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Abstract

The solar resource in South Africa is among the best in the world. South Africa has seen an
increase in local and international investment in solar power. The optimum angles at which a
solar collector should be mounted are often debated. Similar publications on this topic often
rely on mathematical models of solar resource rather than measured data. Measured data is
preferred since the effects of pollution and weather are included. In this work, recently
measured data from nine measuring stations in the Southern African Universities Radiometric
Network (SAURAN) equipped with pyranometers and pyrheliometers are considered. The
data is used to calculate the annual solar insolation on fixed collectors at all possible
installation angles. SolTrace, a ray-tracing software, is used for validation. Relative to a
horizontally-fixed collector, the annual solar insolation is 10% more for optimally-fixed
collectors and 45% more for solar-tracking collectors. The effects of tilt and azimuth angles
are presented on contour plots, which are convenient for cost analysis and the determination
of the annual insolation on building surfaces. The optimum azimuth angle is a function of the
longitude angle minus the absolute latitude angle, which suggests that frontal and convective

precipitation effects influence the optimum azimuth angle.
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Nomenclature

C Constant

D Average diffuse horizontal irradiance [W/m?]
H Average global horizontal irradiance [W/m?]
I Average direct normal irradiance [W/m?]

S Annual solar insolation [kWh/m?]

SOF Surface orientation factor [-]

T Average solar irradiance on collector surface [W/m?]
X Position in the x-axis [m]

X Position of the sun in the x-axis [m]

y Position in the y-axis [m]

Y Position of the sun in the y-axis [m]

z Position in the z-axis [m]

z Position of the sun in the z-axis [m]

Greek symbols

a Elevation angle of the sun

p Tilt angle of collector

0 Declination angle

€ Percentage error

C) Azimuth angle of the sun

p Reflectivity of surface

o Longitude angle minus absolute latitude angle
¢ Latitude angle

¥ Azimuth angle of collector
) Hour angle

Subscripts

calc As calculated

e Extra-terrestrial

GSA According to GeoSun Africa



H Using global horizontal irradiance

I Using direct normal irradiance

max Maximum

opt Optimum

tilt For a fixed and tilted surface
track For a solar-tracking surface

Abbreviations

DHI Diffuse Horizontal Irradiance

DNI Direct Normal Irradiance

GHI Global Horizontal Irradiance

Glz German Society for International Cooperation

GSA GeoSun Africa

NREL National Renewable Energy Laboratory

SAURAN Southern African Universities Radiometric Network
SAWS South African Weather Service

SOF Surface Orientation Factor



1. Introduction

South Africa has one of the best solar resources in the world. It is blessed with much space
and plenty of solar hours. Large-scale grid-connected solar power plants are becoming more
popular and small-scale solar collection using photovoltaic panels and solar water heaters is
also a growing tendency in South Africa. The sun’s power and position is a function of time
and day and therefore, to capture the most power from the sun throughout a typical year, a
solar collector should be placed on a two-axis solar tracking system so that it faces the sun at
all times. However, two-axis solar tracking systems can be expensive and should be priced
correctly to justify the cost. For crystalline silicon (c-Si) PV modules, the annual solar
insolation obtained with a two-axis solar tracking system in South Africa is only about 3%
higher than the annual solar insolation obtained with a one-axis solar tracking system [1].
This makes one-axis solar tracking systems more attractive in terms of cost.

Another solar-collection approach is to fix the solar collector at a certain tilt angle and
azimuth rotation angle for the full duration of its lifetime. These angles can be chosen to
obtain either maximum annual solar insolation or to obtain maximum daily solar insolation
throughout the year [2]. The fixed-collector approach is often considered instead of a solar
tracking system, which is associated with extra cost. Many studies have been done to
determine the optimum fixed positions of solar collectors for locations all over the world [3].
Results are often based on mathematical models of the solar resource, measured solar data or
both.

Optimum fixed-collector positions based on mathematical models of solar resource are
available for countries such as Lesotho [4], Cyprus [5], Egypt [6], Brunei Darussalam [7],
China [8], Iran [9], the western Himalayas [10], India [11] and Malaysia [12]. Estimation and
optimization of the incident solar radiation on tilted surfaces can also be determined using
different empirical models [13-14]. A solar radiation data manual for flat-plate and
concentrating collectors was made available for the United States of America by the National
Renewable Energy Laboratory [15]. Both mathematical models of solar resource and
measured solar data were used to calculate solar insolation expected on tilted surfaces at
various locations.

