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Abstract

South Africa continues to lag globally in the adoption of renewable energy systems despite a notable decrease
in the cost of applicable renewable energy technologies over the past five years. Most applications of potential
solar renewable energy systems are currently in various stages of investigation, leaving this readily accessible
resource capacity idle. The present study proposes linear and non-linear analysis of multivariate models for
estimating global solar radiation (GSR) received across five cities in South Africa. The significance of this
study is to provide effective GSR estimation in the application of solar technologies, while increasing their
implementation. The dependency of GSR on meteorological variables such as air temperature, relative hu-
midity and relative sunshine duration was evaluated for January 2007 to June 2018 to realise estimation
models for each of the study sites. The Hargreaves-Samani and Angstrom-Prescott empirical models served
as the basis for single variable analysis of GSR reliance on each meteorological parameter and their relative
variations. The results indicated that the proposed non-linear, multivariate equations perform better than the
empirical models as well as linear, single variable regression equations. The suggested models are site-specific
and demonstrate a strong correlation to historic GSR values with low, acceptable error indicators. It was also
recognised that second- and third-order relationships between the clearness index and multiple meteorolog-
ical variables provide a more accurate description of GSR for most of the cities under study. These methods
are cost-effective, easily accessible and appropriate for the evaluation of the feasibility of solar photovoltaic
technologies in South Africa.
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1. Introduction
South Africa, as one of the world’s most coal-de-
pendent countries, has long needed to assess the
status of available resources and whether renewa-
bles would be a sustainable option for future energy
sourcing. The country still trails behind when it
comes to discovering and exploring the potential of
alternative energy resources, while the world is mov-
ing towards greener energy sources to reduce car-
bon footprint and alleviate the effects of global
warming on climatic and environmental conditions.
African countries such as Namibia, Angola and
South Africa (especially the Northern Cape) often
receive more than double the amount of radiation
than countries in the northern hemisphere, e.g.
United Kingdom [1]. South Africa is well suited for
the harnessing of solar radiation with sunshine being
available throughout the year. Disregarding this po-
tential, there are various financial and technical lim-
itations associated with solar energy technologies,
which restrict its use to private, off-grid networks.
These boundaries need to be resolved to increase
the impact and contribution of solar power to the
country’s energy supply. The present study aims to
indicate the amount of underutilised solar potential
available in South Africa and to contribute to the
knowledge and implementation of solar technolo-
gies. With solar radiation data often not being avail-
able for most regions locally, most research involves
the use of meteorological variables and mathemati-
cal relations to investigate the solar potential for sites
of interest [2,3]. The cost of equipment associated
with the measurement of ground solar radiation lev-
els is relatively high, and although it is often the re-
mote locations that receive high levels of solar radi-
ation, there is no solar radiation data for them. Var-
ious international studies over the past two decades
have led to the development of solar radiation esti-
mation models and time-series weather prediction
models using available, measured meteorological
factors [2-4]. It is important to obtain accurate mod-
els for locations, making it a field of large interest.
This study analysed and enhanced the existing
linear models for five major cities in South Africa.
Based on the available meteorological conditions
provided by local weather stations, it introduced
non-linear regression models for these cities and
evaluated their efficiency and accuracy over at least
ten years. The study also proposed a multivariate
model for each of these cities and tested its perfor-
mance in accordance to single variable models, as
well as non-linear variations of them. These pro-
posed models aim to encourage the use of solar ra-
diation estimation models in the procurement of
large-scale solar energy technologies. These cost-ef-
fective methods and skills are easily accessible and
can be included in the assessment of the feasibility

of solar photovoltaic (PV) technologies in South Af-
rica.

2. Background theory

Physical models that depend on meteorological pa-
rameters are viable for estimating solar radiation in
regions where solar radiation data is not measured
as they have lower computational costs and input
data requirements [5]. Although solar radiation data
is not extensively measured, the majority of physical
models require it for validating and calibrating esti-
mation models. Air temperature, relative humidity
and, in most cases, sunshine-duration measure-
ments are easy to conduct and can be obtained from
weather stations. The Hargreaves-Samani (H-S)
equation (Equation 1) [4, 6, 7] relates the amount
of extra-terrestrial radiation (ETR = H,) to the dif-
ference between the maximum (T,,,,) and mini-
mum (T,,;,,) air temperatures (AT = Tax — Trmin),
in order to calculate the amount of global solar radi-
ation (GSR = H) incident on a horizontal surface
(H) [8-14]. The main assumption of this model is
that the GSR at a site is responsible for the temper-
ature range [15].

