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Abstract: Among all climatic parameters, solar radiation is one, if not the most, involved in different applications
(meteorology, agriculture, environment, etc.). However, due to economic constraints (especially in low-income
countries like ours), it is not always measured. Over the years, several empirical correlations estimating global
solar radiation (GSR) have been developed around the world by different authors. The objective of this study is
to evaluate the performance and accuracy of a temperature-based model and to estimate the GSR received at four
localities (Nanga Eboko, Ngaoundere, Tchollire and Maroua) in Cameroon. The studied model is that proposed by
Hargreaves-Samani in 1982. It takes into account the latitude of the site and the daily minimum and maximum air
temperatures. With commonly used statistical indicators (whose values are all within the acceptable range), the
measured and estimated GSR values were compared and analyzed. According to the results, this model gives for the
study area, a reasonable degree of good fitting and correlation between measurements and estimations. We also
found that the further we move towards the north, the higher solar radiation is received and the performance of the
model improves. Thus, from south to north, the country receives in average values, 4.6437 kWh m~2 d~! at Nanga
Eboko, 5.5667 kWh m~2 d~! at Ngaoundere, 5.6968 kWh m~2 d~* at Tchollire and 5.7936 kWh m~2 d~?! at Maroua.
In case of missing data and taking into account the foregoing, we can consider the studied model as an accurate and
useful tool in predicting GSR in the study area and similar geographical locations around the world.
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1. Introduction

Nowadays, energy (in all its forms) is proving to be the main driver of cultural, environmental, technological
and socio-economic development around the world. It is to a country’s economy what oxygen is to the human body.
Like water and food, energy is essential for the life of a people or a nation. It has played a fundamental role in the
development of civilizations. When poorly managed, its exploitation can be the source of several conflicts. The
confiscation of access to energy resources has even been the cause of several wars between peoples [1]. During the
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industrial revolution, easy access to abundant and cheap energy resources allowed faster and rapid socio-economic
development. The discovery of electricity (the highly convenient form of energy), revolutionized the use of energy,
and today it is almost impossible to imagine a modern home without electricity. However, despite this progress, a
significant portion of the world’s population still lacks access to energy. With the ever-increasing population boom
and the legitimate desire to improve the quality of life, these energy needs are only increasing. If we add to this the
scarcity of fossil fuel reserves, humanity is called upon to solve the thorny problem of continuing progress without
consuming more energy. Energy is generally classified into two major groups, fossil fuels and renewable energies.

Renewable energies are those that are renewed by nature and whose cycling time is less than 100 years. Their
renewal rhythm is higher than that of consumption [2]. Renewable energy systems use natural resources that
are constantly renewed and generally less or non-polluting. The deployment of renewable energy technologies
is essential for the future of the global economy. Renewable energies can make a significant contribution to the
diversity and security of energy supply, and thus to socio-economic development. It can also address local and global
environmental pollution. With low carbon content, particular attention has been paid to their potential to fight
against global warming [3]. Renewable energy can be grouped into five main forms: solar, wind, hydro, geothermal,
and biomass energy.

The exploitation of solar energy at a given site strongly depends on the solar radiation received there. Depend-
ing on the geographical position, this radiation varies from one place to another, which makes it necessary to have
knowledge of this parameter for any new project. The GSR is the main input for different solar systems and the
energy yield that may be expected from a solar power plant is very crucial for any investor. The amount of received
GSR and its temporal distribution are the essential elements for a given solar application. Moreover, the develop-
ment of any solar energy research program always begins with a study of solar radiation data [4]. GSR is essential
for the sizing of solar installations, especially solar photovoltaic applications. However, there is a critical lack of
measured data or, when it exists, it is not always reliable, due to cost, maintenance and calibration requirements.
Even at stations where solar radiation is measured, there are several days where GSR data is missing or is outside
the expected range due to equipment failure and other issues. For such stations where measured data is unavail-
able, the common practice is to estimate GSR (using empirical models) from other measured meteorological data
such as sunshine duration, relative humidity, pressure, temperature, precipitation and many others [5,6]. Estimat-
ing GSR from widely available daily air temperature ranges (AT) offers a very good alternative to measured values.
Xiaoying Liu et al. [7] have identified 16 temperature-based models, including modified versions of the Bristow
and Campbell (B-C) and Hargreaves (Harg) models. Its results show an accuracy of the order of 4 to 7% between
the original (B-C) model and the higher-performing modified (Harg) model, with a slight advantage for the (B-C)
model. Djaman et al. [8], evaluated the performance and accuracy of about twenty solar radiation prediction meth-
ods with data from five meteorological stations and using the optimization procedure of the Excel solver in which
the efficiency of Kling-Gupta is maximized. Table 1 summarizes the main global solar radiation prediction models.

