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The performances of both sunshine and air temperature dependent models for the estimation of global solar radiation (GSR) over
Ghana and other tropical regions were evaluated and a comparison assessment of the models was carried out using measured
GSR at Owabi (6°45'0"'N, 1°43'0"” W) in the Ashanti region of Ghana. Furthermore, an empirical model which also uses sunshine
hours and air temperature measurements from the study site and its environs was proposed. The results showed that all the
models could predict very well the pattern of the measured monthly daily mean GSR for the entire period of the study. However,
most of the selected models overestimated the measured GSR, except in April and November, where the empirical model using
air temperature measurements underestimated the measured GSR. Nevertheless, a very good agreement was found between the
measured radiations and the proposed models with a coefficient of determination within the range 0.88-0.96. The results revealed
that the proposed models using sunshine hours and air temperature had the smallest values of MBE, MPE, and RMSE of —0.0102,

0.0585, and 0.0338 and —0.2973, 1.7075, and 0.9859, respectively.

1. Introduction

Solar radiation is the primary source of the Earth’s energy,
providing about 99.97% of the heat energy required for
chemophysical processes in the atmosphere, ocean, land, and
other water bodies [1]. Solar radiation plays an important role
as arenewable energy source as solar radiation measurements
could be used to estimate potential power levels that can
be generated from photovoltaic cells and also necessary for
determining cooling loads for buildings [2]. Solar radiation
thus has many useful applications in architectural design,
evapotranspiration estimates, agriculture, and atmospheric,
land, ocean, and hydrologic models [3, 4]. The acquisition and
the development of database on the long term solar radiation
will facilitate the evaluation of solar energy potential as an
input to the country’s energy budget and other modeling
applications mentioned earlier. The development of solar
technology in the country will minimise its overreliance
on wood fuel consumption, estimated at 18 million tons

per annum, especially in the rural communities ([5] and
references therein). Studies carried out on solar irradiance
measurements in some parts of the country suggest that there
is a potential for solar energy to be used on commercial
scale and in this vein the Ghana Grid Company (GRIDco)
has begun producing electrical energy from a solar farm
established in the northern part of Ghana [6-8].

The immediate short term to the long term solutions to
address the problems of inadequate infrastructure in the area
of solar energy data acquisitions have been the application
of empirical models that rely on the correlation between
the parameters obtained from measured meteorological data
[4, 9]. In this regard, several empirical formulae have been
developed to predict the global solar radiation using various
meteorological variables such as sunshine hours, cloud cover,
relative humidity, maximum temperature, and water vapour
pressure [4, 9-12]. However, the reliability and usability of
these models depend largely on the strength of the correlation
between the estimated and measured variables.
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FIGURE 1: Locations of the KNUST surface observation sites in the
Ashanti region of Ghana.

The aim of this paper is to assess the suitability of both
sunshine and temperature dependent empirical models for
the estimation of global solar radiation in Ghana.

2. Materials and Methods

The measurement of the hourly global solar radiation was
carried out at Owabi, in the Ashanti region of Ghana,
6.750°N, 1.716°W and 77 m asl. The site is located near the
Owabi dam surrounded by forest (see Figure 1). In this paper,
data analysed span between the months of February and
December 2011. The global solar radiation data was measured
with a pyranometer, with a spectral range between 5 and
42 ym. The pyranometer was mounted on an automatic
weather station that also provided data on temperature, rel-
ative humidity, atmospheric pressure, rainfall, downwelling
radiation, soil matrix potential, soil heat flux, and wind
speed in horizontal and vertical directions. The sunshine
hours data was obtained from the synoptic station of the
Ghana Meteorological Agency, at the Kumasi airport, about
20 km from the study site. The air temperature data used to
calculate the global solar radiation was measured on site using
the ventilation resistant thermometers placed 2 m above the
ground. All the data used in this paper had been taken
through quality checks and controls using methods explained
by Allen et al. [15].

