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Abstract

Estimating global solar radiation incident on any surface of various orientations is
essential for designing and analyzing PV systems and to evaluate their long-term
average performance. However, the only available global solar radiation dataset are
provided by meteorological stations and are often available for a limited number of
locations. The global solar radiation dataset can be daily or hourly. In this study,
Whillier/ Liu and Jordan (WLJ) model was employed to estimate monthly- mean
hourly global solar radiation from the daily ground measured data of global solar
radiation of Kaduna obtained from Nigerian Meteorological Agency (NIMET). The
performance of the model was assessed with hourly global solar radiation
measurements using Mean Absolute Bias Error (MABE), Root Mean Square Error
(RMSE), Mean Bias Error (MBE) and t-statistical test. From the obtained results, it
can be shown that the WLJ model gives good estimates, and therefore recommended
for further study and applicability to different parts of Nigeria.
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INTRODUCTION

Energy from the sun is environmentally friendly, replenishable and is in great abundance; therefore its effective use for electricity
generation in photovoltaic (PV) system is essential [1].

The design and sizing of these PV systems depends on the availability, accessibility, and accuracy of global solar radiation data for any
location.

The three distinct techniques through which the global solar radiation can be made available are through ground measurement, satellite
measurement and estimation. Unfortunately, global solar radiation data from ground measurement and satellite-derived measurements are
not commonly obtainable for every location due to the complexity of the tools and apparatus, technologies, lack of expertise and cost
implications [2].

This made researchers to place more emphasis on estimation technique in determining the magnitude of global solar radiation of a
location.

To successfully estimate the global solar radiation for a known location using estimation technique, it is necessary to use a theoretical
model with certain known input parameters.

The first theoretical model for estimating monthly average daily global solar radiation based on sunshine duration was first proposed in
1924 and is known as Angstrom model [3]. This model was revisited and modified in 1940 to resolve the ambiguity characterizing the
definition of the clear sky global solar radiation [4]. The modified relation is known as Angstrom- Prescott model. The Angstrom model
again was modified in 1964 to base it on extraterrestrial radiation on a horizontal surface rather than on clear-day radiation [5].

These set of models are known as the temperature- based models and sunshine duration-based models which uses sunshine duration and
other input parameters to output daily estimate of global solar radiation of a chosen location. These daily estimation models of global
solar radiation have been successfully applied to quantify the magnitude of global solar radiation in different locations in Nigeria [6] —
[8].

While daily global solar radiation information is important in many energy applications in renewable energy and research areas, hourly
global solar radiation information provides a better, clearer and detailed description of the magnitude of the global solar radiation
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received in a particular day for better accuracy in analyzing, modeling, sizing and designing of PV systems.

For this reason, there is need to provide hourly solar radiation information for every location.

The set of models that compute hourly estimates of global solar radiation are known as the radiation ratio models. Hourly Estimation of
global solar radiation H;, using these types of models is not easy or straightforward because one has to first calculate the radiation ratio r,
to estimate the hourly solar radiation. These types of models also require measured daily global solar radiation H, to calculate the hourly
global solar radiation as shown in equationZ:

Hh = T'Hd (1)

Where H, is the measured monthly daily radiation to be collected from any meteorological station and r radiation ratio.

The first radiation ratio model for estimating hourly global solar radiation from daily measured global solar radiation was introduced in

1953 known as the Whillier model [9] — [10]. This radiation ratio model was later modified in 1960 by providing a generalization [11].
This generalization reduces the Whillier radiation ratio model by assuming (%) sin (i) is approximately 1 [11]. With this assumption,
the Whillier and Liu and Jordan models almost gives same results. As a result, the reduced Whillier model is known as Whillier/ Liu and
Jordan model abbreviated as WLJ and the radiation ratio is express as ry,;,;. This model has been successfully applied to estimate the
magnitude of solar radiation of different location. There are several radiation ratio theoretical models developed in literatures for hourly
estimation of global solar radiation and are also applied in different locations by using measured daily global solar radiation of the
location as inputs [12] — [19].

Unfortunately, none of these hourly radiation models has been employed for hourly estimate of global solar radiation in Nigeria. The
only available global solar radiation information available is the daily global solar radiation.

This study, therefore will compute monthly average hourly estimate of global solar radiation using radiation ratio model of Whillier/ Liu
and Jordan with monthly average ground measured daily global solar radiation from meteorological station as input. Also, the relative
performances of this model will be assessed by using Mean Bias Error (MBE), Mean Absolute Percentage Error (MAPE), Root Mean
Square Error (RMSE), and t- statistical test.

STUDY AREA DESCRIPTION

The city of Kaduna is located in the northern Guinea savannah zone of Nigeria. It lies between latitudes 10°N and 11° N and longitude 7°
and 8° E at an altitude of 645 m above sea level. The interface between the two, known as the Inter-tropical Convergence Zone, is a front
which moves irregularly in March up to October when it retreats. After October, the Sahara system dominates the weather. The rainy
season in the Kaduna city region starts around March and ends in October. Annual rainfall averages around 1200 mm. The rainfall
pattern is traditionally characterized as

monomodal with peak precipitation between July and August. The mean monthly temperature generally varies between 26°C and 34°C
with maximum temperatures occurring in February, March and April and minimum temperatures in the ‘‘Harmattan’’ months of
November, December and January.

