation for Port — Harcourt

Figure 4.5 shows the graph of monthly mean global solar radiation plotted against months
of the year for Port - Harcourt. The result shows that Hn has peak value of 19.49 MJm"
2day in February and least value of 11.47 MJm-2day* in July. Hy has peak value of 18.12
MJm-2day? in January and least value of 11.37 MJm2day™ in August. Hz has peak value
of 18.18 MJm-day* in February and least value of 10.78 MJm2day™ in August. Hs has
peak value of 20.54 MJm-day* in January and least value of 12.02 MJm-2day* in August.

Ha has peak value of 19.80 MJm2day in January and least value of 11.41 MJm2day in
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August. Hs has peak value of 19.68 MJm-2day* in January and least value of 11.89 MJm-

2day* in August.
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Fig. 4.5: Graph of Global Solar Radiation versus Months of the Years (2000 — 2010)
for Port — Harcourt

4.1.6 Global Solar Radiation for Calabar

Figure 4.6 shows the graph of monthly mean global solar radiation plotted against months
of the year for Calabar. The result shows that Hn has peak value of 20.40 MJm2day in
February and least value of 11.31 MJm2day* in August. Hi has peak value of 19.46 MJm"
2day ! in January and least value of 10.78 MJm-2day* in August. Hz has peak value of 19.45
MJm-2day? in January and least value of 10.87 MJm-2day™ in August. Hs has peak value
of 21.16 MJm-2day* in January and least value of 11.57 MJm2day! in August. H4 has peak

value of 20.77 MJm2day in January and least value of 11.27 MJm-2day™ in August. Hs
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has peak value of 20.40 MJm=2day! in January and least value of 11.16 MJm2day in

August.
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Fig. 4.6: Graph of Global Solar Radiation versus Months of the Years (2000 — 2010)
for Calabar

4.1.7 Global Solar Radiation for Akure

Figure 4.7 shows the graph of monthly mean global solar radiation plotted against months
of the year for Akure. The result shows that Hn has peak value of 20.81 MJm-2day? in
February and least value of 13.56 MJm-2day* in August. H1 has peak value of 21.70 MJm"
2day! in March and least value of 14.14 MJm-2day™ in August. H, has peak value of 20.76
MJIm-2day?t in February and least value of 13.77 MIm-2day! in August. Hs has peak value
of 21.83 MJm-2day! in January and least value of 14.66 MJm2day in August. H4 has peak

value of 20.71 MJm-2day! in February and least value of 13.85 MJm2day! in August. Hs
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has peak value of 21.60 MJm=day* in February and least value of 14.22 MJm-day in

August.
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Fig. 4.7: Graph of Global Solar Radiation versus Months of the Years (2000 — 2010)
for Akure

4.1.8 Global Solar Radiation for Ado - EKkiti

Figure 4.8 shows the graph of monthly mean global solar radiation plotted against months
of the year for Ado - Ekiti. The result shows that Hy has peak value of 20.81 MIm2day*
in February and least value of 13.56 MJmday! in August. Hi has peak value of 19.67
MJm-2day?* in March and least value of 14.46 MJm-2day in August. Hz has peak value of
19.59 MJm=2day? in March and least value of 14.78 MJm-2day™ in August. Hs has peak
value of 19.67 MJm2day in March and least value of 14.64 MJm-2day* in August. H4 has

peak value of 19.71 MJm-2day? in March and least value of 14.66 MJm-2day? in August.
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Hs has peak value of 19.75 MJm-2day! in February and least value of 15.20 MJm-2day in

July.
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Fig. 4.8: Graph of Global Solar Radiation versus Months of the Years (2000 — 2010)
for Ado — EKkiti

4.1.9 Global Solar Radiation for Lagos

Figure 4.9 shows the graph of monthly mean global solar radiation plotted against months
of the year for Lagos. The result shows that Hn has peak value of 20.31 MJm-day in
February and least value of 14.33 MJm2day in August. Hi has peak value of 21.80 MJm"
2day* in February and least value of 13.71 MJm2day? in August. H, has peak value of
21.54 MIm-2day! in February and least value of 13.53 MJm-2day™ in August. Hs has peak
value of 21.73 MJm2day in January and least value of 13.95 MJm-2day™ in August. Ha

has peak value of 21.44 MJm-day* in February and least value of 13.78 MJmday in
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August. Hs has peak value of 20.22 MJm-2day! in February and least value of 14.22 MJm-

2day* in August.
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Fig. 4.9: Graph of Global Solar Radiation versus Months of the Years (2000 — 2010)
for Lagos

4.1.10 Global Solar Radiation for llorin

Figure 4.10 shows the graph of monthly mean global solar radiation plotted against months
of the year for llorin. The result shows that Hn has peak value of 22.12 MJm-day* in
March and least value of 13.95 MJm-2day* in August. Hi has peak value of 22.02 MJm-
2day! in March and least value of 14.49 MJm-2day™ in August. H> has peak value of 22.06
MJm-2day? in February and least value of 14.60 MJmday! in August. Hs has peak value
of 21.89 MIm-2day! in February and least value of 14.78 MJm-2day?* in August. Hs has

peak value of 22.07 MJm2day in March and least value of 14.53 MJmday in August.
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Hs has peak value of 22.16 MIm-day in March and least value of 14.62 MJm-2day™* in

August.
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Fig. 4.10: Graph of Global Solar Radiation versus Months of the Years (2000 —
2010) for llorin

4.1.11 Global Solar Radiation for Abuja

Figure 4.11 shows the graph of monthly mean global solar radiation plotted against months
of the year for Abuja. The result shows that Hn has peak value of 23.25 MJmday! in
March and least value of 14.75 MJm=2day in August. H1 has peak value of 24.18 MJm-
2day! in February and least value of 15.02 MJm-2day? in August. H, has peak value of
23.92 MJm2day* in February and least value of 15.96 MJm-2day! in August. Hz has peak
value of 25.87 MJm-2day! in February and least value of 15.47 MJm-2day in August. Ha
has peak value of 24.22 MJm-2day* in March and least value of 15.80 MJm-2day in July.
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Hs has peak value of 24.16 MJm-2day in March and least value of 15.74 MJm-2day™* in

August.
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Fig. 4.11: Graph of Global Solar Radiation versus Months of the Years (2000 —
2010) for Abuja

4.1.12 Global Solar Radiation for Minna

Figure 4.12 shows the graph of monthly mean global solar radiation plotted against months
of the year for Minna. The result shows that Hm has peak value of 23.15 MJm-day? in
March and least value of 15.50 MJm-2day* in August. H1 has peak value of 21.44 MJm-
2dayt in March and least value of 16.78 MJm-2day* in August. H has peak value of 22.84
MJm-2day* in March and least value of 16.38 MJm-2day in August. Hs has peak value of

21.99 MJm2day* in February and least value of 16.94 MJm-2day! in August. Hs has peak
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value of 23.30 MJm-day* in March and least value of 16.15 MJm2day in August. Hs has

peak value of 23.90 MJm2day? in March and least value of 16.34 MJm2day* in August.
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Fig. 4.12: Graph of Global Solar Radiation versus Months of the Years (2000 —
2010) for Minna

4.1.13 Global Solar Radiation for Yola

Figure 4.13 shows the graph of monthly mean global solar radiation plotted against months
of the year for Yola. The result shows that Hm has peak value of 23.77 MJm-2day* in March
and least value of 16.98 MJm-2day* in August. Hi has peak value of 22.91 MJm-2day in
March and least value of 17.88 MJm-day* in September. Hz has peak value of 24.02 MJm-
2day! in March and least value of 18.04 MJm-2day™ in August. Hs has peak value of 23.26

MJm-2day* in March and least value of 18.10 MJm-2day* in September. Hs has peak value
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of 23.91 MIm2day* in March and least value of 17.98 MJm-2day in August. Hs has peak

value of 24.94 MJm-day* in March and least value of 18.51 MJm2day* in July.
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Fig. 4.13: Graph of Global Solar Radiation versus Months of the Years (2000 —
2010) for Yola

4.1.14 Global Solar Radiation for Gombe

Figure 4.14 shows the graph of monthly mean global solar radiation plotted against months
of the year for Gombe. The result shows that Hn has peak value of 23.86 MIm2day™ in
March and least value of 17.59 MJm-2day* in August. H; has peak value of 23.72 MJm-
2day! in March and least value of 17.97 MJmday in July. H; has peak value of 23.72
MJm-2day?* in March and least value of 17.98 MIm-2day in July and August. Hs has peak

value of 23.46 MIm2day in March and least value of 18.18 MJm2day* in July. H4 has
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peak value of 23.64 MJm-2day™* in March and least value of 17.58 MJm-2day in August.