Optimum fixed-collector positions based on measured solar data are available for locations
such as Bet-Dagan, Israel [16], Surabaya, Indonesia [17] and Spain [18]. Optimum fixed-
collector positions based on data from photovoltaic panels at different angles are available for
locations such as Hannover, Germany [19] and Tehran, Iran [20]. Results based on measured
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solar data include the effects of pollution and weather of the specific location. Solar data from
regularly calibrated ground measurement stations are considered to be the most accurate [2]
and, therefore, daily measured data at minute or hourly intervals is preferred.

Studies have been done in South Africa to determine the optimum fixed position of solar
collectors, but these studies do have some limitations. Similar to other locations in the world,
results were based on mathematical models of solar resource, measured solar data or both.
Suri et al. [1] presented a method for estimating the annual energy output from fixed and
tracking solar collectors in South Africa using numerical models of solar resource. Suri et
al. [1], however, did not investigate the effect of azimuth rotation and assumed that the
collector should face north. Optimum tilt angles for photovoltaic panels in the Vaal Triangle
of South Africa have been determined experimentally, although only for the winter months,
using photovoltaic panels at different orientations [21]. Matshoge and Sebitosi [22] also
proposed optimum tilt and azimuth rotation angles of specifically solar photovoltaic panels in
South Africa with the use of Meteonorm software. This study took into consideration factors
such as wind speed and wind direction to cool the solar cells and is thus not relevant to all
solar collector technologies. In 1975, Kern and Harris [23] investigated the optimum
collector-tilt angle as a function of latitude, weather data and character of the energy demand
in South Africa for Pretoria, Cape Town and Durban. Data of mean daily solar radiation on a
horizontal surface from the Weather Bureau was used, which dated back to 1954 [23].
Bekker [2] also found optimum collector angles for various locations in South Africa using
normalised measured data from the South African Weather Service (SAWS). The SAWS was
the main source of ground measurement irradiance data in South Africa during the past few
decades [2]. These ground measurements only included global and diffuse irradiance on
horizontal surfaces. More recently, however, the measuring equipment has not been
calibrated as often as the manufacturers recommended, making this data less accurate [2].
The effects of tilt angle and azimuth rotation angle on the annual solar insolation of a
collector can be conveniently presented with the use of a contour plot of surface orientation
factor. The surface orientation factor is defined as the ratio of the annual solar insolation on a
specifically orientated surface to the annual solar insolation on an optimally orientated
surface [24]. Christensen and Barker [24] presented such contour plots for different locations
in the United States of America using solar data based on mathematical models. Ng et al. [12]
presented similar contour plots based on mathematical models for Malaysia. Li and Lam [25]

also presented contour plots for Hong Kong, but these were based on measured solar data.



Contour plots of surface orientation factor, showing the optimum fixed orientation of solar
collectors in South Africa using accurate measured data, are not available in the current
literature. In this work, recently measured data from nine measuring stations in the Southern
African Universities Radiometric Network (SAURAN) equipped with pyranometers and
pyrheliometers are considered. The data is used to calculate the annual solar insolation on
fixed collectors at all possible installation angles. The paper presents the optimum tilt and
azimuth orientation angles and contour plots of surface orientation factor for these locations.
In the next section, the methodology of data collection, data processing, validation and
determining the optimum angles are discussed, where after the optimum tilt and azimuth

rotation angles and contour plots are presented.

2. Methodology

2.1. Solar measurement

In South Africa, an initiative of county-wide solar measurement has started in recent years
through the SAURAN. Most of the ground stations in the network use a SOLYS 2 solar
tracking system with Kipp & Zonen CMP11 pyranometers for GHI and DHI measurements
and a CHP1 pyrheliometer for DNI measurements [26,27]. The instruments are regularly
cleaned and calibrated. Solar measurements from nine different locations across South Africa
are considered from the SAURAN [26]. These locations are Bloemfontein, Durban (two
locations), Graaff-Reinet, Pretoria, the Richtersveld, Stellenbosch, Van Rhynsdorp and
Vryheid, as shown in Fig. 1. Fig. 2 shows a picture of the measuring station in Pretoria.

