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Abstract: Despite South Africa’s international recognition in solar energy investments, the country is
struggling to meet its growing energy needs. In recent years, national blackouts and load shedding
have been a recurring experience in the country. The high cost of electrification and the overstrained
national grid have left several rural communities without access to electricity. This study aims to
explore the solar energy resources and performance of a 3.8 kWp stand-alone residential photovoltaic
(PV) power system in one of the underutilised regions in South Africa. The study mainly uses ground
measured solar radiation data to evaluate the solar resources of Alice and compare them with those in
other parts of the world with mega solar PV projects. The components of solar radiation considered are
global horizontal irradiance (GHI), direct normal irradiance (DNI), and diffuse horizontal irradiance
(DHI). The average total daily GHI, DNI, and DHI of Alice were 4.98, 5.74, and 1.44 kWh/ m?2. Clear
sky conditions were found to occur on 233 days in the monitoring year, resulting in an average total
daily GHI of 6.13 kWh/m?, DNI of 6.73 kWh/m? and DHI of 0.17 kWh/m?. The findings indicated
that Alice possesses abundant solar resources for PV and concentrated solar power generation, and is
comparable to other regions internationally.

Keywords: sustainable rural electrification; energy access; solar photovoltaics; stand-alone solar
photovoltaic systems; solar energy resources

1. Introduction

Globally, solar photovoltaic (PV) is the fastest growing and most adopted renewable
energy technology. In 2018, an increase in renewable power capacity outpaced net installed
fossil fuel and nuclear power combined, growing by approximately 2.4 TW. Solar PV
represented 55% of the total installed renewable capacity, followed by wind and hydro,
which accounted for 28% and 11%, respectively [1]. The United Nations Environmental
Programme (UNEP) noted that the addition of 638 GW of solar PV power capacity at the
end of 2010-2019 was a remarkable achievement for the growth of the technology [2]. Over
the same period, the programme identified China as the biggest investor in renewable
energy among the top 20 markets, investing USD 758 billion between 2010 and the first half
of 2019. Along with China, Japan, the United States, the United Kingdom and Germany,
with USD 356, USD 202, USD 179, and USD 122 billion, respectively, are the top five
investors. South Africa occupies the 17th position, having invested USD 20 billion [2].
Three years later, investment in renewable energy continues to grow due to technological
advancement and reduced cost of deployment and installation of solar PV and wind power
plants [3]. Investment in renewable energy dominated new power generation in 2020/201,
and it is expected to account for 70% of the USD 530 billion spent on all new generation
capacity in 2021/2022 [3]. China still leads global renewable energy investment, followed
by the United States, Europe, and India.

Despite the advancement and recognition of solar PV, adoption of the technology,
mostly at a utility-scale, is limited to specific regions. Stegmann [4] listed geotechnical
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conditions, environmental conditions, site topography, grid condition, local legislation,
local expertise and specific local requirements as some of the challenges faced in the design
of solar PV plants and the global adoption of the technology. Said et al. [5] highlighted
the fact that the environmental conditions influencing solar PV performance include solar
radiation, air temperature, relative humidity, wind speed, and direction. Solar radiation
and air temperature were set out as the most influencing factors. Fountoukis et al. [5]
investigated the effect of dust on the daily energy yield loss of a solar PV system to
establish the potential of the technology in arid environments. Daily PV energy production
data, solar radiation, and atmospheric particulate matter over a year at the Solar Test
Facility in Doha, Qatar, were continuously monitored and used in the study. Based on the
combined prediction of global horizontal irradiance and the dust deposit rate in Qatar,
the authors [5] suggested that floating solar PV systems in a hot desert climate would be
beneficial to energy yield due to the reduction of soiling.

From the above studies, it may be concluded that solar resources are the most influ-
ential factor in determining the potential of solar energy technologies in a given region.
Solar resources are comprised of direct or beam normal irradiance (DNI), diffuse horizontal
irradiance (DHI) and global horizontal irradiance (GHI). In terms of solar radiation obser-
vations, DNI is the solar radiation that reaches the surface of the earth without attenuation,
and is measured at a normal plane to the sun’s disk. The scattered solar radiation from the
atmosphere to a horizontal plane on the earth’s surface is called DHI, while the component
reflected in the atmosphere is called albedo. When observed on a horizontal plane, the sum
of DNI and DHI at the surface of the earth without albedo is referred to as global horizontal
irradiance (GHI) [6]. On a tilted surface, it is referred to as global tilted irradiance (GTI) [7].

Satellite-based datasets/web-based applications such as National Solar Radiation
Database (NSRD) [8], SolarGIS [9], Global Solar Atlas 2.0 (GSA) [10], and Solcast [11] have
adopted one or two solar components to predict the solar resources of a particular location.
According to Ernst and Gooday [12], Solcast uses measured GHI and decomposition models
to determine the DNI and DHI of a location. SolarGIS [7] uses satellite-based DNI and GHI
to compute the DHI and GTL Both tools are paid subscription web-based applications that
use the solar resources of a location, pre-set by the users, to forecast short- and long-term PV
energy production for rooftop and utility-scale solar applications. On the other hand, GSA
is a free, web-based solar energy resource application that offers similar services and data as
SolarGIS and Solcast. GSA is funded by the Energy Sector Management Assistance Program
(ESMAP) and operated by SolarGIS on behalf of the World Bank Group. Concerning solar
applications, DNI is very important for forecasting solar thermal concentrated systems
such as concentrated photovoltaic (CPV) and concentrated solar power (CSP). Performance
and energy output predictions of flat plate collectors and solar PV applications mainly
require DHI and GHI in the absence of GTI [13,14].

Besides the use of satellite-based solar resources to determine solar PV potential,
continuous on-site solar measurements and corresponding PV energy output are often
discussed among researchers. In the Saharan region, Necaibia et al. [15] evaluated the
technical feasibility of a 2.5 kWp solar PV system for a stand-alone power generation. The
authors adopted an on-site continuous research approach that consisted of electrical and
meteorological data acquisition systems for continuous observations of the solar PV system
and local weather conditions. Typical solar PV system performance parameters such as
final yield, module efficiency, AC energy output, DC energy output, array yield, reference
yield and performance ratio were employed in their research. The authors [15] found an
average of 4.88 kWh/kWp/day per annum and a 74% performance ratio for the solar PV
system in the region. In Slovenia, Seme et al. [16] adopted similar parameters to assess
the performance of 3326 solar PV systems. The authors [16] found that the final yield and
capacity utilisation factor were up to 1038 kWh/kWp and 12%, while the performance ratio
was 69%.

Despite the abundant year-round solar energy resources in South Africa, very few
utility-scale solar PV plants are operational in the country, and those that are present are
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limited to certain regions. A GSA map of South Africa showing the total annual GHI and
installed solar PV (SPV) per province is presented in Figure 1a,b, respectively [10].
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Figure 1. (a) GSA Map of South Africa indicating the annual GHI of each province, adapted from
Global Solar Atlas 2.0 [10]; (b) fully operational DoE IPP solar PV projects in South African provinces
in 2017 and their average daily total daily GHI [17].