Hs has peak value of 25.06 MIm2day in March and least value of 19.05 MJm2day in

August.
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Fig. 4.14: Graph of Global Solar Radiation versus Months of the Years (2000 —
2010) for Gombe

4.1.15 Global Solar Radiation for Maiduguri

Figure 4.15 shows the graph of monthly mean global solar radiation plotted against months
of the year for Maiduguri. The result shows that Hm has peak value of 24.47 MJm-2day in
March and least value of 17.95 MJm-2day? in August. H; has peak value of 22.71 MIm-
2day! in March and least value of 18.98 MJm-day in July. H, has peak value of 24.22
MJm-2day?! in March and least value of 18.41 MJmday* in August. Hs has peak value of

24.57 MIdmday? in March and least value of 19.10 MJm=day in August. Hs has peak
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value of 24.65 MJm-day* in March and least value of 18.53 MJm-?day in August. Hs has

peak value of 25.38 MJm2day* in March and least value of 18.94 MJm-2day* in July.
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Fig. 4.15: Graph of Global Solar Radiation versus Months of the Years (2000 —
2010) for Maiduguri

4.1.16 Global Solar Radiation for Birnin Kebbi

Figure 4.16 shows the graph of monthly mean global solar radiation plotted against months
of the year for Birnin Kebbi. The result shows that Hn has peak value of 24.53 MIm2day
Lin April and least value of 18.43 MJmday* in August. H1 has peak value of 23.89 MJm"
2dayt in April and least value of 19.71 MJm2day* in August. H2 has peak value of 24.20
MJm-2day? in April and least value of 18.59 MJm-2day™ in August. Hs has peak value of

23.80 MJm2day™ in April and least value of 19.88 MJm-day? in August. Hs4 has peak
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value of 25.01 MJm-2day* in April and least value of 19.81 MJmday™ in August. Hs has

peak value of 25.12 MJm2day* in March and least value of 20.02 MJm-2day* in July.
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Fig. 4.16: Graph of Global Solar Radiation versus Months of the Years (2000 — 2010)
for Brinin- Kebbi.

4.1.17 Global Solar Radiation for Gusau

Figure 4.17 shows the graph of monthly mean global solar radiation plotted against months
of the year for Gusau. The result shows that Hn has peak value of 24.82 MJm-2day in
April and least value of 18.53 MJmday™ in August. H1 has peak value of 24.27 MJm-
2day! in March and least value of 19.65 MJm2day in December. H. has peak value of
25.47 Mdm-day in March and least value of 19.30 MJm-2day* in December. Hs has peak

value of 24.54 MJm-2day* in March and least value of 19.84 MJm-2day* in December. Ha
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has peak value of 25.33 MJm2day™ in March and least value of 19.27 MJm-2day in

December. Hs has peak value of 25.48 MJm-2day* in March and least value of 19.23 MJm"

2dayt in December
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Fig. 4.17: Graph of Global Solar Radiation versus Months of the Years (2000 —
2010) for Gusau.

4.1.18 Global Solar Radiation for Kano

Figure 4.18 shows the graph of monthly mean global solar radiation plotted against months
of the year for Kano. The result shows that Hm has peak value of 25.35 MJm-2day* in April
and least value of 19.21 MJm2day? in August. H1 has peak value of 24.48 MJm-2day™ in
March and least value of 20.24 MJm-=2day! in August. H2 has peak value of 25.36 MJm-

2day? in April and least value of 19.77 MIm2day in December. Hs has peak value of
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24.51 MIm-day in March and least value of 20.34 MJm2day* in December. H4 has peak
value of 25.26 MJm-2day* in April and least value of 19.70 MIm2day in December. Hs

has peak value of 25.70 MJm2day™ in March and least value of 19.39 MJm-2day in

December.
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Fig. 4.18: Graph of Global Solar Radiation versus Months of the Years (2000 —
2010) for Kano

4.2 Error Analysis of the Estimated Global Solar Radiation

Statistical error analysis was carried out on estimated global solar radiation obtained using
the developed models. The error analysis carried out were Mean Bias Error (MBE), Root
Mean Square Error (RMSE), Mean Percentage Error (MPE) and t — stat (t — test). The

results of the error analysis were presented in table 4.1 to table 4.6.
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Table 4.1 presents the statistical error values of the empirical equations developed for
Awka, Owerri and Enugu cities in south eastern Nigeria. Among the three cities studied in
the south east, Enugu has the best set of empirical equation based on the values of statistical
error indictors used for the evaluation as shown in table 4.19 above. Owerri has the worst

result among the cities. According to t — stat results of the cities; estimated global radiation

was overestimated with H; = H, (0.251 + 0.616 (%)) being overestimated more than
other empirical equations developed for Owerri. Awka has estimated global solar
radiations which correlate with the measured global solar radiation. The best empirical

equation for estimating global solar radiation Awka is H; = H, (0.662 + 0.420 (%) -

0.443 (%)) with t — stat value of 0.050 while the worst empirical equation is H, =

H, (—0.717 + 0.229 (%) + 0.039(Tmax)) with t — stat value of 1.4. Enugu has estimated
global solar radiation values that correlate well with the measured global solar radiation

obtained from NASA. The two empirical models developed for Enugu H; =

H, (0.195 +0.787 (%)) and Hs = H, (—0.0296 +0.282 (%) + 2.355 (%)) performed
well considering the low values of their t — stat which are 0.0045 and 0.0425. H, =
n
N

H, (0.195 + 0.787 ( )) gives the best correlation for Enugu while Hs = H, (—0.0.864 +

0.0463(T,,,,) — 0.181 (%)) gives the worst correlation with t — stat value of 10.96.
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Table 4.1: Statistical Error Values of the Modeled Empirical Equations for South
Eastern Cities

CITIES SOUTH EAST ZONE
OWERRI | Errors H1 H2 H3 H4 HS
MBE 1.964721 1.921624 1.951574 1.964548 1.951791
RMSE 2.283303 2.239857 2.293584 2.295483 2.390249
MPE -12.8165 -12.5464 -12.7433 -12.7969 -12.8281
t-stat 5.601356 5.538195 5.371745 5.487583 4.691576
AWKA | Errors H1 H2 H3 H4 H5
MBE 0.044511 0.335494 0.012804 -0.11314 -0.14963
RMSE 1.254576 0.85558 0.84848 0.702286 0.868922
MPE -0.56126 -1.9321 -0.2702 0.573145 0.725326
t-stat 0.117743 1.413754 0.050053 0.541394 0.579807
ENUGU | Errors H1 H2 H3 H4 HS
MBE -0.0019 -0.91174 0.006732 1.652304 4.117707
RMSE 1.377858 1.163203 0.525573 1.843632 4.303561
MPE -0.60064 5.108441 -0.02746 -9.75862 -24.1947
t-stat 0.004578 4.18622 0.042488 6.700617 10.91633

Table 4.2 gives the statistical error values of the empirical modeled equations developed

for Asaba, Calabar and Port — Harcourt in south southern zone of Nigeria. From the values

of their t — stat, the best proposed empirical equation among the five equations for Asaba

IS H; =H, (0.214+0.822 (%)) with a t — stat values of 0.0126 while H, =

H, (—0.428+0.491(_) +0.026(Tmax)) with t — stat value of 1.940 is the most

undesirable empirical equation. Calabar has estimated global solar radiations which

correlate with the measured global solar radiation. The best performed empirical equation

for the estimation of mean global solar radiation in Calabar is H; = H, (1.633+

0.645 (%) — 1.668 (%)) with t — stat value of 0.0327 while the worst performed
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empirical equation for Calabar is Hs = H, (0.833 + 0.0530(T,,q,) — 2.178 (f%’f))) with t

— stat of 2.249. The estimated global solar radiation for Port — Harcourt obtained using

developed empirical equations correlate well with the measured global solar radiation

obtained from the archives of NASA. The best performed empirical equation is H; =

H, (2.119 +049(Z) - 2.245 (%)) which has t — stat value of 0.083 while the worst is

H, = H, (0.120 +0.801 )) with a t — stat value of 0.671.

Table 4.2: Statistical Error Values of the Modeled Empirical Equations for South

Southern Cities

Cities SOUTH SOUTH ZONE

ASABA Errors H1 H2 H3 H4 H5
MBE 0.003213 -0.37635 | 0.004206 -0.04768 | 0.021174
RMSE 0.846361 | 0.745404 | 0.760537 | 0.558329 | 0.897895
MPE -0.35492 | 2.069262 -0.30052 | 0.202473 -0.26303
t-stat 0.012591 | 1.939963 | 0.018344 | 0.284276 | 0.078233

PORT - Errors H1 H2 H3 H4 HS

HARCOURT | MBE 0.367495 | 0.215124 -0.03261 -0.07209 -0.08269
RMSE 1.852365 | 1.284299 | 1.302841 | 0.869329 | 0.938249
MPE -3.92186 -1.93667 -0.70656 | 0.169114 0.2228
t-stat 0.671337 | 0.563506 | 0.083048 | 0.275995 | 0.293442

CALABAR Errors H1 H2 H3 H4 H5
MBE -0.02849 | 0.252389 -0.00928 -0.14549 -0.57864
RMSE 1.222328 | 1.161431 | 0.942068 | 0.803862 1.03107
MPE -0.41154 -2.07251 -0.44505 | 0.696195 | 3.565734
t-stat 0.077322 | 0.738376 | 0.032656 | 0.610335 | 2.248798

Table 4.3 presents the statistical error indictors and their numerical values for the

developed empirical equations for the three cities of Ado — Ekiti, Lagos and Akure in south

western Nigeria. For Ado — EKiti, the t —stat values for the developed empirical equations

indicate that the global solar radiation obtained using these empirical equations are in line
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with the measured global solar radiation. Hs = H, (0.0388 + 0.00613(T,,0,) —
0.657 (f:—f;)) with t — stat of 1.166 gives the best correlation with the measure global solar

radiation while H; = H, (0.163 + 0.731 (2) 0.0528 (ﬂ» with t — stat of 1.286 gives the
N 100

worst result. Our developed empirical equations for estimating global solar radiation at

Akure give good results. The t — stat results of the five models developed suggested that

all the developed empirical equations can be used to estimate global solar radiation at

Akure. The empirical equation

H; = H, (—1.106 + 0.0567(T,q,) + 0.00493 (f:—fg)) with t — stat value of 0.0232

performed best while H, = H, (—0.834 + 0.186 (%) + 0.0444(Tmax)) with a t — stat

value of 1.633 is the worst empirical equation. All the developed empirical equations for
Lagos performed very well when compared the t — stat values of all the five equations

developed. All the five developed equations for Lagos can be used to estimate global solar

radiation. Among the empirical equations developed for Lagos, Hs = H, (—0.040+

0.0490(T,,4,) — 0.982 (%)) with a t — stat value of 0.00259 is the best while H, =
n
N

H, (—0.181 + 0.623 ( ) + 0.0153(Tmax)) with a t — stat value of 0.0861 is the worst.