The coordinates and important information of each location are presented in Table 1 [26]. It
should be noted that most of the stations are only a few years old. The sensors are still well
calibrated and the tracking systems are accurate. Stellenbosch is the oldest station and
provides the most data. Other stations included in the SAURAN, such as Port-Elizabeth,
Sutherland, Gaborone, Venda and Reunion Island, could not be included in the study due to
unreliable or insufficient data at the time of data collection. The past few years’ hour-average
and minute-average solar measurements at each station were obtained. According to
SAURAN [26], all averages are calculated for the period immediately preceding the time-

stamped value.
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Fig. 1. Map of South Africa showing the locations of the solar measuring stations [26].
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Fig. 2. The SOLYS 2 solar tracking system with Kipp & Zonen CMP11 pyranometers

and CHP1 pyrheliometer.



2.2. Data processing

The minute-average and hour-average solar DNI, GHI and DHI data from each location were

analysed and processed carefully in order for the hour-average data to be used for the

purposes of this paper. The minute-average data was only used for additional quality-control

purposes. For each station, the data collected since the installation date (see Table 1) and up

to 23 February 2016 were considered.

Table 1

Details of the stations in the SAURAN [26].

Location Latitude (°) | Longitude (°) | Elevation | Description Installation
(m) date

Bloemfontein | -29.11074 26.18503 1491 University of | 12 October
the Free State | 2013

Durban -29.816942 30.944917 200 University of | 9 April 2013
KwaZulu-
Natal:
Westville

Durban -29.87098 30.97695 150 University of | April 2012
KwaZulu-
Natal: Howard

Graaff- -32.48547 24.58582 660 26 km south | 29 November

Reinet of town 2013

Pretoria -25.74611 28.18805 1410 University of | 7 September
Pretoria 2013

Richtersveld | -28.56084 16.76146 141 +30 km east of | 4 April 2014
Alexander Bay

Stellenbosch | -33.9281 18.8654 119 University of | 24 May 2010
Stellenbosch

Van -31.61748 18.73834 130 +1.5 km south | 15 November

Rhynsdorp of town 2013

Vryheid -27.82817 30.49996 1277 +40 km west | 12 September

of town

2013




Quality control of the data included the elimination of non-physical values and the
elimination of incorrect data due to tracking errors, maintenance, power failures and lightning
strikes. Data where D >1.1H, H>1.2H,, D>0.8H, or H-D >H, were identified as

potential non-physical values [27]. Possible solar-tracker malfunction was found by flagging

all minute data where|H —D| <5 W/m?, | < 1.5 W/m’ and H > 600 W/m® [27]. These quality

control flags are similar to those employed by [28].

For each location, hour-average GHI, DNI and DHI were considered for calculations. The
hour-average data was split up into different years and sorted firstly according to the hour of
the day and then according to the day of the year. Since more than one year’s data was
available for each location, the average data of GHI, DNI and DHI for each hour of the year
could be determined and were used in the analysis.

Furthermore, for each location, the average hourly position of the sun was found for each day
of the year according to [29] which uses the Michalsky algorithm [30]. The SOLYS 2 also
uses the Michalsky algorithm to track the sun [31]. The Michalsky algorithm is used to
determine the elevation angle, a, and azimuth angle, ®, of the sun as shown in Eq. (1) and
Eq. (2) where ¢ is the latitude angle of the site. According to [30], the declination angle, o, is
a function of the obliquity of the ecliptic and the ecliptic longitude which is determined from
the Julian date, while the hour angle, w, is a function of the Julian date, universal time and
east longitude [30]. Since hour-average solar data is used, the sun’s position on the half hour
had to be obtained for the analysis. For Durban, data from two measuring stations were
considered and therefore the sun path at a position exactly between the two stations with the
average decimal coordinates of -29.843866° (latitude), 30.960633° (longitude) were used in

the analysis.
Sina =Sin Jsin ¢+ COS & COS ¢ COS @ (1)
Sin® =—cos & sin w/cos (2)

With the average global horizontal irradiance, H (W/m?), available for each of the
8 760 hours of the year for each location, the annual insolation on a horizontal collector,
Sy (kWh/m?), could be determined as shown in Eq. (3). With the average direct normal

irradiance, | (W/m?), average diffuse horizontal irradiance, D (W/m?), and the average



elevation angle of the sun, « (°), available for each hour of the year for each location, the
hourly global horizontal irradiance, Heaic (W/m?), was also calculated using Eq. (4) [27,32]
and the annual global horizontal insolation, Sy caic (KWh/m?), calculated as shown in Eq. (5).

