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Abstract: Solar radiation data play a pivotal role in harnessing solar energy. Unfortunately, the
availability of these data is limited due to the sparse distribution of meteorological stations worldwide.
This paper introduces and simulates three models designed for estimating and predicting global
solar radiation at ground level. Furthermore, it conducts an in-depth analysis and comparison of the
simulation results derived from these models, utilizing measured data from selected sites in Algeria
where such information is accessible. The focus of our study revolves around three empirical models:
Capderou, Lacis and Hansen, and Liu and Jordan. These models utilize day number and solar factor
as input parameters, along with the primary site’s geographical coordinates—longitude, latitude,
and altitude. Additionally, meteorological parameters such as relative humidity, temperature, and
pressure are incorporated into the models. The objective is to estimate global solar radiation for any
given day throughout the year at the specified location. Upon simulation, the results highlight that
the Capderou model exhibits superior accuracy in approximating solar components, demonstrating
negligible deviations between real and estimated values, especially under clear-sky conditions.
However, these models exhibit certain limitations in adverse weather conditions. Consequently,
alternative approaches, such as fuzzy logic methods or models based on satellite imagery, become
essential for accurate predictions in inclement weather scenarios.

Keywords: solar components; estimation of global radiation; measured data; Capderou model; Lacis
and Hansen model; Liu and Jordan model; statistical errors

1. Introduction
1.1. Motivations

Photovoltaic panels (PV) stand as groundbreaking devices, tapping into solar energy
to generate electricity. The widespread adoption of solar energy has surged due to its
global abundance and accessibility. However, the implementation of photovoltaic (PV)
system-based electrical networks encounters two significant challenges. The first pertains
to the failures of PV systems and their ensuing economic implications. In reference to [1],
a comprehensive review on the maintenance and analysis of PV system failures was
conducted to evaluate the techno-economic performance of photovoltaic installations. The
second challenge lies in the sporadic nature of solar irradiance, posing a hurdle to the
reliability of PV systems. Hence, precise solar irradiance data are imperative to ensure
consistent energy output [2-6].

Indeed, information regarding solar radiation availability is a prerequisite for the
development of any solar energy system or the assessment of solar energy potential in a
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specific location. While solar radiation on the Earth’s surface can be theoretically calculated
under clear-sky conditions, the challenge intensifies in overcast or partially cloudy areas.
In such circumstances, environmental factors such as temperature, humidity, pressure, alti-
tude, latitude, and longitude of the site become crucial in determining long-term averages
of global irradiation on a horizontal surface [7-15].

In countries like Algeria, the insufficient coverage of meteorological stations across the
vast expanse of the country poses a challenge in obtaining comprehensive solar irradiation
measurements (see Appendix A). Moreover, not all meteorological stations measure solar
radiation. Consequently, the utilization of models capable of calculating and estimating
solar radiation components at ground level proves indispensable in such countries.

1.2. State of the Art

The anticipation of solar irradiance has become a focal point of significant attention
and research across various interconnected domains [13]. The determination of global
solar radiation stands as the primary and pivotal step in PV power prediction systems.
Forecasting models are categorized based on the input data they employ, influencing the
forecast horizon. The exploration into the estimation and forecasting of solar radiation
components at ground level traces back to Liu and Jordan [16] in 1960. Their model, relying
solely on coefficients characterizing the state of the sky, paved the way. Subsequently, in
1974, Lacis and Hansen [17] introduced a model incorporating meteorological parameters,
such as humidity and temperature, for calculating the extinction coefficients of various
atmospheric constituents (water vapor, ozone, aerosols, etc.) to determine solar radiation
components at ground level. Models developed by Bird and Hulstrom [18], Paltridge
and Platt [19], Atwater and Ball [20], Perez et al. [21], and Muneer et al. [22] further
expanded on this foundation, extending the applicability to inclined surfaces. These models
have garnered widespread usage and validation globally, yielding satisfactory results in
estimating solar radiation at ground level. For instance, Muneer’s model demonstrated
success in Bahrain, Spain, India, Japan, and the UK.

