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Abstract

Photovoltaic (PV) technology generates electricity from light. There are two types of

PV technologies in the market: traditional monofacial solar cells, which capture light

on their front side, and emergent bifacial solar cells, which capture light on both their

rear and front sides. Studies focusing on the performance of bifacial solar modules

in Windhoek have not yet been conducted, so their potential advantages in this loca-

tion are unknown. The study aimed to model and evaluate the PV systems based on

monofacial and bifacial silicon (Si) technologies. This feasability study was conducted

for a business in Windhoek, Namibia. The evaluation was conducted by assessing the

specific yield, performance ratio criteria, and the levelized cost of electricity (LCOE)

for the systems modelled within the same specified location using the PVsyst soft-

ware. The systems are a bifacial single-axis tracking PV system, a bifacial fixed-tilt

PV system, a monofacial single-axis tracking PV system, and a monofacial fixed-tilt

PV system, all with similar technical parameters. The results showed that the en-

ergy production of the single-axis tracking bifacial system is higher than that of the

monofacial system; however, there is no statistically significant difference between the

two. On the other hand, the fixed-tilt bifacial PV system significantly outperforms the

fixed-tilt monofacial PV system. Additionally, the single-axis tracking monofacial PV

system has the shortest payback period of 3 years, 2 months with an ROI of 35.62%,

while the fixed-tilt bifacial PV system has the longest payback period of 3 years, 8

months and an IRR of 31.50%. The system that performs the best financially is the

single-axis tracking monofacial PV system with an LCOE of N$ 0.85/kWh.
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Chapter 1

Introduction

Photovoltaics (PV) refers to the technology which converts light directly into electric-

ity through a phenomenon known as the photovoltaic effect [2]. When a material is

exposed to light, voltage is generated, as shown in figure 1.1.

Figure 1.1: Photovoltaic Effect

Solar panels typically use monofacial solar cells that capture light on only one side.

In contrast, in recent years, bifacial solar cells and modules have garnered interest for

their potential to increase energy generation by capturing sunlight from both the front

and back sides [3, 4].
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Some studies have shown that the energy output difference between monofacial and

bifacial modules can be large, with an increase of up to a 30% relative increase in

energy generation with bifacial modules [4]. With advancements in technology and

optimisation strategies, bifacial modules are becoming more cost-effective and effi-

cient, offering a promising alternative to traditional monofacial modules [5].

Since 2010, the price of solar panels has dropped by more than 80% [6], making it one

of the least expensive sources of electricity in many regions of the world. In recent

years, PV-generated electricity has become more affordable than electricity generated

by conventional fossil fuels [7]. With the decline in solar panel pricing, solar PV global

renewable capacity increased by 25% from 2022 to 2023 [7]. Businesses typically use

PV systems in addition to or in replacement of electricity provided by the utility grid

to cut down on electrical bills.

When connecting to the Namibian grid, a framework known as the Modified Single

Buyer (MSB), developed by the Electricity Control Board (ECB), may be applied to

commercial entities [8]. The framework states that distribution-connected customers

with a demand of 1 MVA of power and above are allowed to purchase up to 30% of

their energy demand from Eligible Sellers or Traders, while the remaining 70% would

still be purchased from the national power utility company, Nampower [8]. Subse-

quently, this framework allows businesses to set up their own PV plants that can pro-

vide them with up to 30% of their load demand. Although there may be potential

advantages to using bifacial modules in Windhoek’s conditions, with global horizontal

irradiation (GHI) levels of approximately 2332.7 kWh/m² per year [1], which have not

yet been studied, additional research is necessary to enhance and validate the design

and cost-effectiveness of bifacial PV systems for broader adoption. Since bifacial mod-

ules are relatively new to the Namibian market, it is crucial to prevent financial losses

due to incorrect assumptions about this technology. This can be achieved through mod-

elling and techno-economic assessments of the PV projects utilising these modules.
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1.1 Problem statement

Despite the potential benefits of photovoltaic (PV) plants with bifacial modules, there

is limited knowledge about their techno-economic performance in the Windhoek area.

This gap in understanding poses a challenge for local businesses considering the adop-

tion of advanced PV technologies. Without comprehensive data and analysis, busi-

nesses may struggle to make informed decisions regarding the investment and imple-

mentation of bifacial PV systems. This lack of information can hinder the optimisation

of energy production and financial returns of businesses within the Windhoek area.

1.2 Objectives

The study aimed to determine whether a PV plant with bifacial modules is the most

financially feasible option for a business in Windhoek to meet part of its electricity

demand.

The objectives of the study were to:

(a) Develop detailed models using the PVsyst modelling software and use simula-

tions to determine energy outputs of 3 MW tracking and fixed-tilt PV systems

using novel bifacial solar modules and PV systems with monofacial solar mod-

ules in Windhoek.

(b) Assess and compare the energy performance of the photovoltaic systems using

accepted performance criteria.

(c) Assess and compare the financial performance of the four PV systems.

(d) Compare the financial performance of the four PV systems to determine the

feasibility of the systems for the local business entity.
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1.3 Thesis Layout

In Chapter 2 the literature review serves as an analysis of the existing literature rele-

vant to solar modules, bifacial solar modules, monofacial solar modules, fixed-tilt PV

systems, and single-axis tracking PV systems incorporating these technologies.

The methodology for designing PV systems and data analysis methods deployed to

analyse the data are given in Chapter 3. First, we describe the PV system design using

PVsyst modelling software. In this chapter, descriptions of the financial parameters

and statistical tests used to analyse the energy production of the different models is

also provided.

Chapter 4 has the presentation of the results of this study.

Finally, in Chapter 5, conclusions are drawn on the basis of the results of the compar-

isons of the performance assessments and LCOE between the different systems. Rec-

ommendations of the most feasible system for the business are also identified within

this chapter.
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Chapter 2

Literature Review

2.1 Introduction

This chapter synthesizes existing research on photovoltaic (PV) technologies, em-

phasizing structural and operational differences between monofacial and bifacial sys-

tems. Key themes include rear-side irradiance mechanisms, performance metrics such

as specific yield and levelized cost of electricity (LCOE), and environmental factors

like albedo and temperature. The analysis is grounded in Namibia’s exceptional so-

lar resource potential, where global horizontal irradiation (GHI) averages 2,118-2,500

kWh/m²/year (Fig. 2.1) [1], creating an ideal environment for PV adoption. By con-

textualising global insights on bifacial performance within Namibia’s arid climate and

high albedo, this review identifies critical gaps in localized data for bifacial systems.
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Figure 2.1: Global Horizontal Irradiation (GHI) Map of Namibia [1].

2.2 Bifacial vs Monofacial Solar Modules

Monofacial modules are traditional solar panels that have solar cells exclusively on

their front side, while bifacial modules have solar cells on both the front and back

sides [9]. The back cells generate additional power by capturing reflected light, re-

sulting in higher overall energy output [10,11]. Compared to monofacial PV modules,

bifacial modules have shown energy yields of around 10% higher or more in the field

depending on locations and environmental factors such as different albedos [12].
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Lamers et al. (2018) investigated the temperature impacts on bifacial modules com-

pared to monofacial modules and found that bifacial modules absorb significantly more

heat from both sides due to light absorbed from both the front and rear sides. Despite

this increased heat absorption, bifacial modules gain more energy than they lose from

heating, and their effective heat transfer leads to better performance overall. Addi-

tionally, in certain environmental conditions such as moderate albedo conditions, the

bifacial energy gain does not result in higher temperatures for the bifacial module com-

pared to the monofacial module [13].

McIntosh et al. (2019) investigated mismatch loss in bifacial modules due to nonuni-

form illumination in single-axis tracking systems. The study found that non-uniform

illumination causes an annual energy yield reduction of 0.23% for central modules and

0.35% for edge modules in a one-high bifacial tracking system [14]. The higher loss

in edge modules occurs because they receive more intense but uneven rear-side illu-

mination due to increased ground-reflected light and less shading from neighbouring

modules. In contrast, central modules experience more uniform rear illumination, re-

ducing current mismatch and resulting in lower losses. Factors like torque tube shading

and ground albedo further amplify this difference [14].

Additionally, Rossa et al. (2021) found that mismatch losses in monofacial modules

were 0.09%, increasing by 0.04% per year due to aging, while bifacial modules showed

mismatch losses of 0.01% with rear side mismatch losses of 0.2%-0.4% due to the non-

uniform rear irradiance [15].