H = H,K,(AT)%S 1)

where the empirical coefficient (K,.) = 0.16 for ‘inte-

rior regions’ and K, = 0.19 for ‘coastal regions’ [3,
7, 16], and H, is given by Equation 2 [2, 17, 18, 19];

. 24 % 3.6 x 10731, 1+ 0.033 (27TD
o = - [ 033 cos | —=

(2)

where I, = 1367 W /m? is known as the solar con-
stant [2, 7, 17], D, is the calendar day (1 January
(Jan): D, = 1; 31 December (Dec): D, = 365). The
latitude of the site is denoted by ¢ (all angles ex-
pressed in radians), and § is the declination angle
given by Equation 3 [20, 21, 22, 23].

5 — 9345 - 2n(D, + 284)]
= 180°™" 365

The hour angle w; is given by Equation 4 [20,
23, 24].

3)

= cos~(—tan¢tand) 4)

The ratio of the GSR to ETR (—) gives a descrip-
tion of the atmosphere’s transparency and is called
the clearness index, which is described by Equation

5 [25].

K—H 5
= ©)
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The Angstrom-Prescott (A-P) equation (Equa-
tion 6) can be used to calculate the clearness index
from the relative sunshine duration, provided the A-
P coefficients for the area are known [20, 22, 26-

29].

Kr=g=a+b(7) 6)
where a and b are the A-P coefficients, S is the actual
hours of sunshine received; and the day length (S,)
is used to translate time (in hours) between sunrise
and sunset [20, 21, 23, 30, 31], calculated from
Equation 7.

2wg
S, =2 (7)
For areas where the A-P coefficients are un-
known, using a = 0.25 and b = 0.50 [32] is pre-
scribed.

Statistical error analysis

Understanding of the accuracy of analysis and pro-
posed models is quantified in terms of the statistical
error analysis. The mean bias error (MBE), Equation
8, specifies the average deviance of the calculated
values from observed values and is an indicator of a
model’s long-term performance [12, 33]. Positive
MBE calculations correspond to an over-estimation,
while negative MBEs indicate under-estimation. The
root mean square error (RMSE), Equation 13, gives
insight into the short-term performance of a correla-
tion. The coefficient of determination (R?), Equation
14, is a measure of the correlation between the de-
pendent variables that are predicted from the inde-
pendent variables. Low values for all statistical error
measures are desired [34]. Previous studies propose
that percentage errors between -10% and 10% are
acceptable [34, 35]. Statistical analysis reported in
the present study was calculated using the error-
types given by Equations 8-14.

Mean bias error (MBE) and mean absolute bias er-
ror (MABE)

MBE = % mi(Hei — Hpy) (8)
MABE =~ (|He; = Hyni) ()

Mean percentage error (MPE) and mean absolute
percentage error (MAPE)

mpE = 1yn, (ﬂ) x 100% (10)
MAPE = 131, (HHﬂN x 100% (11)

Mean absolute relative error (MARE)

MARE = 37, (%) (12)
Root mean square errors (RMSE)

RMSE = —Z?ﬂ(”j‘”mi)z (13)
Coefficient of determination (R?)

R? = 1 — Slea(tmiHep)” (14)

2
Z?=1(Hm.i_Hmave)

where H,; and H,, ; are the i*" calculated and meas-
ured values of GSR, respectively, and H,,,, is the
average of the measured H values.

Further research on the estimation of GSR in
South Africa through multiple meteorological varia-
bles was completed by Adeala et al., which pro-
posed linear models for the nine provinces in South
Africa in terms of relative sunshine, air temperature,
wind speed and relative humidity. Following a simi-
lar approach, the present study focuses on the re-
gression analysis of these meteorological factors and
extends to the non-linear impact of multivariate
models which include variations of these parame-
ters. Extensive studies were published to detail the
non-linear analysis of GSR estimation models across
various countries in the world [37-42].

3. Experimental technique

Historic meteorological data was obtained from the
South African Weather Service (SAWS) and Agricul-
tural Research Council (ARC) for the study sites.
Records of sunshine duration (S), air temperature
(AT, Typas) , relative humidity (RH) and solar radia-
tion for January 2007—June 2018 was provided by
these independent sources. Analysis of the average
monthly GSR incident at each site for the specified
period was based on dependence on a single mete-
orological variable and dependence on multiple me-
teorological variables, using the H-S and A-P Equa-
tions 1 and 6 as the foundation models. Sunshine
duration and solar radiation measurements are not
undertaken for many locations across South Africa
because of the cost of equipment and its mainte-
nance. Historic data from the SAWS and ARC was
limited for certain regions, e.g., Pietermaritzburg and
Durban, as sunshine duration was not measured for
the full period. Measurements were recorded for a
few months and then stopped, leading to the study
being restricted to the available monthly averages.
Values for ETR (H,) and S, were calculated based
on the ¢ of each site, using Fortran programs [Op-
erating system: Linux 3.4.6-2.10-desktop x86 64,
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System: OpenSUSE 12.2(x86_64), GNU Fortran
Compiler, Version: 4.7-2.1.1-86_64].