However, a notable limitation lies in their validity only under clear-sky conditions.
This limitation prompts the necessity to devise additional mathematical models for solar ra-
diation based on meteorological data, enabling the estimation of global radiation at ground
level under varying sky conditions. Over the years, numerous studies have been conducted,
and ongoing research persists to precisely quantify solar deposition. Capderou [23] and
Brichambaut [24] introduced a model utilizing the turbidity factor of LINKE to calculate the
global solar radiation component received on the horizontal plane. This model facilitates
a comparison between the real atmosphere and an ideal atmosphere with only Rayleigh
scattering by nitrogen and oxygen molecules, along with ozone absorption. The turbidity
factor’s value is contingent on the geographical area (rural or urban) and exhibits significant
seasonal variations. Understanding this factor’s value becomes crucial in determining
solar radiation for any sky state. Maghouchi et al. [25,26] delved into the development and
assessment of ten models to calculate global solar radiation in Tetuan city, situated in the
northern part of Morocco near Algeria. Their findings unveiled variations in the accuracy
of the studied models, suggesting certain models are more suitable for estimating solar
radiation at the specific site under investigation.

1.3. Contribution

In this work, our focus revolves around the implementation, simulation, analysis,
and comparison of three models: Liu and Jordan, Lacis and Hansen, and Capderou. The
objective is to assess their estimation performance in Algerian sites concerning global solar
radiation. These models leverage specific geographic coordinates, including the altitude,
longitude, and latitude of the site, along with radiometric parameters such as humidity and
temperature, to estimate global solar radiation on a horizontal surface. Furthermore, the
obtained results from these models are rigorously evaluated and discussed in comparison
with provided measurements, employing various statistical parameters.



Symmetry 2024, 16, 71

30f19

1.4. Methodology

This paper comprises six sections. Section 2 elucidates various astronomical param-
eters pertinent to solar radiation models. In Section 3, we expound upon the models
employed for estimating global solar radiation. Section 4 is dedicated to the materials
utilized in the measurement of global solar radiation. Section 5 delineates statistical error
parameters. Moving on to Section 6, we present the results and engage in a comprehensive
discussion of the models. The paper culminates with a succinct general conclusion.

2. Astronomical Parameters

In this section, all astronomical parameters used in models for estimating and predict-
ing global solar radiation at ground level are presented.

2.1. Solar Declination

Solar declination stands for the angle between the Sun’s direction and its projection
on an equatorial plane [7,13,16]; it is calculated using Equation (1):

o . (360
0 =23.45 -sm<365(dn - 81)) 1)

d, is the day number of the year varying from 1 (1 January) to 365 (31 December).

The solar declination is equal to 0 on 21 March and 21 September (spring and autumn
equinoxes); its value is minimal at 21 December (winter solstice), —23.45°, and maximal at
21 June (summer solstice), 23.45°.

Figure 1 shows symmetrical behavior with respect to the ordinate axis centered at the
172nd day (21 June), which is validated for example on 21 March and 21 September where
the value of solar declination is zero.
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Figure 1. Variation in solar declination.

2.2. Solar Factor

The solar factor is a power of solar radiation incident normally to a ray of the Sun
outside the atmosphere in a unit area, at an average distance of 150 million Km between
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the Earth and the Sun; it is equal to 1367 W/ m?. Furthermore, its value can be calculated
using Equation (2) [7,27,28]:

Isc = 1367- <1 + 0.033cos<

360

365

<dn—3>)o>

(2)

As shown in Figure 2, a symmetrical behavior of the solar factor value is noticed around
d, = 184, which corresponds to 3 July where the Earth-Sun distance is at its maximum.
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Figure 2. Variation in solar factor.

2.3. Solar Altitude

The solar altitude (or sun elevation) stands for the angle created between the direction
of the sun’s radiation and the horizontal plane; it has shown to be maximal at midday
and has a value of zero at sunset and sunrise. Its value is determined via the following
Equation [7]:

sin(h) = sin(d)sin(¢p) 4 cos(d)cos(¢)cos(w) 3)

h the solar altitude in degrees
@: is the latitude of the local area studied; w is the hour angle whereby

w =15(12 - TST) 4)
TST is the true solar time, which varies between 1 and 24 h.

