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Abstract - This study analyses the PV potential in 
Mountain Rise, Durban, South Africa, considering 
three PV panel technologies and tilt angles in a 20-
kWp PV system (c-Si, CdTe, and CIS cells; tilts of 
30°, 10°, and 48° for year-round, winter, and summer 
conditions, respectively, with a fixed Azimuth of 0°). 
Computational modelling with Solargis Prospect, 
pvPlanner, and PV*SOL is utilized. Findings reveal 
the site's annual GHI (1636 kWh/m2) is lower than 
GTI at different tilts (30° = 1839.3 kWh/m2, 10°/48° = 
1921 kWh/m2). Average ambient conditions include 
temperature (20.8 °C), wind speed (4.6 m/s), and 
relative humidity (78%). Transitioning from GHI to 
GTI yields a 12% irradiance increase at βopt (30°) 
and 15% at βwin/βsum (10°/48°). PV system 
performance in MWh at βopt is 30.3, 28.7, and 28.2 
for CdTe, CIS, and c-Si, respectively, while at 
βwin/βsum, it is 32.1, 30.7, and 29.9. Average PR 
values in winter are 82.9%, 80%, and 78.8%, and in 
summer, they are 83.7%, 78.1%, and 76.9%. The 
study concludes that CdTe is the most technically 
viable PV cell, and a season-based tilt approach 
enhances electricity generation. Additionally, 
deploying PV systems of CdTe, CIS, and c-Si 
prevents CO2 emissions of 10,377, 10,409, and 11,082 
kg/year, respectively. 
 
Keywords: Photovoltaic potential season-based 
assessment; Solar irradiation; Solar photovoltaic; 
Photovoltaic system performance; Photovoltaic system 
computational modelling. 
 
 
1. INTRODUCTION  

 
In recent times, there has been a significant increase 

in global energy demand, accompanied by pressing 
concerns related to both the environment and human 
health. This surge in energy needs is primarily a result of 
various socio-economic development activities driven by 
factors such as rapid population growth, industrialization, 
and urbanization. These activities encompass activities 
like deforestation for fuel, fossil fuel extraction and 
consumption, cement production, cooking, and the 
transportation of goods [1-4]. Unfortunately, these 
activities also result in the emission of harmful 
greenhouse gases (GHGs) that exacerbate climate 

change. It's worth noting that this trend of socio-
economic development shows no signs of slowing down, 
and it's expected to be most pronounced in the Global 
South, particularly in regions like sub-Saharan Africa 
(SSA) and Asia [5, 6]. The energy demand is a 
fundamental requirement for socio-economic 
development, and its sustainability hinges on access to 
adequate energy sources [7]. Fossil fuels have 
historically played a pivotal role in meeting this demand, 
driving the growth of large economies and supporting 
rapid economic development in developing countries 
worldwide [8]. However, increased energy consumption 
comes with consequences, including higher GHG 
emissions, increased health problems, and the 
exacerbation of climate change. Notably, the energy 
sector is the largest contributor to global CO2 emissions, 
with biomass fuels being extensively used in SSA. 

Beyond environmental concerns, the Global South 
continues to grapple with persistent issues related to 
inadequate and unreliable power supply due to various 
inhibiting factors such as insufficient funds, technical 
expertise, and political will. This energy demand is 
expected to sustain the consumption of fossil fuels and 
the resultant GHG emissions, particularly CO2. To 
address these challenges, the United Nations (UN) and its 
affiliated organizations are actively pursuing a transition 
to a net-zero-CO2 economy. This involves reducing fossil 
fuel consumption and shifting towards cleaner energy 
sources [9, 10]. Consequently, the UN is advocating for 
greater development and deployment of sustainable 
energy systems that can enhance energy security, 
accessibility, and affordability. To adequately tackle 
these complex issues, it is essential to implement 
integrated policies, comprehensive plans, and suitable 
energy generation and distribution technologies in these 
regions. 

Socio-economic development comes with adverse 
conditions that need mitigation and management 
initiatives. Since energy is a basic essential for human 
survival, alternative energy sources that meet modern 
energy requirements need to be identified. The 
alternative energy sources, which are regional-based, 
should be assessed for both technical and economic 
feasibility before development and deployment. The 
alternative energy sources considered the most 
appropriate [5, 11-14] that are receiving attention and are 
being developed for deployment are geothermal, tidal, 
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hydropower, solar, wind, and biomass. However, these 
alternative sources are regional and seasonal dependent; 
and are associated with cost estimation complexity. Other 
challenges are system design difficulty, energy 
intermittency, low power density in supply, and difficulty 
in large-scale (RE) generation [15, 16]. This has led to 
the development of several RE design software 
applications for more accurate results in a shorter time 
[17-19].  

Amongst the RE resources, solar photovoltaic (PV) 
is the fastest-growing RE technology globally [20]. 
Photovoltaic is a phenomenon, where electrical energy is 
generated from certain materials that absorb photons 
when exposed to the sun and this was first observed early 
in the 19th century [21]. The sun is about 150 million km 
away from the earth, approximately 1.4 million km in 
diameter, and emits energy average at a rate of 3.8x1023 

kW/s daily [22]. Nuclear fusion reactions near its core 
supply solar energy that is estimated to continue for 
about several billion years. Energy scarcity in the Global 
South and the continuous consumption of fossil fuels 
globally and its consequences can be over if the 
enormous amount of energy coming from the sun is 
adequately harnessed. Merits such as lack of CO2 
emissions, widespread availability, generated anywhere 
(decentralized system), reduction in transmission losses, 
and the possibility of modular systems are associated 
with solar PV systems. Others are the creation of more 
jobs per unit of electricity production compared to fossil 
fuels and lowering costs of PV system's components and 
projects. With the impacts of the climate change crisis 
increasingly being felt in our daily lives, relying on 
renewable sources for energy is growing rapidly. This 
trend of producing clean energy appears to be a path of 
no return as it facilitates CO2 emission reduction.  

The call for the utilisation of PV technology to meet 
energy demand for socio-economic growth and CO2 

emissions reduction is now more compelling. This is due 
to the uncertainties surrounding fossil fuels, such as 
depletion, unstable prices, subsidies, and their disposition 
as a tool for economic war. For optimal use of PV 
systems, several factors that influence PV performance 
need to be studied and understood. These factors include 
solar irradiation, PV cells, wind energy, shading effect, 
season and geographical location, soiling factor, and cell 
temperature. A lot has been achieved in the development 
of solar PV technology but several research gaps still 
exist, including the evaluation of PV cell technologies 
and systems concerning seasonal performance and 
operational viability. This study is expected to enhance 
the performance of PV systems through the 
considerations of seasonal variations, operational 
optimisation, environmental impact, technological 
advancements and economic viability.  

It is noteworthy that previous studies [23, 24] on PV 
system design and performance prediction through 
computational modelling typically employed a simplified 
approach. This approach considers an optimal tilt angle 
all year round and this optimal tilt does not account for 
the seasonal variations. Therefore, this study aims to 
analyse the influence of seasonal fluctuations in the 
performance of solar PV systems utilising two categories 
of PV cell technologies. The two categories of PV cells 

to be considered are first-generation (monocrystalline 
silicon (mono-c-Si)), and second-generation (cadmium 
telluride (CdTe) and copper indium selenide (CIS)). In 
the evaluation of system performance, different tilt 
angles will be utilised for all year-round, winter, and 
summer seasons. The research will be conducted 
hypothetically at a designated site along Mountain Rise 
Road in Durban, South Africa. While this study primarily 
focuses on assessing PV system performance, it is 
essential to emphasise that an initial assessment of PV 
potential is a prerequisite in this process. Hence, this 
study provides answers to the meteorological and PV 
performance research questions based on all year-round, 
winter, and summer seasons and PV cells, such as what 
the – annual sum of global horizontal irradiance (GHI) 
and global tilt irradiance (GTI) at different tilts, annual 
average ambient PV system conditions, the electricity 
generation of different PV cell systems at various tilt, the 
average PR for the different PV cell systems, and annual 
avoidable CO₂ emissions by c-Si, CdTe, and CIS PV cell 
systems deployments. 

