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Abstract: Five clear-sky models have been investigated to
determine the accuracy of the model to fit the calculated solar
irradiance measured over an eight-year period (2014-2021). The
main forms of solar irradiance that were investigated were:
Direct normal irradiance (DNI), which is used in solar PV and
CSP, Diffuse horizontal irradiance (DHI) and Global horizontal
irradiance (GHI), which are important for solar PV systems. The
Haurwitz, Chracicki, Meinel, Power law, and Logarithmic
(newly proposed) models were used to investigate GHI, the
Archer, Sharma, Meinel, Power law, and Logarithmic models for
DNI; and the ASHRAE, Power law, Fritz, Daneshyar, and
Logarithmic (newly proposed) models for DHI. All models are
regarded as simple clear-sky models due to only depending on
the zenith angle and having two scaling parameters used for
linear regression analysis. The data, measured at one-minute
intervals, was taken from the five stations (Richtersveld,
Vanrhynsdorp, Graaff-Reinet, Gaborone, and Windhoek) found
in South Africa, Namibia and Botswana which were supplied by
the SAURAN network. The influence of station elevation will
also be evaluated.
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components; airmass.

1. Introduction

Research into renewable energy has increased over the last
decade as countries around the world are looking for more
sustainable ways of generating electricity. In 2020 South Africa
was the 7th largest coal producer in the world and 85% of its
electricity was produced from coal plants. With the trend away
from coal due to the impact carbon emissions have on climate
change, the country has begun to consider more eco-friendly
ways of decreasing the amount of strain placed onto the grid [1].

South Africa receives solar radiation of 2.4 MWh/m? per annum
at its sunniest locations in the country’s north west, and even the
areas with the least sunshine, along the southern and eastern
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coastal belt, get as much as 1.5 MWh/m? solar radiation per
annum [2], thus making solar energy a very effective source of
renewable energy. Understanding the solar resource is important
for the optimization of solar energy production, and this can be
achieved through the application of simple solar irradiance
models. Electricity is largely generated from solar energy in two
forms in South Africa: photovoltaic systems and thermal
concentrated solar power [3]. The performance of these systems
can be estimated from the solar irradiance. Solar irradiance has
traditionally been represented by three interlinked quantities:
Global, Direct and Diffuse Irradiance.

2. Solarirradiance modelling

2.1. Airmass

When solar radiation travels through the earth’s atmosphere, the
radiation encounters molecules and particles with different
optical properties and varying concentrations. The ratio of the
path travelled by the solar beam through the atmosphere relative
to the vertical path is known as the airmass.

Assuming that the effect due to the earth’s curvature is
negligible, the relative airmass m is defined in terms of the solar

zenith angle { as follows:
1
M= os¢

€y

This quantity should not be confused with the absolute airmass,
which is obtained by multiplying m by the ratio of the site
atmospheric pressure to the sea level atmospheric pressure.

2.2. Solarirradiance types
The total amount of solar radiation which is incident on a

horizontal surface on the earth is referred to as the Global
Horizontal Irradiance (GHI).

This is made up of two components (see eq.3, [4]). Firstly, there
is the fraction of solar beam radiation that reaches the surface



after attenuation in the atmosphere. When measured in the
direction towards the Sun this is referred to as Direct Normal
Irradiance (DNI). Then there are the photons which experienced
scattering by gases and aerosols (dust, pollen, water vapour, etc.)
in the earth’s atmosphere and are now directed towards the
detector from all parts of the sky. When measured on a horizontal
surface this is referred to as Diffuse Horizontal Irradiance (DHI).

These three measures of irradiance are related to each other by
the equation:

G=Bcos{+D 2)

where G, B, D represent the GHI, DNI and DHI respectively.

If we define the above equations in terms of the airmass m and
the irradiance at the top of the atmosphere Bo, equation 2 can be
expressed as follows:

Gm B Dm

— (3
By By By ®

2.3. Existing solar irradiance models.

Comprehensive lists of solar irradiance models of varying
degrees of complexity have been summarised elsewhere [5, 6].
This study specifically restricts itself to models where the
irradiance only depends on one easily determinable variable, the
solar zenith angle. Furthermore, our models all contain a
maximum of two parameters that should be constant for set
heights above sea level provided skies are aerosol-free. These
parameters can however be expected to vary mildly with altitude
above sea level and atmospheric turbidity. Such models are very
basic and have for most purposes been superseded by advanced
models with many more parameters that may also depend on
further meteorological variables like temperature and humidity.
The one variable, two parameter models explored in this study
are however still very useful precisely because of their simplicity
if they can reproduce measured irradiance reasonably. This is
because meteorological measurements are often not available,
and because their straightforward mathematical formulation
eases computational application.