As shown on the map, the country experiences an average total irradiation of
2025 kWh/m? per annum, equivalent to 5.56 kWh/m?/day. The average irradiation differ-
ence among the provinces is 114 kWh/m?, i.e., an average daily difference of 0.30 kWh/m?.
The Northern Cape (NC) province has the highest solar radiation of 2282 kWh/m?, while
KwaZulu Natal (KZN), with 1786 kWh/m?, experiences the least. Given the deteriorating
condition of coal-fired power plants, the need to increase energy access, and the will to
reduce greenhouse gas emissions in South Africa, the government has partnered with
international agencies and global leaders in the transition to clean and sustainable energy to
avert the country’s energy crisis. Figure 1b shows a graph of the South African Department
of Energy (DoE) commissioned Independent Power Producers (IPP) Solar PV projects in
2017 [17] and the average total daily GHI of the various provinces in South Africa. As
shown, solar PV projects are irregularly deployed in South Africa, as the technology dis-
tribution does not directly correspond with solar resource availability in the provinces.
For example, the North West (NW) province experienced the second-highest GHI with
5.96 kWh/m?/day, but only had one operational solar PV project. This is not comparable
with the Western Cape (WC), which had the second-highest operational solar PV projects
but experienced the third-lowest daily solar radiation. A similar pattern can be observed
in provinces such as the Freestate (FS) and Gauteng, with average daily irradiance of 0.40
and 0.16 kWh/m? higher than that of the WC province, although the number of solar PV
projects in both provinces is 50% less than that of the WC.

Communities in South Africa such as Dangershoek (—30°37'45”, 27°47'03”) and Nom-
lengane (—30°37'40”, 27°49'05”), with annual solar irradiation comparable to that of Tibet
in China or Arizona in the USA, lack connectivity to the national grid and access to elec-
tricity. Like other natural resources such as coal and crude oil, solar energy provides job
opportunities, community development, and basic amenities. These are some of the bene-
fits that can be achieved across the country by more evenly distributing solar PV projects
among various provinces. Besides clean and sustainable energy supply, solar energy can be
structured to indirectly provide service delivery, particularly in impoverished rural commu-
nities with low-investment returns. Therefore, the need to evaluate the solar resource and
PV power generation potential of the underutilised regions in the country is crucial if we
are to achieve clean energy generation and sustainable rural development. The findings of
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this study could also attract local and foreign solar PV investors to the region considered in
this study. Therefore, this study aims to assess the solar resources and PV power potential
of one of the underutilised regions in South Africa.

2. Parameters for PV System Evaluation

Performance evaluation parameters for solar PV systems, as outlined in the IEA 61724
standard [18], are covered in this section. Array yield is referred to as the period in which
the PV system operates at its nominal power (PV), ;u4) to generate array DC energy (Epc),
which is given as [19]

E
Yo = 52— (KWh/kWp) (1)
P VP,rated

Final yield is the total AC energy (Ec) generation over a specified period compared

to the rated power of the installed PV modules, which is given as [20]

Eac
= —"— (kWh/KkW 2
Yf PV raren ( p) )

Both parameters can be deduced over days, months and years [21]. In addition, the
ratio of the total global horizontal irradiation (H;) to the PV reference irradiance (G,) at
Standard Test Conditions (STC) is known as the reference yield (7;), and is expressed as [22]

H

7= (kWh/m?/kw/m?) 3)
4

where G, is equal to 1 kW/ m? [23], H; is the number of peak sun hours and defines the

available solar resources for the PV system. Hence <y, values vary with regions, season

and PV array orientation. The ratio of Equations (2) and (3) is known as performance ratio

(PRac), and it is calculated by

PRyc = L @

r

where PRc is performance ratio based on AC energy, in this case, the inverter energy
output. Although PR is dimensionless mathematically, it is often expressed in percentage
(%) among researchers [24]. According to Marion et al. [18], PR is usually determined
over a month or year period; weekly or daily PRac values are useful for diagnosing
component failures in PV systems. PRpc, which is based on the generated DC energy before
the inverter, can be computed by substituting 7y with 7, in Equation (4). Furthermore,
the PV module (ypy) and inverter (1;,,,) efficiencies which were both considered as the PV
system efficiency in this study, can be respectively determined by [25]

_ _Epc 0
v =goa 100 (%) ©)
and £
i = £ % 100 (%) (6)
DC

where A is the total surface area of the installed PV modules (m?), excluding the frames.

From the demand-side, capacity utilisation factor (CUF) is another parameter used
in evaluating PV system performance. CUF is the actual energy output divided by the
theoretical maximum energy output of the PV system. This is usually calculated over a
yearly period, and is given as [26]

EAC,year _ Yfyear

CUF = =
(365day X 24hours) X PVP,rated 8760

x 100 (%) @)
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South Africa

3. A Brief Description of the Town of Alice

The town of Alice is geographically located at 32.8° S and 26.8° E at an altitude of
540 m above sea-level. Alice is a commercial hub for over 20 rural communities. Most
households in the communities rely on the government social grants and monthly 50 kWh
free basic electricity. Thus, the operation of a utility-scale solar PV system has become
significant not only for environmental sustainability but also to ease the economic pressure
on the government in terms of achieving its free basic rural electrification initiative [27].

In terms of weather conditions, the town falls under zone 2 in South Africa, i.e., with
temperate interior climate [28]. The total annual global horizontal irradiation in Alice is
illustrated in Figure 2 [10].

Legend

Figure 2. GSA annual total global horizontal irradiation map of South Africa, indicating the research
study area, Alice in the Eastern Cape province, adapted from Global Solar Atlas 2.0 [10].

According to the climate classification and existing study, an average dry-bulb air
temperature of 29.0 °C is experienced in the summer and 15 °C in the winter. The average
annual wind in the town is 2.5 m/s with no sandstorms or snowfall. Rainfall occurs during
the summer while winters are relatively dry [29,30]. According to the Koppen-Geiger clas-
sification, Alice experiences a BSh Arid, Steppe, and Hot Arid climate, which is categorised
by a precipitation and temperature greater than 5 (precipitation threshold) Py, and +18 °C
per annum [31,32], respectively. Although Alice is not among the regions with the most
solar radiation in South Africa, the town experiences an annual total global horizontal
irradiation of 1771.1 kWh/m?, i.e., approximately 4.85 kWh/m? per day, according to
GSA [10].

The Integrated Virtual Environment (IES) application (version 2021) was used to create
a sun path diagram for Alice, as shown in Figure 3. A sun path diagram is used to illustrate
the seasonal daily traverse of the sun across the sky in a given location relative to a building
or solar power generation plant. Sun path diagrams are therefore useful to architects in
designing and planning the construction of passive solar spacing and daylighting. Solar
power plant project developers also utilise sun path diagrams to determine the optimal
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Sun Paths Shown:

June 21
March 21
September 21

December 21

West

orientation and elevation of fixed mounted solar PV systems. In Figure 3, 1 January to 31
December was selected to simulate the annual sun path in Alice; 21 June and December
are the winter and summer solstices, respectively, while 21 March and September are the
equinoxes. A shorter daytime is observed in Alice during the winter solstice, as the sun
rises at 07h00 due northeast (61.70°) and sets at 17h00 due northwest (298.28°). A longer
day is experienced during the summer solstice, as the sun rises at 05h00 due southeast
(118.28°) and sets at 19h00 due southwest (241.70°).