2.4. Solar Radiation Components

Solar radiation incident on a horizontal or inclined surface is divided into three com-
ponents: a direct component (I), which travels unobstructed from the sun to the ground; a
diffuse component (D), scattered by various atmospheric elements such as clouds, aerosols,
and dust; and lastly, a component reflected by the ground surface, which is typically
negligible (R). Collectively, these three components constitute the global radiation (G).

Figure 3 shows the different Solar radiation components: a direct (I), a diffuse and a
reflected (R), the sum of these components constitutes the global (G).
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Figure 3. Solar radiation components on ground.

3. Description of Models

A survey of the existing literature on empirical models reveals three types of mod-
els; models incorporating absorption and diffusion coefficients for various atmospheric
constituents, including water vapor, oxygen, aerosols, and gases, are prevalent in the
scientific literature. Noteworthy among these models are those proposed by Lacis and
Hansen [17], Bird and Hulstrom [18], Paltridge and Platt [19], Davies and Hay [29], and
Hoyt [30,31]. For our investigation, we specifically selected the Lacis and Hansen model
due to its demonstrated efficacy across multiple global sites.

For models based on the turbidity factor of LINKE instead of using the absorption
and diffusion coefficients, these coefficients are shown to be obtained from pyrheliometric
measurements of direct solar radiation; their value depends on the state of the sky and
varies between 2 and 8. Among these models, we will cite the Capderou model and the
Brichambaut model [24], and the model of Capderou [23]; this last one is well adopted in
Morocco [25,26].

Models that use constants characterizing the state of the sky are very simple models
and neither require the values of the absorption coefficients nor the meteorological pa-
rameters such as temperature and humidity. Among the models of Liu and Jordan [31],
Ashrae [32] and Cooper [27], in our study, we chose the model recommended by Liu
and Jordan.

3.1. Capderou Model

Capderou uses the turbidity factor of LINKE T} (dimensionless) for estimating the
diffuse, direct, and global solar radiation components at ground level. Furthermore, the
turbidity factor of LINKE is defined as the number of pure and dry atmospheres (in the
absence of water vapor and aerosols) that would cause the same attenuation as the real
atmosphere. Likewise, it has shown to be obtained from pyrheliometric measurements of
direct solar radiation; it is equal to 2 for a clear sky, and it is equal to 8 for a polluted or
humid sky [10-12].

The direct component is calculated via the following [23,33]:

I = Iy-sin(h)-exp | —T, (09—!— o4 sir1(h)>1 )
“ PP (0.89)7

z: represents the altitude of place (m).
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The diffuse component is given by the following [33]:

D = Isc-exp {—1 + 1.06log (sin(h)) +az — /b3 + ag] (6)

with

ay = 1.1 7
{ by = log (Ty) — 2.8 +1.02(1 — sin(h))? @

The global component is the sum of direct and diffuse components:
G=I1+D (8)

3.2. Lacis and Hansen Model

Lacis and Hansen have proposed a model that uses absorption coefficients from
ozone and water vapor for forecasting the purpose of the quantity of global solar radiation
reaching the ground (horizontal surface) [17,34]:

G = Ie-sin(h) [(0.647 — pl, — o) /(1 — 0.0685 p) + 0.353 — | )

&, and &y, represent the absorption coefficients of direct solar radiation by ozone and
water vapor, as it stands for a function of temperature and humidity. p., is the coefficient of
absorption by the ozone layer; the values of these coefficients are less than 1, and they are
detailed in Appendix B [17,25].

p is the albedo (p = 0.2).

3.3. Liu and Jordan Model

This model was proposed by Liu and Jordan for the estimation of the components of
solar radiation under different states of sky, as it merely uses the latitude of place, the day
number and the solar altitude [31].

The direct component is calculated via the following;:

I = A-sin (h)-exp (Csm_(g%—Z)> (10)

The diffuse component is given by the following;:
D = B-(sin(h))** (11)

The global component is the sum of direct and diffuse components.
Table 1 shows the values of constants A, B and C:

Table 1. Liu and Jordan model constants [31].