 
 

2. STUDY BACKGROUND  
 
Solar energy is caused by the energy released during 

the collision of photons (tiny particles) carried by the 
sun's rays and the atoms on their paths. This accounts for 
the warmth felt by the skin when exposed to the sun, as 
the collision of photons from the sun and the atoms in the 
skin produces heat. In this context, special materials 
(semiconductors), such as silicon and CdTe trap photons 
once sun rays strike them and this interaction produces 
electricity instead of heat. This conversion process of 
electricity production by the semiconductor, called PV, 
involves the generation of a flow of electrons (electricity) 
from the absorbed photons received from the sun. Hence, 
irradiation and solar PV cells are the most crucial 
components that must be present in a solar system to 
produce PV energy. Irradiation is the primary source of 
raw energy that solar PV cells convert into electricity, 
and this makes them dependently linked to solar PV 
system components. They are integral parts of the 
process that provides a sustainable, renewable, and 
environmentally friendly source of electricity that 
reduces GHG emissions, promotes energy independence, 
and contributes to economic development. Solar PV 
technology is expected to continue growing in the global 
energy mix. 

 
2.1. Overview: Solar PV cell technologies 

 
A PV system, which is becoming one of the most 

deployed RE technologies globally, has PV cells as the 
most significant part. Over decades of development, 
through the instrumentality of materials and production 
systems, PV cells have evolved into three generations - 
first, second, and third generations. 

 
2.1.1. First-generation solar cells  

 
The commonest commercially available PV cell, the 

c-Si, with a performance conversion efficiency range of 
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15% to 20% belongs to the first-generation cells. They 
dominate the rooftop PV panels market and makeup 
about 80% of the PV panels sold globally [25]. They are 
relatively high in stability and performance [26]. Based 
on the silicon deployed, first-generation PV cells can be 
categorised into PV cells three as follows - crystalline 
silicon (c-Si) and hybrid silicon. 

Crystalline silicon ‒ currently, there are two types 
of c-Si in the market and there are monocrystalline 
(mono-c-Si) and polycrystalline (poly-c-Si) PV panels. 
This set of PV cells is among the most efficient, oldest, 
and most reliable methods of generating electricity from 
sunlight. The mono-c-Si are the commonest and easiest 
to recognise due to their dazzling blue or black colour 
[27]. They are relatively more efficient and expensive 
compared to poly-c-Si and thin-film PV panels. The 
complex process involved in growing large pure silicon 
crystals and the energy-intensive process required to 
produce mono-c-Si accounts for the high cost. A 
monocrystalline PV module is made from a single silicon 
crystal, developed carefully under well-defined 
conditions. Elevated temperatures influence the PCE of 
c-Si cells inversely as shown by empirical and theoretical 
studies [28-30]. They perform optimally (i.e. PCE 
between 15% and 20%) at an ambient temperature of 25 
°C or below [31]. However, the world's most efficient 
commercially available monocrystalline PV panels of 
24.2% PCE were produced by SunPower (USA) in 2010 
[32].  

 
2.1.2. Second Generation of Solar Cells 

 
Amorphous silicon, cadmium telluride (CdTe), and 

copper indium gallium selenide (CIGS), sometimes 
called copper indium selenide (CIS), belong to the 
second-generation PV cells. The range of PCE of CdTe 
PV cells is 10% to 15% [33]. The flexible thin-film PV 
cells that are members of this generation are cheaper due 
to their fast and inexpensive manufacturing processes 
that consume fewer raw materials. Cadmium telluride PV 
cell is the second most commonest PV technology after 
c-Si and has a laboratory PCE record of 22.1% [34] and 
accounts for 5% of the global market [35]. 

 
 

3. METHOD  
 
Having access to accurate solar irradiation data for a 

site is a crucial prerequisite for a dependable study of 
potential and system performance prediction. Notably, in 
the context of the global south, there is a notable 
deficiency in the availability of irradiation databases. 
Traditionally, spectral pyranometers have been employed 
to compute the global solar radiation at specific locations 
by installing these devices at various points within a 
region. Nevertheless, this approach comes with 
substantial demands, including the need for frequent 
cleaning, maintenance, and calibration of the sensors. 
Additionally, it involves filtering, examining, and 
smoothing the recorded data, making it a labour-intensive 
and time-consuming process that is susceptible to errors. 
A more cost-effective and convenient alternative is to 

employ climatological parameters for the calculation of 
global solar radiation without introducing errors.  

In this study, computational modelling using the 
Solargis, PVsyst and PV*SOL applications was 
employed to obtain irradiation data for the site location, 
and this irradiation data is discussed in this section. To 
conduct this study effectively, the study situated a 
hypothetical 20-kilowatt peak (kWp) grid-connected PV 
system in Mountain Rise, Durban, South Africa. To 
analyse the PV system's performance, the study 
recognised four distinct seasons in Durban - Winter (June 
to August), Spring (September to October), Summer 
(November to March), and Autumn (April to May). 
However, due to meteorological data limitations of these 
seasons, two categories of seasons were adopted: Winter 
(April to September) and Summer (October to March). 
To evaluate the PV system's potential, the study 
determined the site's geographical coordinates (latitude 
and longitude) and utilised these coordinates to derive 
site-specific assessment parameters from a chosen 
meteorological database, such as the National Solar 
Radiation Database of NREL, Meteonorm, Explorador 
Solar, and NASA-SSE. These meteorological parameters 
served as input for conducting the PV system's 
performance metrics, utilising established equations and 
computational methods. For the computational modelling 
of the hypothetical 20-kWp grid-connected solar PV 
systems with different PV cell technologies, Solargis 
Prospect, pvPlanner, and PV*SOL software applications 
were exploited. The computational modelling process 
adhered to a comprehensive five-stage methodology, 
outlined in the flowchart presented in Fig 1. 

The 5-stage process commences with a location 
description, where we leverage the latitude and longitude 
coordinates to access and generate meteorological 
parameters for the specified location in the second stage. 
In the third stage, we define the configuration of the PV 
system, considering factors such as orientation, user 
requirements, and other system-related information for a 
hypothetical 20-kWp grid-connected PV system.  

This study considered PV cell technology, installed 
capacity and method of installation, and panel's 
orientation based on optimisation conditions in the solar 
PV potential and system evaluation. This input 
information is used to compute the meteorological and 
performance parameters of the solar PV system. Some of 
these parameters are daily, monthly, and yearly 
irradiation levels, energy production, annual yield, and 
system losses, the study will use the PV*SOL, PYsyst, 
and Solargis software applications based on input 
optimisation considerations. Additionally, a tabular 
comparative analysis overview of critical PV system 
parameters was provided. Generally, a grid-connected 
PV system comprises solar PV panel arrays, solar 
inverters, electrical panels, panel mounting racks, cables, 
meters, combiner boxes, surge protection, disconnects 
(array DC disconnect, inverter DC disconnect, inverter 
AC disconnect, exterior AC disconnect), grounding 
equipment, and other electrical accessories. 
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 Fig. 1: PV assessment and system performance evaluation 5-stage procedure (a) the procedure block diagram; 

(b) the procedure flowchart. 
 