Raina et al. (2021) carried out simulations to compare the performance of monofacial

PV cells to bifacial Passivated Emitter and Rear Cell (PERC) PV cells, considering

the effect of albedo on bifacial performance under STC conditions. The results of

the study demonstrated that bifacial devices could achieve a higher energy yield with

higher albedo values, potentially leading to a reduction in the levelized cost of electric-
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ity (LCOE) [16]. While some studies indicate potential advantages of using bifacial

modules in certain conditions, others highlight the importance of considering factors

like mismatch loss and spatial variability in light distribution for the solar cells at the

back.

While bifacial solar modules show promise in increasing energy output over traditional

monofacial modules, further research is essential to determine the specific conditions

under which they consistently outperform monofacial modules.

2.2.1 Structural Differences Between Bifacial and Monofacial Solar Modules

The standard monofacial module has 3 basic layers: glass, solar cells, and Tedlar

Polyester Tedlar (TPT) back sheet. The solar cells in a monofacial module are set

in an encapsulant which prevents moisture ingress into the module and a Tedlar back-

sheet. The panel is able to absorb only sunlight falling on its top surface as the back

sheet is not transparent. In a bifacial module, the Tedlar back sheet is replaced with a

rear glass sheet. The cells of a bifacial module have busbars on both sides [17]. The

differences in structures between the standard monofacial and bifacial solar cells are

shown in Figure 2.2.

Figure 2.2: Monofacial and Bifacial Solar Cell
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Bifacial modules are assumed to have an 8% relative efficiency advantage over mono-

facial modules, as stated in the Photovoltaic (PV) Module Technologies report [18].

Bifacial solar cells have been shown to have higher power performance compared to

monofacial cells, with one significant reason being the mismatch between intercon-

nected solar cells due to shading [19]. Bifacial photovoltaic (PV) modules show im-

proved efficiency, as the photogenerated carrier profile in the absorber layer differs

between bifacial and monofacial cells [20]. In monofacial solar cells, electrons and

holes are primarily generated near the front surface where the light enters the semicon-

ductor material. In contrast, in bifacial solar cells, they are generated more uniformly

throughout the absorber layer because light enters from both sides. Deeper into the

absorption layer of the monofacial solar cell, the carrier concentration decreases while

the carrier concentration is more evenly distributed across the thickness of the absorber

layer in bifacial solar cells.

Overall, the differences between bifacial and monofacial module technologies lie in

their structural design and operational efficiency, with bifacial modules offering ad-

vantages in terms of efficiency and power performance.

2.2.2 Electrical Characteristics of Solar Modules

A monofacial solar module can be represented electrically by an equivalent circuit

comprising a current source, one or two diodes, two resistors (series (Rs) and shunt

(Rsh)), and a load. As illustrated in Figures 2.3 and 2.4, the physical components

of the equivalent circuits are identical. The key difference in the equivalent circuits

of monofacial and bifacial solar cells is that the bifacial cell must account for the

additional photocurrent generated from the rear side (Iph, f and Iph,r).
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The differences in monofacial and bifacial solar cell electrical circuits indicate different

behaviours, particularly under shading and mismatch conditions. When shading occurs

on a monofacial module, the affected cells produce less current, decreasing the overall

power output of the module. In contrast, the rear side of bifacial solar cells can still

capture reflected and diffused light when the front has been shaded, helping mitigate

the shading effects by maintaining a higher overall current.

Figure 2.3: Monofacial Equivalent Circuit

Figure 2.4: Bifacial Equivalent Circuit

1. Current-Voltage (I-V) Curve: The I-V curve, Figure 2.5 represents the relation-

ship between the current (I) and voltage (V) of the module under different oper-

ating conditions. Various I-V curves exist; a translated I-V curve for photovoltaic

(PV) systems refers to the adjustment of the measured current-voltage (IV) char-

acteristics of a PV module or array to standard test conditions (STC), as shown
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in Table. 2.1, which include normal incidence (solar radiation perpendicular to

the surface of the solar cell), a solar cell temperature of 25°C, and the AM1.5

solar radiation spectrum (representing the solar spectrum after passing through

the Earth’s atmosphere at a 48.2° angle). This process is essential because the

performance of PV modules varies with changes in irradiance and temperature.

By analyzing the I-V curve, important parameters such as the short-circuit cur-

rent (ISC), open-circuit voltage (VOC), and fill factor (FF) can be determined. The

ISC represents the maximum current provided by the PV array. The open-circuit

voltage is the maximum voltage output of the solar cell when no current is flow-

ing. The fill factor (FF) is the ratio of the maximum power produced by a cell

and the power it could have produced if it had no losses, and is an indicator of

the quality of the cell. I-V curve measurements are essential for evaluating the

performance of solar modules and can help identify any issues with the modules.

By tracing the I-V curve, it is possible to determine the maximum power point

(MPP) where the module operates most efficiently at the given conditions [21].

The current for the monofacial equivalent circuit is given by the following equa-

tion:

I = Iph − ID − Ish = Iph − ID

(
e

V+IRs
nVt −1

)
− V + IRs

Rsh
(2.1)

and the bifacial equivalent circuit:

I = Iph, f + Iph,r − ID − Ish = Iph, f + Iph,r − ID

(
e

V+IRs
nVt −1

)
− V + IRs

Rsh
(2.2)
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Where:

Iph = Photocurrent

Iph, f = Front photocurrent

Iph,r = Rear photocurrent

ID = Voltage dependent current lost to recombination

Ish = Current lost due to shunt resistance

V = Output Voltage

Vt = Thermal voltage

Rs = Series resistance

Rsh = Shunt resistance

n = diode ideality factor

Figure 2.5: I-V Curve of a Solar Cell

2. Efficiency: The efficiency of a module is a crucial performance metric that in-

dicates its ability to convert sunlight into electricity. Efficiency is calculated by

dividing the module’s power output by the incident solar power [22]. Efficiency

measurements of monofacial modules and the front side of bifacial modules are

performed under standard test conditions (STC) seen in Table 2.1.
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Table 2.1: Standard Test Conditions (STC) for characterising PV modules

Variable STC Value

Irradiance 1000 W/m2

Temperature 25 ◦C

Air Mass 1.5

3. Light Intensity Effects: Current increases with light intensity. As more photons

are absorbed, more electrons are freed, thus generating a higher current.

The I-V curve of a bifacial module’s rear side is typically distorted because of

several factors. Partial shading from the junction box, cabling, or the frame of the

module can cause irregularities. Additionally, non-uniform illumination from

the ground and surrounding reflections leads to variations in current generated

in different cells and cell sorting since bifacial modules are typically sorted based

on the front-side current only, this can result in mismatches that further distort

the I-V curve.

The rear-side illumination of bifacial solar cells plays a crucial role in increasing

the overall power output of the solar module. Research has shown that bifa-

cial modules offer greater power output compared to conventional monofacial

modules by harvesting light that is reflected off surfaces [11]. The rear side

irradiance, which consists of light reflected from the ground and surrounding

surfaces, significantly contributes to the overall power output, leading to higher

energy production [23]. This is particularly effective in environments with high

albedo, which refers to the proportion of solar radiation that is reflected by a

surface, such as snowy or sandy areas, where the ground reflects more sunlight.

Studies [24–26] combining numerical device simulation with experimental data

found that the power output of bifacial solar cells can differ by up to 30% from

the power of monofacial cells when rear illumination is applied. This signifi-

cant difference underscores the importance of rear-side irradiance in enhancing
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Figure 2.6: View Factor Model Used By PVsyst
the overall efficiency of bifacial modules. The study by Duran et al. (2011)

also emphasises that the performance of bifacial modules is highly dependent on

the installation environment and the amount of light available for the rear-side

capture [26].

The non-uniformity of rear-side irradiance has been identified as a significant

factor affecting power generation in bifacial PV systems [27]. By optimizing the

rear-side layout and design of bifacial solar cells, researchers aim to achieve up

to a 25% increase in annual yield [28].

Factors such as the view factor illustrated in Figure 2.6, which is the fraction of

radiation leaving one surface that directly strikes another surface, play a crucial

role in determining the overall power generation and efficiency of bifacial mod-

ules. The view factor helps determine the rear-side irradiance by considering the

geometry of the installation, the albedo, and the positioning of the modules.