Table 1. A summary of the studied models.

Model No. Equation Coefficient(s) Publication
1 R;=a-(1—exp(—b-AT)) R, a,b Bristow and Campbell (1984) [9]
2 Ry =075 (1—exp(-b ~AT2)) . b Meza and Varas (2000) [10]
3 Rs=a- (1 —exp (—b . A“_pi)) “Rq a,b,c Donatelli and Campbell (1998) [11]
m
4 Rg = 0.75 - (1 — exp (—b . AATTZ )) - Rq b Abraha and Savage (2008) [12]
m
5 Rs=a- (1 —exp (—b . ARLC» “Rq ab,c Goodin etal. (1999) [13]
a
6 Rs=0.75-(1—exp(-b- ARLC ‘R b Weiss et al. (2001) [14]

Re=a-(1-exp(=b " f (Tapg) - AT)) - R

f (Tavg) = 0.017 exp (exp (—0.053 - Typg - ATC))
8 Ry =075 (1—exp(=b - f (Tavg) -AT?)) - Rq b Weiss et al. (2001) [14]
Ry=a- (1 — exp (_b 'f(Tavg) . ATZ g (Tmin))) ‘Rq

T
9 (Trin) = exp (—MTM )
Abraha and Savage (2008), Weiss et al.
10 Ry=a-(1—exp(=b - f (Targ) - AT* - g (Ty)))  Ra b, Tne oot [io vy o 009

~

a,b,c Donatelli and Campbell (1998) [11]

a, b, Ty Donatelli and Campbell (1998) [11]
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Table 1. Cont.

Model No. Equation Coefficient(s) Publication
11 Ry =a- VAT -R, a Hargreaves model [15]
12 Ry=a-(1+27x1075 - Alt) VAT - R, a Annandale et al. (2002) [16]
13 Ry=(a-VAT +b) R, ab Chen etal. (2004) [17]
14 Rs=a-AT’ - (1+cP +dpP?)-R, a,b,cd De jong and Steward (1993) [18]
15 Rs=a VAT R, +b ab Hunt et al. (1998) [19]
16 Ry =a VAT - Ry + bTy. + CP + dP? + e a,b,cde Hunt et al. (1998) [19]
P
17 Ry=a- ( m) VAT - Rq a Hargreaves and Samari (1982) [20]
293-0.00652 \ 526 and Allen (1995) [21]
P=1013. (20
18 Rs=a (b RoT+CTpax T+d+T+e) ab,cde Clemence (1992) [22]
19 Rs=a+b-Ry+c-T a,b,c Ertekin and Yaldiz (1999) [23]
20 Ry =R - (a-AT*® +b-AT*® + ¢ - AT*®) ab,c Samani (2000) [24]
21 Rs = Ry - (a-In(AT) + b) ab Chen etal. (2004) [17]
22 Rs=R,-(a+b-T+c-RH) a,b,c El-Sebaii et al. (2009) [25]
23 Ry=a-R,-T**5+b ab Benghanem and Mellit (2014) [26]
24 Ry =Rg - (a+b-T)AT® a,b,c Hassan et al. (2016) [27]
25 Ry =a- Ry -exp (b -VAT) a,b Rao model (2017) [7,8]
26 Rs=Rg(a+b AT +c-AT? +d - AT?) ab,cd Jahani et al. (2017) [28]
27 Ry =R, (a +b-AT +c-AT** +d- AT°-5) ab,cd Fan et al. (2019) [29]
28 Ry =(a-AT*” -R,* +b) R, ab Nage (2018) [30]
29 Ry =(a+b-VAT +c-In(AT))- Ry ab,c Nage (2018) [30]
30 Ry=a-AT’ -R, a,b Richardson model [7,8]
31 Rs=(a+Db-AT)-Rq ab Djaman et al. (2020) [8]