Sky A (W/m?) B (W/m?) C

Clear 1300 87 6
Medium 1230 125 4
Cloudy 1200 187 2.5

4. Materials and Data Collection

At the Renewable Energy Research Center in Algiers, a high-precision radiometric
station was installed. This station incorporates a TECNOEL-type thermo-hygrometer
(TECNOEL, Ferrara, Italy) for accurate temperature and humidity measurements. Addi-
tionally, a pyrheliometer, aligned with the solar disk, was utilized to measure direct solar
radiation integrated across all wavelengths (between 0.2 and 0.4 pm) received on a normal
plane. Complementing this, a pyranometer of the EKO type was employed to measure
diffuse radiation on a horizontal plane. The cumulative result of these two measurements
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(diffuse + direct) provides the global radiation. Figure 4 illustrates the instruments utilized
within this radiometric station.

Figure 4. Instruments for measuring solar radiation: (a) pyrheliometer; (b) pyranometer.

Algeria is situated in Northern Africa, positioned between the longitudes of 8° E
and 12° W, and latitudes of 18° and 37° in the north. It encompasses an expansive area
of 2,381,741 square kilometers. Upon closer examination of Figure 5, the Algerian land-
scape reveals itself as comprising four distinct zones: coastal cities where the daily solar
irradiation equals 4.2 kWh (green regions), highlands where daily solar irradiation equals
4.6 kWh (yellow regions), the north of the Sahara where daily solar irradiation exceeds
5 kWh (orange regions) and finally the Sahara where daily solar irradiation varies between

5.4 and 5.8 kWh (red regions).

Igiers y
{._ﬁcmf-\’“\z’:gd“%‘ tine
i1 LN e Y A
Orar S 5o ) Setit s

jT‘rarp‘t_" B
* Dieira? "
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Figure 5. Daily and annual global horizontal irradiation in Algeria [31,35].
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Data used in this work appertain to the Algerian sites: ALGIERS as a coastal city,
TIARET, which represents the highlands, LAGHOUAT in the interior of the country and
the North of the Sahara and TAMANRASSET in the South of ALGERIA (big Sahara). In
this respect, the data collected (global solar radiation, temperature, humidity, etc.) cover
the period of the year 2020, for each location, and we will select four days: a day in summer
(28 June), a day in autumn (15 October), a day in winter (7 February) and a day in spring
(23 April) to assess the precision and efficacy of the tested models.

In Table 2, the geographical coordinates of the studied sites (ALGIERS, TIARET,
LAGHOUAT and TAMANRASSET) are represented.

Table 2. Geographical coordinates of the chosen sites.

Geographical Coordinates Algiers Tiaret Laghouat Tamanrasset
Latitude (°) 36.80 35.36 33.79 22.78
Longitude (°) 3 1.32 2.87 5.52
Altitude (m) 158 1143 760 1362

5. Method of Evaluation

To validate the efficacy of the studied models, a meticulous evaluation approach was
employed. This involved a comparison between the measured values of solar radiation
components at ground level and the values obtained through the simulation of these models
using MATLAB (2020a).

The assessment of model performance was conducted through the calculation of key
statistical error parameters, namely MBE (W/m?), RMSE (W/m?), MAPE (%) and the
correlation coefficient R (dimensionless). The following equations allow us to calculate the
statistical error parameters between the estimated and measured values [2-6,26,31,36,37].

The MAPE (mean absolute percentage error) calculates the accuracy of the forecast; it
is always positive and can thus be calculated via the following equation:

N N .
MAPE — @ <2 Gest(l) Gmeas(l) ) (12)
N is the total number of observations.