4. Bifaciality Factor: The bifaciality factor is a metric that describes the ratio of

rear-side power output to the front-side power output used to assess the perfor-

mance of bifacial solar cells [29]. It indicates how effectively the module utilises

the rear-side for power generation. A higher bifaciality factor indicates a more

efficient utilisation of the rear-side and a higher potential for bifacial gain. The

bifaciality factor depends on factors, such as the type and quality of the silicon,

the design and layout of the cells and modules, the transparency and spacing of
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the modules, and the albedo of the ground or other surfaces behind the modules.

Optimised designs can enhance light capture and reduce losses. Proper spac-

ing and transparent materials can increase the amount of light reaching the rear

side. Higher albedo surfaces reflect more light onto the rear side of the modules,

boosting their performance. It is challenging to determine the bifaciality factor

because it can be measured using either standard test conditions (STC) or under

real-world conditions with different irradiance values. Under STC, the front side

of the module is typically exposed to an irradiance of 1000 W/m2, while the rear

side is exposed to a much lower, specified irradiance. These conditions provide

a consistent basis for comparing the performance of different bifacial modules.

However, real-world conditions often differ significantly from these test condi-

tions, with factors such as angle of incidence, diffuse light, and albedo affecting

the rear side irradiance. The bifacial factor is given by the following formula:

Bifacial Factor =
Rear-Side Efficiency
Front-Side Efficiency

(2.3)

5. Temperature Coefficients: Temperature coefficients are the metrics which quan-

tify how much a module’s power output decreases with each degree Celsius in-

crease in temperature above 25°C. Similar to monofacial modules, bifacial mod-

ules have temperature coefficients that describe the change in their electrical

parameters with temperature [30]. Typically, bifacial modules have lower tem-

perature coefficients than monofacial modules, meaning they are less affected by

temperature increases. This is advantageous because it allows bifacial modules

to maintain higher efficiencies in hotter climates. However, when bifacial mod-

ules receive radiation on both sides, their operating temperature can occasionally

exceed that of monofacial modules. This potentially offsets some of the benefits

of the lower temperature coefficient. Environments with good airflow can have

a cooling effect which can help mitigate the higher operating temperatures and

reduced performances, however, in stagnant air conditions, the higher irradiance

can lead to increased temperatures and reduced performance. [31].
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2.3 PV Systems

Grid-connected PV systems comprise 99.6% of the current global PV installed capac-

ity [32]. The main components of these systems consist of solar panels, inverters,

mounting structures, transformers, electrical components such as cables and fuses, and

battery energy storage systems. Together, these components, excluding the solar pan-

els, are known as the balance of system (BOS) of the plant.

Overall, the performance and efficiency of PV systems are intricately linked to system

design choices and location-specific environmental factors such as albedo, and solar

resource.

2.3.1 Fixed-Tilt PV Systems

A fixed-tilt PV system is a type of solar power system that uses solar panels that are

mounted at a fixed angle and do not track the sun’s movement. The fixed tilt angle is

usually chosen to optimize the solar radiation that the panels can collect throughout

the year.

A study by Chudinzow et al. (2020) explored the impact of design parameters such

as row spacing, module elevation, tilt angle, and soil reflectivity on the performance

of bifacial photovoltaic systems. It highlighted that optimising these parameters, par-

ticularly with larger row spacing and soil brightening measures, can significantly en-

hance energy yield and reduce the levelized cost of electricity (LCOE). It was found

that fixed-tilt technology utilising bifacial modules can increase the energy yield by

5%-10% when paired with high-albedo surfaces [33]. This supports the claim that

fixed-tilt technology is beneficial for bifacial systems.

2.3.2 Single Axis-Tracking PV Systems

An additional way to increase the amount of irradiation a solar module receives, thereby

increasing the energy output of the system, is by sun-tracking using single-axis track-

ing.
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Pelaez et al. (2018) found that bifacial modules in single-axis tracking systems can

boost energy yield by 4%–15%, with a global average of 9% [34]. Similarly, Janssen

et al. (2018) demonstrated through their mathematical model that monofacial and bi-

facial PV arrays with single-axis tracking can increase energy yield by 15% and 26%,

respectively, compared to monofacial fixed-tilt systems [35]. Furthermore, Khan et

al. (2021) discussed predictive modelling of energy yield, economics, and reliability

for next-generation bifacial solar farms, predicting a 20%–30% energy gain for fixed-

tilt bifacial modules and an additional 20%–40% gain for single-axis bifacial tracking

within ±30 degree latitudes. A techno-economic assessment by Urs et al. (2023) of

various configurations of photovoltaic systems for energy and hydrogen production

identified single-axis tracking structures with bifacial PV modules as the most suit-

able configuration based on technical and economic performance for locations with

different surface albedo values [36].

2.4 PV Modelling Techniques

There are three classes of models commonly used for modeling of PV systems: an-

alytical, empirical, and simulation-based models. Analytical modeling methods that

expresses a description of physical behavior of PV systems through mathematical

equations or empirical modeling which is based on experimental data. Simulation-

based models are developed through the use of software tools that combine empirical

and analytical methods to provide a more holistic performance prediction. The soft-

ware commonly used in both PV research and industry, include PVsyst, SAM (System

Advisor Model), HelioScope, PVSol, AutoCAD, etc. PVsyst is recognised for its ac-

curacy, acceptance in the industry, ease of use, and extensive meteorological database.

It provides detailed loss analysis, simulation of different climatic conditions, a wider

range of module brands, and includes a comprehensive financial analysis. PVsyst also

stands out for its ability to generate complex shading scenarios, whereas SAM is often

considered less user-friendly. HelioScope, though excellent for design purposes, lacks

the detailed performance analysis features of PVsyst. PVSol provides robust simula-
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tion capabilities but is not as widely accepted in the industry as PVsyst. AutoCAD

is primarily used for design and layout purposes rather than performance modeling.

PVsyst was selected for this study due to its high accuracy, widespread industry accep-

tance, and user-friendly interface, making it ideal for modeling PV systems in diverse

climatic conditions and providing detailed insights into system losses and performance.

2.5 PV System Performance Metrics

The key performance metrics used to analyse the performance of a PV system are:

1. Specific Energy Yield: Energy yield measurements are necessary to predict and

optimise the expected energy generation of PV plants. The energy yield is the

actual total number of kilowatt-hours produced by an installed PV system in a

year while the specific yield refers to how much energy (kWh) is produced for

every kWp of module capacity over an actual year [10]. The specific energy

yield is calculated using the following formula:

Specific Energy Yield =
Energy Produced (kWh)
Installed Capacity (kWp)

(2.4)

2. Performance Ratio: The performance ratio represents the actual energy gener-

ated by the PV plant to its expected energy with reference to its nameplate rating,

taking into consideration the losses [37]. Daher et al. (2018) evaluated the im-

pact of ambient temperature on the performance of a PV power plant in Djibouti,

noting a reduction in the performance ratio with increasing ambient temperature.

Additionally, the performance ratio of a PV system is also affected by periods

of system unavailability when system losses occur. System unavailability is the

period of time during which the PV system is not operational or incapable of

producing electricity due to maintenance activities, grid outages, or equipment

failure [38]. The performance ratio is calculated using the following formula:

PR =
EGrid

GlobInc×PnomPV
(2.5)
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Where:

EGrid = Available Energy

GlobInc = Incident global irradiation in the collector plane

PnomPV = STC installed power (manufacturer’s nameplate value)

3. Financial Aspects: PV solar systems offer low operation and maintenance costs

compared to other renewable energy technologies, making them an attractive in-

vestment option [39]. By analyzing financial aspects such as the levelized cost

of electricity (LCOE), payback period, and return on investment (ROI), stake-

holders can make informed decisions about the financial viability of PV projects

and assess whether or not it would be a profitable investment.

