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Highlights 

•Financial performance comparison of 3 PV technologies are performed. 
•Panel types include monocrystalline, polycrystalline and thin film CIGS. 
•Comparison incorporates yield and meteorological data over two year period. 
•CIGS panels outperform crystalline technologies across all financial indicators. 
•CIGS perform better across all temperatures and are less sensitive to irradiation. 

Abstract 

Photovoltaic panel technologies have evolved considerably over a limited period. The most 
popular PV panel technologies can be divided into two main groups, the first being 
crystalline technologies and second, thin film technologies. This investigation compares the 
financial performance of three different photovoltaic (PV) panel technologies, namely, 
monocrystalline, polycrystalline and thin film copper indium gallium selenide (CIGS), based 
on measurements from a test facility and for varying meteorological conditions. The yield 
measurements of the panels from the site over a two-year period are used to develop the 
techno-economic indicator performance, for a proposed commercial installation. 
Measurements of solar irradiation and temperature are incorporated into a regression model 
for yield sensitivity analysis, which in turn is used to investigative the sensitivity of financial 
performance. 

It was seen that CIGS panels delivered on average 11.6% more yield when compared to 
monocrystalline technologies per kWp, with sustained outputs even during relatively colder 
periods. The improved financial performance of CIGS panels over monocrystalline panels 
was seen via a 24% increase in discounted return on investment, 7.8% reduction in payback 
period and 21% improvement in net present value. The regression model indicates that CIGS 
panel yields are less sensitive to lower solar irradiation and more sensitive towards higher 
temperatures. Overall variation of financial indicators for a range of yield outputs, is lowest 
for CIGS panels compared to both types of crystalline panels. CIGS panels show lower 
variability in financial returns particularly in conditions with higher temperatures that makes 
the results valid in geographical locations with higher temperatures and higher solar 
irradiation. The findings are useful for multiple stakeholders within the PV industry who have 
an interest in sub-Saharan Africa and the southern hemisphere, where such investigations are 
limited though solar resource is abundant. 

Keywords: Photovoltaic; Techno-economics; Crystalline; Thin film; Southern hemisphere; 
South Africa 
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1. Introduction 

Increasing demands for energy and growing concerns for the environment have led to an 
urgent need for renewable energy [1], [2], with solar energy emerging globally as the 
renewable energy resource with the highest yearly energy potential [3]. The average annual 
growth rate for solar photovoltaic (PV) technology during the period 1990–2017 was 
recorded to be the highest at 37%, compared to other renewable energy technologies such as 
wind (23%), biogas (12%) and solar thermal (11%) [4]. 

Tapping into solar energy to generate electricity using PV cells is referred to as photovoltaic 
effect. The most popular PV panel technologies can be divided into two main groups, the first 
being crystalline technologies (which includes monocrystalline (Mono C-Si), polycrystalline 
(Poly C-Si), category III-V semiconductors and ribbon silicon) and the second, thin film 
technologies (which includes CIGS, cadmium telluride (CdTe) and amorphous thin-film 
silicon) [5], [6]. Crystalline PV technology has thus far been the dominating and preferred 
technology; however thin film technology such as CIGS is gaining popularity [7]. 

Studies that involve comparison of financial performance of multiple types of PV 
technologies using measured data are limited in the southern hemisphere, particularly in 
locations that receive high solar irradiation. Therefore, research conducted within this paper 
aims to investigate the performance of multiple commercial PV panel types under varying 
meteorological conditions in a location where high solar irradiation has been recorded. In 
order to achieve the stated aim, the performance of three types of PV panels, namely, 
monocrystalline, polycrystalline and thin film CIGS from a commercial test facility across a 
range of financial indicators are compared. The financial performance relating to return on 
investment (ROI), net present value (NPV), internal rate of return (IRR) and payback period, 
of three different PV panel technologies is evaluated. The study also aims to investigate the 
impact of meteorological variations in ambient temperature and solar irradiation on the 
financial performance of thin film CIGS compared to crystalline technologies. 

The contributions of the investigation within this paper are dual in nature. The investigation 
primarily adds to the body of knowledge by providing measured evidence of the superior 
performance of thin film CIGS panels and secondly such investigations are limited in the 
southern hemisphere, particularly within sub Saharan Africa. The results of this investigation 
are novel, when considering the use of measured data from a commercial test facility from a 
high irradiation Southern hemisphere location. The results are useful for stakeholders who are 
involved in PV research and commercial PV installations, who have an interest in investing 
in PV technology in solar resource rich South Africa and southern Africa, and locations with 
similar meteorological conditions. 