N i=1 Gmeas (l)

The MBE (mean bias error) indicates the average deviation of the estimated values from
the measured data. A positive MBE value signifies an overestimation of the estimated global
solar radiation, while a negative MBE value denotes an underestimation. Mathematically,
the MBE is defined as follows:

N

MBE = %Z(GestU) - Gmeas(i)) (13)
i=1

The RMSE (root mean square error) is used to measure the variation in estimated
values around the measured data, and has shown to be at all times positive. Thus, it is
defined as follows:

i=1

1N . NV
RMSE = J NZ(GESt(I) — Gueas (1)) (14)

R? is the correlation coefficient, which illustrates how well the estimated values reflect
the reel values. Furthermore, a correlation coefficient value that approaches 1 suggests a
better prediction, and can be defined as follows:

Zil\i1 (Gest(i) - Gmeus(i))2

RP=1- 5
LN (Gest (1)~ Goneas D)

(15)
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These parameters are widely used to evaluate the performances of studied models
and accordingly offer a standard against which to compare models from the literature.
Furthermore, the model which has the lowest MAPE and RMSE has been shown to be the
most effective.

6. Results and Discussion

The simulation and performance evaluation of the studied models are depicted in the
flowchart presented in Figure 6.

Day number,
hour

Temperature,
Humidity,

Latitude,
longitude

Solar

altitude Altitude

Constants ™

A, Band C Lnebidity;factor Determination of the
! of LINKE ) )
absorption coefficients
i Z '
Calculation of global Calculation of global Calculation of global
Solar Radiation by Solar Radiation by Solar Radiation by Lacis
Liu & Jordan model Capderou model & Hansen model

! v v
v

Calculation of

statistical error Comparaison

parameters

Measured
Data

Figure 6. Flowchart of the proposed models.

In our initial step, we input the latitude and longitude of the site, along with the
day number of the year and the time loop (ranging from 1 to 24 h). This information is
pivotal for computing the solar altitude, a parameter universally applied in all models.
Subsequently, in the calculation of global solar radiation at ground level, additional inputs
such as temperature and humidity are required for the Lacis and Hansen model, the
turbidity factor of LINKE for the Capderou model, and constants characterizing the state
of the sky for the Liu and Jordan model. Finally, a comparison between the measured and
estimate values is obtained by calculation of statistical error parameters to determinate the
best model.

Following the simulations, we compare the results derived from these models with
real measurements obtained from meteorological stations across the country. Through a
meticulous assessment involving the calculation of various statistical parameters, we can
deduce the model that most accurately estimates solar radiation at ground level.

Global solar radiation measured and estimated by models for all studied cities is
presented in Figure 7.
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Figure 7. Global component measured and estimated by all models [17,23,25,31,33,34]: (a) Algiers at
7 February 2020; (b) Algiers at 23 April 2020; (c) Algiers at 28 June 2020; (d) Algiers at 15 October
2020; (e) Tiaret at 7 February 2020; (f) Tiaret at 23 April 2020; (g) Tiaret at 28 June 2020; (h) Tiaret at
15 October 2020; (i) Laghouat at 7 February 2020; (j) Laghouat at 23 April 2020; (k) Laghouat at 28
June 2020; (1) Laghouat at 15 October 2020; (m) Tamanrasset at 7 February 2020; (n) Tamanrasset at 23
April 2020; (o) Tamanrasset at 28 June 2020; (p) Tamanrasset at 15 October 2020.

Table 3 and Figure 8 demonstrate the values of statistical errors for three different models.

In fact, the curves representative of the global solar radiation reveal that the Lacis
and Hansen model overestimates the global solar component in all cases, whether for
the site of Algiers, Tiaret, Laghouat or the one of Tamanrasset, which appears in Table 3,
whereat the averages of relative errors are quite high whilst the MBE values have been
shown to be positive. However, this is explained by the fact that the general expressions
for calculating global solar radiation proposed by this model only take into account the
absorption coefficients of solar radiation by a few atmospheric constituents (ozone and
water vapor), neglecting the other extinction coefficients due to the other constituents of
the atmosphere, such as aerosols, oxygen and carbon dioxide. On the other hand, the Liu
and Jordan model underestimates the measured values in most cases, as this appears in
the MBE values, which are almost always negative. Furthermore, this model just makes
use of constants indicating the sky’s condition, which influences the estimate of the global
radiation. In the simulation, we chose the case of an average sky due to the presence of
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dust and aerosols in the air, as this explains the measured values, which are higher than
those calculated by this model; hence, a non-negligible relative error value has been shown

to exist.

Table 3. The values of statistical errors.