The LCOE is the cost per unit of delivered electricity. The LCOE can be calcu-

lated as follows:

LCOE =
∑

n
t=0

C0t+COMt
(1+i)t

∑
n
t=0

Et
(1+i)t

(2.6)

Where:

C0t = Capital expenditure in year (t)

COMt = Operations and maintenance cost in year (t)

Et = Energy generated in year (t)

i = Discount rate

t = Year of the project
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The payback period is the number of years it would take for a project to break

even or it can be defined as the year when the cumulative present value of net

cash flow (NPV) becomes positive. The payback time can be calculated as fol-

lows:

Payback Period = tb +
(

Au

Atr

)
(2.7)

Where:

tb = time before break even (in years)

Au = Unrecovered amount in the year before NPV becomes positive

Atr = Cash flow in the recovery year

The ROI of a project is the discount rate at which the net present value (NPV)

of the project is equal to 0. It measures the return generated on an investment

relative to its cost and indicates the cost of the capital that can be sustained by

the project. The higher the ROI, the more favourable the investment is.

2.6 Loss Factors

To get a more accurate estimate of the systems’ energy and financial performances,

losses must be taken into account when estimating how much energy a PV system

will produce and which PV system will be most beneficial between a monofacial and

bifacial PV system. The different loss factors can be categorised into environmental

influences, PV system influences, PV installation factors, PV system cost issues and

miscellaneous factors category [40].
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Loss factors such as soiling, high temperatures, and harsh weather conditions can sig-

nificantly impact the performance of solar modules. Soiling, caused by dust and dirt

deposition, has been identified as a major issue affecting photovoltaic (PV) power gen-

eration in desert environments [41]. Studies have shown that soiling can lead to sub-

stantial loss in solar panels, reducing the amount of irradiance reaching the solar cells

and ultimately reducing the power output delivered by the modules [42].

Research carried out by Stanka et al. (2020) [43] indicated that PV module per-

formance can be adversely affected by temperature increases. The study found that

power losses were up to 12.63 W/m2 when the temperature of the PV modules reached

53.5°C [43]. This highlights the importance of considering environmental factors such

as temperature and weather conditions when assessing the performance of solar mod-

ules.

The solar resource decreases with increasing latitude [44]. The choice of components

in system design significantly impacts the energy yield of a PV system [45]. The

electrical design of a solar system, including module stringing, conductor sizes, and

cable cross-sections can impact wire losses and inverter efficiency [45]. Additionally,

another important factor that affects solar module performance is albedo.

Ground reflectivity, known as ground albedo, is a critical factor affecting the perfor-

mance of bifacial solar PV systems. Optimising the tilt and azimuth angles based on

the panel location is essential for achieving the best energy output from solar panels.

The spectral and angular distribution of solar radiation can impact albedo, influencing

the amount of sunlight absorbed by solar panels. Furthermore, spectral albedo can

have a positive effect on the potential power conversion efficiency of bifacial solar

cells [29]. If all the incident light is reflected, the albedo equals to 1 [46]. More light

will be reflected from a surface having a high albedo than one with a low albedo. Sand,

snow, and ice, as well as some urban surfaces like concrete, have high albedos [46].

Forests, water, and some urban surfaces like asphalt are examples of surfaces having

low albedos as seen in Table 2.2.
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Table 2.2: Albedo values on different surfaces

Surface Type Typical Value

Fresh asphalt 0.03-0.04

Open ocean 0.06

Worn asphalt 0.12

Sand 0.15-0.45

Agricultural crops 0.18-0.25

Bare soil 0.17

Green grass 0.20-0.25

Desert sand 0.30-0.40

Snow 0.40-0.90

fresh snow 0.80-0.90

2.7 Degradation

The energy output of modules decreases with age as the modules degrade over time.

Degradation rates are provided by manufacturers in the module datasheets and are

given in percentage per year. However, research has shown that in field conditions,

modules degrade at faster rates than indicated by their datasheets. The degradation

rate found is between 0.6% and 0.7% for the monofacial solar modules and 1.2% for

the bifacial solar modules [47–49]. In correspondence with the module warranties,

PV systems’ lifetimes are typically set to 25 years and linear degradation with time is

assumed.
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Chapter 3

Methodology

This chapter details the workflow for modeling 3MW PV systems in PVsyst, includ-

ing fixed-tilt and single-axis tracking configurations. Steps include incorporating site

parameters, component selection, shading analysis, and loss factor customisation. The

bifacial simulation methodology is elaborated using the Perez model and view factor

calculations. Statistical and financial analysis methods (t-tests, LCOE, IRR) are also

outlined.

3.1 System Modelling

The systems were modelled using PVsyst. The steps required to design the model in

the software program were:

1. System type and location specification: The location of the site was specified us-

ing latitude and longitude coordinates. PVsyst utilises a built-in meteorological

database, Meteonorm, that provides site-specific climatic data used to accurately

simulate the performance of PV systems. The software offers default values for

various parameters, however, for this study, parameters such as albedo were cus-

tomised based on literature to better suit the site specifications [50]. Own mea-

sured meteorological data can also be imported into PVsyst for greater accuracy

for models.
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2. System Design: The plant orientation of the PV system can be configured as ei-

ther fixed-tilt or axis-tracking. For this study, a fixed-tilt and single-axis tracking

orientation was selected. The PV modules, inverters, and other components are

then selected from PVsyst’s extensive database. In PVsyst, the system losses in-

clude ohmic losses, soiling losses, thermal losses, resistive losses, light-induced

degradation, and losses due to system unavailability. For this study, soiling rates,

ohmic losses, and the system unavailability parameters were user-defined based

on site-specific data and literature.

To account for shading, a 3D scene was constructed. This involves creating a

virtual model of the physical environment where the PV system will be installed.

This gives a more accurate picture of any potential shading within the area.

PVsyst also allows users to create multiple variants of a system within the same

project. This allows users to optimise designs.

3. Once the design is complete, detailed hourly simulations are generated. After

accounting for all losses and system performances, a comprehensive report is

generated.

3.1.1 Bifacial Simulation

The irradiance reaching the front and rear surface of bifacial solar modules is calcu-

lated using the comprehensive Perez model and view factor. The accurate assessment

of light incident on the front and rear surface of the module includes:

Solar irradiance comprises three primary components: direct irradiance, which refers

to the amount of solar radiation that reaches the Earth’s surface in a straight line with-

out being scattered or absorbed by the atmosphere; diffuse irradiance, which is scat-

tered light from the sky; and ground-reflected irradiance, originating from sunlight
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Figure 3.1: PVsyst Design Flowchart
bounced off the ground and modulated by albedo, a measure of surface reflectivity.

These components collectively determine the total energy incident on photovoltaic

modules, with ground-reflected irradiance playing a critical role in bifacial systems

due to its dependence on albedo variations.

The model uses view factors to determine how much light is scattered back to the rear

side of the module [51]. The view factor is the fraction of light re-emitted from a

ground point that reaches the PV module. It assumes regular rows of modules with

the same orientation and spacing, making it suitable for large-scale installations. The

rear side irradiance is adjusted by the bifaciality factor, which accounts for the reduced

efficiency on the rear side. Finally, the combined irradiance is used in the single-diode

model to calculate the PV power output using Eq. (2.2).
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Since actual real-time data is proprietary, the data (ohmic losses, soiling losses, un-

availability, meteorological data) used in this study was simulated and taken from

previous studies (albedo). The only measured data includes the I-V curves and the

lengths between rows. Detailed module specifications can be found in Appendix A.1.1

and A.1.2. The global horizontal irradiance was found to be 2380kWh/m2/year at an

optimal tilt angle of 22.3° at a latitude of 22.3175°S and longitude of 17.0425°E.

(a) Monofacial

(b) Bifacial
Figure 3.2: Screenshot from PVsyst showing Fixed-Tilt PV System Designs
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(a) Monofacial

(b) Bifacial
Figure 3.3: Screenshot from PVsyst showing Single-Axis Tracking PV System De-
signs

There were 28 design variants simulated for each PV system design, with detailed

cycles of improvements applied to achieve more accurate results.

The system design parameters can be seen in Fig. 3.2 and Fig. 3.3.
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3.2 Data Analysis

1. Comparative assessment of the energy production of the systems was with RStu-

dio using the t-test. This statistical test compares two group means to assess if

their difference is statistically significant or if it could occur by random chance,

using hypothesis testing. Independent samples t-test was used.

The p-value of the t-test is the probability value that represents the likelihood

of obtaining the observed data, assuming the null hypothesis is true. The sig-

nificance value was taken to be 0.05 which is a commonly chosen threshold for

significance.