2.1. Empirical Model Based on Sunshine Hours. Most empiri-
cal models used to predict global solar radiation are based on
the Angstrom-Prescott model [16], given as

G

G—§:a+b<%), 1)

where G, (MJm day ') is the predicted monthly mean
of daily global solar radiation on a horizontal surface, G,
(MJ m™2 dayfl) is the monthly mean extraterrestrial solar
radiation on horizontal surface, n is the monthly mean
daily number of hours of sunshine, and N is the maximum
monthly mean daily sunshine (MJ m ™ day ™). The constants
a and b are the location specific empirical coefficients,
obtained from measured solar radiation data. The monthly
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average daily extraterrestrial irradiance G, (KWh m™* day ")
is estimated using

24 x 3600
G, - 10, (7

——w, sin @ sin d + cos sinw), 2
g0 Sin® psinaw ), (2)

° n
where I, is the solar constant (1367 W m™2), @ is latitude
(degree), § is the solar declination for the month (degree),
and w; is the mean sunrise hour angle for the given month
(degree). The values of § and w, can be calculated using (3)
and (4), respectively, where all the parameters have their usual
meanings and k is the Julian days starting from Ist of January:

8 = 23.45sin [—360 (k + 284) ] , 3)
365
w, = cos ' (~tangtand). (4)

The units in KWhm™?day ' may be converted into
MJm™day " using a factor of 3.6 proposed by Hargreaves
and Samani [14].

2.2. Empirical Model Based on Air Temperature. Hargreaves
and Samani [14] were among the first to also suggest that the
clearness index R = G/G, could be estimated using (5), given
as

G
L = an1®, (5)
G

o

where G, and G, (M] m™? day_l) are as described by (1),
AT(K) = T, ux — Tin> with T, as the mean value of the
daily maximum temperature, while T, ;, is the mean value
of the daily minimum temperature, and « is a dimensionless
empirical parameter, fixed at 0.16 for interior regions and 0.19
for coastal regions [2]. In order to account for the influence

of altitude on «, Allen [17] proposed an estimator for « using

0.5
o= aa<§> , (6)

o

where P and P, are the average atmospheric pressures at the
altitude of the place and at sea level, respectively, and «, was
fixed at 0.17 for interior regions and 0.20 for coastal areas. In
a later date, Chandel et al. [13] proposed a model, (7), based
on (5) and (6) as

G 0.5
G—P = 7.9(p_1<ATsing0 (}%)) , ™)

[

where «, from (6) has been expressed as a function of latitude,
@, in

a, =7.9¢  (sing)””. (8)

In this study we evaluated seven models, five of which were
based on the Angstrom-Prescott relation [16], and two on the
Hargreaves and Samani [14] models. These models with their
values of the regression coefficients, a and b (Tables 1 and 2),
have been proposed in the literature to be suitable for the
estimation of global solar radiation on a horizontal surface
in the tropics [8, 18].
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TABLE 1: Summary of the regression constants used by different
authors in the tropics as well as that proposed by this paper, based
on sunshine hours.

Author a b Reg.l on_of
application

Turton (1987) [20] 0.30 0.40 Tropics

Fagbenle (1990) [21] 0.28 0.39 Tropics

[Oztzl]—Danquah (1990) 0.27 0.45 Ghana (everywhere)

Jackson and Akuffo .

(1992) [23] 0.25 0.45 Kumasi, Ghana

Augustine and

Nnabuchi (2009b) 0.29 0.42 Tropics

(18]

Proposed model 0.22 0.43 Kumasi, Ghana

2.3. Model Evaluation Schemes. The performances of the pre-
dictions of each model as against the measured values of the
monthly means of daily solar radiations were assessed using
fundamental error analysis schemes described by Muzathik
et al. [9] and Maghrabi [19]. According to [9, 19], the
mean percentage error (MPE), mean bias error (MBE), and
root mean square error (RMSE) are given by the following
equations:

1 N
st = 13" (G, -Gy, o

I | 2
RMSE = || — [Z(Gip ~Gip) ]
N |3

where G,,,, is the ith measured value, G;,, is the ith estimated
or predicted value, and N is the total number of observations.
The MPE indicates the percentage deviation of the predicted
and measured monthly average daily global solar radiation
data. The MBE provides a clue to whether a given model has a
tendency to under- or overpredict, with MBE values closest to
zero being desirable. The RMSE on the other hand indicates
the level of scatter that a model produces, thus providing a
term-by-term comparison of the actual deviation between
the predicted and observed values, with a lower RMSE value
reflecting a better model in terms of its absolute deviation.
The equations with the highest values of R and R* and least
values of MBE, RMSE, and MPE are suitable for predicting
global solar radiation [9, 19].

3. Results and Discussion

Based on the Angstrom-Prescott model given in (1), it was
observed that the clearness index was related to the fraction
of sunshine hours by the constants ¢ = 022 and b =
0.43 over the study area. With these derived approximated

TABLE 2: Summary of the regression constants used by different
authors in the tropics as well as that proposed by this paper, based
on air temperature measurements.

Author a b Model form
Hargreaves and _ 05
Samani (1982) [14] 0.153 —-0.033 R=a(AT)” +b
%j‘mdd etal (2005 (564 0155  R=aln(AT)+b
Proposed 0.311 -0.293 R=aln(AT)+b
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FIGURE 2: Comparison between the measured GSR and the calcu-
lated GSR using our proposed model.

constants, we proposed a model based on the Angstrom-
Prescott model (1) and used it to calculate the monthly mean
daily global solar radiation (GSR) for the study period and
compared it with the measured values (Figure 2). The results
showed that our proposed model was able to predict the
variability of the monthly mean daily global solar radiation
(Figure 2(a)) with a very high coefficient of determination of
0.9098 (Figure 2(b)).

The monthly comparison studies showed a very good
agreement between the proposed model and the measure-
ments with a MBE of —0.30 to —0.01. In addition, the proposed
model compared favourably well with the other empirical
models used in the study. In most cases, the proposed
models predicted the pattern of the measured solar radiation
very well, especially the decrease in radiation between the
months of May and August (Figure 2). The decrease in
radiation could be attributed to the fact that these months
constitute the rainy season, and hence the presence of clouds
and rain droplets in the atmosphere prevented the surface
from receiving more radiation. However, the other empirical
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TABLE 3: Summary of the model evaluations using sunshine hours.

Model form R R? MBE (MJ m ™ day ") MPE (%) RMSE (MJ m* day ™)
Proposed 0.9538 0.9098 -0.0102 0.0585 0.0338
Turton (1987) [20] 0.9581 0.9179 2.4926 -14.3170 8.2670
Fagbenle (1990) [21] 0.9578 0.9174 1.6177 -9.2919 5.3654
Otu-Danquah (1990) [22] 0.9561 0.9142 2.1885 -12.5706 7.2586
Jackson and Akuffo (1992) [23] 0.9553 0.9125 1.4688 —8.4365 4.8715
Augustine and Nnabuchi (2009b) [18] 0.9575 0.9168 2.4430 -14.0319 8.1024

TABLE 4: Summary of the model evaluations using air temperature.

Author R R? MBE (MJm 2 day™) MPE (%) RMSE (MJ m™* day™)
Proposed 0.9126 0.8328 -0.2973 1.7075 0.9859
Hargreaves and Samani (1982) [14] 0.8822 0.7782 1.1709 —6.7255 3.8835
Chandel et al. (2005) [13] 0.9149 0.8370 0.9409 -5.4044 3.1206
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FIGURE 3: Measured and calculated GSR using the empirical models
proposed in the literature as well as our proposed model (predicted).

models overestimated the measured global radiation between
May and August (Figure 3). Nevertheless, the coefficient of
determination found between the measured radiation and the
proposed models was within acceptable values (see Table 3
for summary).