The market share of CIGS thin film technology annual production has increased from 
approximately 1% in 2007 to 2% in 2017 [7]. This can be attributed to increase in solar cell 
efficiency of thin film technology over the past fifteen years [7], [8], [9], [10]. The module 
efficiency of CIGS has been measured to be 10 to 14.5% compared to 15 to 20% efficiency 
of monocrystalline and 13 to 16% efficiency of polycrystalline technologies [11]. 
Furthermore, thin-film technology such as CIGS is more suited for PV panel applications in 
extreme heat because of its low temperature coefficient. CIGS also produce more energy than 
crystalline technologies in partially shadowed areas or during low-light conditions since they 
absorb light differently [11]. Within CIGS panels, panel cells have monolithic cell 
orientation, where cells are rectangularly oriented to improve output power whereas in 
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crystalline panels if one cell is shadowed output power deteriorates owing to the series cell 
configuration [12]. 

The following section discusses literature related to the various PV panel technologies and 
their efficiencies. Section 3 presents the methodological framework used for the financial 
performance comparison of the three types of PV panels under consideration. Comparison of 
PV panel yields and financial models are presented in Section 4, followed by the discussion 
of yield and financial model analysis in Section 5, after which conclusions are provided in 
Section 6. 

2. Background literature 

Taking into consideration the amount of research being done in this field, such as – 
environmental impact study during life cycle of PV system [13], cost-benefit analysis for 
newer technologies such as reconfigurable PV modules [14], it is clear that PV industry is 
fast becoming one of the more popular forms of not just renewable energy but large scale 
energy production as well [15]. Recent studies have also delved into different PV panel 
technologies and how their performance, efficiency and yield vary, especially taking into 
consideration different meteorological conditions [16]. In Liu et al. [17], weather data is 
applied to neural networks to forecast PV output values and future trends. Kichou et al. [18] 
investigated the degradation of thin film (CdTe) and crystalline PV modules installed at 
Buštěhrad, Czech Republic while considering module temperature and solar irradiance. In 
Latin America, spectral impacts study on two PV systems using crystalline and thin film 
technologies in two climatically different areas in Brazil was performed by Braga et al. [19]. 

A meteorological study was conducted by Polo et al. [20] where an artificial typical 
meteorological year was created using seven-year spectral irradiance data. This information 
was applied to seven types of PV panel technologies to validate the methodology proposed; 
however, the paper does not delve into energy yield calculations that could have aided in a 
cost-perspective understanding. 

In off-grid systems, there have been studies such as that by Diaf et al. [21] where a techno-
economic optimisation was performed for different meteorological conditions. The optimal 
size of the off-grid renewable power supply, wind and PV in this case, which yields 
minimum levelized cost of energy (LCOE) at five different sites were calculated. Taking into 
account the decrease in PV module prices over the last eleven years since the study took 
place, with some data indicating a 90% drop in costs since 2009 [22], the results of Diaf et al. 
[21] can only be used as a reference or base point for current studies. 

Cost-based studies from the perspective of residential consumers who install PV and storage 
systems were performed in Bertsch, Geldermann & Luhn [23]. The authors investigated the 
most profitable size of these systems, which can be installed in two countries – Germany and 
Ireland, considering subsidy, tariffs and other regulatory policies. A similar study was 
performed by Zhang et al. [24] where four commercial building networks in four different 
states in U.S. were studied and payback periods (while also considering local incentive 
policies) for PV and battery systems installed in these networks calculated. While these 
studies are important from an economical and policy perspective, it does not shed light on 
recommended PV technologies to use. 
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A study conducted in Brazil by Sorgato et al. [25] investigated technical and economic 
aspects of using thin film technology in building integrated PV systems in 6 different cities. 
However, the study does not go into an assessment of different PV technology types and 
considers only thin film CdTe due to the greater aesthetic value in building integrated PV 
systems. The study also does not look at real systems or test facilities, and approaches 
techno-economic analysis as a feasibility study. It can thus be concluded that far less research 
has been done regarding the differences between the true financial impact of various PV 
systems [26]. 

It is critical to include financial impacts when researching performance studies for the benefit 
of investors and stakeholders who are part of commercial as well as utility scale installations 
[27]. While PV systems use a free energy source (solar energy) to produce electricity, the 
technology to harvest this renewable energy comes at a price resulting in large upfront capital 
costs [28], [29] and lower operational costs [30]. Studies such as Perez et al. [31] are 
conducted on the assumption that operational costs for a PV system would amount to 1% of 
capital costs. As with any project, ROI and payback period are key financial indicators used 
to make decisions regarding PV project feasibility [32], [33]. 

Through the years, research in PV panel technologies has led to the use of newer and modern 
semi-conductor materials, all of which convert sunlight into electricity, varying slightly in the 
manner the conversion is done [34], [35], [36]. Different types of PV technologies as 
discussed in [37], [38], [39] are summarised in Table 1. 

 

Based on the increased performance as well as the commercial availability of the CIGS 
technology amongst thin film technologies, it was decided to include CIGS panels as part of 
the comparison with crystalline panel technologies. 