South Africa’s climate is diverse, because of the
wide-ranging landscape and oceanic influence [43—
45], and is best described by noting the climate ex-
perienced in various regions (climate zones). The
eastern coastline experiences a semi-arid and mild,
sub-tropical climate, while the south-western region
is Mediterranean in type. The north-eastern part ex-
periences sub-tropical conditions, while a small re-
gion in the north-west is a desert climate zone [44].

Air temperature and rainfall patterns across the var-
ious climate zones are influenced by the region’s to-
pography, terrain and sea proximity [43, 44]. Sun-
shine is received throughout the year, including the
winter months (April to September), despite much
of the country’s rainfall occurring during summer
(October to March) [43,44]. Average air tempera-
tures range between 15 and 30 °C during summer
and often exceed 38 °C [43]. Table 1 shows the ge-
ographical specifics for each study site at five cities
across various climate zones.

Table 1: Geographical details of study sites.

Site Province Latitude (° south) Longitude (° east)  Elevation (m)
Bloemfontein Free State 29.1030 26.3263 1400
Cape Town Western Cape 33.9630 18.4194 670
Durban KwaZulu-Natal 29.9650 30.4849 670
Johannesburg Gauteng 26.1430 28.3971 1800
Pietermaritzburg ~ KwaZulu-Natal 29.6270 30.4062 750

4. Results and discussion 3
Following a full analysis of single variable depend- .
ency of GSR for each of the four variables, 25 .
AT, Tyyary RH and Si (relative sunshine duration = S 2 %
o L ]
is the actual hours of sunshine received / the day = ;5 - !
L
length S,), the dependency of Hi on multivariate = L, : 2 “ c: L. .0
o) 1 ot ol & e gy &
models was further investigated. 20, Y o e 0 a® * S . .
0.5 —W“ 5 . °
4.1. Single variable analysis o . . .
Figures 1-10 illustrate the single variable depend- 0 50 100 150

ence of GSR on air temperature and relative sun-
shine duration with regard to the H-S and A-P em-
pirical models for each study site.
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Figure 1: Calculated extra- terrestrlal radiation-
global solar radiation ratio (—) using the H-S
model for Bloemfontein. Hmeasured represents
the observed values of global solar radiation for
the period.

Months [ Jan 2007 - Jun 2018)
® Hmeasured —=——-p

Figure 2: Calculated extra- terrestrlal radiation-
global solar radiation ratio (—) using the A-P
model for Bloemfontein. Hmeasured represents
the observed values of global solar radiation for
the period.
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Figure 3: Calculated extra-terrestrial radiation-
global solar radiation ratio (Hi) using the H-S

model for Cape Town. Hmeasured represents
the observed values of global solar radiation for

the period.
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Figure 4: Calculated extra-terrestrial radiation-
global solar radiation ratio (Hi) using the A-P
model for Cape Town. Hmeasured represents

the observed values of global solar radiation for
the period.

H/H,

Months (Jan 2007 - Jun 2018)

—_—H-5

Figure 5: Calculated extra-terrestrial radiation-
global solar radiation ratio (Hio) using the H-S

& Hmeasured

model for Durban. Hmeasured represents the
observed values of global solar radiation for the
period.
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Figure 6: Calculated extra-terrestrial radiation-
global solar radiation ratio (Hio) using the A-P
model for Durban. Hmeasured represents the

observed values of global solar radiation for the
period.
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Figure 7: Calculated extra-terrestrial radiation-
global solar radiation ratio (Hi) using the H-S
model for Johannesburg.oneasured

represents the observed values of global solar
radiation for the period.
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Figure 8: Calculated extra-terrestrial radiation-
global solar radiation ratio (Hi) using the A-P
model for Johannesburg. Hmeasured

represents the observed values of global solar
radiation for the period.
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Figure 9: Calculated extra-terrestrial radiation-
global solar radiation ratio (Hi) using the H-S
model for Pietermaritzburg. Hmeasured

represents the observed values of global solar
radiation for the period.