AT = Tpax = Tmin—diurnal range of air temperature (°C); T = (Tiax + Tmin)/2 (°C); Tayg—daily average air temperature (°C); Tpyax—maximum daily air temperature
(°C); Tpin—minimum daily air temperature (°C); AT,,—monthly mean AT (°C); R,—global solar radiation (M] m~2 d~1); R,—extraterrestrial radiation (M] m~2
d~1); Alt—altitude (m); P—precipitation (mm); RH = mean relative humidity (%); Z = station altitude (m); a, b, ¢, d, e and T, are dimensionless empirical constants
(to be determined during the calibration process).

Due to its geographical position (near the Equator), Cameroon receives abundant solar energy that can be use-
fully harnessed. The objective assigned to this article is to evaluate the performance and accuracy of a temperature-
based model and to estimate the GSR received across four localities (with different latitudes) of Cameroon. The
correlation developed is that suggested by Hargreaves & Samani. After the introductory section, Section 2 presents
the sites, data and general methodology for conducting the study. Section 3 deals with the studied empirical model
while Section 4 presents the main outcomes and discussions. The last section finally closes our study.

2. Sites, Data and Methodology
2.1. Study Area

Located in the western part of the Central Africa sub-region, Cameroon is positioned at the bottom of the Gulf
of Guinea. It s situated between latitudes 1°40’ and 13°05’ North of the Equator and between longitudes 8°30’ and
16°10’ East of the Greenwich Meridian. The country covers an area of 475,650 km? of which 466,050 km? is land
area and 9600 km? is sea area with 400 km of the coast [31]. The studied sites, indicated by an asterisk in the map of
Figure 1, are, respectively, Nanga Eboko (in the Center region), Ngaoundere (Adamawa’s region), Tchollire (North’s
region) and Maroua (Far-north’s region). Based on the current administrative division of Cameroon, these sites
were chosen according to their central position within the concerned regions. Table 2 presents their geographical
coordinates.

Table 2. Geographical location of the studied sites.

Site Nanga Eboko Ngaoundere Tchollire Maroua
Latitude (North) 4°40’ 7°20 8°23’ 10°35’
Longitude (East) 12°22' 13°34’ 14°10 14°19’
Altitude (km) 9.98 19.61 5.71 19.85
Elevation (m) 582 911 1041 1314

Source: Google Earth Software.
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Figure 1. Solar map of Cameroon indicating solar energy potential (kWh/m?) [32].

2.2. Data and Methods

Weather data, especially maximum and minimum air temperature in preparation for the highlighted model
were obtained from the National Aeronautics and Space Administration (NASA) database [33]. It covers twenty-
one years period (1984-2004). Moreover, ground measurements for a full year (1984) were obtained for the Nanga
Eboko site. All these data were subjected to quality control procedures (including physical scanning, mass curve
analysis, and use of box plots) to ensure that they are within the required logical and physical limits. Missing data
were generated using the interpolation technique while spurious/erroneous data have simply been deleted. The
flowchart of Figure 2 summarizes the general methodology utilized in the study.

[ Divide data (Rs, T) into two subsets: ]

Subset 1 (Establish the model): 01/1984 to 12/2004 (From NASA data base)
Subset 2 (Validate the model): 01/1984 to 12/1984 (Ground measurements)

4

Data treatments by different statistical tests and calculation of daily and
monthly average values

i

[ Compute model (under Matlab environment) using subset 1 ]

Performance assessment:
Are the statistical indicators
values in acceptable range?

End of process

[ Validate model using subset 2 ]

i . Possibility of employing model for
GSR is estimated design and evaluation of performance of
different solar applications in the future.