When sunlight (composed of photons) strikes the PV panel, photons are absorbed by the 
panel, and electrons are released resulting in flow of electric current. However, not all 
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photons hitting the PV panel are absorbed; some are reflected while others pass through. 
Because of this effect, efficiency of a PV panel converting solar energy (measured in W/m2) 
into DC electricity (measured in W) is relatively low [41]. Under ideal operating conditions, 
conversion efficiency of PV panels can be as low as 13% [42]. 

The highest lab efficiencies for a single PV cell and panel at the time of this study are shown 
in Table 2. These efficiencies are measured in a laboratory under Standard Test Conditions 
(STC). The STC parameters can be seen in Table 3. 

 

 

Kaldellis et al. [45] highlights the importance of testing efficiencies and power output of 
various technologies under operational module and ambient temperature and wind speeds. 
The study made use of two PV systems in Greece, both using Mono C-Si technology. 
Various authors, including but not limited to Guenounou et al. [46], Humada et al. [47], as 
well as Siddiqui et al. [44] indicates that actual performance and efficiencies of PV panels are 
far from the laboratory results shown in Table 3. This difference between laboratory results 
and actual performance of the system potentially has a large impact on the key financial 
indicators stated previously [48], [49]. 

3. Methodology 

South Africa receives high levels of irradiation over most of the north western, central and 
northern parts of the country. Fig. 1 indicates the average Global Horizontal Irradiation (GHI) 
for South Africa over a 20-year period. In spite of high irradiations, techno-economic 
performances can be variant depending on PV panel technology type. 
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Fig. 1. Average GHI for South Africa [50]. 

To assess the variance in the techno-economic performance of different PV panel 
technologies, this investigation aims to answer two main questions: 

1. Does choosing CIGS over Mono C-Si or Poly C-Si PV technology improve financial 
indicators relating to ROI, payback period, cost of energy and IRR of a PV system 
operating in South Africa and other countries with similar meteorological conditions? 

2. Is the impact of change in module temperature and solar irradiation on the financial 
indicators lower when choosing CIGS thin film technology as opposed to Poly and 
Mono C-Si PV technology? 

The data that was used in the study was obtained from a private test facility located in the 
Johannesburg area (26.19 S, 28.03 E) shown in Fig. 2a, Fig. 2b. The facility consists of; 

 3 kWp CIGS array connected to a 3 kWp Grid-Tie Inverter 
 3 kWp Mono C-Si array connected to a 3 kWp Grid-Tie Inverter 
 3 kWp Poly C-Si array connected to a 3 kWp Grid-Tie Inverter 
 A Weather Station 
 A logging system allowing information to be retrieved via internet 
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Fig. 2a. Private test facility PV panel and inverter setup. 

 

Fig. 2b. Private test facility weather station setup. 

Fig. 2a. shows the PV panel configuration and the inverter setup. Three panel arrays were 
installed on the roof top of a four storey building. All panels were setup at an inclination of 
30° facing North. The panels were cleaned once a week during which cables and connections 
were also checked. Temperature sensors were mounted behind the centre of the array at the 
centre of the panels. The weather station (Fig. 2b) was mounted on a two meter pole at the 
same level as the panel arrays. The weather station comprised of sensors with the capability 
to measure ambient temperature, wind speed, solar irradiation and rainfall. In order to assess 
compare the yield of the panel technologies, data measured over a two year period (2016 and 
2017) was used. 

Energy generated over varying time periods is represented by E(x) in kilowatt hour (kWh), 
where x can be presented by an hourly – E(h), daily – E(d), monthly – E(m), or yearly – E(y) 
value. Eq. (1) shows the yearly energy generated by a specific system. 

          (1) 

Where, 

EAC(y): total yearly AC power output of the system (kWh). 
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m: month of the year. 

E(m): total monthly AC power output of the system (kWh). 

EAC(y) was then used to calculate the specific yield of each system, which is the 
annual amount of energy generated by a PV system per peak power (kWp) installed 
and is shown in Eq. (2). 

           (2) 

Where, 

YA (y): annual specific yield of the given PV system (kWh/kWp/year) 

PPV: peak power of the PV system (kWp) 

Eq. (3) is used to calculate the PV life cycle cost (PVLCC) in Rands (R). The PVLCC equation 
used includes the costs (C) in R associated with investment and maintenance costs [51]. 

  (3) 

Where, 

PVLCC: Life cycle cost of the PV system (R). 

Csystem: Capital cost associated with the PV system (R). 

Cmaintenance: Maintenance cost of the PV system during the life cycle (R). 

Creplacement: Cost of replacing any PV system component during the life cycle (R). 

RCW: Discounting factor. 

n: number of years representing life of project. 

Csystem comprises of all upfront costs associated with design of the system, site 
preparation, installation and cost of individual system components. Csystem is 
calculated as shown in Eq. (4). 