North

South

Figure 3. Sun path diagram of Alice.

The solar exposure in Alice for a typical rooftop solar PV system was simulated
and expressed in monthly solar irradiation in an imaginary grid of 1 m?, as presented in
Figure 4. In other words, Figure 4 visualises the solar irradiation on the roof of a house
in a 1 m? grid. It indicates the area of the roof with optimal monthly solar radiation. For
example, the south-facing side of the roof has a low solar exposure throughout the year
and, thus, a relatively low solar irradiation and potential for solar PV power generation.
However, the roof’s north-facing side experienced a higher solar exposure and resultant
solar irradiation all year round. On the north-facing side, between November and February,
which represents the peak summer season, the average solar irradiation was approximately
180.00 kWh/m?, equivalent to 6 kWh/m?/day. The peak winter season average solar
irradiation from June to August was approximately 15.00 kWh/m?, i.e., equivalent to
4 kWh/m?/day. As such, north-facing solar PV systems will have an optimum yield
in Alice.
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Figure 4. Simulated rooftop solar exposure in Alice.

4. Research Materials and Method
4.1. The Solar PV System

The case study solar PV system is this research is a rooftop solar PV system at the
SolarWatt Park in the University of Fort Hare, Alice Campus, Eastern Cape Province in
South Africa, as shown in Figure 5.

Figure 5. The case study solar photovoltaic system.

The site was considered to be suitable for a solar PV system due to the absence of
sun blocking features such as trees, high-rising buildings, mountains, and electric poles.
In addition, the rooftop solar PV system is north facing with a tilt angle of 20°. It should
be indicated that the adopted tilt angle is not the optimum angle for solar PV system
performance in the region, but was used due to the local building regulations and design
constraints. Based on the GSA [10] solar PV system design assessment of the region, the PV
array tilt angle is 13° lesser than the tilt angle for optimum solar PV system performance.
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Further, the PV array consisted of 20 sets of 190 W HIP-190N1-BO-02 PV modules, which
amounted to 3.8 kWp. A technical synopsis of the PV modules is presented in Table 1 [33].

Table 1. Technical specifications of PV module.

HIP-190N1-BO-02 Specification
Maximum power (Pmax) 190 W
Maximum power voltage (Vmp) 376V
Maximum power current (Imp) 5.05 A
Open circuit voltage (Voc) 464V
Short circuit current (Isc) 557 A
Reference irradiance at STC 1 kW/m?2
Cell type Mono-crystalline silicon
Design 66 cells connected in series
Cell efficiency 18.5%
Module efficiency 16.1%
Dimension 144.30 x 81.2 x 3.5 (cm)

In addition to the PV modules, the solar PV system comprises a charge controller
(FLEX Max 80), inverter (Multiplus 48/5 kVA) and battery bank (eight sets of 6 V M-Solar
3MIL 255). A schematic of the various components of the solar PV system is presented in
Figure 6.
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Figure 6. The solar photovoltaic system schematic diagram.

The FLEX Max80 charge controller employed a Maximum Power Point Tracking
(MPPT) algorithm as its principle of operation to charge the batteries and power the house
load. Typically, MPPT charge controllers adopt four fundamental operation modes to
ensure long-term optimum performance of the batteries, namely: boost, equalise, float, and
sleep modes. The inverter is equipped with a battery monitoring (BWV-6025) device which
provides high-resolution battery voltage and charge/discharge current measurements.
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The state of charge of the battery is calculated using Peukert’s formula. Peukert’s theory
expresses the battery’s capacity in terms of its discharge rate. In other words, an increase in
the discharge rate decreases the battery’s capacity. Peukert’s formula is expressed in time,
i.e., the duration it would take the battery to power the load. It is also presented in the
ampere discharge rate. The BMV-6025 battery monitoring device adopted in this research
lacked a data logging capability. However, the inverter used the monitored parameters
for the precision protection of the battery [34]. Tables 2 and 3 contain summaries of the
technical specifications of the charge controller and inverter, respectively [34,35].

Table 2. Technical specifications of the MPPT charge controller.

FLEX Max 80 Specification
Nominal battery voltage 12-60 V
Maximum output current 80 A
150 V absolute maximum coldest
PV open-circuit voltage (Voc) condition/145 V start-up and operating
maximum
Standby power consumption Less than1 W
Power conservation efficiency 97.5% at 80 Amp in a 48 V system
Charging regulation Bulk, absorption, float, silent and equalisation

Table 3. Technical specifications of the inverter.

Multiplus 48/5000 Specification
Input voltage 38-66 V
Output voltage 230 VAC + 2%
Continuous output power at 25 °C 5kVA
Peak power 10 kW
Zero-load power 25 W
Maximum efficiency 94-95%

Additionally, the solar PV system battery bank consisted of eight sets of series-
connected batteries. As per the rating of the batteries, the battery bank could deliver
900 Ah with a cell voltage above 1.85 V over 100 h of discharge at a constant room tempera-
ture of approximately 25 °C [36].

4.2. Solar and Ambient Air Temperature Monitoring Systems

In this study, a solar monitoring system consisting of a Kipp & Zonen SOLYS Gear
Drive (SGD) sun tracker and radiometers was set up in SolarWatt Park to continuously
observe the GHI, DNI, and DHI. The SGD also monitors downward longwave irradiance,
although analysis of this parameter is outside the scope of this study. A shielded HMP 60
temperature and relative humidity probe was used to measure the ambient air tempera-
ture. Photos of the SGD sun tracker with the installed radiometers and shielded HMP 60
temperature and relative humidity probe are shown in Figure 7.

The SGD sun tracker is designed to offset the diurnal and seasonal movement of
the earth [37], thereby continually pointing the payload toward the sun. An optical sun
sensor aids this payload behaviour by identifying the area in the sky with maximum solar
intensity and directing the payload to that region. In addition to sun sensors, the tracker
uses the geographic coordinate and local time obtained by an integrated GPS antenna to
track the daily movement of the sun. A detailed description of the operation and technical
specifications of the SGD sun tracker can be found in [38,39]. The pyrheliometer used
to measure the DNI is continually pointed towards the sun during the day due to the
movement of the payload, while the two pyranometers located on the top mounting plate
move about their axes.
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-~ Shading balls

Shading drive arms (Payload) Young 05103 wind monitor
Shaded pyranometer (CMP 11)

Shielded HMP60 temperature

-+ Pyranometer (CMP 11
: ¢ ) and relative humidity probe

Shaded pyrgeometer (CGR4)

Top mounting plate

Pyrheliometer (CHP 1)

Sun sensor

Figure 7. On-site weather station for (a) solar resources (SOLYS Gear Drive sun tracker) and (b) am-
bient air temperature and relative humidity (shielded HMP60 probe) monitoring.