This entails specifying parameters, such as the 
choice of PV cell type, installed capacity, and the energy 
needs of the user. The data generated in the second stage, 
combined with the system information defined in the 
third stage, serve as essential inputs for conducting 
simulations in the fourth stage. These simulations are 
carried out using PV assessment and design software 
applications. An additional iteration is introduced in the 
third stage to accommodate the application of three 
different PV cell technologies. The final step of this 5-
stage process involves generating a report and 
subsequently extracting technical information from the 
simulation reports obtained through these software 
applications. This information is then utilised to analyse 
and assess the level of solar PV utilisation and predict the 
performance of the system. Other commonly employed 
PV system design, simulation, and analysis software 
applications include [17-19]: 

PVSOL proves invaluable for conducting the 
planning and modelling of a PV system, considering 
factors like energy consumption, grid feed-in, and the 
estimation of CO2 emissions reduction. The key input 
parameters for PVSOL encompass location details, 
meteorological data, and information related to the 
system and its auxiliary components. 

PVGIS specializes in conducting PV system 
assessments based on geographical regions and offers 
policy support for the European Union. It requires input 
parameters such as total irradiance, mounting position, 
and monthly ambient condition values. 

PVsyst, much like Solargis, serves as a tool for 
designing and simulating PV systems. Its capabilities 
encompass economic and technical assessments, system 
sizing, and comprehensive analysis of PV systems. 
PVsyst categorizes PV systems into various types, 
including pumping, stand-alone, grid-connected, and DC-
grid systems. The necessary input variables include site 

location details, Albedo specification, PV panel 
orientation, and system sizing parameters. 

Solargis Prospect, on the other hand, is an online-
supported software application designed for PV system 
design, simulation, and analysis. It offers satellite-based 
mapping, technical and economic feasibility assessments, 
as well as planning and optimization capabilities. This 
tool also facilitates a comparative analysis of energy 
generation performance across different PV cell 
technologies. It relies on input parameters such as site 
coordinates, PV cell technology type, AC/DC losses, 
cable sizing, and load demand. Solargis Prospect 
employs a sophisticated multi-source overlay analysis 
approach to establish a solid foundation for a more 
accurate evaluation of practical PV potential. In cases 
where multiple layers of input parameters originate from 
various sources, this application integrates and 
harmonizes them, ensuring a cohesive and 
comprehensive assessment [36]. The Solargis database, 
from which it draws its data, is derived from multiple 
numerical weather models, and Table 1 provides a 
summary of these models. 

 
Table 1. Summary of models deployed in Solargis 
[37]. 

Data Source Original spatial 
resolution (°) 

Original time 
resolution (hour) 

European Environment 
Agency (ERA5), and the fifth 
generation European Centre for 
Medium-Range Weather 
Forecasts (ECMWF) 
atmospheric reanalysis of the 
global climate 

0.25 by 0.25 1 hour 

Climate Forecast System 
(CFSv2) 

0.205 by ~0.205 1  

Global Forecast System 
(GFSprod) 

0.12 by ~0.12 1 (first 72h)  
3 (up to D+9) 

Global Precipitation 
Climatology (GPCC) version 
2018 

0. 25 by ~0.25 Monthly means 
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For this particular study, we selected two 
computational modelling applications, PVsyst, PV*SOL 
and Solargis Prospect, from the array of available PV 
system design and simulation tools. These choices were 
made due to their high accuracy, user-friendly interfaces, 
simplicity, widespread availability, and the clarity of the 
reports they produce. 

 
3.1. Meteorological parameters 

 
A precise and in-depth knowledge of solar radiation 

is important in the fields of solar energy, biomass, 
agriculture, human health, and climate. The deployment 
of satellite images is presently a vital means for the 
estimation of irradiance. Global irradiation is created by 
the three components formed by the irradiance that 
descended from the sun to the earth's surface. A portion 
is unaltered (direct normal irradiance, DNI), another 
portion is reflected (reflected irradiance (RHI), and the 
third part is dispersed by the atmosphere (diffuse 
horizontal irradiance, DHI). This occurrence accounts for 
the three components of insolation that defined the global 
irradiation, as shown in Fig 2(a). The GHI reaches about 
1000 W/m2 in cloudless and clear weather and is 
measured with a pyranometer or solarimeter, shown in 
Fig 2(b). 

 

 
Fig. 2: (a) The components of GHI: (b) Pyranometer 

to measure GHI on the ground (GHI). 
 
A part of the irradiance that is emitted to the earth is 

reflected and the amount of reflection depends on the 
reflection coefficient of the surface, called albedo. 
Albedo is the ratio of the reflected irradiance to the 
incident irradiance. The value of albedo ranges from 0 to 
1 and is a dimensionless quantity. Perfectly reflecting 
and absorbing surfaces have an albedo of 1 and 0, 
respectively [38, 39]. The albedo is taken as greater than 
0.8 and less than 0.03 if the surface is perceived as white 
and black, respectively. 

 
3.1.1. Mathematical calculation of insolation 

 
The insolation analysis tools compute irradiation 

throughout a landscape or for a specific location and this 
is centred in the hemispherical view-shed algorithm 
methods established by Rich et al. [40, 41]. The 
estimation of total radiation, known as global radiation, 
depends on location. The computation of global diffuse 
and direct radiations is repeated for every location on the 
topographic surface, creating total geographical area 
irradiation maps.  

Global radiation calculation - The theoretical PV 
potential is defined by the longstanding energy content of 

the solar PV resource obtainable at a certain place. A 
plane of array irradiance (POA) is used to measure the 
incident irradiance on a specific PV array. The parameter 
is directly related to the PV module power output and is 
used widely in PV array modelling and performance 
analysis. The physical parameter GHI or POA irradiance 
quantifies energy content appropriately and is estimated 
by the summation of DNI and DHI incidents on a surface 
with a specified angle of incidence (AOI) and tilt. The 
POA is expressed as [42]:   

 
 totGlobal GDir GDif GRf    ________ (1) 

 
Where GDir, GDif, and GRf are direct, diffuse, and 

reflected irradiations, respectively. 
Considering the total irradiance received by a 

horizontal surface at ground level on a clear day, as 
represented in Fig 3: 

 

 tot Dir DifGlobal G G  ________________ (2) 

 

 
Fig. 3: Irradiance on a horizontal body 

 
To compute the irradiance components on a tilted 

surface, the GHI needs to be separated into DNI and 
DHI. Empirical relations have been developed to 
calculate DHI in terms of GHI and solar zenith angle (θz) 
[43, 44]: 

 

 costot Dif Dir zGlobal G G    _____________ (3) 

 
 1 cos

2Dif

tilt
G DHI


  __________________ (4) 

 
 1 cos

2Rf tot

tilt
G Global Albedo


   ________ (5) 

 

,  totGDir GDir   __________________ (6) 

 

 
,

,

(
,

)
, * * * *

 

m
ConstGDir S SunDur SunGap

cos AngIn


     

 


 (7) 

 
Where GDirθ,α is the direct radiation from the sun map 

sector (GDirθ,α) with a centroid at zenith angle (θ) and 
azimuth angle (α); β is the transmissivity of the 
atmosphere; SConst is the solar constant, and 1367 W/m2 is 
usually used in the analysis; SunDurθ,α is the time 
duration depicted by the sky sector; m(θ) is the relative 
optical path length; SunGapθ,α is the gap fraction for the 
sun map sector; AngInθ,α is the angle of incidence 
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between the axis normal to the surface and centroid of 
the sky sector. 