      (4) 

Where 

Cdesign: Cost involving design of the PV system (R). 

Csite: Cost involving preparation of site where PV system will be placed (R). 

Cinstall: Installation cost of PV system (R). 
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Ccomponents: Cost of each component of PV system such as panels, inverters, etc. (R). 

Cmaintenance is an ongoing cost and normally lasts till end of project life. This cost is discounted 
at a certain rate in order to negate the effect of the time value of money. 

Although most reputable PV module manufacturers have a 25-year linear performance 
guarantee which stipulates that the PV panel should not degrade by more than 20%, or should 
perform at 80% of the original efficiency after a period of 25 years [52], it is still necessary to 
add a replacement cost parameter (Creplace) to the equation. 

The largest part of Creplace would be the cost of replacing the PV inverter since most 
manufacturers grant a 5-year warranty on the product. Since Creplace is also associated with a 
future cost, it is discounted using the same discounting factor as Cmaintenance. 

RCW is calculated using future sum of money (FSM) as indicated in Eq. (5). 

           (5) 

Where, 

FSM: Future sum of money (R). 

I: discount rate. 

N: period of discounting. 

Once PVLCC has been calculated, this value can be used to calculate the cost of energy 
production as shown in Eq. (6). 

           (6) 

Where 

CE : Cost of energy production (R/kWh). 

n : number of years representing life of project. 

Eq. (7) was adapted from Humada et al. [47] and indicates the payback period of the system. 

        (7) 

Where 

PayBP: Payback period of PV system (years). 
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The reason for not including Creplace in Eq. (7) is that replacement cost normally comes into 
play during later stages of the project life cycle and does not have an impact on PayBP. Since 
PVLCC is discounted to present-day value, NPV and PVLCC can be seen as the same indicator. 

The return on investment is calculated as shown in Eq. (8) from Humada et al. [47]. 

    (8) 

Where 

Crecover: Average income or savings achieved by the PV system (R). 

The final financial indicator assessed is IRR, which indicates profitability of a potential 
investment, particularly with reference to different PV technologies. IRR is calculated by 
assigning NPV = PVLCC = 0 in Eq. (3) and then solving Eq. (5), as shown in Eq. (9). 

        (9) 

The calculated discount rate in Eq. (9) indicates the IRR for the particular project. 

 

Fig. 3. Methodological framework. 

The methodological framework used in this study is shown in Fig. 3. Using Eqs. (1), (2), (3), 
(4), (5), (6), (7), (8), (9), life cycle cost is calculated and used to determine NPV of the 
installed PV systems. The framework also considers energy yields of different PV 
technologies to perform a complete financial indicator analysis. 
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4. Results 

The following section covers the yield variances, financial model as well as financial 
sensitivity analysis with respect to certain meteorological conditions of the three different 
panel technologies tested. 

4.1. PV panel yield results 

The yield analysis as indicated shownin Table 4 was measured over a period of two years, 
2016 and 2017. To improve accuracy of the yield analysis and as well as the financial 
analysis it was decided to use the average monthly yield values. The installation facility 
measured hourly yield values, however in order to capture the effects of seasonal changes 
(and accompanying meteorological changes) on the performance of the panels, monthly 
averages were used. Table 4 shows the average month to month yield results for 2016 and 
2017. 

 

 

Fig. 4. Average Mono C-Si, Poly C-Si and CIGS Monthly Yield. 
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The average yearly yield for the 3 kWp installation (as shown in Fig. 2a) of monocrystalline, 
polycrystalline and CIGS thin film technology is 5309.97 kWh, 5379.79 kWh and 5927.85 
respectively. These values indicate that the two crystalline technologies are very similar with 
respect to yearly yields, and their yields are less than that of CIGS technology. Fig. 4 gives a 
graphical representation of the monthly yield data as seen in Table 4. 

Fig. 5 shows the average specific yield for all three technologies investigated. The results 
indicate that CIGS technology achieves an 11.64% increase in specific yield per kWp 
compared to monocrystalline panels, whereas polycrystalline panels have a modest specific 
yield increase of 1.31%. 

 

Fig. 5. Average Mono, Poly and CIGS yearly yield. 

Fig. 6 indicates the differences in the monthly average yields. The Mono C-Si technology 
was used as the base line and the monthly average yield of the Poly C-Si and CIGS 
technologies were compared to the average monthly yield of the Mono C-Si technology. 
From the figure, it can be seen that Mono C-Si panels performed better than the Poly C-Si 
panels during the months of October, November and December and that there was an 
insignificant difference of 0.02% during February. 