The shaded pyranometer located at the extreme right of the top mounting plate was
used to measure diffuse solar radiation. Thus, the shading balls attached to the payload
were designed to cast shadows on the shaded pyrgeometer and pyranometer. Therefore,
the radiometers were constantly shielded from direct solar radiation as the shading balls
moved with the payload. The unshaded pyranometer in the middle of the top mounting
plate measured the GHI. The radiometers (CHP1 and CMP 11) in Figure 5 used a sensing
element called a thermopile. The optical and electrical specifications of the radiometers
considered in this study are summarised in Table 4 [40,41].

Table 4. Optical and electrical specifications of the radiometers.

Specifications
Radiometer  Spectral Range Sensitivity Response Non-Stability Expected Daily Max. Operating
(um) (WV/W/m?) Time (s) (%Alyear) Uncertainty (%)  Irradiance (W/m?)
Pyheliometer
(CHP 1) 02to4 7to14 <5 0.5 <1 4000
Pyranometer
(CMP 11) 0.3t02.8 7to14 <5 0.5 <1 4000

The response time in Table 4 refers to the delay before the radiometer responded to
incident radiation. The given response time is when a particular radiometer can deliver
95% of its measurement following a step-change in irradiance. In addition, precautions
such as the use of a sun shield and horizontal levelling of both pyranometers, as well as
the SGD sun tracker, with the aid of the adjustable feet and a bubble level, were taken into
consideration to ensure accurate measurements [6]. Other case studies involving the use of
the SGD sun tracker for solar resource observations in various parts of the world are listed
in [42].

As noted in Figure 7b, only the shielded HMP 60 temperature and relative humidity
probe was considered in this research. Relative humidity data are outside the scope of
the study. The temperature and relative humidity probe is housed in a white shield, as
shown in Figure 7b. The shield prevents solar radiation from influencing the measured air
temperature by reflecting the sun rays and allowing the free flow of air through the louvres.
The measurement range of the probe is —14.0 °C to 16.0 °C with an accuracy of £0.6 °C. In
addition to the radiometers and the temperature and relative humidity probe, three sets
of surface type K thermocouples were used to measure the back of the solar PV module
temperatures. The back of the modules was divided into three imaginary vertical layers for
measurements. The module temperature used to analyse the PV module performance was
the average temperature of all three layers [43].
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4.3. Data Acquisition System

The electrical parameters and solar radiation in Alice were measured on-site continu-
ously. Thus, data acquisition systems for the electrical measurement of the PV system and
solar resources observation were set up, as presented in Figure 8a,b.

---- DT80 dataTaker

---- Voltage scaling device

---- AM 16/32 multiplexer
___ Schneider IEM 3155
energy meter

————— CR1000 datalogger
-=--- 80 A shunt resistors k

————— 12 V DC power supply

Uninterruptible power
supply (UPS)

Figure 8. Data acquisition system for (a) solar PV system electrical parameters monitoring and
(b) solar resources and ambient air observations.

An 80 A shunt resistor with 50 mV drop voltage was used to measure the PV modules
and batteries currents. Since the current across the shunt resistor is proportional to the
drop voltage, a DT80 dataTaker was used to log the measured current based on a defined
voltage to current multiplier. The voltages of the PV modules and batteries were scaled
down from 30 VDC to 30 mV by a voltage scaling device, as shown in Figure 8a, for direct
measurement by the DT80 dataTaker. Although at a full-scale open circuit, the voltages of
the PV modules and batteries were 120 V and 60 V, respectively. Therefore, both voltages
were stepped-down with an 80 k() potential divider network before the voltage scaling
device. Also, a three-phase Schneider IEM 3155 energy meter was used to monitor the
inverter output voltage, power and energy. A Campbell Scientific CR1000 datalogger
and AM16/32 multiplier were used for the solar resources and ambient air temperature
observations [44].

5. Results and Discussions
5.1. Assessment of Solar Resources

In addition to the on-site solar monitoring system, solar radiation data from the South-
ern Africa University Radiometric Network (SAURAN) was considered. SAURAN is an
inter-university initiative that involves installing and operating ground-based solar weather
stations in different regions in Southern Africa. Solar radiation parameters monitored at
the stations are GHI, DNI, and DHI [45]. A SAURAN station in Alice, which was less than
5 km from the on-site solar monitoring system, was used in this study. SAURAN data were
applied in the study to provide comparative verification of the on-site measured data. The
on-site measured and SAURAN GHI, DNI and DHI data and resultant monthly irradiation
of Alice over a year are presented in Figure 9.
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Figure 9. A year solar radiation date of Alice from on-site and SAURAN solar weather stations.

A total of 17,520 data entries were obtained from both stations over a year with 30 min
logging intervals. From the on-site station, 0.86%, amounting to 150 data entries, were
missing for all parameters. This amount does not include a system malfunction, as shown
in Figure 7, which impeded the SGD from tracking the sun, resulting in irregular DNI and
DHI data obtained in January. The total amount of lost data increased to 1628, i.e., 9.3%
of the entire data collected, while the SAURAN data suffered from only two missing data
entries, i.e., less than 1%. A statistical description of the on-site measurement is presented

in Table 5.

Table 5. Statistical description and comparison of measured solar radiation data.

GHI DNI DHI
RMSE 4.88 8.49 5.39
MAE 23.90 71.99 29.05
Summer season 423.58 444.67 126.75
2
Mean (W/m?) Winter season 353.26 571.78 85.12
Total annual irradiation (kWh/m?2) 1816 2095 527
Average daily irradiation (kWh/m?) 4.98 5.74 1.44
Monthly Range (kWh/ m?) 135.92 81.01 38.51
Maximum (W/m?) 1317 1047 633.5

The Root Mean Square Error (RMSE) and Mean Absolute Error (MAE) statistics tools
were used to compare and verify the on-site measurements. Both tools are expressed as

RMSE =

z

1

Il
—

1

2
N - (@on—site — XSAURAN)

®)
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and
N Kon—site — XSAURAN
MAE =) N ©)
i=1

In the context of this study, on-site measurements were considered as predicted
variables (a,;—sit.), while SAURAN measurements represent the actual values (xsayrAN)-
The number of data entries, N, was 17,520 (N). As shown in Table 4, a fairly low RMSE and
MAE were obtained between the two measurements for all parameters, considering that
GHI, DNI, and DHI were as high as 1317, 1047 and 633.5 W/ m?, respectively. However, the
RMSE and MAE for DNI were approximately twice those of GHI and DHI. This resulted
from the high level of accuracy and sensitivity of the DNI observations. The horizontal
balancing and stability of the sun tracker have an immense impact on the DNI compared to
the other parameters. Further, seasonal variation was more evident in GHI compared to
DNI and DHI. This can be attributed to the method of observation given in Section 1. As a
result, the range was higher for GHL

The average total GHI in the winter season was 103.71 kWh/m?, while in the summer
season it was 167.24 kWh/m?, where June to August was considered the winter season
and September to May the summer season [46]. SolarGIS data was found to be closer to
the values in Table 5 than the deduced values from Figure 9, with a difference of 0.14, 0.42
and 0.13 kWh/m? for GHI, DNI and DHI, respectively. Like the mean daily irradiation in
Table 5, SolarGIS daily irradiation was calculated from annual forecast irradiation without
considering seasonal variation and periodic cloudy covers. Thus, the daily total GHI from
Figure 9 was computed for the winter and summer seasons and grouped into 0.99 kWh/m?
width classes to distinguish between clear and cloudy sky days. GHI was selected as the
determinant parameter, since it is related to DNI and DHI. Figures 10 and 11 show the
respective summer and winter average days GHI, DNI, and DHI in the various classes.