12 From the regression relations obtained for all five
11 . . sites, AT indicated a weaker correlation to Hio com-

os ' . ® ¢ . { & : ; pared with T4, and T,,.. While R? values indicated

= e 0' Y ? . K . a low to moderate relationship between temperature

Z o6 ’LWW and GSR, it was found that estimation models that
= s L 200" seey o : a2 .0 include additional meteorologlcal variables may
* . %; % . L . * perform better. Furthermore, higher order relations

02 € ° (quadratic, cubic and power) showed a better fit to

5 the measured values. The single dependency of

0 SID 1III)D 1'5 o measured relative humidity (RH) to GSR was also

examined. Relative humidity indicated the weakest
relationship to Hi No established GSR estimation
o

models for this quantity exist, as relative humidity is
unable to solely predict GSR. This variable is often
used in combination models that do not implicitly
account for RH. Sunshine regression equations
demonstrated higher correlation values from all
three variables. The A-P model performed consider-

2 ably well and the large number of outliers that were
14— . S not included by the model can be explained using

. * .« 8 °* the universal A-P coefficients. Since established A-P

e e b fficients for the above cities do not exist, the uni-
. FINEN . ® coefficients for the above cities do not exist, the uni
E. 0.6 versal coefficients were used: a = 0.25; b = 0.50.
0l et e . a? e These coefficients are general and can be used for
‘: .t :.‘ o,’ v € o ™ any site for which the A-P coefficients are unknown.

0.2 < There is merit in obtaining specific A-P coefficients
o . . . . . . for each site as this enhances the performance of

o 50 0 0 80 100 120 each model based on the site’s observed historic
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Figure 10: Calculated extra-terrestrial radiation-
global solar radiation ratio (Hi) using the A-P
model for Pietermaritzburg. Hmeasured

represents the observed values of global solar
radiation for the period.

sunshine data.

4.2. Multivariate analysis

Section 4.1 provided the basis to proceed to include
only the variables for which the multivariate analysis
showed a stronger correlation. Tables 2-11 describe
the proposed multivariate equations for each site, as
well as their associated error indicators.

Table 2: Proposed multivariate equations.

No. Equation
v —0.053(AT) — 0.766 (ﬂ) +2.507 (i) +1.930
2 e pree S
"= —0.393(VAT) — 0.631 (W) +2.623 (5—0) +0.821
s 0.040(Tyqr) — 0.307 (ﬂ) +1.151 (i) -0.979
H, max 100 S
4 H% = 0.394(/Tpar) — 0.275 (%) +1.214 (SS—G) - 1.999
o —0.018(AT)? + 0.552(AT) — 1.500 (ﬂ)z -0.339 (ﬂ) +3.752 (5)2 —3.546 (i) - 2.175
H, 100 100 S, S,
° H_ 0.002(Tyqx)? — 0.037 (Tyg) — 8.813 (ﬂ)2—8107(ﬂ)+3262 (2)2—4315(2)%225
H, e ' mex - 2ETTA100 “o100/ T T, s, T
[ 0.004(AT)® — 0.24(AT)? + 4.16(AT) + 57.59 (ﬂ)s —89.92 (ﬂ)z +43.11 (ﬂ) —265 (i)s +9.31 (i)z -37.29 (i) —27.40
H, 100 100 100 S, S, S,
8

= =94 X 107 (Tpg)? + 0.003(Tynge)? = 0.06(Tg) +27.58 (%)3 —4935 (ﬂ)z +27.5 (%) + 0.14 (Si)3 +2.13 (Si)2 —2.99 (Si) -299

100 100

No. = number, Hi = extra-terrestrial radiation-global solar radiation ratio, RH = relative humidity, T.x = maximum temperature, Si = relative sun-
o 0

shine duration, AT = temperature difference.
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Table 3: Error indicators for proposed equations.

Equation RMSE MBE MABE MPE MAPE MARE R?
1 0.39594 0.05721 0.27450 -9.72644 3591319  0.35913 0.16348
2 0.39734 0.05721 0.27587 -9.95571  36.22391  0.36224 0.82761
3 0.38825 0.05721 0.26900 -6.70049  33.71226  0.33712 0.83507
4 0.39012 0.05721 027177  -6.907291 34.27409  0.34274 0.83348
5 0.3249 0.05721 026734  -8.12844  34.65066  0.34651 0.21935
6 0.37720 0.05801 0.25875 -5.83789  32.12539  0.32125 0.24080
7 0.38037 0.05721 0.26825 -7.07460  34.50267  0.34503 0.27990
8 0.37725 0.05721 0.26037 -6.06718  32.31451  0.32315 0.24115

RMSE = root mean square error, MBE = mean bias error, MABE = mean absolute bias error, MPE = mean percentage
error, MAPE = mean absolute percentage error, MARE = mean absolute relative error, R? = coefficient of determination

Table 4: Proposed multivariate equations.