It is evident from Fig. 6 that CIGS technology as well as Poly C-Si technology are more 
efficient than Mono C-Si technology, especially during the colder months (May, June, July 
and August). Johannesburg has a subtropical climate with summer, during the months of 
October to February, and sunny dry winters from May to August. Due to the darker shade of 
Mono C-Si panels which leads to higher expected sensitivity to temperature, it can be 
expected that Mono C-Si panels will provide marginally higher yields compared to Poly C-Si 
panels, during summer. However high afternoon summer rainfall during the month of 
January, leading to lower temperatures, indicates a decrease in expected yield output of Mono 
C-Si panels. The higher contribution of temperature to yield performance for Mono C-Si 
panels compared to Poly C-Si panels is expected to be seen as part of the regression analysis 
(in Section 4.3). 
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Fig. 6. Percentage difference in monthly average yields. 

Fig. 7 shows the maximum monthly panel temperatures averaged over two years. 

 

Fig. 7. Maximum Monthly Panel Temperatures. 

Information in Fig. 7 shows that monocrystalline panels had the highest temperature followed 
by CiGS panels. This characteristic was expected owing to the darker shades of both types of 
panels. Fig. 8 indicates the maximum monthly solar irradiation averaged over a two year 
period. As expected solar irradiation is lowest during the winter months of June and July, and 
highest during the summer months of December, January and February. 
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Fig. 8. Maximum Monthly Solar Irradiation for Johannesburg. 

Taking into consideration the monthly yield data from Fig. 4, yearly specific yield data from 
Fig. 5 and the monthly yield variation in Fig. 6, it is clear that in a real-world environment the 
CIGS PV technology is more efficient than the Mono and Poly C-Si technologies especially 
at lower levels of solar irradiation. These specific yield results in Fig. 5, will be used in the 
financial modelling (Section 4.2) to calculate the key financial indicators relating to each PV 
panel technology, whereas the module temperature data from Fig. 7 and solar irradiation data 
from 8 will be used in the regression analysis (Section 4.3). 

4.2. Financial model – Yield variance 

To accurately assess each of the technologies financially, a discounted cash flow was created 
for each scenario. The discounted cash flow model is widely used when it comes to assessing 
various options relating to capital budgeting and long-term investments decisions [27], [32]. 
The discounted cash flow as well as the financial indicator calculations for each PV panel 
type uses Eqs. (1), (2), (3), (4), (5), (6), (7), (8), (9) from Section 3. 

Table 5 shows the inputs used for the discounted cash flow relating to the Mono C-Si, Poly 
C-Si and CIGS panel technology. It is assumed that no loan is used to finance the systems. 
The inputs and assumptions are similar for Mono, Poly and CIGS technology and are listed in 
Table 5 and the following paragraph, respectively. To highlight the effect of variance in yield 
and specific yield of each technology, it was decided to keep the other input parameters 
constant. The only parameter that can potentially vary is the cost of the system. However, 
considering all the panels be approximately the same size and wattage, the balance of system 
(BOS), which includes everything except the panels and inverter, should be reasonably 
constant. Thus, the only variance could be the panel prices, and at the time this study was 
conducted, the panel prices were similar when considering panels of similar quality. In this 
context, similar quality links to the similar product guarantees (ten years), power tolerance 
ratings (0 to 5%) and degradation guarantees (0.8% per year) provided by the manufacturers. 
The specific yield used for each technology was as follows: 

Mono 1770 kWh / kWp 

Poly 1793 kWh / kWp 
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CIGS 1967 kWh / kWp 

1 

The listed inputs and assumptions are explained in more detail: 

 The total degradation is based on the maximum specification by the supplier. 
 A financial life cycle of 25 years was selected since the panels each have a 25-year 

performance warranty. 
 It is assumed that the energy produced by the system will either be used to offset the 

purchaser’s current consumption or will be used in an area that makes use of net 
metering. In either case the price of energy produced / saved will be at the average 
municipal rate which was estimated at R 1.40 per kWh. 

 The specific yield was obtained from the data analysed in Section 4.1 
 Feed-in rate and increases are based on the national energy regulator prescription 
 The system cost in Rand per watt is obtained from SAPVIA [53]. It was assumed that 

the R 16 per Watt includes all costs stated under capital cost, as well as extended 
warranty for the PV inverters. 

 The monitoring, operating and maintenance (O&M) costs were also taken from the 
SAPVIA [53] study. 

 It was assumed that weighted average cost of capital (WACC) for this project is equal 
to the prime lending rate of the South African Reserve Bank at the time analysis. 

 

Once the specific yields were established, it was used as input to generate separate discounted 
cash flow models, to determine the financial indicators which in turn give insight into the 
profitability variances with respect to each technology. The resulting discounted yearly cash 
flows based on the financial model inputs in Table 5 and the respective specific yields, are 
presented in Appendix A for each of the panel technologies under consideration. 