Model Site and Day MAPE (%) MBE (W/m?)  RMSE (W/m?) R
Algiers (7 February) 6.22 —39.85 68.05 0.9412
Tiaret (7 February) 33.34 124.30 142.21 0.6418
Laghouat (7 February) 8.41 33.25 62.43 0.9114
Tamanrasset (7 February) 11.72 56.70 84.21 0.8852
Algiers (23 April) 6.36 37.47 63.51 0.9574
Tiaret (23 April) 417 28.32 50.44 0.9438
Laghouat (23 April) 5.81 30.48 60.29 0.8944
Capderou Tamanrasset (23 April) 4.79 24.82 54.36 0.9291
Algiers (28 June) 493 42.08 60.98 0.9543
Tiaret (28 June) 2.81 22.44 31.22 0.9904
Laghouat (28 June) 5.12 35.47 57.58 0.9074
Tamanrasset (28 June) 3.87 31.51 25.33 0.9785
Algiers (15 October) 3.98 39.20 62.41 0.9486
Tiaret (15 October) 6.70 29.11 41.93 0.9527
Laghouat (15 October) 7.73 27.91 64.26 0.8849
Tamanrasset (15 October) 4.52 25.37 43.60 0.9355
Algiers (7 February) 9.74 48.65 69.22 0.9123
Tiaret (7 February) 39.47 142.21 167.24 0.5961
Laghouat (7 February) 14.36 54.98 74.85 0. 8365
Tamanrasset (7 February) 13.25 78.46 99.77 0.8477
Algiers (23 April) 15.04 49.57 76.81 0.8443
Tiaret (23 April) 12.80 46.37 71.31 0.8258
Laghouat (23 April) 13.24 40.25 72.89 0.8367
. Tamanrasset (23 April) 10.73 39.40 69.78 0.8426
Lacis & Hansen Algiers (28 June) 15.69 55.33 73.93 0. 8250
Tiaret (28 June) 8.75 37.11 31.26 0.8663
Laghouat (28 June) 16.78 56.21 76.36 0.7411
Tamanrasset (28 June) 14.04 43.01 62.47 0.9068
Algiers (15 October) 13.16 46.06 76.80 0.8049
Tiaret (15 October) 11.92 42.87 64.16 0.8666
Laghouat (15 October) 14.08 48.80 71.74 0.8143
Tamanrasset (15 October) 11.26 41.39 77.31 0.8428
Algiers (7 February) 11.84 —49.02 71.26 0.8913
Tiaret (7 February) 29.45 107.10 127.23 0.6944
Laghouat (7 February) 16.55 —52.15 73.65 0. 7852
Tamanrasset (7 February) 15.96 35.38 54.83 0. 7744
Algiers (23 April) 10.41 —36.19 72.01 0.8244
Tiaret (23 April) 7.17 —29.80 61.33 0.8618
Laghouat (23 April) 13.25 —38.49 68.89 0.8590
Liu & Jordan Tamanrasset (23 April) 7.31 —25.41 53.48 0.9075
Algiers (28 June) 7.88 —47.23 64.39 0. 8475
Tiaret (28 June) 3.12 —5.22 57.14 0.9827
Laghouat (28 June) 8.23 —33.69 55.92 0.8833
Tamanrasset (28 June) 16.29 —46.85 65.16 0.8105
Algiers (15 October) 9.86 —42.81 67.49 0.8902
Tiaret (15 October) 8.69 —24.76 52.20 0.9387
Laghouat (15 October) 12.27 —38.08 59.72 0.8684
Tamanrasset (15 October) 6.88 —36.74 54.26 0.9043
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Figure 8. Statistical errors for all studied models [17,23,25,31,33,34]: (a) MAPE; (b) MBE; (c) RMSE;
(d) R.

Additionally, for the Capderou model, we find that the predicted values for the global
solar component are often quite similar to the actual values. Usually, the average relative
error is negligibly tiny, if not negligible. Furthermore, a sample instance may be seen on
the 7 of February in Laghouat, on the 23 of April in Tiaret and on the 28 of June in Tiaret
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and Tamanrasset, whereat the curve generated by this model matches with the curve of the
measured data, so that the relative error MAPE is very low (between 3 and 9%) and the
correlation coefficient, R, is closer to 1 (superior at 0.94).