Relative optical length, m(θ), is a function of solar 
zenith angle (θ) and elevation above sea level. For zenith 
angles less than 80°, relative optical length, m(θ): 

 

     9 2 0.000118* 1.638*10 * /m EXP Elev Elev cos   
_______________________________________ (8)  

 
The angle of incidence (AngInSkyθ,α): 
 

          , * * *z z aAngIn acos Cos Cos G Sin Sin G Cos G      
________________________________ (9) 

 
Where Ga is the surface azimuth angle and Gz is the 

surface zenith angle 
A precise estimate of solar PV system radiation 

energises is a prequel to PV system performance 
evaluation, as this ensures an accurate prediction of the 
amount of PV energy to be generated across the year. 
The process of solar radiation estimation of a given 
location is complicated and characterised by variability 
and uncertainty. This has spurred studies over the years 
leading to the development of software applications, such 
as Solargis Prospect, PVsyst, Homer, and Meteonorm 
that simplify the process [45-48]. This study exploits the 
application of Solargis PV*SOL PV design application to 
generate the solar insolation parameters and study the 
performance of PV systems in winter and summer 
seasons.  

 
3.2. Azimuth angle (α) and tilt angle (β) 

 
The maximal conversion performance efficiency 

(CPE) of commercial poly/mono c-Si PV panels is about 
24% [49], far away from 100%. In addition, other 
variables could affect even the 24% CPE if not properly 
resolved during the design and installation process. One 
such variable that influences CPE highly is PV panel 
orientation, defined by the Azimuth (α) and tilt (β) 
angles. This is because an inclined angle changes the 
solar radiation reaching the surface of the panel. Keeping 
this inclination relationship between the PV panel and the 
sun produces the maximum daily energy, and this is 
achieved using a mechanical tracking system. Normally, 
the Hemisphere determines the optimal tilt and azimuth 
angles; the North and South Hemispheres require 
southward and northward orientations for optimization, 
respectively [50]. The performance of solar panels is 
negatively impacted if the panel is wrongly orientated. It 
implies that for countries like Canada, China, India, and 
America PV panels reach optimal when they are placed 
in the south while the reverse is the case for countries 
like Brazil, New Zealand, Indonesia, South Africa, 
Australia, and Zambia. Subsequently, PV module spatial 
configuration is normally considered for maximising 
daily, monthly, and annual energy performance. 

Several theoretical and empirical studies have 
established links among these parameters - the panel's 
Azimuth and tilt, location, period, and duration, and the 
impact of tilt angle on the PV panel's PCE have been 
reported. Maximum energy is harvested when solar 
irradiation strikes on PV panels placed in an optimum 
inclination, defined by tilt and Azimuth angles. The 
optimal PV panel orientation is influenced by the period 

and season, such that the optimum tilt angles for summer, 
autumn, spring, and winter vary [51]. In this context, a 
very clear distinction between optimal tilts for summer 
and winter has been reported. For many of the studies, 
the evaluation of the optimal tilt for the site where PV 
panels are facing the equator requires two variables, the 
location's latitude (ϕ) and the Hemisphere.  Solar panels 
perform best when they are facing the equator, which 
implies that for a site located in the Northern 
Hemisphere, solar panels should face the south, as 
presented in Fig 4, otherwise, they should face the north 
[52]. 

 

 
Fig. 4: Schematic of the orientation of solar panels 

located in the Northern Hemisphere [52, 53]. 
 
However, there exist differences in the suggested 

expressions to estimate optimal tilt (β), as presented in 
the following relations: 

 
10    [54]; 10    [55];  

 
20    [56];  

 
(0 30)     [57];  

 

 10 20 10      [58];  

 
and   10  30    [59],  

 
where the latitude, ϕ, is in degree (°). 
Influence of seasonal variations - Seasonal 

variations have a significant influence on the 
performance of solar PV systems. Solar PV systems 
generate electricity by converting sunlight into electrical 
energy using solar panels. The amount of energy 
produced by a solar PV system can vary throughout the 
year due to several factors related to seasonal changes. 
Overall, while seasonal variations do impact the 
performance of solar PV systems, proper planning, 
design, and maintenance can help mitigate these effects 
and ensure a reliable source of clean energy throughout 
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the year. To maximise the performance of a solar PV 
system throughout the year, it's important to consider 
these seasonal variations when designing and installing 
the system. Some strategies to mitigate the impact of 
seasonal variations are presented in Table 2. 

 
Table 2. Strategies to mitigate the impact of seasonal 
variations. 

Tilt and 
Orientation 

Adjusting the tilt and orientation of solar panels to 
optimize their angle relative to the sun's path can help 
improve energy production throughout the year 

Seasonal 
adjustments 

Some solar PV systems have adjustable mounts that allow 
for seasonal adjustments, so panels can be tilted differently 
in the summer and winter to capture more sunlight 

Energy 
storage 

Using energy storage solutions such as batteries can help 
store excess energy generated during sunny seasons for use 
during periods of reduced sunlight 

Maintenance Regular maintenance, including cleaning and snow 
removal (if applicable), can ensure that the panels operate 
at their peak efficiency. 

 
The positioning of a solar panel has a direct impact 

on the power output of a PV system. To enhance energy 
production per unit area, it is essential to optimise the 
alignment of the solar array. Ideally, the solar panels are 
installed on motorised trackers, with either two axes or a 
single axis. This results in an increased energy 
production of 40% and 20%, respectively, compared to 
fixed PV systems [60]. However, it should be noted that 
this approach does come with additional operation and 
maintenance costs. For fixed PV systems, the most 
favourable orientation is typically achieved by selecting a 
tilt angle that is close to the latitude of the installation 
site and an azimuth angle that faces North in the 
Southern Hemisphere or South in the Northern 
Hemisphere. To optimise energy production throughout 
the year, a common rule of thumb is to set the tilt angle 
roughly equal to the latitude of your location. This means 
the tilt angle would be approximately equal to the 
latitude. In this study, the optimal tilt angle (βopt) for all 
year-round energy production is taken as the latitude (ϕ).  

Tilt angle (βopt) = latitude (ϕ) = 30 
In the northern hemisphere, a south-facing 

orientation is generally optimal for year-round energy 
production. In the southern hemisphere, a north-facing 
orientation is typically ideal. It implies that the Azimuth 
angle (α) is 180° for a south-facing system and α is 0° for 
a north-facing orientation [61, 62]. To optimise energy 
production for a specific season (winter or summer), 
more complex calculations or software tools take into 
account solar angles and seasonal variations. The goal is 
to adjust the tilt angle to capture more sunlight during 
that season. The influence of seasons (summer and 
winter) on PV performance was considered quantitatively 
and qualitatively in estimating the optimum tilt angle as 
follows [63]: 20    and 8   , where + and – 

were applied for winter and summer, respectively. 
However, the expressions to estimate season-based tilt 
were grouped into two methods [53].  

 
i. Method 1: 15    again, where + and – were 

applied for winter and summer, respectively. 
 

ii. Method 2: 0.9 29    for winter, 

0.9 23.5    for summer and this method was 

referred to as an improvement of method 1 with 
better results.  
Apart from solar panel orientation, other factors, 

such as panel quality, inverter efficiency, and system 
maintenance are other aspects of designing an efficient 
PV system that contribute to overall performance.  