End

Figure 2. Flowchart describing the general procedure for determining GSR.
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3. Empirical Correlation to Estimate GSR

According to several works [21,34-37], the monthly average of GSR on a horizontal surface is correlated with
air temperature. In this paper, the model proposed by Hargreaves & Samani [21] is assessed across four locali-
ties. Hargreaves & Samani were the first authors to conduct a study using air temperature to estimate GSR by the
following relations [20,38,39]:

Rs = aRg/ (Tmax — Tmin) = AR VAT (1)

In this relation, Rs (in M] m~2 d~1) is the solar radiation received, Tmax and Tmin (in °C) are the daily maximum
and minimum air temperature; Ra (in M] m~2 d~1) is the extraterrestrial radiation. Ra is a function of latitude and
day of the year. ‘a’ is an empirical coefficient, its value is 0.16 for interior regions and 0.19 for coastal regions [36].
Ra is expressed by the relation 2 [38]:

1440 . . .
R, = — -Sc - DF - (cos ¢ cos & sin ws + w; sin ¢ sin §) (2)

Where Sc is the solar constant (1361.1 W/m? or 0.082 M] m~2 min™1) [40], DF is the eccentricity correction
factor of the Earth’s orbit, which can be calculated by the expression 3 [20]:

JulianDay
DF =1.0+0.033cos | 2| ———— 3)
360
Where ¢ is the latitude of the site, it can be calculated by the relation:
¢ = latitude - ©/180 (4)
And 6 is the solar declination, which can be expressed by the equation 5 [20]:
) JulianDay
6 = (23.45-1m/180)sin| 2m | 284 + 35 (5)
ws (in degrees) is the sunrise hour angle. It is expressed by the relation 6 [39]:
ws = cos~!(—tan ¢ tan §) (6)

3.1. Statistical Analysis and Validation

For all considered sites, the accuracy of our estimations was tested by calculating the Root Mean Square Error
(RMSE), the Mean Bias Error (MBE), the index of agreement (d) of Willmott, the coefficient of determination (R?)
and the coefficient of correlation (R). The RMSE (M] m~2 d~1), MBE (M] m~2 d~1), d(%), R? (%) and R are defined
by the following relations [41-48]:

RMSE = [% D Ropeas® - Rsest(i»zf )

MBE = %Z; (Ry oot (D) = Reppons (D) )

i Sies Roese () = Ropeqs (D)’ 2 ©
St (Rsest @ = Romeas @] + [Rsmeas® = Rspoas D))

pr - 1 it Repeas @ = R )’ o)

Ty (Remeas )
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z::L=1 (Rsmeas(i) - RSmeas (l)) (RSest(i) - RSest ()

R (11)

- - \2 - 2
\/Z:;l (Rsmeas @) - RSmeas(i)) Z?=1 (RSest(i) - RSest(i))

In equations (7-11), R;,,, .. ({) and R, (i) are respectively, the i" measured and i*" estimated values of daily
solar radiation while ‘n’ is the number of values.

The RMSE provides information on the short-term performance of the correlation by allowing a term-by-term
comparison of the deviation between estimations and measurements. The values of the MBE represent the system-
atic error or bias; a positive value of MBE shows an overestimate, while a negative value shows an underestimate
of the model. The smaller the value of error, the better the model’s performance. For good accuracy and efficiency
of the model, the values of (d) and R? should be closer to 1. The coefficient of correlation (R) is used to determine
the linear relationship between measurements and estimations. It varies between -1 and 1.

4. Results and Discussions

For each location, the calculated values of GSR were compared to the measured ones. To find how good the
model is, we performed various statistical tests like RMSE, MBE, d, R? and R. For sites where ground measurements
are not available (Ngaoundere, Tchollire and Maroua), NASA data have been used to validate the model. Table 3
below presents the main outcomes.

Table 3. Statistical analysis results.

Site RMSE MBE d R? R
Nanga Eboko 1.7801 -0.0932 0.6956 0.9997 0.5256
Ngaoundere 1.5502 0.0811 0.8051 0.9998 0.7320

Tchollire 1.2444 -0.0651 0.8162 0.9999 0.7677
Maroua 0.5932 -0.0310 0.9313 1.0000 0.8840

Globally, we observe a favorable and good agreement between measurements and estimations. We note from
Table 2 that as the latitude of the site increases, the model becomes more accurate and performing. For every site,
we can note that the higher the values of (d) and R? are, the lower the RMSE value becomes and vice versa, which
indicates the good accuracy of the model. For Maroua site especially, we observe a perfect agreement (R? = 1, lowest
RMSE and (d) closest to 1) between measurements and model estimates, meaning that the model is more adapted
for this site. For Ngaoundere site, a slight overestimation is observed while for the rest, a slight underestimation
is observed. This is probably caused by cloudy skies, which clouds, according to the seasons (rainy or dry), can
sometimes suddenly appear and disappear. In the rainy season, normally, the amount of clouds is higher than in
the dry season.