The accuracy of the measured results is based on the percentage error, ¢, as shown in Eq. (6).

8760

S, =>H, (3)
i=1

He=1sina+D (4)
8760

SH,calc = Z H calc,i (5)
i=1
S, -39S

c= H H calc (6)
SH

For a solar collector positioned on a two-axis tracking system, so that the normal of the
collector aims directly towards the sun, the average hourly solar irradiance, Tyack (W/m?), on
the solar-tracking collector surface can be determined with Eq. (7) [4-6,32]. Equation (7)
shows the effects of I, D and the reflected H from the ground, where p is the reflectivity.

T, = | + D[1+008(90 - )/ 2+ pH[1—cos(90 - ) |/ 2 (7

track

According to [24], increased ground reflectance due to snow can shift the optimum tilt angle
approximately 2° higher. South Africa is a dry country and does not get snow very often. In
Eqg. (7), the ground reflection, p, was thus chosen as 0.2, which is typical for grass or sand
[11,24,32]. The isotropic model by Liu and Jordan, cited by [9], was used to determine the
diffuse component of the solar irradiance on a tilted surface as shown in Eq. (7). More
accurate ways to determine the diffuse component of solar irradiance on tilted surfaces are
available [2,3,9,13,18,33,34]; however, the isotropic model is simple and displays

intermediary performance compared to other models [35].
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Fig. 3. Definition of the solar angles and collector angles.

The hour-average solar irradiance, Tg;; (W/m?), available on a fixed-collector surface (Fig. 3)
can be determined similarly as shown in Eq. (8), by adding the components of DNI, DHI and
reflected GHI from the ground [11,18,34],

T, =Cl +D(1+cos B)/ 2+ pH(1—cos f)/ 2 (8)
where, according to [6,25,32,34,36],

C = cosasin Scos(¥ —©)+sinacos B ©)

Note that « is defined as the elevation angle of the sun, £ as the tilt angle of the collector, ®
as the azimuth angle of the sun and W as the azimuth angle of the collector. It is also assumed
that, if C < 0 (when the collector is cast in its own shade), the available solar irradiance on the

fixed-collector surface can be determined with Eq. (10).

T, = D(1+cos 8)/ 2+ pD(1—cos B)/ 2 (10)
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Using the equations above, the annual solar insolation, Syas (KWh/m?), can be determined for
a solar-tracking collector as shown in Eq. (11). Similarly, the annual solar insolation,
St (KWh/m?), can be determined for a collector surface fixed at any tilt angle and azimuth
angle as shown in Eq. (12). As shown in Eq. (13), the surface orientation factor, SOF, is
defined as the annual solar insolation of a solar collector with a specific tilt angle and azimuth
angle relative to the annual solar insolation of a collector which is fixed at the optimum tilt

angle and azimuth angle.

8760

Strack = ZTtrack,i (11)
i=1
8760
Stilt = ZTtilt,i (12)
i=1
SOF = Stilt/stilt,max (13)
2.3. Validation

SolTrace [37], a ray-tracing software developed by the National Renewable Energy
Laboratory (NREL), was used to validate the analysis and was also used for visual inspection.
In SolTrace, the elevation angle of the sun is defined as shown in Eq. (14) where X, Y and Z
defines the position of the sun. In Fig. 3, the positive x-axis points towards the East and the

positive y-axis points towards the North. The azimuth angle of the sun is defined as shown in

Eq. (15).
tana = Z/X2+Y? (14)
tan(360° - ©)= X /Y (15)

Similarly, the tilt angle of the collector in SolTrace is defined with Eq. (16) using the
collector aim-points, X, y and z. The azimuth angle of the collector is defined in Eq. (17). A z-

rotation is also implemented after positioning the collector towards the aim-point.