As shown in Figure 10, the total daily GHI ranged from 0.37 to 9 kWh/m?. Based
on the daily irradiance distribution in each class, days with peak irradiance <500 W/m?,
i.e., approximately half of the solar constant (1367 W/m?) value, were considered cloudy
sky days. However, clear sky days were characterised by maximum irradiance >500 W/m?.
Therefore, classes with a total daily GHI between 0 and 2.99 kWh/ m? indicated cloudy skies,
while 3 to 9.99 kWh/m? indicated clear sky days. The GHI, DNI, and DHI distribution
pattern in each class given in Figure 10 supports the above assumptions and classification,
as the GHI and DHI were approximately equal on cloudy sky days with a relatively lower
DNIL A reverse scenario was observed on clear sky days: as the DHI decreased, GHI and
DNI increased. These findings align with the solar radiation components theory [6], as
explained in Section 1. Also, as presented in Table 6, the values of the parameters justify
the classification of both days.

In Figure 10, the bars represent the number of days on which a particular class occurred
in the year. For example, the total daily GHI class of 0-0.99 kWh/m? occurred twice, in
September and October. This represents only 0.7% of the entire days of the summer season.
The average GHI, DNI, DHI distribution on both days constitute the respective solar
irradiance profiles given in the class. Similarly, the class with the highest total daily GHI of
9-9.99 kWh/m? occurred 14 days in the season, with 50% of the days occurring in January.
Classes 4-4.99 and 6-6.99 kWh/m? were the most dominant, with each class representing
15% of the total summer days. Moreover, class 4—4.99 kWh/ m2 was mostly observed in
April, making up half of the days in the month, while 6-6.99 kWh/m? was experienced on
12 days in September.
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Figure 10. Summer season daily average GHI, DNI and DHI distribution.
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Figure 11. Winter season daily average GHI, DNI and DHI distribution.
Table 6. Summaries of cloudy and clear sky day solar radiation in the summer season.
Cloudy Sky Days Clear Sky Days
GHI DNI DHI GHI DNI DHI
Mean irradiance (W/m?2) 147.78 30.23 130.30 470.93 515.82 126.14
Total irtadiation (kWh/m?) 76.89 15.74 67.83 1428 1569 383.50
Average daily irradiation (kWh/ m?) 1.92 0.39 1.70 6.13 6.73 0.17
Number of days (days) 40 233
Occurrence (%) 15 85

The winter season profiles presented in Figure 11 reveal very similar attributes to the
summer season profiles but a shorter total daily GHI range of 0.39 to 5 kWh/m?. Similarly,
days with total daily GHI between 0-2.99 kWh/m? were considered cloudy sky days, as
their peak irradiance was below 500 W /m?, while total daily GHI in clear sky days ranged
from 3 to 5.99 kWh/m?2. In the winter season, class 3-3.99 kWh/m? was by far the most
common, representing 57% of the entire number of days in the season. This was followed
by class 2-2.99 kWh/m?, which only occurred on 14 days in the season, i.e., approximately
15%. The maximum daily total GHI class of 5-5.99 kWh/m? occurred on five days in
August only, while class 0-0.99 kWh/m? was observed a day in each of the three winter
months. A summary of the winter season solar radiation on cloudy and clear sky days is
given in Table 7.
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Table 7. Summaries of cloudy and clear sky days solar radiation in the winter season.

Cloudy Sky Days Clear Sky Days
GHI DNI DHI GHI DNI DHI
Mean irradiance (W/m?2) 204.84 212.35 114.79 379.31 658.86 71.52
Total irradiation (kWh/m?) 45.12 46.88 25.33 266 463.93 50.44
Mean daily irradiation (kWh/ m?) 2.05 213 1.15 3.80 6.63 0.72
Number of days (days) 22 70
Occurrence (%) 24 76

Comparing Tables 6 and 7 as well as Figures 10 and 11, DNI was higher than GHI,
specifically, on clear sky days. This can be attributed to the pyranometer orientation and
pyrheliometer operation (see Section 4.2) concerning the daily seasonal movement of the
sun in the sky. At midday in the southern hemisphere, the sun is low on the horizon
in the winter season and high in the sky during summer. Since the pyrheliometer is
constantly pointed towards the sun disc, the seasonal daily transverse of the sun in the sky
has a minimum impact on the observed DNI. This was not the case for the GHI, which
was monitored by a horizontally stationed pyranometer on a plane. The pyranometer
receives less irradiance in the winter due to increased air mass (AM) as the sun angle
reduces [47]. Additionally, the mean DNI in the winter season was found to be higher
than that of summer. According to Ziuku et al. [48], similar findings indicated that the
seasonal DNI difference could be attributed to the cold, dry winter clear sky conditions
and the cloudy, rainy summer season, which are typically experienced in Southern Africa.
Figures 10 and 11, as well as Tables 6 and 7, do not provide details of the frequencies of
occurrence for DNI and DHI. Thus, Figure 12 presents monthly bar charts of the daily total
GHI, DNI, and DHI regarding their frequency of occurrence.

In Figure 12, the January chart presents the total daily GHI only due to system mal-
function, as indicated earlier. Thus, between February and December, the maximum daily
DNI observed was 12 kWh/m?, occurring on one day only in December. This was followed
by 11 kWh/m? DNI, observed on ten days between February and December, while all days
with 11 kWh/m? total daily DNI occurred in the summer season, with November having
the most. The maximum daily total DNI observed during the winter was 8 kWh/m?,
occurring on 11 days in August. In both seasons, total daily DNI was as low as 0 kWh/m?,
with March (summer) having the most occurrences, i.e., 12 days.

The findings in Figure 12 are comparable with those of a similar study conducted
in the Northern Cape of South Africa, which is among one of the locations in the world
with the highest amount of solar resources [49,50]. According to GeoModel (currently
SolarGIS) [49], Upington’s total daily GHI and DNI in the Northern Cape of South Africa
also ranged from 0-9 kWh/m? and 0-12 kWh/m?, respectively. However, approximately
7-7.99 kWh/m? total daily GHI was the most common in the summer season, as well as a
total daily DNI of 8-8.99 kWh/m?. In the winter season, daily 6-6.99 kWh/m? and 7-7.99
kWh/m? were observed to be the most common. The relatively large number of clear sky
days in the Northern cape compared to other regions in the country made the province the
solar park of the nation.