2. The soiling losses were determined by comparing the measured I-V curves and

the normalised I-V curves from two inverters at the site. For a more accurate

model, it was assumed that the soiling loss would be halved during the rainy sea-

son (November-April). To calculate the soiling loss from measured I-V curves,

the performance of a soiled solar panel is typically compared to a clean reference

panel. The soiling loss can be expressed as a percentage loss in power output per

day. The soiling loss was calculated using Eq. 3.1, [52]:

Soiling loss =
Pmaxclean −Pmaxsoiled

Pmaxclean
×100 (3.1)

Where:

Pmaxclean = maximum power output of the clean reference panel

Pmaxsoiled = maximum power output of the soiled panel

3. It is not possible to account for the tracker power consumption when there is

no storage available in the software; this adjustment needs to be done manually

after the simulation is completed.
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4. The profitability of an investment in a PV system is evaluated using various

financial metrics, including the levelized cost of electricity (LCOE), cash inflow,

capital expenditure (CAPEX), operational expenditure (OPEX), net cash flows,

present values, cumulative present value of net cash flow, discounted energy,

discounted capital expenditure, discounted operational expenditure, internal rate

of return (IRR), net present value (NPV), and payback periods. These metrics

are calculated to assess the economic performance of a PV system, using the

following equations:

Energy (kWh):

Energyt =
n

∑
t=0

(Yearly energy production× (1−Degradation Rate)t) (3.2)

Eq. 3.2 accounts for the degradation rate of the module over time.

Cost of Electricity (N$/kWh):

Cost of Electricityt =
n

∑
t=0

(electricity tariff cost× (1+ Inflation Rate)t) (3.3)

Eq. 3.3 adjusts the electricity tariff for inflation over time.

Cash Inflow (N$):

Cash Inflowt =
n

∑
t=0

(Energyt ×Cost of Electricityt) (3.4)

Eq. 3.4 calculates the cash inflow based on the cost of electricity and the energy pro-

duction.

OPEX (N$):

OPEXt =
n

∑
t=0

(Initial OPEX× (1+ Inflation Rate)t) (3.5)

Eq. 3.11 adjusts the operational expenditure costs for inflation over time.
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Net Cashflow (N$):

Net Cashflowt =
n

∑
t=0

(Cash Inflowt −CAPEXt −OPEXt) (3.6)

Eq. 3.6 calculates the net cashflow by subtracting the CAPEX and OPEX from the

cash inflow.

Present Value of Net Cash Flow (N$):

Present Value of Net Cash Flowt =
Net Cashflowt

(1+ i)t (3.7)

Eq. 3.7 discounts the net cash flow to present value using the discount rate i.

NPV of Net Cash Flow (N$):

NPV of Net Cash Flowt =
n

∑
t=0

Net Cashflowt

(1+ i)t (3.8)

Eq. 3.8 sums the discounted present value net cash flows over time.

Discounted Energy (kWh):

Discounted Et =
Energyt
(1+ i)t (3.9)

Eq. 3.9 discounts the energy to the present value.

Discounted CAPEX (N$):

Discounted CAPEXt =
CAPEXt

(1+ i)t (3.10)

Eq. 3.10 discounts the capital expenditure to the present value.

Discounted OPEX (N$):

Discounted OPEXt =
O&Mt

(1+ i)t (3.11)

Eq. 3.11 discounts the operational expenditure to the present value.
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The systems were modelled according to the Windhoek business’ site specifications.

The site can be seen in Fig. 3.4 located at system latitude of 22.3175°S and longitude

of 17.0425°E.

(a) (b)
Figure 3.4: Bifacial tracking system at the site of the Windhoek business.

LCOE (N$/kWh) is calculated using Eq. 2.6. The inflation rate used in all the financial

metrics is the historical financial rate calculated as an average over the past 10 years

from 2013-2023. The discount rate is the fixed deposit rate from local national banks.

The discounted CAPEX which has to take into account inverter replacement half-way

through the project lifetime, discounted OPEX and discounted energy is used in the

calculation of LCOE.

The IRR was calculated iteratively by varying the discount rate in steps of 0.25% to

calculate different present values of the net cash flow. The discount rate at which the

net present value is equal to 0 is known as the internal rate of return (IRR).
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Chapter 4

Results and Discussions

Presenting simulation outcomes, this chapter compares energy yields, performance ra-

tios, and financial metrics (LCOE, payback periods) across four system designs. Fig.

3.2a and 3.3b visualise the designs, while loss diagrams and NPV curves (Fig. 3.3a

and 3.3b) quantify efficiency trade-offs. The discussion contextualises results against

literature, addressing why bifacial systems underperform financially in Windhoek de-

spite higher yields.

4.1 System Models

As shown in Fig. 4.1, the weather conditions on site can be seen as follows with

the yearly global irradiation (GHI) is 2380kWh/m2/year, imported via PVsyst using

Meteonorm. The design characteristics in Table 4.1 generate the site temperature and

monthly irradiation values in fig. 4.1. An increase in irradiation increases power gen-

eration; however, an increase in temperature increases resistance within solar cells,

decreasing their output voltage and subsequently decreasing the power output of the

cell [21].

The type of bifacial module used in the designs is the JinkoSolar JKM-525M-72HL4-

BDVP module used in the actual systems by the business. The monofacial module

type used is JA Solar JAM72-S30-525-MR, another well-regarded brand, due to its

close resemblance to the bifacial module in terms of electrical parameters and specifi-
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Figure 4.1: Average Site Temperature and Monthly Irradiation
cations. Both types of modules share nearly identical characteristics, with the monofa-

cial module having a module efficiency of 20.3% compared to 20.36% for the bifacial

module. Their rated maximum power is the same at 525 Wp, while the open-circuit

voltage is 49.15V for the monofacial module and 49.42V for the bifacial module. Ad-

ditionally, the short-circuit current is 13.65A for the monofacial module and 13.63A

for the bifacial module. These similarities ensure a fair comparison between the two

technologies. Additionally, both the monofacial and bifacial module types used in the

designs are half-cell modules that provide better performance, reducing shading losses

compared to full-cell modules. The modules both consist of P-type monocrystalline

cells. The JA Solar module is used only to model the fixed-tilt and single-axis tracking

systems with monofacial modules, while Jinkosolar is used to model the systems using

bifacial modules. The datasheets for both modules can be found in Appendix Bifacial

Module DataSheet and Appendix Monofacial Module Datasheet.

The inputs required for the system models are given in Table 4.1. System metrics such

as albedo and soiling were user input. The datasheets for the system components are

given in Appendix Datasheets.

Figure 4.2 illustrates the connections between the components of the systems mod-

elled. It shows the string and inverter connections.
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Table 4.1: Design characteristics of bifacial and monofacial PV systems

Parameter Bifacial PV System Monofacial PV System

Latitude 22.3175° S 22.3175° S

Longitude 17.0425° E 17.0425° E

Tilt 22.3° 22.3°

Azimuth 0° 0°

PV module model 525kW Jinkosolar JKM-525M-72HL4-BDVP 525kW JA Solar JAM72-S30-525-MR

Number of modules 5880 5880

PV module configuration 28 modules in series x 210 strings 28 modules in series x 210 strings

Inverter model SMA Sunny Highpower SHP150-20-PEAK3 SMA Sunny Highpower SHP150-20-PEAK3

Number of inverters 19 19

Figure 4.2: Simplified schematic (single-line diagram) showing the number of strings,
and cable lengths to combiner boxes and to inverters

Figure 4.3 shows the modelled 3-D scene and its corresponding sunpath diagram with

shading losses, where the panels are aligned along the north-south axis and track the

sun from east to west. This system experiences no shading throughout the entire year.

Figure 4.4 shows The modelled fixed-tilt 3-D scenes where the panels are placed on

the east-west axis facing true north at a tilt angle of 22.3°, corresponding with the

location’s latitude. The fixed-tilt systems experience shading losses throughout the

entire year due to inter-row shading.
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Figure 4.3: Single-Axis Tracking System 3D Scene and Sunpath Diagram with shading
losses
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Figure 4.4: Fixed-Tilt 3D Scene and Sunpath Diagram with shadings losses

The modelled systems had soiling losses of 8.6% during dry seasons and 4.3% in rainy

seasons, by comparisons of the I-V curves of two inverters on-site shown in Fig. 4.5

using Eq. (3.1).