12



tan(90° - B)= z/w/x2 +y? (16)
tan¥ = x/y @an

As an example of the validation process, a 1 m x 1 m collector in Pretoria at 10:30 on
1 January with o = 66.96°, ® = 87.88°, p=12.60° and ¥ = -26.57° is considered. According
to Eq. (9), C = 0.8627 for the collector. C is also calculated with SolTrace as validation as
shown in Fig. 4. The sun’s position is calculated to be at X = 107.8, Y = 4, and Z = 253.6
according to Eq. (14) and Eq. (15). The collector aim-points are defined as x = -5, y = 10 and
z=50 according to Eq.(16) and Eq. (17). SolTrace shows that for an irradiance of
1 000 W/m? available from the sun’s rays, the irradiance collected on the 1 m x 1 m surface is
862.8 W. Thus C = 0.8628 according to SolTrace, which validates the equations used in the
analysis. Furthermore, SolTrace helps with the visual inspection of the collector and the
direction of the sun rays as shown in Fig. 5. Fig. 5¢ shows that the sun’s rays are coming in at
an angle of 2.12° north of east and that the collector is positioned at an azimuth angle of
26.57° west of north. Fig. 5a shows the collector from the North and Fig. 5b shows the
collector from the East.

According to SAURAN [26], the hour-average direct normal irradiance for Pretoria on
1 January at 10:30 was on average | = 541.7 W/m? during 2014 and 2015. Therefore, the
hour-average direct normal irradiance on the tilted surface is obtained as 467.4 W/m? by
multiplying the DNI with C. The hour-average diffuse horizontal irradiance measurement for
this location and time was D = 117.5 W/m? according to SAURAN [26]. The hour-average
diffuse irradiance on the tilted surface is thus calculated as 116.1 W/m? by multiplying with
(1+cosp)/2, according to Eq. (8). Furthermore, the reflected rays from the ground has an
hour-average irradiance of pH(1-cosp)/2, which is 1.5 W/m? Note that the hour-average
global horizontal irradiance was H = 620.9 W/m? according to SAURAN [26]. The total
hour-average irradiance on the tilted surface is thus Ty = 584.6 W/m? according to Eq. (8).
The validation process aided in the visual inspection and validation of the equations used in

the analysis.
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Fig. 4. SolTrace analysis to determine the irradiance on a fixed and tilted surface.

||!

a b
Fig. 5. A SolTrace view of the collector in the XZ-plane (a), YZ-plane (b) and XY-plane (c).

2.4. Optimum tilt and azimuth angles

In the previous section, the analysis of only a single fixed position of a collector in Pretoria
on a specific day and time was shown for validation purposes. In this paper, all collector
angles and hours of the year were considered to obtain the optimum tilt angle, Sop, and
optimum azimuth angle, Wop, of a solar collector for maximum insolation, Siiitmax, at each of
the different SAURAN locations in South Africa. Tilt angles, g, from 0° to 90°, in intervals
of 1°, and azimuth angles, P, from -90° to 90°, in intervals of 1°, were investigated for the

fixed-collector surface. For an azimuth angle of 0°, the collector would face north (see
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Fig. 3). Note that the azimuth angle is positive when rotating from north to east and negative
when rotating from north to west.

For each of the locations, the annual solar insolation on a tilted surface, Sy, as shown in
Eq. (12), was obtained for all the possible combinations of collector tilt angles, g, and
collector azimuth angles, . The combination of angles which produced the maximum annual
solar insolation, St max, Was found. These angles were identified as the optimum collector tilt
angle, fon, and the optimum collector azimuth angle, W, The surface orientation factor,
SOF as shown in Eq. (13), was determined for each combination of £ and . Contour plots of

SOF as a function of g and ¥ were developed with the use of Matlab.

3. Results

For the eight different locations in South Africa, results of the measured annual insolation
using DNI and GHI are shown in Table 2. The percentage error, ¢, between measured and
calculated annual insolation on a horizontal surface according to Eq. (6) is also shown, where
Eq. (4) was used to calculate GHI from the measured DNI and DHI. The maximum

percentage error between calculated and measured annual horizontal insolation is 2.8%.

Table 2

Annual insolation results.

Location S| Sy SHcale £ Sicsa SH,GsA
(KWh/m?) | (kWh/m?) | (kWh/m?) (kwh/m? | (KWh/m?)