METHODOLOGY

Whillier/ Liu and Jordan (WLJ) model

The original Whillier radiation ratio model is defined as:
T %sin(i)(cos Wp—cos W)

w = Z

2

sin Ws—-W; cos Ws

The assumption of Liu and Jordan reduced the Whillier equation above to;
_r (cos Wp—cos W) 3)

rWL] 24 sin WS—;[EWS cos Wy (

The sunset hour angle W is defined as:

W, = cos™1(—tan ¢ tan §) 4)

Where ¢ is the latitude of the research location in degrees as stated above.

And § is the sun declination angle given in degrees and defined as:

8§ = 23.45sin [% (284 + n)]

Where n is the day of the year; for example, January 20 means that n = 20.

And solar hour angle (or angle of the) W, is defined as:

Wy = %(tsol -12) (6)

Where tg,; is the solar time at the mid-point of the hourly period of interest. It should be noted here that W, is zero at solar noon,
negative before solar noon and positive after solar noon in the northern hemisphere. The signs are reversed in the southern hemisphere.
Solar time (t,,;) can be calculated using:

tsor = tse + 4(Lst — Lioc) + Eor (N

Where t; is the local standard time taken from 6 AM to 5 PM.

The local standard time meridian Lgy is the reference meridian used for a particular time zone and is similar to the prime meridian, used
for Greenwich Mean Time of the local time zone and is given by;

Ler = 15° x Time zone in GMT 8)

L1oc is the longitude of the research location measured to be 7.45°E.

®)
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The equation of time E, (in minutes) is the difference between true solar time and mean solar time both taken from a known longitude
at the same real instant of time given by:

Eor = 9.87sin(2B) — 7.53 cos(B) — 1.5sin(B) 9)
Where B is the day angle (in degrees), given by;
B=3(n-81) (10)

365
Where n is the day of the year as explained earlier.

The monthly average hourly global solar radiations was calculated using equation 11 for each day and month of the year as indicated in
Table 2.

Hy = ToHg (11)

Where H is the measured monthly average daily radiation collected from any meteorological station and 7 is the radiation ratio from
WLJ.

RESULTS

EXPERIMENTAL DATA

The measured data of hourly global solar radiation of Kaduna was obtained from Nigeria Meteorological Agency (NIMET) with latitude
of 10.60° N and longitude of 7.45°E spanning from 2014 to 2018. The monthly- mean hourly global solar radiation was computed by
averaging individual hourly values for each month for five years. The long term monthly-mean daily global solar radiation is obtained as

the sum of hourly global solar radiation for that day.
Table 1. Measured Average Hourly Global Solar Radiations in (W/m?) for Kaduna.

Time » 6am 7am 8am 9am 10 a.m 1l1am 12 p.m 13 p.m 14 p.m 15p.m 16 p.m 17p.m
Month

January 4.2 175 337.22 497.58 592.6 671.61 683.76 625.79 507.75 433 233.6 48.3
February 13.9 176.1 358.075 551.075 | 699.108 | 797.475 | 820.375 | 756.208 | 627.43 496.641 | 314 91.775
March 35.87 175 323.7667 470.983 | 592.766 | 663.05 673.733 | 620.783 | 511.533 | 369.733 | 216.667 | 82.9333
April 69.14 173.89 | 288.54 392.94 472.74 515.14 508.54 463.54 379.34 271.14 161.34 63.34
May 89.14 202 308.54 384.94 441.74 480.14 481.54 440.54 389.34 290.14 200.34 69.34
June 76.88 190 312.2 426.6 515.4 562.6 561.4 511.8 4214 308.4 185.6 41.6
July 44.65 128.4 220.1 302.775 | 369.775 | 408.775 | 411.975 | 380.275 | 317.075 | 235.875 144.175 | 61.275
August 40.2 115.1 196.4 273.4 333 369.7 375.7 342.1 283.85 205.3 122.74 46.313
September 67.2 190.7 346 458 546 593.8 591 530.3 426.2 391.8 76.2 25.2
October 31.6 88.2 148.41 199.2 246.4 260.1 251.9 223.3 163 1135 66.6 6.4
November 41.2 129.96 | 226.46 315.1 380.6 410.93 400.45 352.1 261.8 182.01 101.6 20.6
December 18.6 145 280.8 351.2 460.1 498.3 503.6 463.1 363 241.7 87.6 36.2

l. Computation of Day of the Month.

The estimation of monthly average hourly global radiation on a horizontal surface, for simplicity, was computed on an average day of
each month starting from January to December as recommended [20].