Equation

8

ST | EEIEEIEQEIEEIEEI%EI m5| =

= —0.69(AT) — 0179( )+2539( )—0.433

S
=—0.395(VAT) — 0. 176( ) +2. 540(

—0.004(Tpqy) — 0.165 ( ) +2. 358(

—0.394(y/Typay) + 0. 165( ) + 2.360

)+ 0.124

)

) —1.042

cf?,f‘"' "’

)— 0.962

0

2

= —0.014(AT)? + 0.128(AT) 3041(RH) +2340<RH)+2812(S) 1305(5) 0.159
B 100 100 ’ S, ) S, :

2 RH
+o942(

RH
—0.003(Tpqr)? + 0.094(Tpqr) — 0.965 ( o 0)

3

RH
= 4 X 107 (Tyge)® — 0.03(Tpax)? + 0.71(Tayr) + 13.33 (100)

RH\?
—0.002(AT)3 — 0.001(AT)? + 0.15(AT) + 32.35 (100) - 47.97(

—1966(

R+ 3509(2) 2060 (2) - 0597
100 ’ So So :

R 1708 (20 1 123(2) +0s0(2) - 00(2) - 09
100 100 =UN\s, NS, NS, :
3 2

100 100 S,

No. = number, A
duration, AT =

temperature difference.

= extra-terrestrial radiation-global solar radiation ratio, RH = relative humidity, T,.x = maximum temperature, Si = relative sunshine
0

For Bloemfontein, the first order multivariate
equations produced a higher correlation in contrast
with the second and third order relations. Low
RMSE and MPE indicators, which fall within the ac-
cepted range (-10%; 10%) were also obtained by
the first order relations. Figure 11 shows the perfor-
mance of the proposed model (Equation 3) amongst

the measured values of Hi The model is adequate

[
in fitting the clearness index values previously meas-

ured in Bloemfontein, except for outliers in the last
two to three years (months = 110 - 130). These dis-
crepancies may be a result of the climate change ex-
perienced in recent years, or possible data-recording
defects.

Tables 4 and 5 show the proposed equations for

Cape Town. The Hi values show a stronger depend-

ency on Ty,.,, with the quadratic (Equation 6) and
cubic (Equation 8) relations having the highest R?
and lowest RMSE values. The MPE indicators are
within the accepted range and the MAPEs can be
explained by the large number of outliers in the data
set. The proposed Equation 8 provides a strong co-
efficient of determination and low error indicators

and hence fits the measured values of GSR well, as
indicated in Figure 12. A few underestimations are
noticeable but overall the model includes most data
points.

3

25

0.‘Q

AAAAAARAA

0 50 100 150

Months { Jan 2007 - Jun 2018)
® Hmeasured =Equation 3

Figure 11: Proposed multivariate model using
Tmax to estimate —for Bloemfontein, where Tmax,
Hmeasured anﬂ 0 represent the maximum
temperature, observed values of global solar
radiation and the extra-terrestrial radiation-
global solar radiation ratio respectively.
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Table 5: Error indicators for proposed equations.

Equation RMSE MBE MABE MPE MAPE MARE R?
1 0.29168 0.06358 0.22174 234321 39.68114  0.39681 0.57990
2 0.30012 0.06358 0.22187 220763  39.70152  0.39702 0.88447
3 0.29956 0.06358 0.22425 3.95230  39.85326  0.39853 0.88490
4 0.29958 0.06358 0.22424 3.93864  39.86163  0.39862 088489
5 0.27006 0.06358 0.19926 3.07052  31.81996  0.31820 0.65884
6 0.26905 0.06358 0.19935 3.57050 3191099  0.31911 0.90716
7 0.26640 0.06358 0.19182 2.86728  29.20680  0.29207 0.66803
8 0.26336 0.06358 0.19213 3.22039  28.85694  0.28857 0.91104

RMSE = root mean square error, MBE = mean bias error, MABE = mean absolute bias error, MPE = mean percent-
age error, MAPE = mean absolute percentage error, MARE = mean absolute relative error, R? = coefficient of deter-
mination.

1.8 -
16 -

12 +

HfH,
=
1
e

0.8 T . t ad e B

0 1] 1T

0.2
o T T 1
0 50 100 150

Months ( Jan 2007 - Jun 2018)
#® Hmeasured —=———Equation 8

.

Figure 12: Proposed multivariate model using Tmax to estimate Hifor Cape Town, where Tmax,
Hmeasured and . represent the maximum temperature, observed Values of global solar radiation
and the extra-terrestrial radiation-global solar radiation ratio respectively.

Table 6: Proposed multivariate equations.

No. Equation

RH

= 0.002(AT) + 2.033 (100

S
) +0.365 (—) -1.201
So

RH S
= 0.020(VAT) + 2.040 (—) +0.361 (—) +1.242
100 S,

RH

s
= 0.008(Tpar) + 1.919( ) +0.413 (—) —1.325

100 S,
RH S
4 = 0.102(yTax) + 1.905 (—) +0.416 (—) - 1.732
100 S,
5 = 4.5 x 107*(AT)? — 0.019(AT) + 7.039 (RH)Z 8.255 (RH) +0.521 (5)2 0.159 (5) 2.844
o ) : 100 : 100 ) S, ’ S, :
6 = —1.4 X 1073(T,,0)? + 0.108(T, )+13097(RH)2 16833<RH) 1180(S)z+16025(5)+3399
- max ’ max : 100 ) 100 ’ S, ’ S, ’