As indicated earlier, more than 50% of the country’s operating solar power plants
(Solar PV and CSP) are located in the northern cape. According to Hermann et al. [51], CSP
plants can operate at an efficiency of 12% under an average annual DNI of 1800 kWh/m?
and up to 16% under 4000 kWh/m?/year, depending on the design. Raboaca et al. [52]
indicated that the average annual efficiency of a CSP plant could be up to 15% using a
parabolic trough, 8-11% using a linear fresnel reflector, 17-35% using a solar trough and
25-30% using the parabolic dish. Based on the solar resources indicator in Tables 5-7,
deployment of CSP plants in Alice with optimum design could deliver up to 12% efficiency.
Furthermore, a comparison of the solar resources in Alice with those in countries where
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solar power generation is practised on a large (utility) or small scale was conducted, as
presented in Table 8.
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Figure 12. Monthly bar chart of daily total irradiation summaries.

Satellite-based (GSA and SolarGIS) data were used in the comparison of solar resources
presented in Table 8. The difference between the on-site (Table 5) and satellite-based GHI,
DNI and DHI were respectively 50, 143 and 49 kWh/m?. Satellite-based data were adopted
to ensure an unbiased comparison. The difference between the average annual solar
irradiation in other regions and that of Alice was used to establish the comparison. Hence,
a negative value indicates that the annual solar irradiation of Alice is higher than that of
the specified region, and vice versa. Among the 19 locations considered in the comparison,
only seven experienced higher GHI and DNI than Alice, i.e., Fuentes de Andalucia in Spain,
Calama, the Atacama Desert in Chile, Arizona (both locations) in the US, Langkzi, Zhongba
and Gongha in China and Ouarzazate in Morocco. The average annual GHI for regions
such as Meuro in Germany, Kimberly in Canada and Gangwon in South Korea were less
than that of Alice by 679, 422, and 311 kWh/ m2, respectively. A minimum of 85 kWp solar
PV plant is operational in all three regions, with Germany having the maximum installed
solar PV plant of 166 MW. Also, the average annual DNI in Delingha, China, with a 50 MW
tower CSP plant, is less than 24 kWh/ mZ2.
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Table 8. Comparison of solar resources of other countries and that of South Africa, Alice.

Annual Solar Irradiation Comparison (kWh/m?) [7,10]

Project (TS‘(:,I:/ISKY) Technology Remarks Other Countries Difference (Alice)
GHI DNI DHI GHI DNI DHI
Concentrated GemaSolar is the first commercial Solar Power Tower (SPT) plant
GemaSolar Spain (Fuenfces Solar Power with 20 MW a.mc.l 15h of. storage capacity. The World recor.d Sl.’T 1835 2076 592 9 104 16
de Andalucia) (CSP) plant was built in 2011 in Fuentes de Andalucia, near Seville in
Spain. The plant uses molten salt as a heat transfer fluid [53].
Calama PV Chile (Calama Solar The Calama centralised solar PV power generator is a three PV
ower plant Atacama Deser’é) Photovoltaic power plant configuration; 20° titled fixed surface with 1 and 2 2644 3368 477 878 1416 —99
P P (SPV) axis tracking surface, to give a 100 MWp capacity [54].
The German Government built the 166 MWp Solarpark is located
Solarpark Germany in an abandoned mine (Meuro mine) near Leipzig. The _ B _
Meuro (Meuro) SPV development of the solar plant after the closure of the mine create 1087 990 71 679 962 >
not only clean energy but job opportunities for the locals [55].
The Hebei rooftop solar heating system with seasonal storage
Hebei roofto Solar heating project consists of evacuated tube collectors, a gas boiler, a set of
SDHS p China (Hebei) and cooling storage tanks and fan coil units. The project’s agenda is to improve 1405 1065 766 —361 —887 190
(SHCO) the water temperature of the bath centre and space heating during
the winter seasons [56].
The Solana Solar Power Station is a 280 MW CSP plant located in
Solana Solar . Arizona, USA. The plant comprises of 2200 km? parabolic trough
Power Station USA (Arizona) csp with 6 h molten salt storage tanks, which occupy approximately 2015 2455 465 249 508 1
1920 acres of land [57].
Delingha CSP plant is a 50 MW solar thermal project in Delingha,
Delingha CSP China Qinghai province in China. The plant is made up of approximately
(lgant (Delingha, CSP 543 km? heliostats and 7 h of molten salt storage. The plant was 1793 1928 679 27 —24 103
P Qinghai) synchronised to the national grid in December 2018, and it is
expected to generate 146 GWh/year [58]
Enerev Efficient United In 2001, 22 energy-efficient bungalows in part of a large social
Socigly Housin Kingdom SPV housing scheme for the elderly and disabled in Nottingham in the 993 788 565 _773 1164 11
Scheme & (Corncroft, UK were built. The houses were fitted with a 34 kW rooftop solar

Nottingham)

PV plant. [16].
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Table 8. Cont.

Annual Solar Irradiation Comparison (kWh/m?) [7,10]

. Country . . .
Project (Town/City) Technology Remarks Other Countries Difference (Alice)
GHI DNI DHI GHI DNI DHI
Greece MINOS is a combined 50 MW CSP and 5 MW PV power
Greece MINOS Greece (Crete CSP + SPV plant project in Crete Isl.and.m Greece. The project, Whlch is 1782 1835 599 16 117 23
Island) currently under construction, is expected to be commissioned in
December 2021 [59]
Ramagundam India The Ramagundam solar PV power plant is a 10 MWp _
Solar PV plant (Ramagundam) SPV grid-connected project in Ramagundam, India [23]. 1924 1442 904 158 510 328
The 1.75 MW solar cooling system with a 4.94 km? collector area
DMHS Solar USA (Scottsdale, was commissioned in 2014 at the Desert Mountain High School.
Cooling Arizona) SHC As of 2018, the system is the most powerful solar cooling system in 2121 2718 480 3% 766 %
the world [60]
Canada The 2 MW solar PV plant in Kimberley, British Columbia, Canada,
Sullivan mine (Kimberley) SPV is another abandoned minefield utilisation project. The solar farm 1344 1511 530 —422 —441 —46
tmberiey holds 4000 solar modules mounted on 96 sun trackers [61].
. Tibet solar district heating system is located in Langkazi county,
China China. The system comprises a 24.3 km? collector area, 4.3 MW
Tibet SDHS (Langkazi, SHC . y P 3 . L 2049 2548 555 283 596 -21
- heating capacity and 15.0 km” pit storage with an electric backup
Tibet) .
boiler [62].
South Korea The 85 kW solar PV power plant is installed over the water surface
Hambaek mine SPV of successive alkalinity systems, and the generated power is used 1455 1261 715 =311 —691 139
(Gangwon) ’ . . . .
for treatments of acid mine drainage in a nearby facility [61].
In 2011, a 1.48 MW rooftop solar cooling system with a collector
. 2 . . . .
UWC Solar Singapore SHC area of 3.87 k.m was commissioned m.the Umtgc}l World Colleg.e, 1648 935 933 _118 _1017 357
cooling (Queenstown) Queenstown in Singapore. The system is also utilised for domestic
hot water [63].
. China (Zhongba, Tibet Zhongba solar district heating system has a solar collector _
Tibet SDHS Tibet) SHC area of 34.65 km? and a heating area of 88.20 km? [64] 2138 2618 497 372 666 79
Gonghe 50 MW tower CSP plant has 6 h storage capacity with
Gonghe CSP China (Gonghe, molten salt and 600.32 m? heliostats, which occupies a 2.13 km?
plant Qinghai) csp land area. The plant was synchronised with the national grid in 1796 1981 630 30 2 >

September 2019 [65].
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Table 8. Cont.