 
3.3. Photovoltaic system performance  

 
Solar PV potential refers to the amount of solar 

energy that can be harnessed in a specific geographic 
area and this depends on the magnitude of the sun's 
radiation reaching the panel. This potential is influenced 
by various factors, including the location, PV panel 
orientation, seasons, climate, available technology, and 
the specific characteristics of the solar PV system. 
Analysing the performance of a PV system is essential to 
assess its efficiency and productivity. It is also crucial for 
optimising energy production, maintaining the long-term 
sustainability of the system, and ensuring a good return 
on your investment. According to IEC standards 61724-1 
[64], some of the key steps and metrics involved in 
analysing the performance of a PV system include [65]: 

 
3.3.1. Electricity production and specific yield 
calculation 

 
The electricity production of a PV system is the total 

amount of electrical energy generated by the system over 
a given period. This electricity production is typically in 
kWh and can vary depending on certain factors, such as 
the system's capacity, the amount of sunlight reaching the 
panel, and its efficiency. 

The specific yield of a PV system is a metric used to 
evaluate the system's performance and efficiency. 
Specific yield is the amount of electricity produced by 
the PV system per unit of its installed capacity, typically 
measured in kWh per kilowatt-peak (kWh/kWp). The 
kilowatt-peak (kWp) is a measure of the system's 
maximum power output under standard test conditions 
(STC). This metric helps compare the performance of 
different PV systems and is mathematically expressed as: 

 
 

 
   

   
  

Total energy production kWh
Specific yield

Installed capacity kWp
  _(15) 

 
3.3.2. Performance ratio   

 
Performance ratio, also known as a quality 

factor, measures the quality of a PV system by 
accounting for the system’s losses, such as soiling 
losses, mismatch and wiring losses; light-induced 
degradation (LID); system downtime, inverter and 
transformer losses, and many more [66, 67]. 
Additionally, PR takes into account irradiation, 
relative humidity (RH), temperature, and climate 
changes. It uses a vague correction factor in % to 
make up the difference between the expected 
(theoretical) power output rating and the actual 
performance [68]. A typical PR value is between 50% 
and 60% for a stand-alone PV direct current (DC) power-
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delivering system and 70% and 80% for a grid-connected 
alternating current (AC) delivering system [69]. Again, 
PR can be defined as the ratio between the standard 
electricity production (Yf) and the available solar 
potential (Yr), expressed as: 
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The performance ratio was expressed according to 

the IEC-61724-1 standard by a study [70], as in equation 
(4): 
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Where τk is the period; Gi,ref is the POA during 

reference conditions; Po is the power out under reference 
conditions; and Gi,k is the in-plane irradiance (POA) at 
period k.  

 
 

4. COMPUTATIONAL MODELLING OF A 
20-KWP GRID-CONNECTED PV SYSTEM  

 
This section comprehensively covers all technical 

aspects of the PV system, ranging from the assessment of 
its potential to the evaluation of the proposed installed 
system’s capacity performance. This includes 
configuring the PV system, and conducting simulations 
for the three selected PV cell types and at different tilt 
angles (βopt, βwin, and βsum). The reports of these scenarios 
were used for analysing, comparing, and establishing the 
solar PV potential using insolation and the system’s 
performance in terms of energy generation, losses, and 
the reduction of CO2 emissions. 

 
4.1. Site location description and system configuration 

 
A fundamental step is describing the PV system's 

site, which can be done through latitude and longitude 
coordinates, a coordinate system, or a physical address. 
For this study, we hypothetically positioned the 20 kWp-
installed capacity PV system in Mountain Rise, Durban, 
South Africa, with latitude/longitude coordinates of 29° 
52' 50.7" S, 30° 58' 12.3" E (coordinates -
29.88075°,030.970083°). The configuration details of the 
PV system include design considerations like system 
capacity, user power requirements, PV cell selection, and 
panel orientation. In this study, a computational 
modelling optimisation tool was exploited to obtain the 
tilt angles for all year-round (βopt), winter (βwin), and 
summer (βsum) seasons. Table 3 presents the site 
information and the PV system's configuration. 

 

Table 3. Site’s description and system configuration 
information  

Site location description  

Site 
location 
(Lat/Lon) 

-29.88075°,030.970083° Physical 
address 

Mountain Rise, 
Durban, South 
Africa 

PV 
system 
type 

Grid-connected   

User’s 
need 

Household Night ratio 
(%) 

49.6 

Average 
power 
(W) 

139 Daily energy 3.3 kWh/day 

PV Field Orientation 

Fixed 
plane  

Azimuth 
0° 

βopt  
30° 

βwin  
10° 

βsum 
48° 

Installation 
type 

Roof 
mount 

Nb. of 
modules  

7 units  Pnom total 2100 kWp 

PV cell 
type (%) 

c-Si (mono) CdTe  CIS 

 
 

5. RESULTS AND ANALYSIS   
 
Primarily, there are four types of seasons in Durban, 

South Africa, as follows [71]: Summer – (November-
March); Autumn – (April-May); Winter – (June-August); 
and Spring – (September-October). The summary of 
Durban’s weather conditions across the year is - the rainy 
season from late November to January, while it is clear 
and windy most of the year, with the yearly temperature 
varying between 14 °C and 28 °C. However, in this 
study, the seasons are categorised into two: Winter – 
(April to September) and summer – (October to March). 
The present versions of Solargis and PVsyst have no 
discrete information linking autumn and spring seasons 
to PV meteorological parameters. This study is 
confronted with meteorological data limitations for the 
autumn and spring seasons in the software applications 
used. For optimisation, the design and simulation process 
maintained the same Azimuth (north, 0°), 30°, 10°, and 
48° were used for tilts βopt, βwin, and βsum, respectively. 
and fixed surfaces were considered for the two seasons’ 
PV panels’ configuration. 

 
5.1. Solar PV assessment  

 
In this section, the impacts of PV panel orientation 

and seasons were exploited to analyse PV potential and 
expected energy output of a solar PV system to 
determine the feasibility of the energy system. This 
information is crucial for making informed decisions 
about solar PV installations and their economic and 
environmental benefits. The GHI and GTI are the most 
relevant insulation components in the context of 
electricity production from solar energy.  

                                                       
5.1.1. Site location insolation 

 
The monthly profile of temperature and components 

of insolation that contribute to the PV potential expected 
to produce electricity are in Fig 5(a). It is evident from 
Fig 5 that: 

i. The three radiation components presented in Fig 
5(a) exhibit the same profile patterns. The 
highest monthly average irradiance (174.7 
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kWh/m²) was recorded in January, while the 
lowest (94.4 kWh/m²) was observed in June.  

ii. The yearly sum of GHI, DNI, and DIF, as 
shown in Fig 5(b) are 1630.5 kWh/m², 1566 
kWh/m², and 642 kWh/m², respectively.  

 

 
Fig. 5. Solar insolation components (a) the monthly average of GHI, DNI, and DIF; (b) the monthly sum of 

global irradiation and daily (diurnal) air temperature. 
 

5.1.2. Solar panel orientation and season-based PV 
potential assessment  

 
The earth is continuously in motion, moving across 

the sky and this affects the radiation that gets to the solar 
PV panels. A tracking device was developed to augment 
this movement and to ensure that the PV panel or 
collector aligns with the sun at a defined angle 
automatically. This is to maintain the optimum angle 
required to harvest and convert most of the solar 
irradiation. However, this in most cases is not possible for 
rooftop-mounted PV panels. The PV panel is orientated in 
a defined manner to optimise the PV panel’s conversion 
performance. This is achieved by tilting the panel to face 
the sun, and studies have proved that this method 
produces more energy [72-74].  