This result shows that using maximum temperature and relative humidity for estimation of
global solar radiation in south western Nigeria give optimum result compared to other

empirical equations for each city studied.
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Table 4.3: Statistical Error Values of the Modeled Empirical Equations for South
Western Cities

Cities SOUTH WEST ZONE

ADO - Errors H1 H2 H3 H4 H5

EKITI | MBE -0.43999 -0.44271 -0.45132 -0.44153 | -0.4483737
RMSE 1.231741 1.23701 1.24874 1.232247 1.352342
MPE 1.66372 1.644074 1.702952 1.66367 | 1.66642852
t-stat 1.268416 1.271175 1.285604 1.272915 1.165567

AKURE | Errors H1 H2 H3 H4 H5
MBE 0.038016 -0.37967 0.191472 -0.37419 -0.00562
RMSE 1.053068 0.859393 0.893927 0.850088 0.804685
MPE -0.3346 2.09183 -1.24885 2.045638 -0.05101
t-stat 0.11981 1.633294 0.727274 1.625872 0.023179

LAGOS | Errors H1 H2 H3 H4 H5
MBE 0.01426 0.021517 0.000914 0.007189 0.000819
RMSE 0.872673 0.829101 0.841137 0.78266 1.048484
MPE -0.29637 -0.28415 -0.2365 -0.21399 -0.31167
t-stat 0.054202 0.086102 0.003605 0.030467 0.00259

Table 4.4 presents the statistical error values of the developed empirical equation for the
estimation of mean global solar radiation for Ilorin, Minna and Abuja in north central zone
of Nigeria. All the developed empirical equation for estimating global solar radiation in
llorin performed well. The t — stat values of 0.00148 and 0.212 for H; =

RH
100

H, (0.434 +0.488 (=) — 0.189 ( )) and  Hg = H, (—1.378 + 0.0608(Tpgy) +

0.190 (f:—’i)) respectively clearly indicated that H; performed best while Hs is the worst

empirical equation for llorin. The five empirical equations developed for estimating global

solar radiation at Minna are good according to their t — stat values. H; =

H, (0.264 + 0.558 (%)) with t — stat value of 0.281 gives estimated global solar radiation
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values that closely correlate with the measured global solar radiation from NASA while

H, = H, (—0.652 +0.204 () + 0.0341(Tynay) + 0120 (%)) withat- stat value of 0.351

is the worst performed empirical equation developed for Minna. In Abuja, all the five empirical

equations developed are all good for the estimation of global solar radiation. H; =
H, (0.178+0.772 (%)) with t — stat value of 0.0882 performed best while H, =
H, (—1.247 —0.215 (%) + 0.0620(Tynqx) + 0.163 (f:—*g)) with a t — stat value of 0.247 is the

worst empirical equation developed for Abuja.

Table 4.4: Statistical Error Values of the Modeled Empirical Equations for North
central Cities

CITIES NORTH CENTRAL ZONE
ILORIN | Errors H1 H2 H3 H4 H5
MBE 0.007317 0.005061 0.000264 0.020557 0.030834
RMSE 0.751961 0.370273 0.594114 0.353077 0.483826
MPE -0.21953 -0.10947 -0.21073 -0.15849 -0.20031
t-stat 0.032273 0.045339 0.001476 0.193429 0.211795
MINNA | Errors H1 H2 H3 H4 H5
MBE 0.010157 -0.01357 -0.02469 0.04881 0.025291
RMSE 1.197865 0.554235 0.981031 0.463901 0.686713
MPE -0.49257 -0.07667 -0.27966 -0.30223 -0.17256
t-stat 0.028125 0.081203 0.083513 0.350911 0.122229
ABUJA | Errors H1 H2 H3 H4 H5
MBE 0.031585 0.024951 0.05359 0.056601 0.041092
RMSE 1.187911 0.813378 1.648229 0.761026 0.769891
MPE -0.28515 -0.28104 -0.29398 -0.37814 -0.28956
t-stat 0.088216 0.101787 0.107893 0.247357 0.177275
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Table 4.5 presents the statistical error values of the developed empirical equations for the north
eastern zone of Nigeria. After from the 4th empirical equation developed, all other empirical
equations developed for estimating global solar radiation at Gombe performed well. Hg =
H, (0.431 + 0.0077(Tyq,) — 0.163 (%)) with a t — stat value of 0.0361 performed best
while H, = H, <0.270 +0.382 () + 0.00315(Tqx) — 0.0384 (%)) with a t — stat value

of 2.950 performed worst. All the empirical equations developed for estimation of global solar

radiation at Maiduguri performed well. H; = H, (0.577 + 0.183 (%) —0.196 (%)) with

at—stat value of 0.0359 gives the best performance while H, = H, (0.284 + 0.275 (%) +

0.0057(T,,4,) — 0.107 (%)) with a t — stat value of 0.609 is the worst performed

empirical equation developed for Maiduguri. Empirical equations developed for estimation

of global solar radiation for Yola are good considering their t — stat values of the empirical
equations. Among the five equations developed, H; = H, (0.162 + 0.686 (%)) withat—
stat value of 0.056 performed best while H, = H, (0.0302 + 0.522 (%) + 0.0074(Tmax))

with a t — stat value of 0.556 is the worst.
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Table 4.5: Statistical Error Values of the Modeled Empirical Equations for North

East Cities
NORTH EAST ZONE

GOMBE Errors H1 H2 H3 H4 H5
MBE 0.007461 -0.00533 0.01212 -0.33612 -0.00962
RMSE 0.459519 0.374107 0.396455 0.505714 0.805757
MPE -0.08425 0.032833 -0.11976 1.634396 -0.03619
t-stat 0.053855 0.047263 0.10144 2.950372 0.039609

MAIDUGURI | Errors H1 H2 H3 H4 H5
MBE -0.02172 -0.02524 0.005681 -0.05927 -0.06597
RMSE 0.9987 0.46625 0.525486 0.328293 0.582102
MPE -0.22503 0.114887 -0.15816 0.267223 0.289377
t-stat 0.072147 0.179808 0.035858 0.608797 0.378296

YOLA Errors H1 H2 H3 H4 H5
MBE -0.00962 0.062933 -0.00893 -0.02726 0.024548
RMSE 0.574934 0.380915 0.503917 0.375748 0.933494
MPE -0.09356 -0.33993 -0.09175 0.090552 -0.26322
t-stat 0.055495 0.555593 0.058813 0.241246 0.087247

Table 4.6 presents the statistical error calculation for developed empirical equation for the

estimation of global solar radiation for Birnin Kebbi, Kano and Gusau in north western part

of Nigeria. According to the t —stat value of these developed equations, all the equations

relatively performed well. In Birnin Kebbi, four of the five empirical equations are good

for estimating global solar radiation more than the remaining one. Hy = H, (0.410 +

0.00792(T,,q,) — 0.143 (%)) with a t — stat value of 0.0338 performed best while H, =

H, (0.133 + 0.308 (%) + 0.008(Tmax)) with a t — stat value of 4.409 is the worst for

estimating global solar radiation at Birnin Kebbi. In Gusau, H; = H, (0.429+

0.421 (%) —0.0781 (%)) with a t — stat value of 0.0184 performed best while H, =
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Hy (0.122 + 0.426 (Z) + 0.00815(T,uq) ) With a t — stat value of 0.864 is the worst

empirical equation developed for Gusau. In kano, H, = H, (0.121+0.428 (%)+

0.0069(7_‘max)) with a t — stat value of 0.0112 is the best performed empirical equation

while Hs = H, (0.495 +0.277(3) - 0111 (%)) with a t — stat value of 0.154 is the

n
N

worst empirical equation for estimating global solar radiation at Kano.