3.1. Determination of Global Solar Radiation from Air Temper-
ature Measurements. Using the air temperature values from
the study area, a model was developed based on that of
Chandel et al. [13] (Table 2). Similarly our proposed model
could predict the pattern of the measured monthly mean
daily global solar radiation but underestimated them between
the months of April-June and October-November while it
overestimated the measured radiation for the months of

T
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Calculated GSR (M] m~? day_l)

FIGURE 4: Comparison between the measured GSR and the calcu-
lated GSR using our proposed model (calculated).

August, September, and December (Figure 4(a)). The corre-
lation between the measured and the predicted radiation gave
a coefficient of determination (R?) of 0.8328 (Figure 4(b)).

In addition, a comparison between the measured values
and those calculated using the proposed models by Harg-
reaves and Samani [14] and Chandel et al. [13], herein denoted
as Gypp) and G(cpey)» respectively (Figure 5), revealed that
they predicted the pattern of the measured radiation very
well. However, they overestimated the measured radiation in
all the months except the months of April and November
where the measured radiation were underestimated. Table 4
gives the summary of the correlation between the measured
GSR and those calculated using Gy 15y and Gcpep)-
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FiGUure 5: Comparison between measured GSR and the GSR
calculated using the models by Chandel et al. [13] and Hargreaves
and Samani [14] as well as our proposed model (calculated).

Summary of the model evaluations is given in Tables 3
and 4 for sunshine hours and air temperatures, respectively.
The results showed that in both model evaluation methods,
our proposed model, compared to the other models, dis-
played the smallest MBE, MPE and RMSE. This makes the
proposed model most suitable for estimating global solar
radiation. In the case of calculated GSR using sunshine hours,
our model was followed by those proposed by Jackson and
Akufto [23], Fagbenle [21], Out-Danquah [22], Augustine and
Nnabuchi [18], and Turton [20], respectively, in the order
of performances (Table 3). While for the GSR calculated
using air temperature, our proposed model was followed by
those of Chandel et al. [13] and Hargreaves and Samani [14],
respectively, in the order of performances (Table 4).

4. Conclusions

The performances of both sunshine and temperature depen-
dent models for the estimation of global solar radiation (GSR)
over Ghana and other tropical regions were evaluated and a
comparison assessment of the models were carried out using
measured GSR at Owabi in the Ashanti region of Ghana.
Furthermore, we proposed two empirical models which also
use sunshine hours and temperature measurements from
the study site and its environs. The results showed that the
models could predict very well the variability of the measured
monthly daily mean global solar radiation for the entire
period of the study. This could be attributed to the fact that
the models used meteorological input data (sunshine hours
and air temperatures) that also respond to the variability in
atmospheric conditions such as rainfall, cloud cover, and the
seasonal changes that affect the amount of solar radiation
reaching the Earths surface. Tables 3 and 4 provide the
summary of the model evaluation results.

The results revealed that our proposed model using
sunshine hours had the smallest values of MBE, MPE, and
RMSE of —0.0102, 0.0585, and 0.0338, respectively (Table 3),
while the proposed model using air temperature had MBE,
MPE, and RMSE values of —0.2973, 1.7075, and 0.9859,
respectively, (Table 4). However, due to the fact that the
sunshine hours data was measured from about 20 km from
the study site, there is the possibility of discrepancies within
the global solar radiation calculated from our sunshine input
model, arising as a result of the difference in environmental
conditions of the two areas (Owabi and Kumasi airport).

The comparison studies between the measured global
solar radiation and the calculated global solar radiation sug-
gest that both models can be employed to estimate monthly
mean daily global solar radiation. However, the constants a
and b as well as other meteorological input data for the models
were found to be site specific, and therefore these models
must be used with care for global solar radiation estimation.
Currently, long term solar radiation measurements are being
undertaken in other parts of Ghana that would be used in
the near future to estimate the global solar radiation more
accurately for effective use as a solar energy potential over the
entire country.
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