36



(a) (b)

(c) (d)
Figure 4.5: Measured I-V Curves. Image (a) shows the I-V curve of inverter 15. Image
(b) shows the translated I-V curve of inverter 15. Image (c) shows the Inverter 16 I-V
curve of inverter 15. Image (d) shows the translated I-V curve of inverter 16.

The monthly albedo values are based on a reference paper with monthly albedo val-

ues for Namibia from a study focusing on the performance of bifacial and monofacial

PV modules in 55 different locations, with values graphed in Fig. 4.6 [50]. Accurate

monthly readings of the albedo at the site could not be ascertained. The albedo de-

creases the most during the winter months, especially in July, due to clearer skies and

lower irradiance levels. With reduced cloud cover, more sunlight reaches the ground,

but the dry winter conditions expose darker, less reflective surfaces like bare soil that

absorb more radiation. Additionally, the lower sun angle during winter increases at-

mospheric scattering of shorter wavelengths while allowing more absorption of longer

wavelengths by surfaces, further reducing reflectivity. This seasonal albedo variation

affects local energy balances and solar PV performance by altering the amount of re-

flected light available for bifacial systems, impacting the performance of PV systems.

Higher albedo values result in more ground-reflected radiation, which increases the

incident radiation on the rear side of bifacial modules, enhancing their energy yield.
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Conversely, lower albedo values reduce the amount of reflected radiation, decreasing

the overall energy production of bifacial modules. Understanding these variations is

crucial for accurately modeling and optimizing PV system performance in different

seasonal conditions.

Figure 4.6: Monthly Albedo

The average cable length taken was 32 m/circuit (4mm2) from the string module con-

nections and 100m/circuit (50mm2) from the main box to the inverter. The ohmic

losses for the system was 2.695mΩ. The system had 3 unavailability periods that

lasted 36 hours each which totalled 4.5 days/year of unavailability. The height from

the ground to the panel was taken as 2.27m and the distances between the rows ranged

between 11.28m and 12.65m with a distance of 28m from rows 10 and 11. These

values were measured on-site to replicate the site conditions. The self-consumption

power of the trackers was calculated as 1822.58 kWh/month.

4.1.1 System Performance

The energy yield of the single-axis tracking PV systems is as shown in Fig. 4.7. How-

ever, as displayed in Fig. 4.15, the fixed-tilt PV systems do not follow the same trend.

In the fixed-tilt systems, the dip in solar energy due to reduced irradiation is less sig-

nificant than the dip in irradiation itself, primarily because of how the Plane of Array

(POA) is calculated. POA irradiance accounts for direct, diffuse, and reflected compo-
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nents, which can mitigate the effects of reduced irradiation on solar energy production.

This means that even with lower irradiation in the winter months, the POA does de-

crease proportionally because of the tilt angle selected as shown in Fig. 4.8, allowing

for optimised performance of the system throughout the year.

(a)

(b)
Figure 4.7: PV System Energy Yield & Irradiation. Image (a) shows the single-axis
tracking monofacial and bifacial PV systems energy Yield & irradiation and (b) shows
the fixed-tilt monofacial & bifacial PV systems energy Yield & irradiation
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(a)

(b)
Figure 4.8: PV System Energy Yield & POA. Image (a) shows the relationship between
the fixed-tilt monofacial & bifacial PV system’s energy yield and irradiation. Image
(b) shows the relationship between the single-axis tracking monofacial & bifacial PV
system’s energy yield and irradiation
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The performance ratios of the systems are shown in Fig. 4.9. The single-axis tracking

monofacial system has an average performance ratio (PR) of 0.81, while the single-

axis tracking bifacial system has a PR of 0.83. The fixed-tilt monofacial system has a

PR of 0.82, and the fixed-tilt bifacial system has a PR of 0.86.

(a) (b)

(c) (d)
Figure 4.9: PV System Performance Ratios (PR). Image (a) shows the performance
ratio (PR) of the single-axis tracking monofacial system. Image (b) shows the per-
formance ratio (R) of the single-axis tracking bifacial system. Image (c) shows the
performance ratio (PR) of the fixed-tilt monofacial system. Image (d) shows the per-
formance ratio (PR) of the fixed-tilt bifacial system.

The losses in each system, calculated by the software, are shown step by step in

Figs. 4.10, 4.11, 4.12, and 4.13. Single-axis tracking systems collect an additional

33.2% energy (3170.16 kWh/m²/year) through sun-tracking, while fixed-tilt systems

tilted towards the north collect an additional 8.4% energy (2579.92.7kWh/m2/year)

compared to the GHI. This energy is the global incident irradiance in the collector
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plane. The system then undergoes losses due to near shadings, incidence angle modi-

fier (IAM), and soiling. Additionally, bifacial modules experience extra losses due to

factors such as view factor and shading on the rear side, despite the increased incident

radiation from ground reflection.

The final effective irradiation on collectors, after accounting for these losses and en-

ergy gains, is 2359kWh/m2/year for the single-axis tracking monofacial system, 2952

kWh/m2/year for the single-axis tracking bifacial system, 2359kWh/m2/year for the

fixed-tilt monofacial system, and 2349kWh/m2/year for the fixed-tilt bifacial system.

This effective irradiation is multiplied by the total collector area for the respective

systems to get the total luminous energy available on the collectors. The total lumi-

nous energy is multiplied by the efficiency at STC to get the array nominal energy of

9026718 kWh for the single-axis tracking monofacial system, 9336730 kWh for the

single-axis tracking bifacial system, 7297326 kWh for the fixed-tilt monofacial sys-

tem, and 7800941 kWh for the fixed-tilt bifacial system. The PV loss due to irradiance

level and temperature is because PV modules do not work at STC. Other array losses

such as the ohmic wiring losses, mismatch losses between strings and modules, and

module quality decrease the array power further leading to the array virtual energy at

MPP. This is the total energy from the full array, available at the inverter input. The

systems then undergo inverter losses. The inverters were slightly undersized, resulting

in some power loss due to power clipping at the nominal power of the inverter for each

system. System unavailability is also accounted for as an additional loss. The final

energy injected into the grid after all these losses is 7961336 kWh for the single-axis

tracking monofacial system, 8149390 kWh for the single-axis tracking bifacial system,

6525316 kWh for the fixed-tilt monofacial system, and 6814454 kWh for the fixed-tilt

bifacial system.

Additionally, to get a more accurate energy production for the single-axis tracking sys-

tems, the self-consumption was deducted from the energy output of these systems. The

self-consumption power of the system is 0.2% of the nominal power output per tracker.

This amount totalled to 1822 kWh/month. Once all the losses have been analysed, the
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total energy generated by the different systems was found to be: single-axis tracking

monofacial PV system = 7,939,608.50 kWh/a, single-axis tracking bifacial PV system

= 8,127,519.80 kWh/a, fixed-tilt monofacial PV system = 6,525,316 kWh/a, and the

fixed-tilt bifacial PV system = 6,814,457 kWh/a.

Figure 4.10: Single-Axis Tracking Monofacial System Loss Diagram
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Figure 4.11: Single-Axis Tracking Bifacial System Loss Diagram
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Figure 4.12: Fixed-Tilt Monofacial System Loss Diagram
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Figure 4.13: Fixed-Tilt Bifacial System Loss Diagram

The single-axis tracking bifacial PV system outperforms the single-axis tracking mono-

facial PV system, in Fig. 4.14.
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Figure 4.14: Single-Axis Tracking Energy Yield Comparison

The fixed-tilt bifacial PV system outperforms its monofacial counterpart in Fig. 4.15.

Figure 4.15: Fixed-Tilt Energy Yield Comparisons

A t-test was conducted to compare the means of energy yields between monofacial and

bifacial configurations for both single-axis tracking and fixed-tilt PV systems.

In the single-axis tracking systems, the variances of energy production were calcu-

lated as 7,963,612,476 (Monofacial) and 8,085,211,229 (Bifacial), corresponding to

standard deviations of 89 240 and 89 920, respectively. These variances are very

close, indicating similar variability in energy output between the two systems. Despite
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the slightly higher mean yield for bifacial systems (677,293 vs. 661,634), the differ-

ence was not statistically significant (t(22) = -0.4282, one-tail p = 0.3363; two-tail p

= 0.6727). Both p-values exceed 0.05, supporting the conclusion that the observed

difference in means is attributable to random variation rather than a systematic effect.

