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Nomenclature 
 

Latin symbols 

A surface area  

Aact module active area 

Aap module aperture area 

Amod module total surface area  

Aofc surface area of opaque front contact 

C heat capacity 

CF capacity factor 

E (vector) electric field 

E (scalar) energy 

Eg band gap energy 

Eg,0 band gap energy at absolute zero 

e elementary charge 

FF fill factor 

h Planck constant 

ħ reduced Planck constant 

I electric current 

I0 reverse saturation current 

I0,1 reverse saturation current due to interband 

recombination 

I0,2 reverse saturation current due to SRH 

recombination in SCR 

Id diode current 

Idc DC input current to inverter 

Idc,max maximum DC input current to inverter 

Impp maximum power point current 

Iph photocurrent 

Irec recombination current 

Isc short circuit current  

Ith thermal generation current 

J electric current density 

k Boltzmann constant 

N number/concentration 

Nc effective density of states in conduction band 

Ns number of cells in series 

Nv effective density of states in valence band 

ne concentration of electrons in the conduction band 

nh concentration of holes in the valence band 

nd diode ideality factor 

P power 

Pac AC output power 

Pac,0 Inverter power rating 

Pdc DC input power to inverter 

Pdc,0 DC input power to inverter operating at Pac,0 

Pil Power lost in power conversion 

Pstc plant capacity 

Ptl Power lost in transmission 

q electric charge 

q heat transfer rate 

qconv convective heat transfer rate 

qrad radiant heat transfer rate 

PR performance ratio 

R resistance 

Rp shunt resistance i.e. parallel resistance 

Rs series resistance 

R transposition factor 

Rd diffuse transposition factor 

Rr ground-reflected transposition factor 

r array-to-inverter loading ratio 

T temperature 

Ta ambient air temperature 

Tc cell temperature 

Tls land surface temperature 

TS temperature of the Sun 

Tsky sky temperature 

t time 

v velocity 

vw wind velocity 

V voltage 

Vdc DC input voltage to inverter 

Vdc,0 DC input voltage to inverter operating at Pac,0 

Vdc,max maximum DC input voltage to inverter 

Voc open circuit voltage 

W irradiance 

Wabs irradiance absorbed by a PV material 

Wb,n direct normal irradiance 

Wd,h diffuse normal irradiance 

Weff effective irradiance 

Wg,h direct normal irradiance 

Wpoa plane of array irradiance 

Wtoa,n direct normal irradiance on the top of the 

atmosphere 

Y yield 

Greek symbols 

α temperature coefficient 

αIsc temperature coefficient of short-circuit current 

β tilt angle with respect to the horizontal 

βaxis tilt angle of an axis with respect to the horizontal 

ε emissivity  

εls land surface emissivity 

εmod module surface emissivity  

εsky sky emissivity 

η efficiency  

ηC efficiency of a Carnot cycle 

ηc conversion efficiency of a solar cell 

ηemit photon emission efficiency  

θ angle of incidence 

θz solar zenith angle 

μ chemical energy 

μehp free energy per an electron-hole pair 

ν frequency 

ρ albedo 
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Φ flux 

Φrad incident radiant flux 

φ potential difference 

Δφ built-in potential of a solar cell 

φ azimuth angle 

φS solar azimuth angle 

ω angular frequency 

ω angle of rotation 

ωaxis angle of axis rotation 

Ω solid angle 

Ωabs solid angle of absorption 

Subscripts 

0 absolute zero 

0 inverter rating conditions 

0 thermal equilibrium 

1 interband recombination 

2 SRH recombination in SCR 

a ambient air 

abs absorption/absorbed 

ac alternating current 

act photoactive 

ap aperture 

axis axis 

b beam 

C Carnot cycle 

c conduction band 

c solar cell 

conv convective 

d diffuse 

d diode 

e electron 

eff effective 

ehp electron-hole pair 

emit emission 

g band gap 

g global 

h hole 

h horizontal 

il inverter losses 

ls land surface 

max maximum 

mod solar module 

mpp maximum power point 

n normal to beam propagation 

oc open circuit 

ofc opaque front contact 

out output 

p in parallel 

ph photogenerated 

poa incident on the plane of an array 

r reflected 

rad radiant 

rec recombination 

rot rotation 

S the Sun 

s in series 

sky sky 

sc short circuit 

stc standard test conditions 

th thermally generated 

tl transmission losses 

toa top of atmosphere 

v valence band 

w wind 

z zenith 

Abbreviations 

AC alternating current 

AM air mass 

AOD aerosol optical depth 

ARC anti-reflection coating 

a-Si amorphous silicon 

a-Si/μc-Si micromorphous silicon 

BOS balance of system 

CF capacity factor 

CIGS copper indium gallium diselenide 

CIS copper indium diselenide 

c-Si monocrystalline silicon 

DC direct current 

DHI diffuse horizontal irradiance 

DNI direct normal irradiance 

EHP electron-hole pair 

EVA ethylene-vinyl acetate 

FCA free carrier absorption 

FLH full load-equivalent operating hours 

FF fill factor 

GHI global horizontal irradiance 

GIS geographic information system 

HIT heterojunction with intrinsic thin layer 

IAM incidence angle modifier 

I-V current-voltage 

LFM Loss Factor Model 

mc-Si polycrystalline silicon  

MD manufacturer data 

MPP maximum power point 

NREL National Renewable Energy Laboratory 

OFC opaque front contact 

POA plane of array 

PR performance ratio 

PV solar photovoltaic 

rBIAS relative mean bias error 

ReCREMAResarch Center for Renewable Energy Mapping 

and Assessment 

RMSE root mean square error 

rRMSE relative root mean square error 

SAPM Sandia PV Array Performance Model 

SCR space charge region 

SG2 Solar Geometry 2 algorithm 

SIPM Sandia Inverter Performance Model 
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SNL Sandia National Laboratories 