Bloemfontein | 2 649 2135 2098 1.7% | 2500-2 600 |2 050-2 100

Durban 1498 1609 1573 2.3% | 1400-1600 | 1550-1 650

Graaff-Reinet | 2 296 1943 1928 0.8% | 2300-2 400 | 1900-2 000

Pretoria 2211 2 026 1994 1.6% |2000-2100 | 1950-2 050

Richtersveld | 2 737 2 269 2 206 2.8% | 2600-2800 | 2150-2 250

Stellenbosch | 2 299 1944 1898 2.4% | 2100-2300 | 1850-1 950

Van 2582 2104 2058 2.2% |2500-2 600 | 2 050-2 100

Rhynsdorp

Vryheid 2 004 1900 1852 2.6% | 1800-2000 | 1850-1950
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As validation, results in Table 2 are compared with data available on DNI and GHI maps of
South Africa from GeoSun Africa [38]. These maps were created with SolarGIS which uses
satellite and atmospheric data as input and validates output data against ground
measurements. These maps are the result of a collaborative effort between Stellenbosch
University, the Centre for Renewable and Sustainable Energy Studies (CRSES), GeoSun
Africa, GeoModel Solar and GIZ. From inspection of the maps, the measured annual direct
normal insolation per location, S;, was found to be within 8% of the mapped data and the
measured annual global horizontal insolation, Sy, within 3% of the mapped data (Table 2).

Zawilska and Brooks [39] did an assessment of the solar resource for Durban, which is also
used for comparison. Zawilska and Brooks [39] found that for Durban, an annual global
horizontal insolation, Sy, of 1624 kWh/m? and an annual direct normal insolation, S, of
1 850 kWh/m? can be expected. The annual direct normal insolation value is higher than the
results found for Durban in Table 2. It should be noted that the two Durban measuring
stations considered in this work are located west of Durban, while Zawilska and Brooks [39]
used measured data from a station located south of Durban. From inspection of the DNI map
from GeoSun Africa [38], solar irradiance levels west of Durban are considered to be lower
than for other places in Durban. According to Zawilska and Brooks [39], annual global
horizontal insolation for Pretoria should be 1 986 kWh/m? which compares well with the

results for Pretoria in Table 2.

Table 3
Solar insolation on a solar-tracking collector.
Location Strack Strack/SHcalc
(kWh/m?)
Bloemfontein 3179 1.51
Durban 2124 1.35
Graaff-Reinet 2 840 1.47
Pretoria 2832 1.42
Richtersveld 3241 1.47
Stellenbosch 2812 1.48
Van Rhynsdorp 3074 1.49
Vryheid 2 627 1.42
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Table 3 shows the calculated annual insolation, Siack, for a two-axis solar-tracking surface.
The increase in solar insolation when using a solar-tracking collector instead of a
horizontally-fixed collector, Sirack/Sh calc, 1S also shown. Table 3 shows that a solar-tracking
collector can increase the solar insolation with between 35% and 51%. On average, a solar-
tracking collector in South Africa can collect 45% more annual solar insolation than a

horizontally-fixed collector.

Table 4
Solar insolation on an optimally-fixed collector.
Location Popt Wopt | Stiltmax Stitt,max/SH,calc
(kWh/m?)

Bloemfontein 28° 6° 2 317 1.10
Durban 29° 8° 1734 1.10
Graaff-Reinet 29° -7° 2136 1.11
Pretoria 27° 4° 2176 1.09
Richtersveld 26° -14° | 2404 1.09
Stellenbosch 27° -4° 2073 1.09
Van Rhynsdorp 27° -12° | 2255 1.10
Vryheid 29° 1° 2 048 1.11
Table 5
Optimum tilt and azimuth rotation angles compared with similar work.
Location Current work Surietal. [1] Bekker [2] Latitude