100 100 100 S, S,

3

3 2 2
=3.6 X 1075(Tpay)® — 0.005(Tr0r)? + 0.23(Tpay) — 142.8 (ﬂ) +320.3 (ﬂ) —235.9 (ﬂ) —9.18 (i) +11.78 (i) —4.19 (i) —54.78
max max max 100 100 100 S, S, S,

Fl= Fl= &= Flz F=z Flz = F=

s RH\? RH\? RH Sy? Sy? S
—9 X 107°(AT)® + 0.005(AT)? — 0.06(AT) — 230.5 (—) +499.5 (—) —355.4 (—) -9.27 (—) +13.1 (—) —5.46 (s_) +84.15
o

No. = number, Hi = extra-terrestrial radiation-global solar radiation ratio, RH = relative humidity, Tmax = maximum temperature, si
0

relative sunshine duration, AT = temperature difference.
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Table 7: Error indicators for proposed equations.

Equation RMSE MBE MABE MPE MAPE MARE R?
1 0.15789 0.02188 0.13075  -7.18984  29.15333  0.29153 0.42176
2 0.15792 0.02188 0.13082 -7.21693  29.20971  0.29210 0.42153
3 0.15648 0.02188 0.12888  -6.34183 2792393  0.27924 0.92113
4 0.39039 0.02188 0.12188 3.86583  -31.31340 0.42384 0.30871
5 0.14688 0.02188 0.11608  -6.07546  25.32882  0.25329 0.49962
6 0.12589 0.02188 0.10413 -2.0700  21.34543  0.21345 0.94895
7 0.14598 0.02188 0.11043  -4.05942 22.36994  0.22370 0.50567
8 0.13117 0.02188 0.10559  -1.59414  20.55594  0.20560 0.94458

RMSE = root mean square error, MBE = mean bias error, MABE = mean absolute bias error, MPE = mean percent-
age error, MAPE = mean absolute percentage error, MARE = mean absolute relative error, R? = coefficient of deter-

mination.

First, second and third order equations using
Timax indicate high correlation coefficients and low
RMSEs. This makes these equations well suited for
the estimation of clearness index. The percentage
errors are all within the accepted range of -10% —
10%. This study proposes Equation 6 for Durban
and this model’s performance is depicted in Figure
13. The sunshine data was not measured from May

2010 to Jun 2018, due to technical limitations at the
ARC, so this period was excluded from the analysis.
The shape of the data shown in Figure 13 suggests
that the model adequately estimates K; for the pe-
riod available. Since fewer data points were ana-
lysed, this also had an impact on the error indicators
reported in Table 7.

Table 8: Proposed multivariate equations.

No. Equation
1 2o 0.029(AT) + 0 618<RH) + 03135(5) +0.178
H, ’ 100 : S, ’
H RH s
2 — = —0.232(VAT) + 0.460 (—) 0.624 (—) —0.581
H, (VaT) + 100) " S,
3 H—0045(T )+0474(RH)+0159(5) 0.887
H, max ’ 100 : S, ’
H RH s
4 — =0.433(,/T, 0.453 (—) 0.169 (—) —1.936
H, (VTima) + 100) " S,
5 1 = 1.9 x 1073(AT)? — 0.110(AT) 1304(RH)2+1677(RIL1)+1044(5)2 0982(S)+1026
H, : ’ 100 ’ 100 : S, : S, ’
6 1 _ 1.8 X 1073 (Tpx)? + 0.131(Tgy) 1154(RH)2+1757(RH) 04735<s)2+0811<s) 2.436
H,~ 7 max : max : 100 ’ 100 ' S, ’ S, '
7 H 67 107*(AT)3 — 0.04(AT)? + 0.615(AT) 256(RH)3 +47 oz(RH)2 285(RH) 2 57(5)3 1 85(5)2 049(5) +3.83
H, ' ' ~\100 “\100 ~\100 =S, s, IS, :
3 2
g A
H,

3 2
_ - 3_ 2_ _ RH RHN"_ 4q(RH S S\ Zos7 (3
7.5 X 107 (Tynge)?® = 0.06(Tyy02)? — 1.27(Tyngy) — 6.143 +11.25 6.43 18.59 +36.74 23.7

100

100 100 s, s, s,

)+ 15.8

No. = number, Hi = extra-terrestrial radiation-global solar radiation ratio, RH = relative humidity, Tmax =

relative sunshine duration, AT = temperature difference.

. s
maximum temperature, =
0
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Table 9: Error indicators for proposed equations.