On the 7 February in Tamanrasset, a noticeable dip in the measured data occurs
between 9:00 a.m. and 12:00 p.m., the measured values being significantly lower than
those estimated by the models. This discrepancy can be attributed to the passage of
clouds in the sky during this time, obstructing solar radiation. Similarly, for the Tiaret site
on February 7, the models exhibit poor predictions, indicating the influence of climatic
disturbances such as clouds and rain. The impact of these disturbances is evident in Table 3
and Figure 8, where statistical error values (MAPE, MBE, and RMSE) are considerably
higher, and the correlation coefficient (R) is notably lower, ranging between 0.6 and 0.7.
This underscores the models’ limitations in accurately estimating solar radiation under
adverse weather conditions.

Considering the comprehensive results in Figure 8 and Table 3, the Capderou model
consistently outperforms the other models, with the lowest values for MAPE, MBE, and
RMSE. These lower values indicate the superior performance of the Capderou model
compared to that of its counterparts. Furthermore, the model maintains excellent agreement
with actual data on the majority of days. Consequently, the Capderou model emerges as
the most reliable for predicting and estimating the solar global radiation component at
ground level.

Moreover, the symmetrical behavior observed in Figure 7a,c,k,0 around noon under-
scores the inherent symmetry prevalent in natural phenomena. In contrast, the unsymmet-
rical behavior seen in the measured data in Figure 7e,m can be explained by the presence of
clouds during specific time intervals. Cloud cover during the period from 9 a.m. to 14 p.m.
on 7 February in Tiaret and from 9 a.m. to 12 p.m. on the same day in Tamanrasset reduces
the intensity of global radiation reaching the ground.

7. Conclusions

In Algeria, meteorological stations collect various meteorological data, with only
limited radiometric data available. Consequently, digital techniques serve as an effective
alternative for estimating and reconstructing global solar radiation using observed meteo-
rological data. Additionally, semi-empirical models retain significance, offering a practical
approach for managing solar field utilization and addressing concerns related to sustainable
development, encompassing both environmental considerations and supply security.

This study specifically focuses on the estimation of solar radiation using the Capderou,
Lacis and Hansen, and Liu and Jordan models. Each model employs unique equations for
calculating global solar radiation. To validate our findings, the estimated values derived
from these empirical models are compared to measured data from select Algerian sites.
Generally, the results obtained through the simulation of these models demonstrate high
satisfaction when comparing measured and estimated values. Notably, the Capderou model
exhibits an advantage over the other models, suggesting promising outcomes in contrast
to existing literature. However, a limitation is acknowledged; these models prove less
effective under weather conditions that disturb the sky state, such as those with clouds or
rain. In such scenarios, the utilization of models based on satellite images is encouraged—a
potential avenue for future research.

Based on the achieved results, particularly the low value of the statistical error pa-
rameter (MAPE), which generally does not exceed 7% for the Capderou model, around
15% on average for the Lacis and Hansen model, and approximately 11% for the Liu and
Jordan model, this study emerges as a valuable tool for calculating and estimating global
solar radiation at ground level throughout the year, applicable to all cities in Algeria and
potentially in other regions with similar climate conditions.

In light of the Algerian government’s commitment to the 2020-2030 renewable energy
development program, aiming to generate 27% of electricity from solar energy by 2030, this
work assumes significance. It can serve as an effective and valuable tool in establishing the



Symmetry 2024, 16, 71

16 of 19

foundational calculations for the design and implementation of solar projects in Algeria,
contributing to the country’s broader renewable energy objectives and the preservation of
its gas reserves.
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Appendix A

The network of meteorological stations in Algeria is sparsely populated and provides
little data on the intensity of solar radiation. Further, Figure Al and Table A1 make it
evident that the majority of the nation’s meteorological stations are found in the north and
the highlands, whilst their number is few in the south (the Sahara area), whereat solar
radiation levels are high [38]. Additionally, and as observed in Figure A2, the databases
include a lot of missing data since they have yet to stand for sufficient measurements.