Global in-plane irradiation, also recognized as global 
tilted irradiation (GTI), global tilted solar radiation, or 
global plane-of-array irradiance, represents the total solar 
irradiance reaching a solar PV panel or collector inclined 
at a specific angle and oriented in a direction. This factor 
plays a pivotal role in the design and evaluation of solar 
energy systems as it considers the actual solar energy 
incident on the panels, accounting for their tilt and 
orientation. Global tilted irradiation offers a more precise 

measure of the energy available for electricity generation 
compared to GHI. This affirmation is further substantiated 
by the results derived from the simulation report 
presented in Fig 6. The outcomes in Fig 6(a) can be 
summarised as follows: 

i. The annual cumulative irradiance of GHI (Ghm, 
1636 kWh/m2) reaching the panel remains 
consistent for all year-round and season-based 
tilt concepts. 

ii. The annual cumulative irradiance of GTI (Gim) 
reaching the panel differs across various tilt 
concepts, both for year-round and season-based 
configurations (10° = 1839.3 kWh/m2, 10°/48° = 
1921 kWh/m2); Gim<Ghm. 

iii. The percentage increase in irradiance reaching 
the panel when transitioning from Ghm to Gim, 
that is, from βopt (30°) to βwin/βsum (10°/48°) is 
approximately 12% and 15%, respectively. 

In Fig 6(b), it is apparent that: 
i. The annual cumulative irradiance losses are 

more pronounced at βopt = 30°. 
ii. In the scenarios of βopt = 30° and βwin/βsum = 

10°/48°, the most substantial irradiance losses 
occur in the summer and winter, respectively. 

 

 
Fig. 6: Impact of PV panel tilt on PV potential (a) the yearly sum of irradiance reaching the panel; (b) the profile 

of yearly irradiance loss per orientation. 
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Where Ghm is a profile of the monthly global 
horizontal irradiation (GHI, kWh/m2) in a year, Gim is the 
monthly sum of global tilted irradiation (GTI, kWh/m2), 
and Shloss is the losses of global irradiation by terrain 
shading (%).      

 
5.2. Photovoltaic potential in winter and summer  

 
Data extracted from the study's report reveals that 

the PV potential and profile exhibit seasonal variations. 
In Fig 7, the following observations can be made: 

i. The site's irradiance levels reached their highest and 
lowest points in May (166.4 kWh/m2) and September 
(148.5 kWh/m2) during the winter season, while in 
summer, the highest and lowest irradiance levels 
occurred in January (173.9 kWh/m2) and October 
(149.3 kWh/m2) respectively (as depicted in Fig 7(a)). 

ii. Winter saw the highest and lowest ambient 
temperatures in April (21.5 °C) and July (17.5 °C) 

respectively, while in the summer season, the highest 
and lowest ambient temperatures were observed in 
February (23.9 °C) and October (20.4 °C) respectively 
(as shown in Fig 7(b)). 

In Fig7(c)&(d), the following observations can be 
made: 

iii. The total sum of GTI and losses displayed variations 
concerning tilt angles and seasons. Notably, the all-
year-round tilt angle of 30° recorded the lowest values. 

iv. During winter (refer to Fig 7(c)), the total sum of GTI 
(957.8 kWh/m2) and losses (4.7%) observed at a 10° 
tilt angle were higher than what was produced at a 30° 
tilt angle (GTI, 920 kWh/m2 and loss, 3.5%). Similarly, 
a total sum of 963 kWh/m2 and losses of 1.8% was 
recorded at a 48° tilt angle, while a 30° tilt angle 
produced GTI of 920 kWh/m2 and losses of 4.6% (as 
seen in Fig 7(d)). 

v.  

 
Fig. 7: Season-based PV potential (a) a profile of GTI and temperature during winter; (b) a profile of GTI and 

temperature during summer; (c) the total sum of  GTI and loss at different tilt angles during winter; (d) the total 
sum of  GTI and loss at different tilt angles during winter.  

 
Where Gim is the monthly sum of global irradiation 

(kWh/m2); T24 is the daily (diurnal) air temperature and 
Shloss is the terrain shading (%).  

 
5.3. The performance of the 20-kWp PV system 

 
The performance of the PV systems of 20 kWp-

installed capacity of the three selected PV cells based on 
the year-round and two-season (winter and summer) tilts. 
The performances of the PV cells were summed up in 
this section. The performance evaluation was based on 
the following parameters - specific electricity production, 
total electricity production, PR, own consumption and 
grid feed-in, and reduction of CO₂ emissions. 

 
5.3.1. Photovoltaic electricity production 

 
Based on the data obtained from the study’s report, it 

is observed in Fig 8 that: 
i. At βopt and βwin/βsum, the c-Si PV system produced the 

least energy, 1414 kWh/kWp and 1503 kWh/kWp, 
respectively, while the CdTe PV system generated the 
highest energy at βopt and βwin/βsum, 1522 kWh/kWp 
and 1609 kWh/kWp, respectively. 

ii. The highest and lowest PR was observed in CdTe 
(83.3%) at βwin/βsum and c-Si (76.4%) at βopt. 
According to Fig 8, the relationship between 

irradiance and PV energy generation is direct 
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proportionality. There is a direct and linear relationship 
between irradiance and PV energy generation. When the 
irradiance on a solar panel increases, the energy output of 
the panel also increases.  

 

 
Fig. 8: Energy conversion steps and losses (a) energy 

output of the various PV cells; (b) yearly sum of 
Global in-plane irradiation (kWh/m2). 

 

Further, the production of energy by the PV system 
does not follow only the irradiance magnitude trend, Figs 
9 and 11 show that the type of PV cell technology and tilt 
angle deployed play a significant role. Higher specific 
electricity production is achieved through the deployment 
of high PCE PV cells and season-based optimal tilts.  Fig 
9 reveals that: 

i. In Fig 9(a), the CdTe PV system produced the 
highest PV specific electricity in both seasons at 
βopt and βwin/βsum and the lowest PV specific 
electricity generation was observed in the c-Si 
PV system at both seasons. 

ii. In Fig 9(b), the CdTe PV system produced the 
highest PV-specific electricity in the summer 
season at βopt and βwin/βsum and the lowest PV-
specific electricity generation was observed in 
the c-Si PV system at both seasons and 
scenarios. 

As observed in Fig 9, the season-based tilt system 
generated more electricity than all year-round tilt 
systems, hence, the electricity generation discussion will 
be based on a season-based approach. 

 

 
Fig, 9: The profile of specific electricity production by PV systems at varied tilts (a) in the winter season; and (b) 

in the summer season. 
 

The study further in Fig 10 reveals that:  
i. The βwin/βsum tilt concept generated greater 

specific electricity than the βopt approach of all 
the PV cells (see Fig 10(a)).  

ii. There is a rise in the yearly specific electricity 
generation in transitioning from βopt and βwin/βsum 

tilts, as depicted in Fig 10(b). The percentage 
increase in the sum of the yearly specific 
electricity generation between the βopt tilt and 
βwin/βsum concept of CdTe, CIS, and c-Si PV 
systems was 5.66%, 6.06%, and 6.35%, 
respectively. 

 
Fig. 10: Specific electricity production (kWh/kWp) (a) monthly sum; (b) yearly sum 
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Where Esm is the sum of specific electricity 
production monthly (kWh/kWp); Esd is the sum of 
specific electricity production daily (kWh/kWp); Etm is 
the sum of total electricity production monthly (MWh); 
Eshare is the percentual share of monthly electricity 
production (%); PR is performance ratio (%).  