Equation = RMSE MBE MABE MPE MAPE MARE R2
1 0.25244 0.15038 0.19397 17.47650  30.41315 0.30413 0.19989
2 0.24853 0.14751 0.19093 16.9053 29.76287 029763 0.8602
3 0.14144 -4x107° 0.10475 -5.08111 19.6809 0.19368 0.94689
4 0.14166 0.01584 0.10686 -1.73778 19.44057 0.19441 0.94672
5 0.39480 0.34215 0.34764 14.63490 31.40490 0.31405 0.20488
6 0.13838  6.41x10'¢  0.10853 -4.58710 20.46811 0.20468 0.94916
7 0.18301  -2.1x10"™  0.15512  -10.94380  30.67616 0.30676 0.33782
8 0.11753 -1x10 0.09414 -3.16928 16.61409 0.16614 0.96333

RMSE = root mean square error, MBE = mean bias error, MABE = mean absolute bias error, MPE = mean percent-
age error, MAPE = mean absolute percentage error, MARE = mean absolute relative error, R? = coefficient of deter-

mination.

12

20 30 40

Months [ Jan 2007 - Apr 2010}
& Hmeasured m——F quation &

Figure 13: Proposed multivariate model using
Tmax to estimate Hi for Durban, where Tmax,

o

H .
Hmeasured and - represent the maximum
o

temperature, observed values of global solar
radiation and the extra-terrestrial radiation-
global solar radiation ratio respectively.

Error analysis for the proposed equations for Johan-
nesburg shows low RMSE and MBE values, which
make the above equations suitable. It is evident that
Tmax €quations have a stronger dependency to
clearness index values. Equation 8, which is a cubic
function of T,,,,, is proposed for Johannesburg and

illustrated in Figure 14. The proposed model accu-
rately fitted the historic data, with a high correlation
coefficient and low error indicators and there were a
few underestimations which may have resulted from
the effects of any of the three variables included in
the equation.

1.z

e

""T‘ P

o T T 1
] 50 100 150

Months ( Jan 2007 - Oct 2017)
® Hmeasured — =——=Equation 8

Figure 14: Proposed multivariate model using
Tmax to estimate Hifor Johannesburg, where

o

H .
Tmax, Hmeasured and . represent the maximum

temperature, observed values of global solar
radiation and the extra-terrestrial radiation-
global solar radiation ratio respectively.
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Table 10: Proposed multivariate equations.

Equation

S
= 0.048(AT) + 2.633 (100) +.174 (z) —1.876

—0310(\/_)+2599( )+0885(s)—2361

O

N
—0032(Tmax)+1462( )+0235(S) 1.390

o

s
= 0.319({/Tyay) + 1463 (1 0) +0. 231(5 )— 2.168

o
0.016(AT)? + 0.475(AT) + 13 621(RH)2 13 963(RH)+1237(S)2 1612(S)+0808
' ' ' 100 ' 100 ' S ' S '

o o

RH\? RH S$\? S
= Z —_ JE— [— —_
0.002(Tax) 0085(Tmax)+7513<100) 8183(100) 0.910 (s) 1.110 (s

o

)+ 3.533

R 43106 (20)" 2538 (20) _g77(2) + 1999 () ~1453(2) + 20
100 7 \100 NS, NS, NS, :

N
omlm om|m omlm °m|m Dmlm °m|m °m|m

R
= 0.003(AT)? — 0.12(AT)? + 1.67(AT) — 9.02 (100)

3

H =8.9 X 107%(T0)® — 0.004(T,02)? + 0.047 (Trar) — 22. 51(RH) + 50. 56(RH)2 35. 24(RH) 9 17(5) + 20 59(5)2 147(5) +11.3
8 u - max max max 100 100 100/~ 7' \s, ~7\s, “\s, '
No. = number, Hi = extra-terrestrial radiation-global solar radiation ratio, RH = relative humidity, Tmax = maximum temperature,
o

s . . .
— = relative sunshine duration, AT =

0

temperature difference.

Table 11: Error indicators for proposed equations.

Equation RMSE MBE MABE MPE MAPE MARE R?
1 0.13726 -6.6x101° 0.11001 -6.71925  25.21744  0.25217 0.59623
2 0.13758 -9.6x10°16 0.11045  -6.79374  25.39489  0.25395 0.93908
3 0.12468 -1.3x10°¢ 0.10076  -5.39414  22.82711  0.22827 0.94996
4 0.12490 9.4x107" 0.10090  -5.39830 22.8930Z2  0.22893 0.94979
5 0.18160 0.14 0.14929  -20.75960 28.27592  0.28276 0.29317
6 0.11116 1.44x105  0.08474  -4.43616 17.83656  0.17837 0.96023
7 0.11077 9.7x10" 0.08462  -4.43619 17.68162  0.17682 0.73701
8 0.10744 2.4x10°% 0.08199  -4.22186 17.64309  0.17643 0.96285

RMSE = root mean square error, MBE = mean bias error, MABE = mean absolute bias error, MPE = mean percentage er-

ror, MAPE = mean absolute percentage error, MARE = mean absolute relative error, R? = coefficient of determination.