In the fixed-tilt systems, the variances were 574,595,894 (Monofacial) and 579,697,848

(Bifacial), with standard deviations of 23,970 and 24,080, respectively. The near-

identical variances reflect comparable spreads in energy production data. Here, the

bifacial system’s mean yield (567,871) was significantly higher than the monofacial

system’s mean (543,776). The t-statistic (t(22) = -2.4567) exceeded critical values for

both one-tail (1.717) and two-tail (2.074) tests, with p-values (one-tail = 0.0111; two-

tail = 0.0224) falling below 0.05. This robustly rejects the null hypothesis of equal

means, confirming a statistically significant advantage for bifacial fixed-tilt systems.

While variances and standard deviations were closely matched in both configurations,

the fixed-tilt bifacial system demonstrated a statistically significant performance im-

provement over its monofacial counterpart. In contrast, single-axis tracking systems

showed no such statistical significant difference, despite comparable data spreads.

4.2 Financial Assessment

4.2.1 Results for PV Systems

The cost estimations of the different systems are given in Table. 4.2 which were ob-

tained from relevant local industry data to offer a comprehensive understanding of the

financial landscape associated with installing PV systems of this capacity.
Table 4.2: Financial Parameters of the PV Systems

Parameter 1-Axis Tracking Monofacial 1-Axis Tracking Bifacial Fixed-Tilt Monofacial Fixed-Tilt Bifacial

CAPEX (N$) 45,889,947.54 48,564,586.58 41,771,866.07 44,446,505.11

OPEX (N$) 688,349.21 728,468.80 626,577.99 666,697.58

To calculate the discounted cash flow using Eq. (3.4), a degradation rate of 0.65% was

used for monofacial modules and 1.2% for bifacial modules. The electricity tariff was

set at N$ 2.12/kWh which was the price of electricity during the year the plant was

commissioned [53]. The foreseeable increase in electricity was set to an average of
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5.69% per year based on Nampower’s historical electricity tariffs [54], calculated using

Eq. (3.3). The CAPEX of the system will increase due to the inverter replacement

expenditure approximately halfway through the system’s lifetime. The discount rate

used in the calculations is 10%, based on the fixed deposit rates from First National

Bank (FNB) and Standard Bank’s Capricorn Unit Trusts [55, 56].

Additionally, the historical inflation rate over the past 10 years was calculated to be

4.8%, with values provided by the World Bank [57]. This inflation rate was applied to

the CAPEX and OPEX using Eq. (3.5) and the discounted OPEX and CAPEX were

calculated using Eq. (3.11). The operational expenditure (OPEX) was assumed to be

1.5% of the CAPEX.

The LCOE was found using Eq. (2.6) for the different PV systems ranging from 0.85

to 1.00 N$/kWh. Single-axis tracking monofacial PV systems have the lowest LCOE,

making them the most cost-effective option in terms of energy production costs. The

payback period, found using Eq. (2.7), varies slightly among the systems, with single-

axis tracking monofacial PV systems having the shortest payback period of 3 years,

2 months. This indicates a quicker return on investment compared to other systems.

The IRR ranges from 31.50% to 35.60%. Single-axis tracking monofacial systems

again show the highest IRR, suggesting they are the most financially beneficial. While

bifacial systems generally have higher LCOE and longer payback periods compared

to monofacial systems, they still offer competitive IRR. The financial performance

indicators for the four systems in this study are summarised in Table 4.3.
Table 4.3: A comparison of the financial performance of the PV systems

Type of System Module Technology LCOE (N$/kWh) Payback Period (years) IRR (%)

Single-Axis Tracking Monofacial 0.85 3.11 35.60

Single-Axis Tracking Bifacial 0.91 3.27 32.50

Fixed-tilt Monofacial 0.94 3.45 32.00

Fixed-tilt Bifacial 1.00 3.62 31.50
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The relationship between the discount rate and NPV can be seen in Fig. 4.16 and

Fig. 4.17. The discount rate helps assess whether the project will generate sufficient

returns to justify the investment. A higher cost of capital a project can sustain while

remaining viable is equal to its IRR so selecting a discount rate above the IRR can lead

to a negative NPV, indicating the project is not worth the financial investment. The

single-axis tracking monofacial system had the highest IRR out of the 4 systems. The

discount rate at which the net present value is equal to zero is known as the IRR.

Figure 4.16: Single- Axis Tracking PV System’s NPV vs Discount Rate. The single-
axis tracking monofacial and bifacial PV system net present value at different discount
rate.
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Figure 4.17: Fixed-Tilt PV System’s PV System’s NPV vs Discount Rate. Fixed-tilt
monofacial and bifacial PV system net present value at different discount rates.

The discounted NPV of the systems after 25 years are N$ 185 245 609.58 for the

single-axis tracking monofacial system, N$ 173 785 499.30 for the single-axis tracking

bifacial system, N$ 147 422 689.34 for the fixed-tilt monofacial system, and N$ 140

782 691.28 for the fixed-tilt bifacial system.

All four systems achieve break-even within 3–4 years, as their cumulative net cash

flows turn positive during this period as seen in Fig. 4.18. However, the single-axis

tracking monofacial system breaks even fastest, followed by the single-axis tracking

bifacial system, the fixed-tilt monofacial system, and finally the fixed-tilt bifacial sys-

tem, which takes the longest. The fixed-tilt bifacial system has the longest break-even

time due to its higher installation and maintenance costs, combined with lower energy

yields compared to single-axis tracking systems.

Systems like the single-axis tracking monofacial or fixed-tilt monofacial recover costs

faster, making them ideal for businesses prioritising short-term returns or working with

limited budgets. In contrast, bifacial systems (both single-axis tracking and fixed-tilt)

require higher upfront investment but generate more energy over their lifespan, mak-
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ing them better suited for long-term projects. While the single-axis tracking bifacial

system’s slower payback may deter some businesses, its superior energy production

offers long-term benefits. The fixed-tilt bifacial system, however, remains financially

challenging unless costs decrease.

Overall, the single-axis tracking monofacial system outperforms others across metrics

like cost recovery and simplicity, closely followed by the single-axis tracking bifacial

system.

(a) (b)

(c) (d)
Figure 4.18: Cumulative PV Net Cashflow. Image (a) shows single-axis tracking
monofacial cumulative present value net cashflow. Image (b) shows single-axis track-
ing bifacial cumulative PV net cashflow. Image (c) shows fixed-tilt monofacial cumu-
lative present value net cashflow. Image (d) shows fixed-tilt bifacial cumulative PV net
cashflow

52



Chapter 5

Conclusion and Recommendations

This chapter synthesises findings, concluding that single-axis tracking monofacial sys-

tems offer optimal financial feasibility in Windhoek. It highlights contributions to

localized PV system design and discusses limitations and recommendations.

5.1 Conclusion

The comprehensive evaluation of the bifacial and monofacial single-axis tracking and

fixed-tilt systems, including performance assessments and rigorous financial analysis,

indicated that the optimal system to efficiently meet the business’s energy demands

while providing a cost-effective installation solution is the 3MW single-axis tracking

monofacial PV system.

The performance yield assessment showed that the single-axis tracking bifacial system

had the highest energy yield production of 8,127,519.80 kWh/a among all four systems

which is beneficial for maximising energy production. However, there was no statis-

tical significance between the energy yield of this system and the single-axis tracking

monofacial PV system, which had an energy production yield of 7,939,608.50 kWh/a.
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Based on financial evaluations of all four systems, the most cost-effective solution ca-

pable of meeting a portion of the business’s energy demands was the single-axis track-

ing monofacial PV system. This system had the lowest LCOE of N$0.85/kWh, while

the fixed-tilt bifacial PV system had the highest LCOE of N$1.00/kWh. Additionally,

the single-axis tracking monofacial PV system had the shortest payback period of 3

years, 2 months and the highest IRR of 35.62%, meaning it would recover its invest-

ment the fastest and provide the best financial returns among the four systems.

Under Windhoek conditions, bifacial PV systems do not outperform monofacial PV

systems. Bifacial systems have higher LCOEs, longer payback periods, and lower

IRRs than monofacial systems.