 
5.3.2. Total electricity production 

 
The findings depicted in Figure 11 are as follows: 

i. During winter, CdTe exhibited the highest total 
electricity production (2.8 MWh) in May and 
August, while c-Si cells produced the lowest 
(2.3 MWh) in September. 

ii. In summer, CdTe cells generated the highest 
total electricity production (2.9 MWh) in 

January and October, with c-Si cells recording 
the lowest (2.3 MWh) in November. 

iii. Overall, the three types of PV cells showed their 
best performance in May and August during 
winter and in January during summer in terms 
of monthly electricity production. 

iv. Conversely, the weakest performances were 
observed in September during winter and in 
October and November during summer. 

The CdTe PV cell demonstrated the most robust 
performance, followed by the CIS PV cell, in total 
monthly electricity production in both seasons. On the 
other hand, the c-Si PV cell exhibited the lowest 
performance in monthly electricity production during 
both seasons. Notably, the overall performance of the 
three PV cells was superior in summer compared to 
winter in terms of monthly electricity production. 

 
Fig. 11: The sum of total electricity production monthly in (a) the winter season; and (b) the summer season 

 
In Fig 12, a consistent trend shows that the total 

annual electricity produced was lower when using the all-
year-round approach across all PV cell technologies.  

 

 
Fig. 12: The sum of total electricity production 

 
The order of ascending performance among the three 

PV cell technologies remains consistent, with CdTe 
outperforming CIS and c-Si in both all year-round and 
season-based scenarios. Among the season-based tilt 
approaches, the highest annual electricity production was 

observed with CdTe (32.1 MWh), followed by CIS (30.7 
MWh) and c-Si (29.9 MWh). 

 
5.3.3. Quality of electricity generation 

 
In this section, the PR of the three PV systems based 

on the selected PV cell systems as obtained from reports 
are presented in Figs 13 and 14 and the following 
observations were made: 

i. In Fig 13, the average PR recorded for CdTe, 
CIS, and c-Si cell systems in winter are 82.9%, 
80%, and 78.8%, respectively, while 83.7%, 
78.1%, and 76.9% are the average PR for CdTe, 
CIS, and c-Si cell systems in summer, 
respectively. The influence of summer high 
temperatures on CdTe cells seems to be 
insignificant but it is obvious on CIS and c-Si 
cells, as the cells possess higher PR in winter. 

ii. The result depicted in Fig 13 further portrays 
that the season-based tilt CdTe cell system 
generates electricity more than all year-round 
methods and other PV cell systems. 
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Fig. 13: Season PR average (%) of the different PV cell systems 

 
iii. Considering Fig 14, CdTe PV cells behaved 

differently from CIS and c-Si cells and 
performed better in summer. CIS and c-Si cells 

were more efficient in the winter season and 
they have the PR profile in both seasons.  

 
Fig. 14: The PR profiles of different PV cell systems (a) winter season; (b) summer season 

 
The magnitude of PR depends on the various losses 

linked to the PV systems and this includes losses due to 
the electrical resistance of the wire, loss due to inverters, 
location of the panels, and shading. The second source of 
energy losses after the wire is associated with an inverter, 
which affects PR directly [75].  

 
5.3.4. System losses 

 
The findings thus far indicate that the CdTe PV 

system exhibited superior performance compared to both 
the c-Si and CIS PV systems. This performance 
discrepancy can be attributed to a range of system losses. 

Energy losses within various PV cells, including module 
and inverter losses of different PV cell systems, are 
detailed in Fig 15: 

i. The highest (438 kWh/kWp) and least (323 
kWh/kWp) energy losses were observed in 30° 
c-Si and 10/48° tilts deployed in CdTe PV 
systems, respectively, as shown in Fig 15(a). 

ii. Fig 15(b) shows that module DC conversion, 
inverter DC/AC and other DC losses depend on 
PV cell and PV panel tilt. The lowest and 
highest module DC conversion losses were 
observed in tilt 30° c-Si and tilt 10/48° in CdTe 
PV systems, respectively. 
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Fig. 15: Energy losses (a) energy losses by various PV cells; (b) module and inverter losses of the different PV cell 

systems. 
 

These losses stem from various factors [76-78], 
including incident angle modifier (IAM), terrain shading, 
reflectivity, module quality, AC to DC conversion within 
the modules, as well as other elements such as inverters, 
DC/AC conversion transformers, AC cabling, reduced 
availability, soiling, light-induced degradation (LID), 
mismatch, module degradation, system availability, and 
potential-induced degradation (PID). Among these 
limiting factors, the primary contributors to the overall 
yearly loss are associated with the conversion to DC 
within the modules, additional DC losses, and the 
DC/AC conversion transformers of the inverters. The 
standard efficiency of inverters typically ranges between 
95% and 98%, subject to the brand and quality. Inverters 
are tested within temperature ranges of 25 °C to 60 °C 
for standard inverters and 40 °C to 65 °C for micro-
inverters [75, 79]. However, if inverters operate above 
the recommended temperature ranges, their efficiency 
may decline. Other sources of loss are tied to panel 
positioning and shading. Shading significantly impacts 
installation efficiency, contingent on the panel 
connection. 

 

5.4. Relevant Ambient parameters that influence PV 
system performance 
Specifically, temperature directly impacts various 

facets of PV systems, such as module degradation, cell 
and inverter efficiency, and energy and voltage output, 
both directly and indirectly. Elevated ambient 
temperatures have a noticeable impact on PV system 
efficiency. When a PV panel's temperature exceeds 25°C, 
its efficiency typically diminishes due to the temperature 
coefficient, which measures the degree to which output 
power decreases for each Celsius degree above the 
standard temperature, usually set at 25°C [80, 81]. The 
average temperature at the site in question contributes to 
electricity quality, being below 25°C. The highest 
temperature recorded (24.1°C) and the lowest (16.4°C) 
were observed in February and July, respectively, as 
shown in Fig 16(a). 

Other ambient factors influencing PV system 
performance include wind speed (WS), relative humidity 
(RH), precipitable water (PWAT), and precipitation 
(PREC). The information derived from the study's report, 
as presented in Fig 16, aligns with previous comparative 
studies on PV potential and system assessment [82, 83]. 
This study indicates that the meteorological conditions in 
Durban, South Africa, favour the performance of PV 
systems. 

 

 
Fig. 16: Photovoltaic system ambient parameters (a) Wind speed (WS); (b) Relative humidity (RH), precipitate 

(PREC), and precipitable water PWAT. 
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Where WS is the wind speed (m/s), RH is the relative 
humidity (%), PWAT is the precipitable water (kg/m2), 
and PREC (mm) is the precipitation (rainfall). 

Elevated levels of Relative Humidity (RH) and Wind 
Speed (WS) have a dual impact on PV systems. On one 
hand, increased RH often results in heightened cloud 
cover and atmospheric water vapour presence. This can 
create clouds of humid air that scatter or absorb sunlight, 
subsequently reducing the solar irradiance reaching the 
PV panels. Additionally, excessive humidity can foster 
the accumulation of dirt and dust on the panel surface, 
decreasing efficiency due to reduced light absorption. 
Conversely, humidity and WS can act as a cooling 
mechanism for PV panels. This facilitates heat transfer 
through processes like evaporation and condensation, 
potentially mitigating some of the adverse effects of high 
temperatures on system efficiency. 