Equation (1) shows that the solar radiation (Rs) is proportional to the temperature range (AT). According to
this relation, if AT increases (or decreases), so Rs increases (or decreases). Figure 3 shows the yearly evolution of
the temperature range (AT).

The monthly average values of AT observed are respectively, 5.6045 °C for Nanga Eboko, 8.3086 °C for
Ngaoundere, 8.7809 °C for Tchollire and 9.0871 °C for Maroua. We can observe that the northern we move, the
more accurate the model becomes (Table 2 and Table 3). This result confirms the work of some authors [27-
29] who assert that the temperature range AT is the main factor affecting the accuracy and performance of the
temperature-based models. According to them, larger AT generally results in a better predictive accuracy, meaning
that the temperature-based models are more applicable in areas with larger day-night temperature differences. It
was observed in the study area that the less accurate results of fit and test were observed in sites with lower AT
(Nanga Eboko especially). Figure 4 and Table 4 show, respectively, the graphical comparison of the measured and
predicted values of GSR and the evolution of the temperature range (and GSR) with latitude.
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Figure 3. Yearly evolution of air temperature amplitude AT (Degree Celcius).
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Figure 4. Yearly evolution of measured and predicted values of GSR (kWh m~2 d~1).

Table 4. Evolution of the daily temperature range and GSR according to latitude.

Site Latitude (North) AT (°C) GSR (kWhm=2d™1)
Nanga Eboko 4°40 5.6045 4.6437
Ngaoundere 7°20° 8.3086 5.5667

Tchollire 8°23’ 8.7809 5.6968

Maroua 10°35 9.0871 5.7936
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Figure 5 shows the monthly evolution of GSR. It varies between 4.2241 kWh m~2 d~! (Oct.) and 5.2137 kWh
m~2 d~! (Jan.) for Nanga Eboko; 4.4486 kWh m~2 d~! (August) and 6.8107 kWh m~2 d~! (Jan.) for Ngaoundere;
4.5481 kWh m™2 d™! (Jul.) and 6.7956 kWh m™2 d~! (Jan.) for Tchollire and 4.6776 kWh m~2 d~! (Jul.) and
6.7258 kWh m~2 d~! (Jan.) for Maroua. The most unfavorable months are, October for Nanga Eboko, August for
Ngaoundere, and July for Tchollire and Maroua, while January is the sunniest month for all studied sites.

Estimated GSR

Maonths

14 T T T T T T T T T T T T
I 1\ anga Eboko
. [T Ngaoundere
B [ ]Tchollire I
I zroua
3 10} i
(o]
E
g o ]
5
=
=3
= gL i
=
2
o
S 4 ]
o
ol i
0
1 2 3 4 5 6 7 8 9 10 11 12

Figure 5. Monthly average of GSR (kWhm~2 d™1).

As indicated in Table 4, the mean yearly GSR values are, 4.6437 kWh m~2d~1 for Nanga Eboko; 5.5667 kWh
m~2 d~? for Ngaoundere; 5.6968 kWh m~2 d~! for Tchollire and 5.7936 kWh m~2 d~! for Maroua. In the national
average, the solar radiation received in the country along the year is 5.4252 kWh m~2 d~!. Figure 6 shows the
scatter plots of the measured and predicted values of GSR for the study area.

Figure 6. Scatter plots of predicted and measured values of GSR (KWh m™2 d™1).