Table 4.6: Statistical Error Values of the Modeled Empirical Equations for North
Western Cities

CITIES NORTH WEST ZONE

BIRNIN - | Errors H1 H2 H3 H4 H5

KEBBI MBE 0.020746 -0.71575 -0.03142 | 0.022165 | 0.007494
RMSE 0.868012 | 0.895638 | 0.789675| 0.543387 | 0.735414
MPE -0.3614 3.30081 -0.10758 -0.13738 -0.0927
t-stat 0.079292 440918 | 0.132087 | 0.135398 | 0.033798

GUSAU Errors H1 H2 H3 H4 H5
MBE -0.01164 |  0.201207 0.00532 | 0.054026 | 0.014615
RMSE 1.011009 | 0.798565 | 0.955433 | 0.765301 0.87105
MPE -0.21244 -1.00008 -0.30402 -0.3406 -0.17459
t-stat 0.038183 | 0.863518 | 0.018467 0.23472 |  0.055656

KANO Errors H1 H2 H3 H4 H5
MBE -0.02105 -0.00157 -0.03075 -0.00954 -0.01216
RMSE 0.741466 | 0.464074 | 0.661532| 0.396431 | 0.520248
MPE -0.15804 -0.03592 -0.09497 -0.00433 | 0.015177
t-stat 0.094176 | 0.011222 | 0.154358 | 0.079848 | 0.077513

4.2  Developed Empirical Equation Obtained and their Regression Constants

The developed equations for estimation of global solar radiation are presented in table 7 to

table 24 for each city studied. The R? values which show the measure of the closeness of

the estimated global solar radiation values to their corresponding measured global solar
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radiation values were also presented in the tables. Best performed empirical equations for
each of the city studied were presented in table 4.25. The choice of best performed

equations were done using the t — stat values. Equation with least values of t — stat for each

city were regarded as the best.

Table 4.7: Empirical Equations Developed for Owerri
Models | Empirical Equations R? Values
I n 0.991
H, = H,(0.251 4+ 0.616 (ﬁ)

. H, = H, (0 213 4+ 0.595 ( ) + 0. 00164(Tmax)) 0.991
- Hy;=H 0150+0651< )+00931(RH) 0993
3000 N 100
v RH 0.995

H, = Hy| 0.0203 + 0. 610( ) +0.00442(T,qx) + 0.130

N 100
\/ RH 0.800
He = 0518+00381(Tmax)+0035<100>
Table 4.8: Empirical Equations Developed for Enugu
Models | Empirical Equations R? Values
I n 0.780
H, = H, ( 0.195 + 0.787 (ﬁ)

. H, = H, ( 0.740 + 0.318 (N) + 0. 0380(Tmax)) 0.930
- Hy=H 00296+0282( )+2355( H) 0963
20 N 100
v 0.931
H, = —0.598 + 0.302 (N) +0.0362(Tay)

0.0723 RH
’ 100
\/ B RH 0.892
Hs = Hy| —0.0.864 + 0.0463(T,q,) — 0.181 (ﬁ)
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Table 4.9: Empirical Equations Developed for Awka

Models | Empirical Equations RZValues
! n 0.780
Hy, = Hy [ 0.212 + 0.621 (ﬁ)
n _
! H, = H (—0.717 +0.229 (ﬁ) + 0.039(Tmax)) 0.922
. n RH 0.912
Hs = Hy [ 0.662 + 0.420 (ﬁ) —0.443 (W)
v n _ 0.937
H, = Hy| —0.157 + 0.261 (ﬁ) + 0.0252(T nax)
0.23 RH
“7\100
v - RH 0.899
Hg = Hy| —0.724 + 0.0471(T qy) + 0.161 <m>
Table 4.10: Empirical Equations Developed for Asaba
Models | Empirical Equations RZ
Values
! n 0.902
H, = Hy(0.214 + 0.822 (ﬁ)
n _

! H, = H, (—0.428 +0.491 <ﬁ) + 0.026(Tmax)) 0.942
. H,=H 0181+1073(ﬁ)+0379(RH) 0.920
Y SN T T 100
v n _ RH 0.958
H, = Hy( —0.802 + 0.736 (:) + 0.0260(Tpgy) + 0.367 [ —

N 100
v — RH 0.883
Hs = Hy [ —0.756 + 0.0492(T,qy) + 1.194 (W)
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Table 4.11: Empirical Equations Developed for Port — Harcourt

Models Empirical Equations R?
Values
| fl 0.626
H, = H, [ 0.120 + 0.801 (ﬁ)
n _
! H, = H, (—1.323 +0.329 (ﬁ) + 0.060(Tmax)) 0816
- Hy,=H 2119+049(ﬁ) 2245(RH) 0.808
R SN 7 \100
IV 7 _ 0.912
H, = Hy| 0.530 4 0.199 <ﬁ) +0.0462(T,gy)
1.708 RH
' 100
v _ RH 0.894
Hs = Hy| 0.475 + 0.0571(T,,,,) — 1.901 <ﬁ>
Table 4.12: Empirical Equations Developed for Calabar
Models | Empirical Equations R? Values
| 7l 0.869
n _
! H, = H, (—0.598 +0.706 (ﬁ) + 0.030(Tmax)) 0.887
- H, = Hy( 1.633 + 0.645 (ﬁ) 1668(RH) 0923
ST\ W) T 7P 100
vV il _ R\ | 0.944
H, = H,| 0.882 + 0.315 (ﬁ) +0.034(T,,,,) — 1.734 (ﬁ)
v 0.932

- RH
Hy = H, (0.833 +0.0530(Tax) — 2.178 (ﬁ))
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Table 4.13: Empirical Equations Developed for Akure

Models | Empirical Equations R? Values
| n 0.872
H, = H, | 0.153 + 0.806 (ﬁ)

. H, = H, ( 0.834 + 0.186 (N) +0. O444(Tmax)) 0.926
- Hy=H 0451+0634(”) 0275(RH) 0908
A ' N ' 100
vV RH 0.927
H, = Hy| —0.631 4 0.230 (N) + 0.038(Tpay) — 0.0644 <ﬁ>
Y, RH 0.922
Hs = Hy| —1.106 + 0.0567 (Tpqy) + 0.00493 (100)

Table 4.14: Empirical Equations Developed for Ado EKiti
Models | Empirical Equations R? Values
| n 0.994
I Hy = Ho (0.191 + 0.658 (3 ) + 0.00152(Tynax) ) 0.994
- Hy=H 0163+0731( )00528(RH) 099
300 N 100
AV 0.997
H, = Hy [ 0.0422 + 0.661 (N) +0.00478(T,qx)
+ 0.0685 RH
100
v _ RH 0.923
Hs = H, | 0.0388 + 0.00613(T,,4,) — 0.657 (ﬁ)

71




Table 4.15: Empirical Equations Developed for Lagos

Models | Empirical Equations R? Values
| 7l 0.883
H, = H,| 0.184 + 0.761 (ﬁ)

n _

! H, = H, (—0.181 +0.623 (ﬁ) + 0.0153(Tmax)) 0.894
- Hy,=H 0522+0680(ﬁ> 0367(RH) 0892
ST\ PPN/ T TP 100
IV - _ RHE\) | 0.906
H, = H,| 0.160 + 0.515 (ﬁ) +0.0171(T,q,) — 0.417 <ﬁ>
v _ RH 0.828
Hs = Hy| —0.040 + 0.0490(T,,4,) — 0.982 (ﬁ)

Table 4.16: Empirical Equations Developed for llorin
Models | Empirical Equations R? Values
| 7l 0.932
7l _
! H, = H, <—0.484 +0.251 (ﬁ) + 0.0307(Tmax)) 0.985
. H; = H 0434+0488(ﬁ> 0189(RH) 0962
L W) T T 100
W, ﬁ ~ RE\) | 0.987
H, = Hy| —0.724 + 0.212 (ﬁ) +0.0378(T,pqy) + 0.07 (ﬁ)
V 0.975

Hy

H, (—1.378 + 0.0608(T,0y) + 0.190 (

™)
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Table 4.17: Empirical Equations Developed for Abuja

Models | Empirical Equations RZValues
! n 0.851
H, = Hy (0.178 + 0.772 (ﬁ)

n _
! H, = H, (—0.577 +0.021 (ﬁ) + 0.0388(Tmax)) 0.934
. Hy=H 0401+0555(ﬁ) 0166(RH) 0.892
N 2P\ T 100
v n . RH 0.944
H, = Ho | —1.247 — 0.215 (ﬁ) +0.0620(Tyqy) + 0.163 (W)
v _ RH 0.940
Hy = Ho | —0.876 + 0.0471(Tyqy) — 0.0985 (W)

Table 4.18: Empirical Equations Developed for Minna

Models | Empirical Equations R? Values

| n 0.827

n _
! H, = H, (—0.290 +0.225 <ﬁ) + 0.0244(Tmax)> 0.965
" Hy = H 0470+0398<ﬁ> 0173(RH) 0.891
O =7P\N) T 100
v n _ RA\) |0.975
Hy = Ho (0,652 +0.204 (%) + 0.0341(Type) + 0120 (£
N 100
Y;

100

j RH 0.941
Hs = Hy [ —0.970 + 0.0473(T,,,,) + 0.163 (—)
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4.19: Empirical Equations Developed for Yola