The solar irradiance models examined in this study are listed and
defined in Table 1. The form of the model equations and the
associated analytic tools are well illustrated by the example of
the Haurwitz model for GHI [7]:

G = Byde ™ cos¢ (4)

Each model is defined by two scaling parameters, A and g. The
amplitude parameter A defines the vertical scale of the irradiance
fitted by model and g defines the spread of the model. The exact
significance of these two parameters however varies from model
to model. For example, in the Haurwitz model defined by
Equation 4, q is a measure of the turbidity, while A would be the
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fraction G/Bo at the zenith as the turbidity tends to zero.

Table 1. Irradiance models investigated.

Model name Model equation

GHI models

Haurwitz [7] Gm/By, =Ae 1"

Chracicki [8] Gm/B, = A/(1+qm)

Meinel [9] Gm/B, = A™

Power law [10] Gm/B, =Amf?

Logarithmic Gm/By=A—qlnm

DNI models

Archer [11] B/By, =Ae 1

Sharma [12] B/By=A/(1+ gm)

Meinel [9] B/B,= A"

Power law [10] B/By=Am?

Logarithmic [13] B/By=A—qlnm

DHI models

Power law [10] Dm/B, =A m1

ASHRAE [14] Dm/B, = Ame "
Fritz [15] Dm/B, = A(L — e-7™)
Daneshyar [16] Dm/B, = Am(1 — gsec™'m)
Logarithmic Dm/By, =A—qlnm

Linearizing Equation 4 by taking logarithm on both sides and
substituting the definition of the airmass, we get the expression:
Gm

In— =

B, —gm +1nAd (5)

A standard linear regression analysis of a plot of the measured
In(Gm/Bo) vs. m thus yields a slope of —q and a y-intercept In 4,
from which g and A can immediately be determined. Similar
linearization can also be constructed for the other relationships
given in Table 1, from which the A and q parameters for the other
models are then derived accordingly.

2.4. New proposed Logarithmic model

We also tested a model that has seemingly never been proposed

before, given by:
G (orD) = By(A—glnm)cos{ (7)

This model appeared suitable to describe both GHI and DHI, and



bears the same form as a model suggested for DNI by Williams
[15]. We will refer to this form as Logarithmic models. Here the
scaling parameter A represents the fraction of G, B or D to the top
of the atmosphere irradiance Bo when the sun is directly
overhead (i.e. m = 1). As in other models, the g-parameter
defines the shape of the decline in the irradiance with the change
in airmass.

3. Data and methodology
3.1. The SAURAN network

The solar irradiance data for this project was obtained from the
Southern  African  Universities Radiometric ~ Network
(SAURAN) [17]. Most stations belonging to this network collect
both radiometric data (GHI, DHI, DNI) and meteorological data
such as site temperature and atmospheric pressure. The data,
which normally has a resolution of 1 minute, can be freely
downloaded from the SAURAN website.

The instruments used to collect solar irradiance on the SAURAN
network are as follows: A radiometer mounted on a SOLYS
tracker including a CHP1 pyrheliometer, to measure DNI. A
CMPI11 pyranometer under a shading ball which measures the
DHI, while an exposed CMP11 pyranometer measures the GHI
[17]. If required, DNI can also be calculated from the GHI and
DHI using Equation 2. Given that measurement uncertainties,
multiple scattering, refraction and horizon topography all
significantly degrade irradiance data quality near sunrise and
sunset, we only used irradiance measurements taken where the
solar zenith angle ¢ did not exceed 80°.

We estimated the random error in the GHI and DHI data to be
0.1% and 0.3% respectively by determining the fluctuations in
the 20-minute period around noon, when the change in solar
zenith angle is minimal. Systematic errors caused by sensitivity
degradation and similar effects are likely to exceed these
amounts, and may account for some of the offsets of the
parameters for each site derived later.