Table 2 Average day for each month

Months n for j™ Day of the Month Average day of the month
Date (j) Day of the year (n)

January J 17 17

February 31+]j 16 47

March 59 +j 16 75

April 90 +j 15 105

May 120 +j 15 135

June 151 +j 11 162

July 181 +]j 17 198

August 212 +j 16 228

September 243 +j 15 258

October 273 +j 15 288

November 304 +j 14 318

December 334 +j 10 344

1. Computation of WLJ Radiation Ratio model and Monthly Average Hourly Global Solar Radiation.
The WLJ radiation ratio model 7, ;was computed by means of equation (3). To successfully compute the radiation ratio 7y, of
equation (3), equation (4) is first solved for the sunset hour angle with latitude of the location (10.60° N) and declination angle of
equation (5) as inputs and solar hour angle of equation (6) with solar time as the input. The declination angle of equation (5) was
evaluated using the values of the day of year (n) from Table 2. The sunset hour angle was computed using equation (6) with the solar
time (t,,;) as the input. Using Equation (7) to (10), the solar time was calculated.
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Note: this process is employed to convert local standard times over which hourly global solar radiation data were recorded to local solar
times.
Finally, the monthly mean hourly global solar radiations in equation (11) was computed with known values of radiation ratio in equation
(3) and monthly mean daily global solar radiation from Table 1.

. Evaluation and Performance of the Models
In this study, the performance evaluation of the model was obtained based on the statistical analysis test, namely; Mean Absolute Bias
Error (MABE), Root Mean Square Error (RMSE), Mean Bias Error (MBE) and t-statistical test as described in equation 12 to 15.

RMSE = /%Z{;l(ci - m)? (12)

1
MBE = - ¥iLq(ci —my) (13)
MABE =~ 31 (Ic; = my) (14)
(n-1)MBE?

t — statistic = RMSE2—MBEZ (15)

Where c; is the it" estimated global solar radiation data, m; is the i" measured global solar radiation data and n is the number of data.
The models are evaluated from January to December and the results are presented in Table 3.

The aim of statistical error analysis is to assess the performance of the studied model. That is, to determine how well measured and
estimated monthly average hourly global solar radiation values agree with each other.

Generally, statistical test methods results should be closer to zero for better performance of the models considered in any study Ozge and
Ummiihan, (2017) [1].

Table 3 statistical error assessments of the model

Statistical | MBE RMSE MABE t- Stat.
Test »
Month
January -10.4804 25.07727 20.06989 2.095921
February 0.291168 43.10826 35.50763 0.000547
March -0.74701 32.25947 27.39426 0.006435
April -2.46088 30.89844 25.31356 0.076118
May 0.621665 25.48513 21.9102 0.00714
June 2.733454 32.19943 27.41872 0.086479
July -0.12238 20.65205 17.78966 0.000421
August 2.559653 17.73957 15.24095 0.249837
September -2.01752 47.73651 35.31453 0.021435
October -0.55376 12.73214 10.5965 0.0227
November -5.27438 19.84461 16.74803 0.847695
December -8.83096 30.90551 25.58202 0.979773
DISCUSSION

Four statistical error test parameters were employed in this study; namely, Mean Bias Error (MBE), Root Mean Square Error (RMSE),
Mean Absolute Bias Error (MABE) and t- statistic analysis (t-stat.).

The MBE analysis provides information on the long-term performance of the model. A low MBE results is desired. If at all possible a
zero value of MBE should be obtained for better performance. A positive MBE result gives the average amount of over-estimation in the
estimated value while negative MBE result gives the average amount of under-estimation in the estimated value. Table 3 showed that the
studied model has negative MBE results in January, March, April, July, September, October, November and December while in
February, May, June and August the MBE results were positive. This simply explains under-estimation and over-estimation from the
WLJ model estimates as earlier discussed.

The RMSE analysis provides information on the short-term performance of the model by allowing a term by term comparison of the
actual deviation between the estimated value and the measured value. RMSE results should be positive, but a zero value is ideal.

Table 3 indicates that the RMSE results of the considered model are all positive from January to December with the lowest value in
October and the highest value in February.

Also, the MABE statistical analysis was carried out to assess the accuracy of the considered model. Results in Table 3 indicates that the
WLJ model have minimum MABE values in October and maximum MABE value in February.

Finally, t-statistical analysis was done to assess the statistical importance of the results of the considered model with least value in July.
This indicates agreement between the measured and estimated values. The highest value was recorded in January which indicates the
deviation away between the measured and estimated values.
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Consequently, results closer to zero in the statistical analysis has the best accuracy while results farther away from zero is least accurate.
The WLJ model performance is also illustrated graphically in Figure 1 and Figure 2 for two months (March and September), showing
how the measured and estimated monthly average hourly global solar radiation varied with solar time.

In summary, the results from the statistical error analysis of Table 3and Figure 1 and 2 indicate that;

The WLJ model performs significantly well to estimate hourly mean global solar radiation of the chosen location.

The WLJ model can be considered for further study and comparison with other radiation ratio models.

Also the WLJ model can be used to create a database for hourly global solar radiation of other locations in Nigeria where daily
ground measurement data are available but hourly global solar radiation data are not available.
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