Models

Empirical Equations R? Values

n
H, = H, <0.162 +0.686 (ﬁ)>

0.954

! H, = H, (0 0302 + 0.522 (N) +0.0074(Tonax ) 0.981
- H; = Hy( 0.295 + 0.539 (ﬁ) 00737 0.965
R RRREVTY e 100
W, RA 0.981
H, = Hy| 0.0522 + 0.511 (N) + 0.007(Tpgy) — 0.00884 (W)
v _ 0.874
Hs = Hy| 0.390 + 0.00951(T,py0y) — 0.185 100)
Table 4.20: Empirical Equations Developed for Gombe

Models | Empirical Equations R? Values
' fl 0.961
! H, = H, (0 189 + 0.431 (N) +0. 00407(Tmax)) 0.973
1 0.971

H,=H 0360+0416(ﬁ) 00553(RH)
S ' N ' 100

RH
H, = H, (o 270 + 0.382 (N) +0.00315(Tyq,) — 0.0384 (W))

0.977

- RH
Hy = H, <0.431 +0.0077 (Trnax) — 0.163 (100))

0.875
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Table 4.21: Empirical Equations Developed for Maiduguri

Models | Empirical Equations R? Values
| n 0.814
H, = H, | 0.261 + 0.545 (ﬁ)

. H, = H, (0 0319 + 0.434 (N) +0. 0088(Tmax)) 0.958
- Hy=H 0577+0183<ﬁ> 0196(RH) 0940
A TN 100
IV 0.980

H, = H,| 0.284 + 0.275 ( ) +0.0057 (T )
0.107 RH
' 100
v Hg = H, (0 608 + 0.003(Tyq) — 0.240 (12 )) 0.933
100
Table 4.22: Empirical Equations Developed for Brinin - Kebbi
Models | Empirical Equations R? Values
| 0.793
H, = H, 0339+0453(N)
. (0 133 4+ 0.308 (N) +0. 008(Tmax)) 0.922
! 0.504 + 0.260 (ﬁ) 0105(RH) 0.832
' N 100
v 0.924
H, = H,| 0.188 + 0.268 (N) +0.00808(T,0,)
0.0265 RH
' 100
\Y/ 0.865

RH
He = H, (0 410 4 0.00792(T,,,) — 0.143 <100>>
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Table 4.23: Empirical Equations Developed for Gusau

Models | Empirical Equations R? Values
| n 0.762
H, = Hy(0.262 + 0.654 (ﬁ)

n _
. H, = H, (0.122 +0.426 (ﬁ) + 0.00815(Tmax)) 0.857
- Hy=H 0429+0421(ﬁ) 00781(RH) 0.788
S ' N ' 100
IV Al B RH 0.861
H, = H, | 0.204 + 0.342 (:) +0.0076(T,,4,) — 0.0338( —
N 100
V ~ RH 0.819
Hs = Hy| 0.399 + 0.00857(T,,0,) — 0.116 <ﬁ>
Table 4.24: Empirical Equations Developed for Kano
Models | Empirical Equations R? Values
| n 0.850
H, = Hy| 0.271 + 0.544 (ﬁ)
n _
. H, = H, (0.121 +0.428 (ﬁ) + 0.0069(Tmax)) 0.943
. Hy=H 0495+0277<ﬁ) 0111(RH) 0,880
S ' N ' 100
IV - ~ RH 0.960
H, = Hy| 0.292 4 0.250 (:) +0.0063(T,q,) — 0.0785 | —
N 100
\Y/ 0.933

100

_ RH
He = H, (0.486 +0.00655(T,0,) — 0.166 (—))
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Table 4.25: Best Performed Empirical Equations Developed for Estimation of Global
Solar Radiation at different Sites in Nigeria

Cities Best Models t - stat
Awka H, =H,|0.662 + 0.420 n 0.443 (RH 0.050
= 0052+ o320 () 04 i)
Enugu n 0.0045
H, = Hy( 0.195 + 0.787 (ﬁ)
Owerri _ RO 4692
Hs = Hy| —0.518 + 0.0381(T,,4,) + 0.035 (W)
Calabar H, = H, | 1.633 + 0.645 n 1.668 (RH 0.0327
= 1655 o0t () - 0( Iy
Port — Harcourt i1 = 12119 + 0.49 <r‘z> 2245 (RH) 0.083
T\” AN T 7 100
Asaba n 0.0126
Hy, = Hy [ 0.214 + 0.822 (ﬁ)
Lagos B RH 0.00259
Hs = Hy | —0.040 + 0.0490(T,,,,) — 0.982 (ﬁ)
Akure _ RH 0.0232
Hs = Hy| —=1.106 + 0.0567(T,,4,) + 0.00493 <ﬁ>
Hs = Hy( 0.0388 + 0.00613(T,,,4,) — 0.657 <ﬁ>
Gombe B RH 0.0361
Hs = Hy| 0.431 4 0.0077(T,,4,) — 0.163 <W>
Yola 7 0.056
H, = Hy | 0.162 + 0.686 (ﬁ)
Maiduguri H, = H, (0.577 +0.183 (%) - 0.196 (ﬂ)) 0.0359
N 100
Abuja 7 0.0882
H, = H, (0.178 + 0.772 (ﬁ)
Minna 7 0281
H, = H, (0.264 + 0.558 (ﬁ)
llorin . = 5. {0434 + 0.488 n 0.189 RH 0.00148
= 0454 +osen () - 010 Iy
Gusau H, = H, [ 0.429 + 0.421 n 0.0781 (RH 0.0184
3T\ ' <1V) ' 100)
Kano Hy = Hy (0121 + 0.428 (3 ) + 0.0069 (Tynqx) ) 0.0112
Birnin Kebbi ~ R 0.0338
Hs = Hy| 0.410 + 0.00792(T;q,) — 0.143 (ﬁ)
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CHAPTER FIVE
SUMMARY, CONCLUSION AND RECOMMENDATIONS

5.1 Summary

We have successfully used some measured meteorological data to estimate and analyze the
total solar radiation within the six geopolitical zones in Nigeria, by applying the linear
regression empirical model established by Angstrom (1924) and modified by page (1964).
The Angstrom — Page sunshine based linear regression model for estimation of global solar
radiation was modified using other meteorological data to obtain other multiple linear
regression equations which can be used to estimate global solar radiation in the eighteen
sites studied.

Statistical error evaluations of the estimated global solar radiation that were obtained using
the developed empirical equations were carried out to determine the best and worst
empirical equations for each site. The statistical error analysis carried out were MBE,
RMSE, MPE and t — stat. The t — stat was used to make decisions on the empirical equation
for each site that is the best and which one is the worst. According to Stone (1993), zero
values of t — stat are desirable.  Therefore, developed empirical equations with t — stat
close to zero are regarded as the best while those that are far from zero are regarded as the
worst empirical equations. The choice of t — stat as an overall statistical error tool for
evaluation is due to its dependence on the other two statistical error formulae (MBE and

RMSE) that were calculated in this work.
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5.2 Conclusion

This work shows that in the absence of global solar radiation data, reliable estimates can
be made from easily available meteorological observations of possible sunshine hours,
temperature and relative humidity along with extraterrestrial solar radiation using different
models we developed.

The best model for Awka is H; with t — stat value of 0.050. Enugu has
H, as its best model with t — stat value of 0.0045 while Owerri has H as its best model
with t — stat value of 4.692. The models for South East zone show that global solar radiation
for Owerri could be overestimated using our developed models while that of Awka and
Enugu are good for the estimation of global solar radiation within the regions.

In South South region of Nigeria, the best model for estimation of global solar radiation

for Calabar, Port — Harcourt and Asaba are H, H; and H, respectively. The best model equation

for Calabar has a t — stat value of 0.0327. The best model equation for Port — Harcourt has a t — stat
value of 0.0830 while that of Asaba has a t — stat value of 0.01256. These model equations developed
for these cities could be used for the estimation of global solar radiation in these cities.

Models equations developed for the Cities studied in South West zone which include Lagos, Akure
and Ado — Ekiti performed well and could be used to estimate global solar radiation in these cities. The
best model equation for Lagos is Hs with t — stat value of 0.00259. the best model equation for Akure
is Hg with t — stat value of 0.0232 while the best model for the Ado — EKiti is Hs with t — stat value of
1.166. These equations show that for good estimation of global solar radiation within the South West
zone in Nigeria that the combination of maximum temperature and relative humidity is preferred over

the other model equations.
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In North Eastern Nigeria, the developed models for the estimation of global solar radiation for the three
cities of Gombe, Yola and Maiduguri performed well and could be used for the estimation of global
solar radiation. The best model for Gombe is Hs with t — stat value of 0.0361. The best model for Yola
is H; with t — stat value of 0.056 while the best model for Maiduguri is H; with t — stat value of 0.03509.
These results show that for Gombe, the model which depends on the maximum temperature and
relative humidity is preferred, for Yola the model which depends on the ration of sunshine hours is
preferred while for Maiduguri, the model which depends on the ratio of sunshine hours and relative
humidity is preferred.

The models developed for the estimation of global solar radiation in North central geopolitical zone of
Nigeria are good and could be used in estimating global solar radiation for sites around the locations.
The cities considered in the North central zone are Abuja, Minna and llorin. The best model for the
estimation of global solar radiation for Abuja is H, with t — stat value of 0.0882. The best model for
Minna is H; with t — stat of 0.281 while the best model for llorin is H; with t — stat value of 0.00148.
In the North West zone of Nigeria, models for estimation of global solar radiation in Kano, Gusau and
Birnin Kebbi were developed. All the developed models for these three cities are good for the
estimation of global solar radiation. The best model for Kano is H, with t — stat value of 0.0112. The
best for Gusau is H; with t — stat value of 0.0184 while the best model for Birnin Kebbi is Hs with t —

stat of 0.0388.