Bopt Wopt Bopt Wopt Bopt Wopt Bopt
Bloemfontein 28° 6° 29° 0° - - 29.1°
Durban 29° 8° 30.5° |0° 30° 10° 29.9°
Graaff-Reinet 29° -7° 30° 0° - - 32.5°
Pretoria 27° 4° 27° 0° 30° 10° 25.7°
Richtersveld 26° -14° 26.5° | 0° - - 28.6°
Stellenbosch 27° -4° 29.5° | 0° - - 33.9°
Van Rhynsdorp 27° -12° 28.5% |0° - - 31.6°
Vryheid 29° 1° 29° 0° - - 27.8°
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Table 4 shows the calculated annual insolation, Sgitmax, fOr a surface which is fixed at an
optimum tilt and azimuth angle. Table 4 also shows the optimum fixed solar collector tilt
angles and optimum fixed azimuth angles for the eight locations considered. These results
were obtained by considering all collector tilt angles from 0° to 90° and collector azimuth
angles from -90° to 90° in the analysis to determine the angles which would provide
maximum annual insolation according to the measured solar data. The increase in solar
insolation, Stiit max/SH.calcy When using an optimally-fixed collector instead of a horizontally-
fixed collector is also shown in Table 4. Results show that a collector fixed at the optimum
tilt and azimuth angle can increase the annual solar insolation with between 9% and 11%. On
average, an optimally positioned fixed installation in South Africa can collect 10% more
annual solar insolation than a horizontally-fixed collector.

As shown in Table 5, results for the optimum tilt angle compare very well with results from
Suri et al. [1]. Results are within 1°, except for Durban (within 1.5°), Van Rhynsdorp (within
1.5°) and Stellenbosch (within 2.59). It should be noted that Suri et al. [1] did not investigate
azimuth rotation angle and fixed the collector towards the North (0°). Optimum tilt angles for
Durban and Pretoria, available from Bekker [2], also compare well with the current work.
According to the Heywood and Chinnery equations, the optimum tilt angle of a solar
collector would be the same as the latitude angle of the location [3,21]. The optimum tilt
angles found for the eight locations do compare well with the latitude angle as shown in
Table 5. The optimum tilt angles are within 2.6° of the latitude, except for Graaff-Reinet
(within 3.5°), Van Rhynsdorp (within 4.6°) and Stellenbosch (within 6.9°).

The optimum azimuth angles for the locations considered are also shown in Fig. 6. It was
found that the optimum azimuth angle can be approximated with a sinusoidal function of the
longitude angle minus the absolute latitude angle, . The optimum azimuth angle can be
approximated with Eq. (18) where the root-mean-square error is 1.36°. Note that Eq. (18) is
only suggested for the area between latitude angles of -25.75° and -33.93° and between
longitude angles of 16.76° and 30.98°. However, more measured solar data from other

locations across South Africa would be required for verification.
¥, =12sin(180 +105) -2 (18)

Fig. 7 shows the optimum azimuth angle results as a function of the longitude angle minus

the absolute latitude angle compared with the optimum azimuth angles found by Bekker [2]
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at other locations across South Africa. Fig. 7 does not suggest a sinusoidal function, but
rather that solar collectors at locations in South Africa where ¢ > -7° should face a few
degrees east of north while collectors at locations where ¢ < -7° should face a few degrees
west of north. Bekker [2] suggested that for locations exposed to frontal weather systems like
Cape Town, the azimuth angle should be adjusted towards the West, while for locations
exposed to convective precipitation, like Pretoria, the azimuth should be adjusted towards the
East. This suggestion is in line with the current work. Frontal systems originate over the
Atlantic Ocean and approach South Africa from the South-West, while thunderstorms over

the interior tend to build up during the afternoons when the sun is in the West.
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Fig. 6. Optimum azimuth angle as a function of the longitude angle minus the absolute

latitude angle.

The optimum tilt angles and azimuth angles suggested by Matshoge and Sebitosi [22] for
South African locations do not compare well with the results in Table 5. In their work, effects
such as wind and wind direction relative to photovoltaic panels were included so that panels
can be cooled effectively. Matshoge and Sebitosi [22] noted a general trend of increasing

optimum tilt and azimuth angle from west to east.
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Fig. 7. Comparison of the optimum azimuth angle as a function of the longitude angle minus
the absolute latitude angle.

Figs. 8-15 show the effects of rotating and tilting a surface along the azimuth angle and
elevation angle, respectively, in terms of the surface orientation factor as shown in Eq. (13).
In these figures, the surface orientation factor, SOF, is shown as a function of the collector tilt
angle (0°<4<90° and collector azimuth angle (-90° <¥ <90°) in the form of contour
plots. The optimum collector tilt and azimuth angles for maximum annual solar insolation are
found at SOF = 1. For example, according to Fig. 8, the maximum annual solar insolation on
a collector in Bloemfontein would be found by tilting the collector at an angle of about 28°
and by rotating the collector to an azimuth angle of about 6° east of north. This is similar to
the results shown in Table 4 and Table 5.