1 1 1 1 1 L 14 4sd 40 _ 49 L
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Figure A1. Meteorological stations over Algeria [38].
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Figure A2. Missing data in the meteorological network of Algeria [38].
Table A1l. Geographical coordinates of meteorological stations in Algeria [38].
N Station Longitude (°) Latitude (°) N Station Longitude (°) Latitude (°)
1 Beni Saf —1.33 35.25 29 Batna 6.35 35.71
2 Oran —0.60 35.63 30 Souk-Ahras 7.97 36.28
3 Arzew —0.26 35.81 31 Tebessa 8.11 35.41
4 Mostaganem 0.12 35.88 32 Saida 0.15 34.86
5 Maghnia -1.78 34.81 33 Elkheiter 0.04 34.09
6 Tlemcen —1.45 35.01 34 El Bayed 1.00 33.73
7 Mascara 0.30 35.60 35 Mecheria —0.26 33.55
8 S.Belabbes —0.65 35.18 36 Ainessefra —0.60 32.75
9 Chleff 1.33 36.21 37 Naama —0.30 33.26
10 Tenes 1.33 36.50 38 Bechar —2.25 31.63
11 Miliana 2.23 36.30 39 Biskra 5.73 34.80
12 Médéa 2.75 36.45 40 Laghouat 2.87 33.79
13 Alger 3.00 36.80 41 Touggourt 6.13 33.11
14 Tizi Ouzou 4.50 36.91 42 El Oued 6.78 33.50
15 Ghazaouet —1.86 35.10 43 Ouargla 5.40 31.91
16 Bejaia 5.05 36.75 44 El Golea 2.86 30.56
17 Jijel 5.57 36.80 45 Timimoun 0.28 29.25
18 Skikda 6.90 36.88 46 Béni Abbas —2.16 30.13
19 Annaba 7.81 36.83 47 Adrar —0.18 27.81
20 Guelma 7.46 36.46 48 Ain Salah 247 27.20
21 Tiaret 1.32 35.36 49 Ain Amenas 9.63 28.05
22 Dijelfa 3.25 34.68 50 Janet 9.47 24.26
23 KsarChelala 2.32 35.16 51 Tamanrasset 5.52 22.78
24 M’sila 4.50 35.66 52 Assekrem 5.63 23.26
25 Boussaada 4.20 35.33 53 B.BajiMokhtar 0.57 21.20
26 Bordj 4.66 36.06 54 Ain Guezzam 5.77 19.56
27 Setif 5.25 36.18 55 lizi 8.43 26.50
28 Constantine 6.61 36.28 56 Tindouf —8.16 27.70
Appendix B

The absorption coefficient from the ozone of the Lacis and Hansen model is calculated
via the following [17,39]:

KXo

T 1+0.042U, + 3231042

0.02118U,

1.082U,

0.0658U,

(1+138.6U,)"8%

1+ (103.6U,)°

(A)
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U, is the ozone relative optical pathlength, and it is defined as follows:
U, = I-m, (A2)

m, is the relative optical air mass defined via the following:

y = [sin(h)+0.15(3.885 - h)*l'm] B (A3)

[ is the vertical ozone-layer thickness (cm) under NTP (normal temperature and
surface pressure)

I = {235 + [150 + 40-sin (0.9856(dy — 30)) -+ 20sin(3L)] [sin2(1.28<p)] }/1000 (A4)

@ is the latitude and L is the longitude of the place.
The absorption coefficient from water vapor of the Lacis and Hansen model is calcu-
lated via the following:
2.9U'w

= (AD)
(14 141.5:U,) "% 4 5.925.U,

Uy is the pressure-corrected relative optical pathlength of precipitable water (cm)
calculated via the following:
U, = w-m, (A6)

w represents the precipitable water vapor thickness under NTP using the following formula:

0.493 HR 5416
W= —r—100 P (26.23 - T) (A7)

T is the temperature (Kelvin) and HR is the humidity (%).
The coefficient of absorption by the ozone layer p!, is given by the following:

p; = 0.28/(1 + 6.43sin(h)) (A8)
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