Based on the resultant cash flows, key financial indicators are calculated. Table 6 provides a 
summary and comparison of the key indicators for the three types of PV panels. 
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The discounted return on investment, also known as the profitability index, only differs by 
3% when comparing the Mono and Poly PV panels whereas it differs by 24% (in favour of 
the CIGS technology) when comparing the Mono and CIGS technology. All the results with 
regards to Mono- and Poly C-Si panels are within 3% over each other (except for the non-
discounted ROI) which is in line with what was expected, when taking into account that the 
specific yields of the Mono and Poly technology only differs by approximate 1.3%. Due to 
the similarities between these two technologies, the rest of the results discussion will consist 
of a comparison between the results of the Mono C-Si technology and the CIGS technology. 

The net present value results shown an increase of R 377 957.73 by selecting the CIGS 
technology when compared to the Mono technology. This is an increase of 21% which, as 
Gitman [32] indicates, is significant when it comes to making large capital decisions. The 
IRRs of each technology is close to each other with only 1% separating each technology, 
however looking at the IRR in correlation with the other results, it would still indicate that the 
CIGS technology would be the more profitable choice. The payback period of the CIGS 
technology is lower by approximately 7.8% when compared to the Mono technology. 

Fig. 9 and Fig. 10 relates to cumulative yearly cash flow as well as the yearly cash flows 
indicating what the expected income would be with respects to each technology respectively. 
Fig. 10 indicates a large cash outflow at year zero which is attributed to the purchase of the 
system (the initial investment) followed by a larger cash inflow (more than the following 
year) which is due to the depreciation which is all allocated to year 1. This is possible due to 
a change in the section 12B of South African Tax act that allows a business to depreciate the 
entire value of the PV system within the first year. Previously the system had to be 
depreciated over a three-year period at 50% for the first year, 30% for the second year and 
20% for the third year. 
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Fig. 9. Cumulative Cash flow (Mono, Poly and CIGS). 

 

Fig. 10. Yearly Cash Flow (Mono, Poly and CIGS). 

4.3. Regression analysis 

In this section, regression analysis is conducted in order to analyse the effects of temperature 
and solar irradiation on the yield on of the technologies tested. While a number of parameters 
were measured using the weather station, the data sets that were used only included module 
tempertature and solar irradiation. The rationale for choosing module temperature is primarily 
because all three panel types are located at the same geographical location, therefore any 
change in meteorological conditions (such as ambient temperature, rainfall, humidity, wind 
speed, etc.) is the same across all three panel types. However the effect of the change will 
vary between panel types and is captured using module temperature as a proxy. A similar 
approach of assessing module temperature as a proxy for multiple meteorological parameters, 
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even for panels located in different locations in South Korea is used by Kamuyu et al., [54]. It 
was seen that the error between measured and predicted module temperatures was less than 
4% across all panel types. A study conducted in four different locations in Peru also found 
that module temperature closely tracked ambient temperature patterns for different panel 
types across all locations [55]. 

The results of the regression analysis for panel technologies investigated within the current 
study are provided in Appendix B. The independent variables used as part of the regression 
model are module temperature (MT) and solar irradiation (SR), whereas the dependant 
variable is the yield (Y) of the system. The data in Table B1, Table B2, Table B3 indicate that 
the yield is highly dependent on the combined effect of module temperature and solar 
irradiation, which can be observed via the high R square and adjusted R square values, for all 
three panel types. The overall significance of the regression model can be seen via that low 
overall significance value (as indicated by the significance F value), for all panel types. 
Module temperature was seen to have high significance for all three panel types while the 
effect of irradiation was lower (as seen in the P values). This relationship can be seen within 
regression coefficients as shown within the following equations: 

                  (10) 

                  (11) 
                  (12) 

Polycrystalline panel yield shows higher dependence on irradiation whereas CiGS panel yield 
shows least dependence. While this characteristic can be seen within the coefficients of the 
regression model it can also be observed within the line fit plots of module temperature and 
solar irradiation (as shown in Appendix B; Fig. B1, Fig. B2, Fig. B3, Fig. B4, Fig. B5, Fig. 
B6). The line fit plots of module temperature indicate a tighter fit for all three panel types, 
with CIGS panels showing the tightest fit (Fig. B.5). However the irradiation fit is the least 
for CIGS panels (Fig. B.6) compared to the other panel types. 

4.4. Specific yield sensitivity analysis 

The Eqs. (10), (11), (12) derived in the previous section were used to conduct the sensitivity 
analysis for the three PV panel types. 
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The temperature and solar irradiation range was selected by taking note of the minimum, 
maximum and average values of the data set as well as the regression analysis in order to 
ensure minimal error. Table 7, Table 8, Table 9 show the results from the specific yield 
analysis relating to the Mono, Poly and GIGS technology, respectively. 

 

 

Comparing the sensitivity analysis of the Mono and Poly technology it can be seen that the 
specific yields are fairly close. The specific yield between the Mono and Poly technology 
differ by up to 6–7%. When comparing the specific yield at the lowest temperature and solar 
irradiation to that of the highest temperature and solar irradiation for both the Mono- and 
Poly C-Si technology a difference of approximate 28–30% is observed for both technologies. 
As expected, the overall specific yield of the GIGS technology is higher than that of the 
Mono and Poly technology. 