3.2. Site and day selection

We chose five sites in areas known to have above-average solar
irradiance that had data archives spanning several years, and that
furthermore spread over a wide range of altitudes above sea
level. The selected sites are listed in Table 2. Exact site
coordinates are available on the SAURAN website.

We identified approximately 20 clear days for each site where
visual inspection of the irradiance curves over the course of the
day suggested minimal losses due to cloud or other solar beam
interference. An example of the days meeting these criteria is
illustrated in Figure 1.

Table 2. SAURAN stations selected for this study with their
altitude above sea level.

Station name | Country Site coordinates | Altitude
Richtersveld S. Africa | 16.761E, 28.561S | 141 m
Vanrhynsdorp | S. Africa | 18.738E, 31.617S | 130 m
Graaff Reinet S. Africa | 24.586E, 32.485S | 660 m
Gaborone Botswana | 25.934E, 24.661S | 1014 m
Windhoek Namibia | 17.075E, 22.565S | 1683 m
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Fig. 1. GHI, DHI and DNI plots: Graaff Reinet, 03/02/22

We note that, despite the cloud-free conditions, some days
experienced high aerosol concentrations, which weaken the DNI,
but also increase the DHI. This is best exhibited by comparing
the behaviour of the DHI over time for various days, as is done
in Figure 2, where the amplitude and irregularity of this
irradiance form clearly points to higher aerosol levels.
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Fig. 2. Daily DHI curves from the Richtersveld station.
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4. Results Logarithmic (DHI)

For each considered day and site, we plotted the graphs for the = TE_; Lo ﬁzmuhgmﬁ i
quantities projected to be linearly related according to each of e MW
the model formulae in Table 1 and determined the model 0.094
parameters A and q for that daily data set accordingly. Examples o 0084
of these plots are illustrated in Figures 3-9. We furthermore S
determined the correlation statistic R? for each graph, which is =i Sl
0.06

an indicator of the goodness of the fit with a linear relationship.
Averages over all days at a station, as well as the combined 0.05
average R® for each model, are detailed in Table 3.
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In Figures 3-5, we illustrate the performance of the new T

Logarithmic model for GHI, DNI and DHI. While the model at N O W 08 E b W e L

least matches and to some extent even exceeds the performance
of the relatively widely used power law model (see Figures 6-8), Fig. 7. DNI Power law fit: Graaff Reinet, 03/02/22
it does not attain the superb fits achieved with the two models
that this study finds to be the best suited for the GHI and DNI,

Inm

which are the Meinel model (see Figure 9) and the Chracicki /
Sharma model. For the diffuse irradiance, however, the
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Logarithmic model performed best of all models studied here.
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Fig. 9. DNI Meinel model fit: Graaff Reinet, 03/02/22

After determining the average A and g parameters for each site,
we plotted these as a function of altitude above sea level for all
models. Examples of these plots, here for the Logarithmic model
parameters, are shown in Figures 10 and 11. These display a
clear trend for almost every model, as expected. The offset of the
point at 1014 m representing Gaborone is due to higher levels of
aerosols there. The analysis of these plots and the full
dependence of these parameters on height above sea level and
turbidity will form the subject of another paper.

5. Discussion

This study builds on a growing number of initiatives to
characterise the solar irradiance over Southern Africa, the impact
of which is important for establishing the local solar energy
resource. While previous studies have often focused on the
global irradiance [18, 19, 20], we have here also attempted to
establish the most suitable basic models for the DNI and DHI.
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Table 3. R? average value of the model plots.