The global solar radiation intensity obtained with these models can be used in the design,
analysis and performance estimation of solar energy conversion systems which is gradually

but steadily gaining ground in Nigeria and the world at large.
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5.3

Recommendations

Future research and development work is recommended as follows:

Future researchers should expand this research work in terms of the usage of other
available meteorological data and make solar radiation estimation more accurate.
Also the use of more complex multiple linear regression, quadratic analysis and
polynomials analysis of the meteorological data should be tried for these sites.
Development of solar maps in Nigeria — Maps of solar radiation are important for
solar energy applications as they can illustrate the optimal regions for locating solar
energy systems, such as solar PV or thermal power plants. To develop solar maps,
solar radiation availability in different locations spread wide across the different
climate zones is required. The developed global solar radiation models could help to
establish solar maps for Nigeria, which would be beneficial for the solar energy
implications and building designs.

Other approaches for estimation of global solar radiation in Nigeria such as Artificial
neural networks should be considered. A lack of significant improvement in global
solar radiation predictions using Artificial Neural Networks (ANNS) in Nigeria was
observed compared with the linear regression. From literature, estimation of Global
Solar Radiation using Artificial Neural Networks (ANNSs) is still a green field in
Nigeria and it is believed that there are rooms for further development through
different approaches, such as re-selections of the input climatic variables and/or

using other types of neural networks.
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Nevertheless, there is a need for continual efforts towards improving the accuracy of
estimation which is an essential qualification for precise and correct design and simulation
studies. It would be worthwhile to quote the remark by Myers (2005), "the challenge for
solar radiation models in the 21st century is to reduce the uncertainty in measured data, as
well as develop more robust models (i.e., fewer input parameters and smaller residuals,

under a wider variety of conditions).
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APPENDIX
Table 1: Measured and Calculated Global Solar Radiation for Owerri

Hm Hi H> Hs Ha Hs

(MJIm- (MIm?2 | (MIm? | (MIm? | (MIm? | (MIm?
MONTH day!) |a b day?!) |day?!) |day?!) |day?!) |day?)
January 20.06 | 0.30| 0.52 20.10 20.07 19.91 19.88 19.88
February 20.37 0.29 0.53 20.73 20.73 20.58 20.65 21.43
March 19.55 0.29 0.55 21.02 20.99 21.08 21.16 20.98
April 18.2 0.27 0.59 19.78 19.79 19.80 19.98 21.01
May 16.85 0.27 0.59 19.11 19.09 19.15 19.27 19.73
June 15.06 0.26 0.60 18.33 18.24 18.41 18.33 17.29
July 13.55 0.22 0.68 15.85 15.81 15.78 15.77 16.49
August 13.27 0.22 0.68 16.22 16.19 16.13 16.12 16.94
September 13.87| 0.24| 0.64 17.83 17.76 17.83 17.79 17.67
October 15.36 0.26 0.61 18.48 18.41 18.53 18.50 17.93
November 17.52 0.28 0.57 18.71 18.66 18.75 18.76 18.33
December 19.07 0.31 0.5 20.15 20.06 20.20 20.11 18.46

Table 2: Measured and Calculated Global Solar Radiation for Enugu

Hm H1 H Hs Ha Hs

(MImr (MIm~ | (MIm~ | (MIm~ | (MIm~ | (MJIm"
MONTH 2day?) | a b 2day?) | 2day?) | 2day?) | ?2day?) | 2day?)
January 20.60 | 0.29| 0.55 20.06 19.80 20.18 21.95 23.56
February 2092 | 0.27| 057 20.18 20.55 21.30 22.85 24.98
March 2055 | 0.24| 0.65 17.88 18.64 20.81 21.19 24.26
April 19.01| 0.24| 0.64 18.47 18.74 19.74 21.35 24.26
May 1701 | 0.23| 0.66 17.06 17.01 17.15 19.66 22.69
June 16.15| 0.21| 0.71 14.80 14.20 15.39 16.94 20.23
July 1485| 0.21| 0.71 14.87 13.36 14.37 16.20 19.32
August 14.15| 0.22| 0.70 15.55 13.69 14.21 16.61 19.67
September 1485| 0.22| 0.68 16.41 14.64 15.19 17.51 20.43
October 1658 | 0.26| 0.61 18.81 16.24 17.24 18.88 20.75
November 18.75| 0.29| 0.55 20.29 17.63 18.92 19.96 21.02
December 1993 | 0.28| 0.56 18.95 17.91 18.94 20.08 21.60
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Table 3: Measured and Calculated Global Solar Radiation for Awka

Hm Hi1 H> Hs Ha Hs

(MJIm-? (MIm?2 | (MIm? | (MIm? | (MIm? | (MIm™~
MONTH | day?) a b day?) |day?!) |day?!) |[day?) |day?)
January 20.71 0.30 0.52 18.52 20.43 20.75 20.58 20.92
February 20.92 0.31 0.49 20.63 21.95 21.55 21.61 21.69
March 20.55 0.32 0.47 22.23 21.60 20.98 20.81 20.03
April 19.00 0.29 0.55 19.81 20.59 18.92 19.5 19.74
May 17.74 0.24 0.64 16.21 18.25 16.23 17.21 18.39
June 16.15 0.24 0.65 15.51 15.78 15.39 15.31 15.55
July 14.85 0.22 0.69 14.55 14.54 14.74 14.34 14.50
August 14.15 0.22 0.70 14.49 14.62 14.87 14.46 14.71
September 14.85 0.26 0.61 17.38 16.31 16.79 16.06 15.46
October 16.58 0.26 0.60 17.31 16.88 16.74 16.41 16.13
November 18.74 0.30 0.52 18.91 18.20 17.99 17.65 16.98
December 1993 | 0.32| 0.48 19.15 19.05 19.39 18.89 18.29

Table 4: Measured and Calculated Global Solar Radiation for Asaba

Hm Hi H: Hs Ha Hs

(MJIm- (MIm~ | (MIm™ | (MIm™ | (MIm™ | (MIm"
MONTH 2day?) | a b 2day?) | 2day?) | 2day?) | 2day?) | 2day™?)
January 2006 | 0.28| 056| 20.75| 20.23| 20.08| 19.90| 20.44
February 20.17| 026 0.60| 20.34| 2042 | 1996 | 20.38| 21.18
March 2003 | 023| 0.66| 1859 | 18.84| 18.83| 1942 | 19.68
April 1855| 0.23| 0.67| 18.12| 1852| 1845| 19.18| 19.50
May 1716 | 022| 0.68| 1728| 1740| 1756| 18.01| 1817
June 1589 | 0.21| 0.70| 1594 | 1519 | 16.09| 1566 | 15.30
July 1438 | 021 | 0.72| 1523 | 14.15| 15.16| 1440| 14.15
August 13.79| 0.20| 0.73| 1527 | 1425| 1503 | 1436 | 14.44
September 1441 | 0.19| 0.75| 1464 | 1430| 1426 | 1426 | 15.22
October 16.34| 021 | 0.71| 1563 | 1537 | 1558 | 1564 | 16.06
November 1838 | 0.23| 0.66| 16.92| 16.68| 17.18| 17.24| 17.00
December 1955| 0.28| 056 | 20.02| 1882 | 2057 | 19.67| 17.81
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Table 5: Measured and Calculated Global Solar Radiation for Port - Harcourt

Hm

(MJm' Hi H> Hs H4 Hs

2day (MIm? | (MIm? | (MIm? | (MIm? | (MJm™?
MONTH | %) a b day?) |day?) |day?!) |day?) |day?)