4.5. Financial sensitivity analysis 

4.5.1. Monocrystalline sensitivity analysis 

The financial sensitivity analysis was conducted by selecting the specific yields that coincide 
with the lowest temperature and the lowest solar irradiation up towards the highest 
temperature and highest solar irradiation. In other words, specific yields along the diagonal 
(in italics and shaded) in Table 7 were chosen for the sensitivity analysis. These values were 
selected due to the fact that the levels of solar irradiation and temperature tend to directly 
relate to each other, thus if the temperature tends to increase so does the solar irradiation. 
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Table 10 shows the results with regards to the financial sensitivity analysis conducted for the 
Mono C-Si PV panel technology. The specific yield associated with each of the scenarios is 
shown in the top section of the table and range from 1502 kWh/kWp to 1931 kWh/kWp. 

 

The discounted return on investment (ROI Dis) increased by 49% and the net present value 
(NPV) increased by 60% over the full range of the sensitivity analysis. The IRR increased by 
4% whereas the payback period and cost of energy (R/kWh) decreased by 17.5% and 22.9% 
respectively. 

4.5.2. Polycrystalline sensitivity analysis 

Table 11 shows the results relating to the financial sensitivity analysis conducted with respect 
to the polycrystalline PV panel technology. The specific yield ranged from 1591 kWh/kWp to 
2063 kWh/kWp. The discounted return on investment increased with 55% and the net present 
value increased by 60% when considering the minimum and maximum specific yield values. 
The IRR increased by 4% which is similar to that of the Mono C-Si scenario. 

 

The payback period decreased by 17.5% and the cost of energy (R/kWh) decreased by 
22.5%. Over all, the Poly panels performed marginally better at the high temperatures and 
high solar irradiation considering a 6% increase in discounted ROI with respect to the Mono 
panels (55% compared to 49%). 

4.5.3. CIGS sensitivity analysis 

Table 12 shows the results with regards to the financial sensitivity analysis conducted with 
respect to the CIGS technology. The specific yield ranged from 1790 kWh/kWp to 2289 
kWh/kWp which is considerably higher than that of the other two panel technologies. 
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The discounted return on investment and net present value increased by 57% and 50% 
respectively when comparing the low temperature and solar irradiation with that of the high 
temperature and solar irradiation. The IRR increased by 4%. The payback period and cost of 
energy (R/kWh) decreased by 17.2% and 22.5% respectively. 

The data indicates that the CIGS technology is more efficient and provides better yields than 
Mono C-Si and Poly C-Si technologies especially at high temperatures and high levels of 
solar irradiation. The difference between the discounted ROI of the CIGS technology and that 
of the Mono- and Poly technology is 41% and 25% respectively considering the scenario with 
the highest temperatures and solar irradiation. This also shows that the Poly technology is 
more efficient than the Mono technology at high temperatures. 

5. Discussion 

This research sought to assess the financial impact of using various PV panel technologies 
(monocrystalline, polycrystalline and CIGS). The investigation also looked at how specific 
meteorological conditions (solar irradiation and temperature) affect the specific yield 
performance of the panels and in turn how varying specific yield impacts financial indicators. 

The research was also performed to confirm the findings in other investigations such as, 
Guenounou et al. [46] and Carra & Pryorb [56] stating that certain thin film PV panel 
technologies have a higher average yield compared to crystalline PV technologies when 
operating in countries with relatively high average temperatures. 

5.1. Yield analysis 

The yield analysis done in Section 4.1 looked at the yield data relating to the three PV panel 
technologies namely Mono C-Si, Poly C-Si and CIGS for a period of two years (2016 and 
2017). It is clear from the results that the CIGS technology is more efficient and produces 
more energy when compared to that of the monocrystalline and polycrystalline technologies. 
The results show that the worst performing technology, given the meteorological and 
geographical conditions, was the Mono technology. On average, the CIGS technology 
produced 11.64% more power than the Mono technology and 10.19% more power than the 
Poly technology. 

Looking at Fig. 6, it is evident that the CIGS technology as well as the Poly C-Si 
technologies are more efficient than the Mono C-Si technology especially during the colder 
months (May, June, July and August). The maximum variance in the module temperature 
between summer and winter is 21% whereas the maximum change in solar irradiation is 40%. 
Taking into consideration the fact that the highest yield variation between the CIGS 
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technology and the Mono technology is during the period of low solar irradiation, it is clear 
that in a real-world environment the CIGS PV technology is more efficient than the Mono- 
and Poly C-Si technologies especially at lower levels of solar irradiation as well as at 
elevated temperatures. 