First order equations using VAT, Tqy and 1/ Tpay in-
dicate high R? values with low error indicators
shown in Table 11. Equations containing T;,,,, again
show a stronger relationship to K; values. For Pie-
termaritzburg, Equation 6 is proposed. The model’s
efficiency is depicted in Figure 15 and indicates a
well-suited model. Sunshine duration data was una-
vailable for certain months as a result of technical
limitations from the data source and hence the anal-
ysis was completed only for the period 2007-2014.

The above analysis is evidence that non-linear,
multivariate models are more efficient in estimating
GSR than linear, single variable models. Strong R?
coefficients are detailed for the proposed multivari-
ate equations. Low error indicators (RMSE, MBE
and MPE) describe the suitability of these models for

GSR prediction over the long-term. The MAPE error
values can be explained by the rounding and aver-
aging of hourly and daily recordings to obtain
monthly average values. It was found that the de-

pendence of Hio on Ty, is stronger than that of AT

(derived from the H-S model), while relative sun-
shine duration si is a strong indicator of the GSR

experienced across the study sites. Higher order
equations (both single and multivariate relation-
ships) prove to be more accurate. The equations
suggested for the five study sites demonstrate their
suitability for the estimation of GSR over the long

term, i.e., forecasting, horizon and are summarised
in Table 12.
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Figure 15: Proposed multivariate model using Tmax to estimate Hifor Pietermaritzburg, where Tmax,

o

Hmeasured and Hi represent the maximum temperature, observed values of global solar radiation
and the extra-terrestrial radiation-global solar radiation ratio respectively.

Table 12: Summary of multivariate equations for each study site.

Site Equation
H RH S
BFN = =0.040(T,,,) — 0.307 (—) 1.151 (—) —~0.979
H, (Tnax) 100/t S,
CT H =4 % 107*(T,00)% — 0.03(T,0)? + 0.71(T, )+1333(RH)3 1966<RH)2+752(RH)+225(5)3 046(5)2 0368(5) 5.41
H, max oM max M max ~~\100 "~ \100 ~“\100 =S, NS, ) S, ’
2 2
DBN A _ —1.4 X 1073(T,p,,)% + 0.108(T, 13.097 (E) —16.833 (ﬂ) —1.180 (5) 1.6025 (i) 3.399
Ho A4 X (max) + 0. (max)+ . 100 . 100 . SO + 1. SO + 3.
JHB X =7.5% 107*(Tpgr)® — 0.06(Tpgr)? — 1.27 (Tonaz) 6143(RH)3+1125(RH)2 643<RH) 1859(5)3+3674(5)2 237<S)+158
H, max N max 0N max : 100 ““\100 “7\100 =S, S, s, ’
2 2
PMB H _ 2_ (ﬂ) _ (ﬂ) _ (i) _ (i)
T, 0.002(Tpgz)? — 0.085(Tpgy) + 7.513 To5) ~8183(1g5) — 0910 5 1.110 5 +3.533

BFN = Bloemfontein, CT = Cape Town, DBN = Durban, JHB = Johannesburg, PMB = Pietermaritzburg, Hi = extra-terrestrial radiation-
global solar radiation ratio, RH = relative humidity, Tmax = maximum temperature, Si = relative sunshine duration.

5. Conclusions sunshine data measurements that are not always
This study analysed the impact of single variable, lin-  available because of the costly equipment they de-
ear estimation models on the available GSR within ~ mand. This study provided insights on the estima-
South Africa in comparison to multivariate, non-lin-  tion of GSR in South Africa, which can be accurate,
ear regression models which incorporate variations  easily employed, and subsequently cost-effective.
of meteorological parameters. The investigation to  The proposed models are unique to each of the se-
propose linear and non-linear analysis of multivari-  lected cities and may be incorporated into the design
ate models for the estimation of global solar radia-  and installation processes of solar photovoltaic (PV)
tion (GSR) received across five South African cities  technologies to enhance their efficiency, while en-
indicated that the empirical Hargreaves-Samaniand  dorsing their application. Furthermore, the pro-
Angstrom-Prescott models proved to be reliable  posed economical models are appropriate for the
methods for estimating the amount of GSR in  feasibility study of solar PV technologies in South
shorter study periods (i.e., one calendar year), but  Africa.

lacked accuracy for long-term estimations. This work

further indicated that models that make use of a sin-

gle meteorological variable and most linear models

are not able to adequately predict GSR for the se-

lected cities over periods longer than ten calendar

years. Meteorological parameters used for this re-

search were substantially easy to obtain, except for
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