January 1892 | 0.29] 0.55 18.12 17.94 20.54 19.80 19.68

February 1949| 0.26| 0.61 16.54 18.18 17.67 18.64 19.01

March 1795| 0.25| 0.64 15.94 17.78 15.35 16.89 17.27
April 16.36 | 0.25| 0.63 16.19 18.17 15.38 17.07 17.42
May 15.03| 0.26| 0.61 16.22 17.10 14.95 15.91 15.96
June 1207 0.25| 0.63 15.19 14.08 14.09 13.48 13.24
July 1147 0.22] 0.70 12.31 11.40 12.50 11.74 11.97
August 1226 020] 0.73 11.37 10.78 12.02 1141 11.89

September | 1221 | 0.22| 0.69 13.55 12.48 12.58 11.98 12.03

October 1341 0.26| 0.61 16.32 14.46 14.27 1331 12.79

November | 1546 | 0.28| 0.56 17.64 16.13 15.71 14.99 14.32

December | 18.18| 0.29| 0.54 17.84 16.89 17.36 16.72 16.21

Table 6: Measured and Calculated Global Solar Radiation for Calabar

Hm Hi H> Hs H4 Hs

(MIm- (MIm~ | (MIm™ | (MIm™ | (MIm™ | (MIm"
MONTH 2day?) | a b 2day?) | 2day?) | 2day?) | 2day?) | 2day™)
January 20.14 | 0.27| 0.60| 1946 | 1945, 21.16| 20.77| 20.40
February 2040 0.25| 0.63| 18.69| 1934 | 1943 | 19.71| 19.55
March 1869 | 023| 068| 1660 | 17.74| 16.63| 17.41| 17.46
April 1659 | 0.23| 0.67| 17.06| 18.21| 16.63| 1741| 17.33
May 1564 | 024| 065| 1755| 18.01| 1640 | 16.41| 15.67
June 1250 | 022 0.69| 1491 | 1479| 14.21| 1361| 1276
July 1160 0.19| 0.76| 11.62| 11.62| 1206| 11.66| 11.36
August 11.31| 0.18| 0.78| 10.78| 10.87| 1157 | 11.27| 11.16
September 1196 | 0.18| 0.77| 11.64| 11.87| 11.85| 11.67| 11.45
October 13.83| 0.20| 0.73| 13.71| 13.83| 13.32| 12.99| 12.43
November 16.00| 0.23| 0.67| 1598 | 16.07| 1537 | 15.01| 14.26
December 1847 | 026| 0.60| 18.80| 18.39| 1839| 1749| 16.35
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Table 7: Measured and Calculated Global Solar Radiation for Akure

Hm Hi H2 Hs Ha Hs

(MImr (MIm™ | (MIm™ | (MIm™ | (MIm™ | (MIm’
MONTH 2day?) | a b 2day?) | 2day?) | ?day?) | 2day?) | 2day?)
January 2039 031 0.49| 20.78| 20.47| 21.83| 20.68| 20.77
February 2081 | 0.28| 0.56| 1942 | 20.76| 20.35| 20.71] 21.60
March 20.75| 0.29| 053] 21.70| 20.45| 21.19| 20.41| 20.58
April 1925| 0.29| 054 2156 | 20.02| 20.76 | 19.95| 20.08
May 18.11| 0.26| 0.60| 1848| 1854| 18.28| 18.39| 19.08
June 16.43 | 0.24 0.64| 16.34| 1550| 16.34| 1552 | 15.78
July 1473 022| 0.69| 1427| 1381| 14.68| 13.88| 14.22
August 1356 | 0.21 0.70 | 1414 | 13.77| 1466 | 13.85| 14.22
September 1516 | 0.23| 0.68| 1537| 15.13| 15.63| 15.13| 15.61
October 16.95| 0.26| 061]| 17.39| 16.65| 17.24| 16.62| 16.94
November 1943 | 0.28| 057| 18.14| 1753| 17.94| 1748| 17.81
December 20.11| 0.29| 054 | 1856 | 1852| 19.07| 1856 | 1891

Table 8: Measured and Calculated Global Solar Radiation for Ado EKkiti
Hm Hi H> Hs Ha Hs
(MIm- (MIm~ | (MIm™ | (MIm™ | (MIm™ | (MJImr

MONTH | ?day?) 2day™?) | 2day?) | ?day?) | 2day?) | 2day™?)
January 20.39 | 0.28 056| 1841 | 1852| 18.29| 1832 | 18.70
February 20.81 | 0.27 058 | 19.32| 19.36| 19.24| 19.30| 19.75
March 20.75| 0.26 0.60| 19.67| 19.59| 19.67| 19.71| 19.57
April 19.25| 0.25 0.63| 18.82| 18.69| 18.75| 18.86| 19.36
May 18.12 | 0.25 0.64| 18.06| 17.93| 17.98| 18.05| 18.39
June 16.43 | 0.23 0.67| 16.40| 16.33| 16.34| 16.33| 16.23
July 14.73 | 0.22 069| 1579 | 15.78| 15.78| 1569 | 15.20
August 1356 | 0.21 0.72| 1446| 1478| 1464 | 1466 | 15.30
September 15.20 | 0.22 0.69| 16.18| 16.19| 16.16| 16.16| 16.26
October 1691 | 0.25 063| 1759 | 1742| 1751 | 1747| 16.93
November 19.44| 026| 0.61| 17.29| 17.18| 17.23| 17.25| 17.14
December 20.11 | 0.29 054| 1845| 1866 | 18.71| 1861 | 17.50
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Table 9: Measured and Calculated Global Solar Radiation for Lagos

Hm Hi H2 Hs Ha Hs

(MImr (MIm~ | (MIm™ | (MIm™ | (MIm™ | (MIm’
MONTH 2day?) | a b 2day?) | 2day?) | 2day?) | 2day?) | ?day?)
January 19.24| 0.28| 056| 1858| 1861 | 19.19| 19.32| 20.05
February 2031 0.30| 051 | 2180| 2154 | 21.73| 21.44| 20.22
March 2023 | 0.26| 0.60| 19.24| 1946 | 18.96| 19.17| 19.05
April 19.01| 0.26| 0.61| 1893| 19.35| 18.70| 19.14| 19.59
May 1691 | 0.24| 0.65| 16.66| 1724 | 16.61| 17.26| 18.58
June 1433 | 0.23| 0.68| 1542 | 1558 | 1543| 15.60| 16.20
July 1444 | 0.23| 0.68| 1535| 15.03| 1541 | 15.06| 14.79
August 1490 0.20| 0.73| 13.71| 1353| 13.95| 13.78| 14.34
September 1508 | 0.22| 069| 1550| 15.28| 1540, 15.14| 14.87
October 16.47| 025| 0.63| 17.29| 17.08| 17.04| 16.77| 15.98
November 1863 | 0.27| 058| 18.26| 18.15| 18.04| 17.89| 17.07
December 19.36| 0.28| 056| 18.35| 1831 | 18.46| 18.43| 18.18

Table 10: Measured and Calculated Global Solar Radiation for Ilorin

Hm H1 Ho  [Hs  [Hs  [Hs

(MIm- (MIm~ | (MIm™ | (MIm™ | (MIm™ | (MJIm"
MONTH 2day?) | a b 2day?) | 2day?) | 2day™?) | 2day?) | 2day™?)
January 2055| 030| 052 1852| 20.22| 19.80| 20.15| 20.56
February 2154 0.33| 0.47 21.48 22.06| 2189 | 22.06 22.14
March 2212 032 049| 2202| 2193| 21.64| 22.07| 22.16
April 20.71| 0.28| 056 | 20.04| 20.25 1956 | 20.49 20.96
May 19.22| 0.27| 058| 19.01| 19.13| 18.63| 1931 | 19.66
June 1747 | 0.26 | 0.61 17.88 17.05 17.57 16.99 16.62
July 15.19| 0.22| 0.70 15.09 14.90 15.23 14.81 14.73
August 1395| 0.21| 0.72 14.47 14.60 14.78 14.53 14.62
September 16.18| 0.23| 0.66| 16.26| 16.35| 16.27| 16.37| 16.55
October 1797 | 0.28| 056| 18.84| 18.29| 1842 | 1834 | 18.20
November 20.15| 034 | 044 | 2094 19.95| 20.42 19.93 19.39
December 2033 035| 041 2091| 20.72| 21.16| 20.59| 20.15
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Table 11: Measured and Calculated Global Solar Radiation for Abuja

Hum Hi H Hs Ha Hs
(MJIm- (MIm | (MIm™ | (MIm™ | (MJIm~ | (MJIm"
MONTH 2day?) | a b 2day?) | 2day?) | 2day?) | 2day?) | 2day?)
January 2130 031] 050| 20.09| 2143| 2297| 21.07| 21.04
February 2230 0.34| 044| 2418 | 23.92| 2587| 23.64| 23.86
March 2325 0.32| 048] 24.10| 2387| 24.12| 2422| 24.16
April 2198| 0.29| 054| 2189| 21.36| 20.78| 2192 21.79
May 2004 0.29| 055| 2150| 19.95| 20.19| 19.99| 20.21
June 18.13| 0.26| 0.60| 1881 | 1758 | 18.43| 17.29| 17.56
July 1595 024| 066| 16.73| 16.18| 17.00| 15.80| 15.98
August 1475| 022| 0.70| 15.02| 1596 | 1547 | 15.97| 15.74
September 1714 | 024 | 066| 16.81| 1747 | 16.15| 17.74| 17.48
October 1924 | 028| 057| 19.21| 1856| 17.39| 18.72| 18.75
November 2145 029| 054| 19.15| 20.13| 18.63| 20.58| 20.27
December 21.00| 030| 051| 1940| 20.40| 20.16| 20.27| 20.20

Table 12: Measured and Calculated Global Solar Radiation for Minna

Hum Hi  [Hz  [Hs [Hs [Hs
(MIm- (MIm~ | (MIm™ | (MIm™ | (MIm™ | (MJIm"
MONTH 2day?) | a b 2day?) | 2day?) | 2day?) | 2day?) | 2day™)
January 20,721 031| 049| 19.23| 20.61| 20.61| 20.24| 20.48
February 2192 032| 048| 21.03| 2273| 21.99| 22.79| 2327
March 2315 030 051| 2144 2284 | 21.65| 23.30| 23.90
April 2214 0.29| 054 | 2119 2137 2056 2193| 2215
May 2043 | 0.28| 057| 19.84| 1995| 1940| 20.35| 20.62
June 1864 | 0.25| 064| 1762 | 1764 | 1759 | 17.72 18.05
July 1643 | 0.24| 0.65| 1722 | 16.63| 17.21| 16.45| 16.50
August 1550 | 0.23| 0.67| 16.78| 16.38| 16.94| 16.15| 16.34
September 1756 | 0.26| 0.60| 18.75| 18.01| 18.40| 18.01 17.89
October 1968 | 032| 047| 21.69| 19.76 | 20.44| 19.90| 18.92
November 21.05] 036| 039 2214| 20.88| 21.34| 20.98| 20.05
December 2089 036| 039 21.29| 21.13| 2166| 20.86| 20.23
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Table 13: Measured and Calculated Global Solar Radiation for Yola