Annual Solar Irradiation Comparison (kWh/m?) [7,10]

. Country . . .
Project (Town/City) Technology Remarks Other Countries Difference (Alice)
GHI DNI DHI GHI DNI DHI
Morocco has set an ambitious target of installing a 2 GW CSP
Noor I, II, 111, Morocco generation in 2020. The plan is being put in motion by the Noor
and IV (Ouarzazate) csp I-IV CSP projects in Ouarzazate province. The combined 2159 2462 635 398 >10 5
cumulative installed capacity of the four plants is 880 MW [66].
The Dubai Electricity and Water Agency set a target of 1.8 GW (1
. GW SPV and 700 MW CSP) solar capacity generation by 2020 and
E?frWA Sr((’)lzz . Egﬁ:fed(g;ﬂza) CSP+SPV 5.7 GW (5 GW and 700 MW CSP) by 2030. In 2018, 223 MW solar 2156 1883 879 390 —69 303
8Y P power plants/rooftops and 100 MW CSP plants were
commissioned [67].
By the end of 2007, the Electric Work of Zurich has successfully
EWZ Solar Switzerland connected more than 130 solar PV plants with a cumulative
power project (Zurich) SPV capacity of 4.5 MW to the grid. Most of the plants were on 1218 1152 570 —o48 —800 -6

rooftops to reduce development costs and bidding [68].
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5.2. Performance Analysis of a Solar PV System in Alice

The performance of the solar PV system relative to the weather conditions in Alice
is covered in this section. During this research, the house was occupied by a member of
the university staff and his daughter. Between 08h00 and 15h00 from Monday to Friday
(weekdays), the occupants were observed to be out for their daily activities. On Saturday
and Sunday (weekends), the house was unoccupied.

Two months of data, including a typical summer (March) and winter months (August),
were considered in analysing the solar PV system performance. The on-site measured
global horizontal irradiance (GHI), solar PV power generation, and the house load demand
in the two months covered, are presented in Figure 13.

In Figure 13, the period when the batteries were used to power the house load (dis-
charge) is indicated with —ve Amps, while +ve Amps implies that the batteries were
charging. Also, the short regular peaks represent low-demand periods (LDP). During
these periods, only the refrigerator and a few lights were operational. On the other hand,
the irregular upward peaks resulted from the use of a pressing iron, electric stove, mi-
crowave oven, electric kettle or other high energy consuming appliance. These periods
are classified as high-demand periods (HDP) in the analysis and discussion of the results
hereafter. Table 9 contains a summary of the solar PV generation amounts in the summer
and winter months, as well as the battery charge/discharge rate and house demand during
both periods mentioned above.

Furthermore, the summer and winter daily solar irradiation, the house cumulative
energy consumption and solar PV energy were deduced and are presented in Figure 14a,b.
In Figure 14, the full-blue bars represent HDP, while LDP is represented with white grid bars.
In Figure 4a, HDP showed a daily average of 8.15 kWh energy consumption, amounting to
a total of 114.05 kWh. In the same period, the generated solar PV energy was 245.88 kWh,
which is equivalent to a daily average of 17.56 kWh. The generated solar PV energy was
found to be 50% more than the house’s total energy consumption. The house energy
consumption decreased by 38.93 kWh. Finally, solar PV energy generation decreased by
8.47 kWh in LDP.

Table 9. PV system production and house demand.

Summer Winter
HDP LDP HDP LDP
Solar PV generation (kW) 1.45 1.34 1.24 0.84
Charging 25.76 22.41 18.02 10.39
Battery (A) Discharging 9.50 5.13 9.05 438
House demand (W) 345.06 204.43 359.51 171.39

As indicated in Equation (7), CUF is expressed in the number of hours per year, 8760,
i.e., 365 days multiplied by 24 h. Since daily CUF was considered in the study due to data
availability, 24 h was used to multiply the installed peak power as given in Equation (7).
The average summer month CUF was 7%. A maximum CUF of 13% was observed on 1st
of March, which was a HDP, while 15th of March, a LDP, was found to have the lowest
CUF i.e., 4%. However, the 8th and 26th of March were not considered in the above CUF
because the solar PV system was not operating fully on those days.

A 7% average CUF was also obtained in the winter months. In the same period, 14%
CUF on the 20th of August was the highest value obtained; this day was categorised as
HDP, while for LDP, 25th of August had the lowest CUP, i.e., 3%. The total global horizontal
irradiation in the winter months was 130.93 kWh/my;, equivalent to a daily average of
4.22 kWh/myj. The resultant generated solar PV energy was 246.29 kWh, equivalent to
13.9 kWh/day. However, only 159.80 kWh energy was consumed during HDP and 50% less
during LDP in the winter month. Equations (1) to (6) were employed to further evaluate the
performance of the solar PV system, and the findings are presented in Figures 15 and 16.
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Figure 13. Generated solar photovoltaic power, house load demand and global horizontal irradiance
in (a) summer months and (b) winter months.

A rated peak power of 3.8 kWp was used to deduce the final yield, which amounted
to an average of 1.70 kWh/kWp/day in the summer months. The obtained final yield
only covered days on which the solar PV system was fully operational. The house energy
consumption pattern contributed to the low final yield; this is supported by the findings of
Seme et al. [16]. The inverter AC energy output, which is equivalent to the house energy
consumption, was substituted into Equation (4) to compute the solar PV system PRac and
was found to vary from 19 to 85% in the summer months.