The results from this section are in line with the results of Carr and Pryor [56] where it was 
shown that CIGS technology delivered on average 11.5% more yield when compared to 
crystalline technologies. The results are also in line with studies done by Guenounou et al. 
[46] and Humada et al. [47]. 

5.2. Financial models 

The key financial indicators in Section 4.2 indicate that the CIGS technology delivers 
superior economic and financial results and results in the best return on investment. The total 
energy that a CIGS panel system can produce (4426.4 MWh) compared to a Mono panel 
system (3964.8 MWh) is roughly 11.6% higher whereas the cost of energy that the CIGS 
system needs to demand (0.36 R/kWh) is 10% lower than that of the Mono technology (0.4 
R/kWh). This correlates to the higher yield and higher specific yield of (11.6%) the CIGS 
technology when compared to the Mono technology as per the previous section. 

Based on the comparisons in Table 6 and the earlier discussion, it can be validated that 
choosing CIGS thin film PV panel technology over crystalline-silicon (Mono & Poly) PV 
technology does improve the financial indicators relating to discounted return on investment 
(24%), payback period (7.8%), cost of energy (10%) and internal rate of return (2%) of a PV 
system, operating within South Africa as well as other countries with similar meteorological 
conditions. 

5.3. Sensitivity analysis 

The sensitivity analysis conducted in Section 4.5 looked at the sensitivity of the key financial 
indicators of each technology whilst varying the solar irradiation levels as well as PV panel 
temperatures (Table 7, Table 8, Table 9). This was achieved by first developing a regression 
model to link the effect of measured temperature and solar irradiation with the specific yield. 
Using the model, the effect of the changes in specific yield to varying range of temperature 
and solar irradiation were analysed after which the effect on the key financial indicators were 
analysed. 

The results indicate that CIGS technology is still overall more profitable when compared to 
the Poly and Mono technologies. It can also be noted that the gap in economic and financial 
performance between the CIGS and crystalline technologies increases (in favour of the CIGS 
technology) as the temperature and solar irradiation increases. Looking at the highest levels 
of temperature and solar irradiation evaluated, the discounted return on investment of the 
CIGS technology is 25% higher than that of the polycrystalline technology and 41% higher 
than that of the monocrystalline technology. It is also notable that the polycrystalline 
technology out performs the monocrystalline technology (by 15%, discounted ROI) at high 
levels of solar irradiation and temperature. 

Therefore, it is clear that the impact on the economic and financial indicators of a PV system 
with respect to change in ambient temperature and solar irradiation is lesser when choosing 
CIGS thin film technology as opposed to Poly and Mono C-Si PV technology. However, it 
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should be noted that the difference in specific yield between CIGS panels and Mono/Poly 
panels (Table 7, Table 8, Table 9) varies more at high temperatures and lower levels of solar 
irradiation with lesser variation at low temperatures and high levels of irradiation, as 
summarised in Table 13. 

 

6. Conclusion 

By means of the techno-economic model and the sensitivity analysis framework used in this 
study, the variation in financial performance of the various PV panels when considering 
different technologies as well as varying meteorological conditions can be assessed. Based on 
the results and discussion, it can be concluded that a PV system or plant operating in South 
Africa and other geographical locations with similar meteorological conditions will have an 
improved yield of roughly 11.6% and financial performance (24% increase in discounted 
return on investment, 7.8% reduction in payback period and 21% improvement in net present 
value), should CIGS PV panel technology be used instead of monocrystalline and 
polycrystalline PV panel technology. CIGS panels also show least sensitivity in yield output 
during low irradiation, when compared to both crystalline technologies. 

The findings are critical when considering commercial and utility scale installations. To date, 
operational utility scale installations in South Africa are dominated by crystalline panels 
(1180 MW) compared to thin film panels (294 MW), despite the improved financial 
performance [57]. The findings are also useful for industry practitioners and stakeholders for 
whom improved technical and financial analysis relating to commercial and utility scale solar 
PV installations are critical. In practice, the research also contributes to more accurate energy 
planning with regards to improved yield forecasting. More importantly, such investigations 
are limited in sub-Saharan Africa and the southern hemisphere that is rich in solar irradiation. 

To expand on the research done in this study, as well as to improve on the accuracy and the 
generalisability of the models developed, a number of improvements can be brought about. 
The ambient temperature in addition to the module temperature can be used as part of the 
regression model. Another possible improvement would be to increase the number of 
geographical locations across the globe in order to obtain data from a larger range of 
geographical and meteorological conditions. An aspect of variation can be brought about by 
measuring the solar irradiation perpendicular to the PV panel plane to more accurately assess 
the influence of solar irradiation on the financial model. Finally, a mathematical model that 
equates the solar irradiation perpendicular to the PV panel plane to global horizontal 
irradiation, can be incorporated into the model, in order to make the model more generalised 
and easier to use with existing irradiation data. 
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