Note that for all locations, it is beneficial to tilt the surface at an angle of #=30° and let it
face north (W =0°). For all locations, this would ensure that the annual insolation is within
98% of the maximum obtainable insolation for a fixed installation. Note that even when the
surface is tilted at an angle of 20° instead of 30° and faces north, the annual insolation is still

within 98% of the maximum. For all the locations, the annual insolation for a horizontal
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collector (where g =0°) is within 90% of the maximum annual insolation of an optimally-
fixed and tilted collector.

The optimum tilt angle and azimuth angle can be found easily from these contour plots. The
contour plots allow one to determine the cost-effectiveness of fixing a collector at a certain
tilt and azimuth angle against fixing it horizontally at lower cost. Results from the considered
locations show that an optimally positioned fixed installation can, on average, collect 10%
more annual solar insolation than a horizontally-fixed collector. With this information, the
cost-effectiveness of building an extra structure to position a collector at the optimum fixed
angles can be determined by taking the lifetime of the collector into consideration. The
contour plots can also be used to determine the annual solar insolation of fixed surfaces of
buildings.

Note that in Figs. 8-15, true north is at an azimuth angle of 0°. A compass can be used to
determine the azimuth angle when fixing a solar collector; however, the slight magnetic
declination should usually be accounted for. Figs. 8-15 show that even if a magnetic
declination is not accounted for, the fixed-collector surface would still receive an insolation
of within 98% of the maximum.

Contour plots of Bloemfontein, Durban, Pretoria and Vryheid show that it is beneficial for a
fixed installation to face north and be mounted slightly towards the East, as was also shown
in Table 4, Table 5, Fig. 6 and Fig. 7. For Graaff-Reinet, the Richtersveld, Stellenbosch and
Van Rhynsdorp, contour plots show that fixed installations should face north and be mounted
slightly towards the West. It should be noted that most of the locations had more than 26
months’ data available at the time of writing the paper; however, it is suggested that a similar

study be done after a few years to update and compare the results.
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4. Conclusion

The solar resource in South Africa is among the best in the world. In the past few years,
South Africa has seen an increase in local and foreign investment in solar power plants, solar
water heaters and photovoltaic panels. This justifies the need for the accurate determination
of the optimum angles of fixed solar collectors. Data from nine solar measuring stations
across South Africa was used to calculate the annual solar insolation on fixed collectors, at all
possible installation angles, as well as the annual solar insolation on solar-tracking collectors.
SolTrace was used to validate the calculations.

Results showed that the annual solar insolation of a solar-tracking collector in South Africa
can, on average, be 45% more than a horizontally-fixed collector. Furthermore, results
showed that an optimally positioned fixed installation can, on average, collect 10% more
annual solar insolation than a horizontally-fixed collector. The optimum fixed angles at
which solar collectors should be positioned to capture the most solar energy in a typical
year’s time were found. The optimum angle of tilt is similar to the latitude of the location and
the optimum azimuth angle is a function of the longitude angle minus the absolute latitude
angle, o. This result suggests that solar collectors at locations in South Africa exposed to
convective precipitation, where ¢ > -7°, should face slightly east of north with a maximum of
8° in Durban. Collectors at locations exposed to frontal weather systems, where o < -7°,
should face slightly west of north with a maximum of 14° in the Richtersveld.

Contour plots were used to present the effects of tilt angle and azimuth rotation angle on
annual solar insolation over a range of collector tilt and azimuth angles from horizontal to
vertical and from east to west. The contour plots allow one to determine the cost-
effectiveness of having a structure to fix a collector at a certain tilt and azimuth angle against
fixing it horizontally. The contour plots can also be used to determine the annual solar
insolation of fixed surfaces of buildings.

From the measured data of the considered locations it is concluded that any solar collector in
South Africa facing north (magnetic or true north), with a tilt angle of 30°, should be able to
capture 98% of the maximum annual solar insolation which is achievable with an optimally-
fixed installation. The results are relevant for all solar-collection technologies. It should be
noted that most of the solar measuring stations which were considered in this work were

installed recently, which was excellent in terms of accuracy but limiting in terms of available
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data. It is recommended that a similar study be done in a few years when more data is

available.
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