Station name Global Horizontal Irradiance
Haurwitz | Chracicki | Meinel Power Logarithmic
Richtersveld 0.9878 0.9936 0.9967 0.9865 0.9933
Vanrhynsdorp 0.9892 0.9941 0.9961 0.9830 0.9905
Graaff Reinet 0.9879 0.9939 0.9961 0.9844 0.9919
Gaborone 0.9901 0.9947 0.9938 0.9775 0.9869
Windhoek 0.9865 0.9926 0.9953 0.9830 0.9896
average R? 0.9883 0.9938 0.9956 0.9829 0.9904
Direct Normal Irradiance
Archer Sharma Meinel Power Logarithmic
Richtersveld 0.9878 0.9910 0.9938 0.9779 0.9910
Vanrhynsdorp 0.9909 0.9959 0.9962 0.9815 0.9926
Graaff-Reinet 0.9868 0.9902 0.9932 0.9754 0.9888
Gaborone 0.9888 0.9917 0.9933 0.9739 0.9892
Windhoek 0.9876 0.9937 0.9939 0.9785 0.9895
average R? 0.9884 0.9925 0.9941 0.9774 0.9902
Diffuse Horizontal Irradiance
ASHRAE Power Fritz Daneshyar | Logarithmic
law
Richtersveld 0.9463 0.9650 0.9143 0.8834 0.9685
Vanrhynsdorp 0.9339 0.9649 0.9057 0.8773 0.9636
Graaff-Reinet 0.9160 0.9615 0.8978 0.7979 0.9583
Gaborone 0.9525 0.9669 0.9155 0.8932 0.9709
Windhoek 0.9377 0.9660 0.9136 0.8186 0.9764
average R® 0.9373 0.9648 0.9094 0.8541 0.9676
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Fig. 10. Average scaling parameter q vs station elevation for
the GHI Logarithmic model
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Fig. 11. Average amplitude scaling parameter A vs station
elevation for the GHI Logarithmic model

The Meinel model provides the best model fits for GHI and DNI
with very high correlation R values of 0.996 and 0.994
respectively. The performances of the Chracicki model and the
mathematically similar Sharma models follow very closely to the
Meinel models in accuracy, and these three models are hereby
confirmed as the recommended models of a simple formulation
for describing the global and direct irradiance. The newly
proposed Logarithmic model did best when modelling for DHI,
with an R? value of just under 0.971. As seen in Figure 5, the
lower correlation is not so much due to lack of linearity, but
rather caused by small-scale fluctuations that are in part probably
also due to the much lower photon counts. The model itself
describes the overall relationship between the DHI and the
airmass quite well. The Power law model performed noticeably
worse for GHI and DNI than even the Logarithmic model, which
is perhaps surprising given its comparatively wide usage. The
Daneshyar model performed the worst for DHI with an R?value
of only 0.854. This model was formulated based on irradiance
data collected in Tehran, Iran, [16] a site expected to exhibit
evidence of high dust levels and smog, so it is not surprising that
the relationships displayed there are dissimilar to what obtains at
much clearer localities. Out of all the simple clear sky solar
irradiance models, the DHI models exhibited the lowest degree
of correlation. This is not unexpected, due to the assumptions
made when simplifying the Rayleigh and Mie scattering
equations to make the models computable. The overall
satisfactory fits obtained with the Logarithmic models show that
this class offers a suitable alternative to the currently established
models.

Considering the thinner atmosphere above the sites at greater
altitude above sea level, as well as the nature of the A parameter
as a vertical scaling factor (which was the case for all models), it
was expected that the latter would increase with increased
elevation. This was found to be true for all stations apart from
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the Gaborone station which had lower scaling parameter values
than expected. When analysing this, it was found that Gaborone
had the highest scatter in the values for A, whereas Richtersveld
had the highest scatter for the g scaling parameter. We also note
that these two stations exhibited higher DHI values compared to
the other stations (90-140 W/m?), as shown in Figure 2. The
higher level of aerosol concentration in Richtersveld is due to the
station being located in the desert [21] while Gaborone is in a
semi-desert region. The cause for these elevated aerosol levels is
still being investigated. This shows that other factors such as
aerosol concentrations and geographical altitude should be taken
into consideration in addition to cloud coverage when
establishing defining clear day model parameters.

6. Conclusion

Our analysis shows the Meinel model to perform best when
modelling for GHI and DNI, closely followed by the Chracicki
model for GHI and the analogous Sharma model for the DNI.
The newly proposed Logarithmic model performs best when
modelling for DHI. The Power law and Haurwitz / Archer
models are shown to be less effective, but still usable. The
ASHRAE, Fritz and Danyeshar models, which were developed
as fits to DHI data that was likely strongly affected by aerosols,
do not match the clean sky DHI nearly as well as the other
models examined.
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