5.2 Recommendations

The optimal PV system for Windhoek’s conditions is the single-axis tracking system

with monofacial modules. This design offers the quickest return on investment and

the lowest levelized cost of electricity (LCOE). Therefore, businesses in the Windhoek

area are advised to adopt single-axis tracking systems with monofacial modules to

maximise efficiency and financial returns. To enhance the accuracy of simulations, it

is recommended to measure the albedo on-site, as real-time albedo data is currently

unavailable. This will allow for a more precise comparison of performance.
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BIFACIAL MODULE WITH
DUAL GLASS

Higher Power Output

Tiger Pro 72HC-BDVP
525-545 Watt

www.jinkosolar.com

Bifacial Technology

Positive power tolerance of 0~+3%

ISO9001:2015: Quality Management System

ISO14001:2015: Environment Management System

ISO45001:2018
Occupational health and safety management systems

IEC61215(2016), IEC61730(2016)

Key Features

Multi Busbar Technology
Better light trapping and current collection to improve 
module power output and reliability.

Module power increases 5-25% generally, bringing 
significantly lower LCOE and higher IRR.

Certified to withstand: wind load (2400 Pascal) and snow 
load (5400 Pascal).

Enhanced Mechanical Load

0.45% annual power degradation and 30 year  
linear power warranty.

Longer Life-time Power Yield

12 Year Product Warranty     

30 Year Linear Power Warranty

0.45% Annual Degradation Over 30 years

LINEAR PERFORMANCE WARRANTY

2400 Pa
5400 Pa

P-Type

PID Resistance
Excel lent Anti-PID performance guarantee via 
optimized mass-production process and materials 
control.



Packaging Configuration

JKM525-545M-72HL4-BDVP-F1-EN

Engineering Drawings

SPECIFICATIONS

Mechanical Characteristics
Cell  Type

No. of cells

Dimensions

Weight
Front Glass

Frame

Junction Box

Output Cables

34.3 kg (75.6 lbs)

IP68 Rated

Electrical Performance & Temperature Dependence

Irradiance 1000W/m2 AM=1.5

Irradiance 800W/m2 AM=1.5NOCT:

*STC:

Wind Speed 1m/s

Module Type 

Maximum Power (Pmax) 

Maximum Power Voltage (Vmp) 

Maximum Power Current (Imp) 

Open-circuit Voltage (Voc)

Short-circuit Current (Isc)

Module Efficiency STC (%)

Maximum Power (Pmax) 
Module Efficiency STC (%)

Maximum Power (Pmax) 
Module Efficiency STC (%)

Maximum Power (Pmax) 
Module Efficiency STC (%)

Operating Temperature(℃) 

Maximum system voltage

Maximum series fuse rating

Power tolerance

Temperature coefficients of Pmax

Temperature coefficients of Voc

Temperature coefficients of Isc

Nominal operating cell temperature  (NOCT) 

Cell Temperature 25°C

Ambient Temperature 20°C

( Two pallets = One stack ) 

35pcs/pallets, 70pcs/stack, 630pcs/ 40'HQ Container

Temperature Dependence of
Isc,Voc,Pmax
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5%
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TUV  1×4.0mm2

(+): 400mm , (-): 200mm or Customized Length

2.0mm, Anti-Reflection Coating

Back Glass 2.0mm, Anti-Reflection Coating

Anodized Aluminium Alloy

Refer. Bifacial Factor

BIFACIAL OUTPUT-REARSIDE POWER GAIN

2274×1134×30mm (89.53×44.65×1.18 inch)

Current-Voltage & Power-Voltage
Curves (535W)

144 (6×24)

P type Mono-crystalline

NOCTSTC NOCTSTC NOCTSTC

JKM525M-72HL4-BDVP JKM530M-72HL4-BDVP JKM535M-72HL4-BDVP

©2020 Jinko Solar Co., Ltd. All rights reserved.
Specifications included in this datasheet are subject to change without notice.

Length: ±2mm

Width: ±2mm

Height: ±1mm

Row Pitch: ±2mm
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Efficient
•	High power density with 150 kW 

thanks to its compact structure
•	Max. yield due to possible  

DC/AC ratio of up to 150%

Flexible
•	For DC input voltages up to 

1500 V
•	Flexible DC solutions with 

customer-specific PV array junction 
boxes

Easy to install
•	Ergonomic handling and  

simple connection for quick  
installation

•	Centralized commissioning and  
control of the PV power plant via 
SMA Data Manager

Reliable
•	Superior PV system availability with 

150 kW units
•	Innovative digital features aligned 

with the energy management  
platform ennexOS

SUNNY HIGHPOWER PEAK3
Customized for tomorrow today

The Sunny Highpower PEAK3 is the central component of the SMA solution for PV power plants with a decentralized ar-
chitecture and system voltages of 1500 V DC. This compact string inverter enables cost-optimized solutions for industrial PV 
applications thanks to its high power density. It also provides a simple way of transport and allows for quick installation and 
commissioning. This string inverter with 150 kW of power is equipped with the automatic SMA Smart Connected service for 
proactive servicing that facilitates operation and maintenance and reduces service costs throughout the entire project lifetime.
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P 
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0-
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SUNNY HIGHPOWER PEAK3



Technical Data Sunny Highpower 100-20 Sunny Highpower 150-20

Input (DC)
Max. PV array power 150000 Wp 225000 Wp
Max. input voltage 1000 V 1500 V
MPP voltage range / rated input voltage 590 V to 1000 V / 590 V 880 V to 1450 V / 880 V
Max. input current / max. short-circuit current 180 A / 325 A 180 A / 325 A
Number of independent MPP trackers 1 1
Number of inputs 1 or 2 (optional) for external PV array junction boxes
Output (AC)
Rated power at nominal voltage 100000 W 150000 W
Max. apparent power 100000 VA 150000 VA
Nominal AC voltage / AC voltage range 400 V / 304 V to 477 V 600 V / 480 V to 690 V
AC grid frequency / range 50 Hz / 44 Hz to 55 Hz

60 Hz / 54 Hz to 66 Hz
50 Hz / 44 Hz to 55 Hz
60 Hz / 54 Hz to 66 Hz

Rated grid frequency 50 Hz 50 Hz
Max. output current 151 A 151 A
Power factor at rated power / displacement power factor adjustable 1 / 0 overexcited to 0 underexcited
Harmonic (THD) < 3% < 3%
Feed-in phases / AC connection 3 / 3-PE 3 / 3-PE
Efficiency
Max. efficiency / European efficiency 98.8% / 98.6% 99.1% / 98.8%
Protective devices
Ground fault monitoring / grid monitoring / DC reverse polarity protection ● / ● / ● ● / ● / ●
AC short-circuit current capability / galvanically isolated ● / — ● / —
All-pole-sensitive residual-current monitoring unit ● ●
Monitored surge arrester (type II) AC / DC ● / ● ● / ●
Protection class (according to IEC 62109-1) / overvoltage category (as per IEC 62109-1) I / AC: III; DC: II I / AC: III; DC: II
General Data
Dimensions (W / H / D) 770 mm / 830 mm / 444 mm (30.3 in / 32.7 in / 17.5 in)
Weight 98 kg (216 lbs)
Operating temperature range ‒25°C to +60°C (‒13°F to +140°F)
Noise emission (typical) < 65 dB(A)
Self-consumption (at night) < 5 W
Topology transformerless
Cooling method OptiCool, active cooling, speed-controlled fan
Degree of protection (according to IEC 60529) IP65
Max. permissible value for relative humidity (non-condensing) 100 %
Features / function / accessories
DC connection / AC connection Terminal lug (up to 300 mm²) / Screw terminal (up to 150 mm²)
LED display (Status / Fault / Communication) ●
Ethernet interface ● (2 ports)
Data interface: SMA Modbus / SunSpec Modbus / Speedwire, Webconnect ● / ● / ●
Mounting type Rack mounting
OptiTrac Global Peak / Integrated Plant Control / Q on Demand 24/7 ● / ● / ●
Off-grid capable / SMA Fuel Save Controller compatible ● / ●
Warranty: 5 / 10 / 15 / 20 years ● / ○ / ○ / ○
Certificates and approvals (planned) IEC 62109-1/-2, AR N-4110, AR N-4120, CEI 0-16, C10/11:2012, EN 50549, 

PEA 2017, DEWA
● Standard features ○ Optional features — Not available      Data at nominal conditions      Status: 12/ 2018

Type designation SHP 100-20 SHP 150-20
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