As shown in Figures 14 and 16, the lowest total global horizontal irradiation and maxi-
mum PRac were observed on 25 March (excluding the 10 and 26 March). Theoretically, the
PR tended to increase with a decrease in the global horizontal irradiation due to its inverse
relationship with the module temperature [69], as demonstrated in Figures 15 and 16. This
is more evident in the PRpc plot, as a dip in the ambient air and module temperatures was
observed on days such as the 8th, 10th, 14th, 20th, 21st, and 31st of March. On these days,
the average PRpc was 95%, while the average ambient air and module temperatures were
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18.3 °C and 22.2 °C, respectively. The relatively high PRpc, as well as the inverse relation-
ship between the PR and temperature obtained in this study, agree with the findings of
Romero-Fiances et al. [20]. The authors [20] highlighted that PRpc overestimates solar PV
system performance due to a lack of inverter loss, spectral effects and under-rated STC peak
power. Regarding efficiencies, the average PV module efficiency was 12%, i.e., 4% lesser
than the rated value. An average of 44% efficiency was obtained for the inverter; this low
efficiency was also attributed to the occupants’ energy usage pattern. As alluded to earlier,
minimum loads were utilised in the house during typical solar PV system generation peak
periods, i.e., between 9h00 and 15h00, since the occupants were out for their daily activities.
As a result, the inverter dissipated a large amount of the generated PV DC energy while
the MPPT operated in float mode. This also affected the PR values of the system.
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Figure 14. The daily global horizontal irradiation, solar PV system energy generation, and the house
energy consumption profiles in (a) summer months and (b) winter months.
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Figure 15. Performance of the solar photovoltaic system in the summer months.

Similarly, an average final yield of 1.70 kWh/kWp/day was observed in the winter
months, with a maximum of 3.36 kWh/kWp on 28 August. However, the PRAC for the
winter months was found to be marginally higher, ranging from 15% to 87%. This finding
agrees with Marion et al. [18], who indicated that the winter season tends to have a higher
PR than the summer season due to lower solar radiation and cooler ambient air temperature,
reducing the module operating temperature. The measured module temperature was
found to support the argument of Marion et al. [18], as the average temperature in the
winter month drops by 8.9 °C. In the PRpc evaluation, slightly contradictory findings
were observed. Although the maximum PRpc of 120%, which could be overestimated, as
highlighted earlier, was observed in the winter months, the summer month average PRpc
was 5% higher. This finding can be attributed to the influence of solar radiation on the
PRpc, which was 20 kWh/m? higher in the summer months. Furthermore, an average
PV module efficiency of 12% was also obtained in the winter months, while the inverter
efficiency was found to be between 21% and 77% during that time.
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Figure 16. Performance of the solar photovoltaic system in the winter months.

In addition to the explanation of Marion et al. [18] regarding seasonal PR variation,
PR was also influenced by the daily total AC consumption in the study house, which was
equivalent to the total AC energy generation (E4c) of the solar PV system, as determined
using Equations (1)—(7). From Equation (4), the final yield was shown to influence PRxc,
i.e., an increase in the final yield would result in a higher PRac under similar weather
conditions. Recall that final yield deals with solar PV system performance relative to the
load, while reference yield deals with available solar radiation (GHI). Based on the basic
operation of a solar PV module, in the presence of the sun and absence of load, the module’s
internal load resistance increases, resulting in near-zero current flow. The connection of a
load, on the other hand, reduces the internal load resistance, leading to the flow of current
and power generation. Therefore, the house’s inconsistent and relatively low energy
consumption compared to a grid-tied solar PV system led to different daily and low PRxc.
The operation of the solar PV system in open-circuit voltage (Voc) mode also influenced
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the module efficiency, as the internal resistance increased the operating temperature. In
general, the performance of the solar PV system indicated that the technology is a viable
source of energy, i.e., comparable to the performance of solar PV systems in other regions,
given the local solar radiation and air temperature [69].

6. Recommendations and Future Studies

The current study dealt with the feasibility of solar power generation in an under-
utilised region in South Africa based on available solar radiation. Although solar radiation
is the main factor for the installation of solar PV plants, other factors such as environ-
mental and government policies also play a crucial role in the adoption of this technology.
The research findings are sufficient for pre-feasibility studies for residential rooftop and
small-scale (office and public buildings) solar PV power generation under the weather
conditions in the study area. In the context of this study, environmental influence includes
environmental impact assessment (EIA), available land relative to sunray blockade and
soil fertility, accessibility, and topography. In terms of government policies, renewable
energy policies at the local government level, such as electricity distribution, sales, and
grid connection, are also very important. According to Edson et al. [27], many municipal-
ities in South Africa are responsible for the local distribution and sale of electricity. The
authors of that paper [27] further noted that some of these municipalities have developed a
business model based on the procurement of cheap, carbon-intensive electricity on credit
from the national utility, which consumers pay off. The financial benefits and employment
associated with conventional coal-fired electricity, as well as the lack of skilled workers for
the installation, operation, and maintenance of solar power plants, are the major barriers to
adopting grid-scale solar PV plants at the local level in South Africa [27].

In view of the outlined research limitations and grid-scale solar PV projects in South
Africa, further studies on the EIA of grid-scale solar power generation in underutilised
regions are recommended. Such studies could unpack the potential impacts of grid-scale
solar power generation projects on wildlife, indigenous birds, rivers used for farming
and domestic purposes, available farmland, and people’s livelihoods in underutilised
regions. EIA, which covers the pros and cons of such projects, was also used to assess
potential mitigating measures. Further, the topography, blocking of sunlight by obstacles,
and soil fertility for farming are other crucial aspects of grid-scale solar power projects in
underutilised regions that require further study. Soil fertility evaluations in this context
should be approached in terms of single and mixed land-use for farming and/or solar
power generation. In recent years, agrivoltaic (mixed) land-use has gained recognition
in the renewable energy sector as a mitigating measure for the contest between land-
use for farming and solar power generation, as well as a means of efficiently using of
resources [70]. Furthermore, research on political will and local government targets and
policies on sustainable and renewable energy in underutilised regions is also recommended.
This also includes the distribution and sale of the electricity by local municipalities and its
viability to a just renewable energy transition.

7. Conclusions

This study evaluated the solar resources and PV power potential of an underutilised
region in South Africa. Raw ground measured GHI, DNI and DHI data were used to
establish the solar resources at the location. The measured solar radiation data were
analysed under clear and cloudy sky conditions. An unconventional but effective approach
was used to distinguish the sky conditions.

The average daily total GHI, DNI, and DHI of Alice were found to be 4.98, 5.74, and
1.44 kWh/m?, respectively. Classifying the sky conditions based on daily total GHI, it
was found that days with total daily GHI between 0 and 2.99 kWh/m? were cloudy, while
clear sky days had daily total GHI ranging from 3 to 9.99 kWh/m?. The distribution and
magnitude of the solar radiation components supported these findings. Moreover, clear sky
conditions, which occurred on 233 days in the study year, resulted in an average daily total
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GHI of 6.13 kWh/m?, DNI of 6.73 kWh/m? and DHI of 0.17 kWh/m?. Based on GSA and
SolarGIS satellite data, it was found that the solar resources of Alice are comparable with
those of other regions around the world with large-scale solar energy projects. In addition,
the performance of a 3.8 kWp stand-alone rooftop PV system in Alice was found to be
comparable with those of solar PV power systems in other parts of the world. However, due
to the occupants’ daily activities and the configuration of the system (off-grid), a relatively
low PR and inverter efficiency were obtained.
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