 
5.5. User Consumption and Grid Feed-in 

 
This study outlines the user's daily and annual 

consumptions, presented in Table 4, which were utilised 
to estimate the performance of PV cells concerning 
electrical load and the potential reduction in CO2 
emissions through PV system utilization. 

 
Table 4. User’s consumption information  

Detailed User's needs 
Electrical 
appliances 

Quantity 
(q) 

Capacity 
(W) 

Total 
watts, 
Wtotal 
(W) 

Hours 
per 
day 
(h) 

Energy 
consumptions, 
Wh/day  

(Wh/day) 

Compact 
fluorescent 
lamp (CFL) 

2 10 130 9 180 

Laptop  1 150 150 9 1350 
Fan  1 75 75 9 675 
Television  1 70 70 4 280 
Refrigerator 1 50 50 24 1200 
Washing 
machine 

1 2 2 0.5 1 

Mobile set  6 6 6 5 180 
Standby 
consumers 

   24 24 

Total daily energy 3,890 Wh 
Total yearly energy 1,420 kWh 

 
Considering the report obtained from the PV*SOL 

application, presented in Table 4, with PV panel 
Azimuth/tilt used as (0/30°), it was observed that the 
avoided CO2 emissions in PV cell depend on PV cell, as 
presented in Table 5  

 
Table 5. Own consumption and energy for grid feed-in 

PV cell c-Si CIS CdTe 
Installed (kWp) 20.4 20.3 20.16 
Annual energy (kWh) 20714 19457 19397 
Own consumption (kWh) 721 707 708 
Grid feed-in (kWh) 19993 18750 18689 

 
5.6. Reduction of CO₂ emissions 

 
Certainly, the sun stands as a vast energy source, 

even though our current capacity to fully harness this 
energy and substitute it for fossil fuels remains limited. 
Yet, a significant environmental impact can be achieved 
through the widespread installation of solar PV panels. 
With the adequate installation of solar panels, 
considerable reductions in greenhouse gas emissions, 

including CO2, sulphur oxides, nitrogen oxides, and 
particulate matter, are attained for each kWh of solar 
electricity generated. The proposed grid-connected PV 
system in Mountain Rise, Durban, delivers the advantages 
of providing clean energy, saving energy, and reducing 
CO2 emissions, as outlined in Table 5. Results obtained 
from the PV*SOL software application demonstrate that 
the use of c-Si cells led to the highest prevention of CO2 
emissions.  

 
Table 5. Avoided CO₂ emissions 

PV cell Installed 
capacity 
(kWp) 

Annual PV 
energy (kWh) 

Specific 
annual yield 
(kWh/ kWp) 

Avoided 
CO₂ 
(kg/year) 

CdTe 20.2 19397 962.14 10,377 

CIS 20.3 19457 958.48 10,409 

c-Si 20.4 20714 1015.39 11,082 

 
 

6. CONCLUSIONS 
 
In this study, the investigation of PV potential at a 

specific location in Mountain Rise, Durban, South Africa 
(-29.88075° latitude and 030.970083° longitude) has been 
conducted. The focus was on a hypothetical 20-kWp PV 
system, assessing three different PV panel technologies 
and three tilt angles. These PV panel technologies include 
polycrystalline silicon, cadmium telluride, and copper 
indium selenide cells, and considered 30°, 10°, and 48° as 
optimised tilts for year-round (βopt), winter (βwin), and 
summer (βsum) conditions with tilt angles of maintaining a 
constant azimuth of 0°. To carry out this assessment, 
computational modelling and analysis software tools, 
such as Solargis Prospect, pvPlanner, and PV*SOL were 
employed. The study's results underscore critical 
meteorological parameters at the site, including:  

i. Annual GHI sums up to 1636 kWh/m², while GTI 
measures 1839.3 kWh/m² and 1921 kWh/m² at both 
the year-round tilt (30°) and season-based tilts 
(10°/48°).  

ii. Average ambient conditions for PV panels reveal 
TEMP, WS, and RH at 20.8°C, 4.6 m/s, and 78%, 
respectively.  

iii. Transitioning from GHI to GTI (βopt at 30° and 
βwin/βsum at 10°/48°) results in percentage increases 
of 12% and 15%, respectively.  

The assessment of PV system performance is reported as 
follows:  

iv. Annual total electricity production (MWh) by CdTe, 
CIS, and c-Si PV systems at βopt amounts to 30.3, 
28.7, and 28.2, respectively.  

v. Annual total electricity production (MWh) by CdTe, 
CIS, and c-Si PV systems at βwin/βsum stands at 
32.1, 30.7, and 29.9, respectively.  

vi. The average performance ratio (PR) for CdTe, CIS, 
and c-Si cell systems in winter and summer is 82.9%, 
80%, 78.8% and 83.7%, 78.1%, and 76.9%, 
respectively.  

vii. Regardless of the PV cell type, an average of 10,623 
kg/year of CO2 emissions will be avoided for a total 
of 1,420 kWh yearly electricity consumed.  
In conclusion, the study aptly addresses climate 

change consequences and the role of fossil fuels in CO2 
emissions contributing to climate change. It demonstrates 
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substantial PV potential in Durban, highlighting increased 
PV energy when aligning PV panel orientation based on 
seasons versus the year-round approach. The study 
identifies the CdTe PV cell's superior performance in 
high-temperature conditions, positioning it as the 
preferred PV cell for summer season application. 

 
 

7. FUTURE STUDY: RESEARCH GAPS IN 
PV CELL TECHNOLOGIES AND SYSTEMS  

 
This study has identified and compiled these 

limitations in Table 6.  
 
Table 6: Research gaps in PV cell technologies and 
systems 

Long-term 
performance 
assessment 

Limited studies focus on the long-term performance of PV 
systems in various seasons, making it difficult to ascertain 
their durability and reliability over time. 

Seasonal efficiency 
variations 

A need exists to investigate the extent of efficiency 
fluctuations across different seasons, as well as their 
impact on energy generation and system economics. 

Climate and 
geographic variability 

Research could delve deeper into how regional climates 
and geographic locations affect PV system performance, 
considering factors such as temperature, sunlight 
availability, and weather patterns. 

Operational 
optimization 

There may be gaps in optimizing PV system operations to 
maximize energy generation in varying seasonal 
conditions, particularly in off-grid or remote settings. 

Energy storage 
integration 

Exploring effective energy storage solutions and their 
integration into PV systems to mitigate seasonal variations 
in energy production and consumption. 

Environmental impact Assessing the environmental impact of PV technologies in 
different seasons, including the lifecycle analysis and 
potential ecological effects. 

Technological 
advancements 

Keeping pace with rapid technological advancements and 
their implications for seasonal performance, such as the 
development of new materials, designs, and smart-grid 
integration. 

Economic viability Investigating the economic feasibility of PV systems, 
including payback periods, return on investment, and 
financial incentives in different regions and seasons. 

Grid integration 
challenges 

Addressing challenges related to grid integration, 
especially during periods of excess energy generation or 
scarcity, and exploring potential solutions. 

User behaviour and 
energy demand 

Studying how user behaviour and energy demand patterns 
change with seasons and how PV systems can adapt to 
meet these evolving needs. 

Policy and regulatory 
frameworks 

Analysing the impact of policy and regulatory frameworks 
on the adoption and performance of PV technologies 
across seasons. 

Data collection and 
analysis 

Developing standardized methodologies for data collection 
and analysis to facilitate meaningful comparisons between 
studies and regions. 

Addressing these research gaps will contribute to a 
more comprehensive understanding of PV cell 
technologies and systems, enabling better-informed 
decisions for sustainable energy solutions. 
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