Estimated GSR [KWh.m-2.d-1]

Nanga Eboko Ngaoundere

-7 7
- [} -
o R2=0.9997 _ . '.lh; R?=0.0998 '-.,‘qw
£ “.g. « - .’ .
= | d=0.6956 +ofrt, 6 engie T
§ 6 sy . (1 4
Py % » 5 . 3 w=0.8051
w (o —_
o g oo MBE=0.0022 A MBE=0.0811
e - ‘i:."‘ RMSE=1 7801 4 ¢ RMSE=1.5502
@ + " y= 0.3678x+3.5783 y=0.7646x+1.4019
2y 3

4 5 6 7 5 8

Tchollire Maroua

7 6
3
a &.{!‘V A RM SE=0.5932, * .

6 _

MBE=-0.031

S b4 ¥ R2%0.9999 5
= 5 %3 d=08162
2| T, = BE=.0.0651 ] B + R2=1.0000
2 41 s RMSE=12444 *d=0.9313
g y=0.4946x+2 9412 y=1.3184x-1.4472
23 3

4 5 6 7 8 4 5 6

Estimated GSR [KWh.m2.d-1]

24



New Energy Exploitation and Application | Volume 04 | Issue 02

As in Table 3, it can also be seen from Figure 6 that the performance of the model improves gradually with the
increase of latitude. The minimum RMSE value of 0.5932 kWh m~2 d~! was obtained in Maroua with high values
of correlation coefficient (0.8840) and agreement index (0.9313) meaning that for this study area, the Hargreaves-
Samani model performs well and gives the best estimation results for sites with high latitudes.

5. Conclusions

The knowledge of GSR at any site is vital for scientific, engineering, or environmental applications. In the
absence of such data, reliable estimates can be made from easily available meteorological data such as cloudiness,
sunshine, air temperature, or relative humidity along with extraterrestrial solar radiation using different models.
In this study, the model proposed by Hargreaves-Samani (1982) was evaluated across four locations of Cameroon
(with different latitudes) using the latitude and the daily minimum and maximum air temperature for the period
1984-2004. The performance and accuracy of this model were evaluated based on multiple statistical tests such
as RMSE, MBE, d, R? and R. According to the results, this model gives for the study area, a reasonable degree of
good fitting and correlation between the measured and estimated GSR. The coefficients of determination (R?) are,
0.9997 for Nanga Eboko, 0.9998 for Ngaoundere, 0.9999 for Tchollire and 1.0000 for Maroua. We also found that
the further we move towards the north, the higher solar radiation is received and the performance of the model
improves. Thus, from south to north, the country receives, in average, 4.6437 kWh m2d1lat Nanga Eboko, 5.5667
kWh m~2 d~! at Ngaoundere, 5.6968 kWh m~2 d~! at Tchollire and 5.7936 kWh m~2 d~! at Maroua. In case of
missing data and taking into account the above outcomes, we can consider the Hargreaves-Samani model as an
accurate and useful model in predicting GSR in the study area and similar geographical locations around the world.
For this reason, this work is, therefore, likely to stimulate and boost the development of solar energy applications
across these areas.

List of symbols and acronyms:

a: Empirical coefficients of the model;

d: Index of agreement (%);

DF: Eccentricity correction factor of the Earth’s orbit;
GSR: Global Solar Radiation (kwh m~2 d~1);

Ry (1) i estimated values of daily Rs (kwh m=2 d™1);
Rg 1 0as (D1 i measured values of daily Rs (kwh m™2 d™1);
km: Kilometer;

m: meter;

MBE: Mean Bias Error (MJm~2 d~!/ kwh m~2 d™1);

n: Number of values;

NASA: National Aeronautics and Space Administration;

R: Correlation coefficient;

R?: Coefficient of determination;

Ra: Extraterrestrial radiation (MJ m~2 d~!/ KWhm~2 d™1);
RMSE: Root Mean Square Error (MJm~2 d~!/ kwh m~2 d™1);
Rs: Solar radiation (M] m™2 d~!/ KWh m~2 d™1);

Sc: Solar constant (1361.1 W/m?);

Tavg: Daily average air temperature (°C);

Tmax: Daily maximum air temperature (°C);

Tmin: Daily minimum air temperature (°C);

Greek symbols

6: solar declination (in degrees);

¢: Latitude of the site (in degrees);

ws: Sunrise hour angle (in degrees).
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