Ha

Hm Hi H> Hs (MImr

(MJImr (MIm™ | (MIm™ | (MIm" | 2day” | Hs (MJmr
MONTH 2day?) | a b 2day?) | 2day?) | 2day?) | }) 2day™?)
January 2154 | 0.36| 0.39| 2156| 21.46| 21.83| 2141 21.63
February 22.79 | 0.35| 0.42| 2222| 2292| 22.68| 22.85 23.90
March 2377 | 034 | 044 | 2291 | 24.02| 23.26| 2391 24.94
April 22.76 | 0.32| 047 | 2240| 2275| 22.15| 22.61 22.09
May 2113 | 0.31| 050| 21.02| 21.15| 20.79| 21.03 20.67
June 1951 | 0.29| 054 | 19.34| 19.23| 19.23| 19.14 19.20
July 18.25| 0.28| 056 | 18.40| 18.13| 18.41| 18.07 18.51
August 1698 | 0.27| 058| 18.14| 18.04| 18.23| 17.98 18.74
September 1864 | 0.27| 058| 17.88| 18.06| 18.10| 17.99 19.18
October 2093 | 0.34| 045| 21.68| 21.24| 21.13| 21.11 19.50
November 2182 0.36| 0.39| 21.95| 21.81| 21.75| 21.70 20.78
December 2122 | 037| 0.37| 21.71| 21.29| 21.68| 21.22 20.51

Table 14: Measured and Calculated Global Solar Radiation for Gombe

Hm Hi H> Hs H4 Hs

(MIm- (MIm~ | (MIm™ | (MIm™ | (MIm™ | (MIm"
MONTH 2day?) | a b 2day?) | 2day?) | 2day™?) | 2day?) | 2day™?)
January 2095| 0.36| 038| 20.85| 20.65| 21.07| 20.72| 20.82
February 22.61| 037] 0.38 22.80 22.92 23.00 22.90 23.29
March 23.86| 0.35| 042 23.13 23.72 23.46 23.64 | 25.06
April 23.23| 0.33] 045 22.86 23.18 | 22.75 22.65 23.07
May 2240 0.33] 0.46 22.65 22.69 | 22.36 22.06 21.84
June 20.77| 0.32] 0.48 21.66 21.39| 21.30 20.72 20.15
July 1864 | 0.26 | 0.62 17.97 17.98 18.18 17.60 19.19
August 1759 | 0.25| 0.62 18.04 17.98 18.23 17.58 19.05
September 1949 | 0.29| 0.55 19.75 19.62 19.67 19.09 19.57
October 21.23| 0.33] 0.46 20.91 20.76 | 20.64 | 20.21 19.83
November 21.03| 0.37| 0.37 21.40 21.22 21.28 20.96 20.38
December 2037 | 037| 038| 2026| 1999| 2037| 1999, 19381
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Table 15: Measured and Calculated Global Solar Radiation for Maiduguri

H: H: Hs

Hm (MJIm™ | (MIm™ | (MJIm™ | Ha Hs

(MJImr 2day” |?day” |2day | (MIm? | (MJIm?
MONTH 2day?) | a b D) D) D) day?) day?)
January 2065| 0.37| 0.37] 2155| 20.71| 21.46 20.91 20.79
February 2290 | 0.35| 041 | 2224 | 2252 | 23.17 22.88 23.22
March 2447 | 033 | 046 | 2271 | 2422 | 24.57 24.65 25.38
April 2410 | 0.32| 048 | 22.63| 24.10| 23.32 23.90 23.94
May 23.05| 0.32| 048 | 2253| 2354 | 2261 23.17 22.93
June 21.25] 0.30| 052 | 21.05| 21.16| 20.90 20.99 21.02
July 1946 | 0.27| 059 | 18.98| 18.44 | 19.29 18.75 19.53
August 1795| 0.27| 058 | 19.48| 1841 | 19.10 18.53 18.94
September 20.12 | 0.31| 049 | 21.60| 20.73| 20.20 20.22 19.59
October 21.63 | 0.34| 043 | 2223| 22.09| 21.22 21.54 20.73
November 2152 | 037| 038 | 21.68| 21.45| 21.18 21.21 20.64
December 20.18 | 0.36| 0.39| 20.35| 19.63| 20.34 19.83 19.79

Table 16: Measured and Calculated Global Solar Radiation for Birnin Kebbi

Hum H; H, Ha Ha Hs
(MIm- (MIm | (MIm™ | (MIm™ | (MIm~ | (MIm"
MONTH 2day?) | a b 2day?) | 2day?) | ?day?) | ?day?) | 2day?)
January 19.86| 0.37| 0.37 21.35 19.78 21.21 20.45 20.03
February 2240 | 0.33| 0.46 21.33 21.03 22.05 21.95 22.70
March 2433 | 0.33| 0.46 23.08 23.49 23.73 24.46 25.12
April 2452 | 0.33| 047 23.89 | 2420| 2380 | 25.01 24.86
May 23.66 | 0.33| 047 2393 | 2356| 2340| 24.26| 23.63
June 2282 031 050 2275| 2161 22.09| 2224| 21.60
July 1996 | 0.27] 058| 2094 | 19.58| 20.68| 20.27 20.30
August 1843 | 0.25] 0.63 19.71 18.59 19.88 19.36 | 20.02
September 20441 0.26| 0.60| 20.00 19.09 19.99 19.81 20.15
October 2152 031 051 20.74 | 20.10| 2048 | 20.76 | 20.54
November 2052 | 0.34| 043| 20.55 19.78 | 20.43| 20.44| 20.19
December 1962 | 0.36| 0.40| 20.07 18.70 19.96 19.34 19.04
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Table 17: Measured and Calculated Global Solar Radiation for Gusau

Hm Hi Ho Hs Ha Hs
(MImr (MIm~ | (MIm™ | (MIm™ | (MIm™ | (MJIm"
MONTH 2day?) | a b 2day?) | 2day?) | 2day?) | 2day?) | 2day?)
January 2024 | 0.32| 0.48| 20.65| 20.24| 20.87| 20.22| 20.15
February 2261 | 0.33| 046| 23.00| 23.19| 2312| 23.07| 2290
March 2437 | 032| 048| 24.27| 2547| 2454 | 25.33| 2548
April 2482| 030| 053] 23.70| 25.06| 23.73| 24.82| 24.90
May 2390 | 0.28| 056| 22.64| 23.60| 2265| 23.39| 2351
June 2311 | 0.27| 058| 2159 | 21.76| 2151 | 2158| 21.60
July 20.00| 0.25| 0.63| 19.79| 19.89| 20.16| 19.93| 20.61
August 1853| 0.26| 0.61]| 20.34| 20.16| 20.50| 20.13| 20.49
September 20.98| 0.30| 053] 22.80| 22.03| 2198| 21.58| 20.52
October 2151 | 030| 052| 21.67| 21.69| 2125| 21.37| 20.80
November 2059 | 0.31| 050| 20.28| 20.55| 2044 | 20.47| 20.50
December 19.85| 0.32| 0.49| 19.65| 19.30| 19.84| 19.27| 19.23

Table 18: Measured and Calculated Global Solar Radiation for Kano

Hm Hi H> Hs Ha Hs
(MImr (MIm™ | (MIm™ | (MIm™ | (MIm™~ | (MIm"
MONTH 2day?) |a b 2day?) | 2day?) | 2day?) | 2day?) | 2day?)
January 2040 | 0.36 | 0.38 | 21.10 | 20.33 | 21.13 | 20.42 | 20.31
February 2298 | 035 | 042 | 2211 | 2220 | 22.71 | 22.62 | 23.03
March 25.05 | 0.34 | 043 | 2378 | 2471 | 2451 | 25.15 | 25.70
April 25.35 | 0.34 | 044 | 2428 | 2536 | 24.26 | 25.26 | 25.25
May 2425 | 034 | 043 | 2448 | 25.04 | 23.82 | 2453 | 23.99
June 22.80 | 031 | 050 | 2241 | 2235 | 21.98 | 22.05 | 21.77
July 20.32 | 0.28 | 056 | 20.61 | 20.25 | 20.68 | 20.33 | 20.57
August 19.21 | 0.28 | 057 | 20.24 | 19.82 | 20.41 | 19.97 | 20.29
September 21.06 | 0.29 | 053 | 20.83 | 20.66 | 20.73 | 20.60 | 20.65
October 21.38 | 032 | 047 | 21.21 | 2150 | 21.12 | 2141 | 21.37
November 2054 | 036 | 0.39 | 2138 | 21.21 | 21.14 | 21.06 | 20.75
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