SRH Shockley-Read-Hall 

STC standard test conditions 

TCO transparent conducting oxide 

TPFT third-party field test 

μc-Si microcrystalline silicon 



CHAPTER 1. INTRODUCTION 
 

8 
 

1. Introduction 
Solar power does not have a long history in the United Arab Emirates (UAE) or Arabian Peninsula in general. 

The region’s first utility-scale PV power station was inaugurated in Masdar City, Abu Dhabi, UAE in 2009, 

after which the expansion of the total capacity has been modest. Since the utilisation of the region’s 

immense solar potential largely depends on political will, awareness creation and information 

dissemination play the key role in kicking off the growth. In 2013, the Research Center for Renewable 

Energy Mapping and Assessment at Masdar Institute (ReCREMA) initiated the development of the centre’s 

own PV performance simulation tool for this purpose – building and sharing knowledge about solar 

photovoltaic (PV) performance under hot desert climates. Since its inception, the PV performance simulator 

has been an essential part of the UAE Solar Atlas project. The main objective of the centre’s PV 

performance assessment efforts is to develop a web-based geographic information system (WebGIS) portal 

that dynamically maps the performance of solar power plants based on a set of user-defined parameters 

for plant design and spatiotemporal scope. The portal is the first of its kind worldwide and is hoped to help 

the region’s nascent PV market grow. 

The development of ReCREMA’s PV performance simulation tool has been partially carried out in 

the context of this Master’s thesis. The primary objective of this thesis study is practical: the development 

of a PV performance model that is particularly well suited to the WebGIS environment as well as the main 

region of interest, the Arabian Peninsula. The primary objective involves the following research questions: 

1. What are the particularities of the Arabian Peninsula from the viewpoint of PV performance? 

2. What are the particularities of the WebGIS environment from the viewpoint of PV performance 

modelling? 

3. What PV performance models are the most suitable for the simulator considering the primary 

objective of the project? 

The modelling project focuses on the technical performance simulation of established commercially 

available PV technologies and, therefore, does not aim to address novel technological advances of any sort. 

Due to the technical perspective, economic factors are not taken into consideration at this stage, either. 

This model is also limited only to utility-scale power plants with central power conditioning. Hence, neither 

rooftop PV systems nor string inverters or other decentralised power converters are considered. The 

geographical scope of the study is the Arabian Peninsula and therefore, the analysis of hot desert 

conditions from the PV performance point of view is emphasised. 

A comprehensive overview of PV power generation is presented in chapter 2. The chapter’s 

particular focus lies on the loss processes involved in PV power generation. The chapter also aims to answer 

the first research question by discussing the impact of the ambient conditions typical of hot desert 

climates. The third chapter reviews the most common PV performance modelling tools and, thereby, paves 

the way for the model development-related discussion in chapter 4. Chapter 4 addresses both the second 

and third research question. Finally, in chapter 5, the sensitivity of different input variables is tested by 

inputting actual data to the model developed. Unfortunately, due to the lack of measured PV performance 

data, the validation of the model is not possible in the context of this thesis. 
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2. Photovoltaic Power Production 
This chapter lays the foundation of the discussion in the subsequent chapters by explaining the rudiments 
of the direct conversion of sunlight into electricity. The first section briefly discusses the photovoltaic 
effect, which is the fundamental phenomenon for the operation of solar cells. How the effect is exploited in 
modern PV power production is explained in the second section. The third section focuses on the 
determinants of the power output of an operational PV power station. 

2.1 Photovoltaic Effect 
The photovoltaic effect is the basis of the direct conversion of light into electricity in that it generates 
mobile electron-hole pairs (EHP) in a condensed, photovoltaic material exposed to radiant energy. In order 
for the effect to occur, the radiation quanta i.e. photons interacting with the material need to have 
energies higher than the band gap of the material Eg, which is dependent on the crystal structure and the 
temperature of the material. In this case, it is assumed that the absorption of photons leading to EHP 
generation i.e. interband absorption is a step function over photon energy and the absorber is discrete in 
that the thicknesses of its energy levels (valence and conduction bands) are indefinitely narrow i.e. 0 eV. 
This simplified approach has been illustrated in Figure 2-1. In Figure 2-1 (a), photons are not absorbed due 
to their low energy but they are reflected off or transmitted through the material. In a situation where the 
photon energy is greater than or equal to Eg (Figure 2-1 b & c), absorption is possible. When a photon is 
absorbed, its energy is transferred to a valence electron, which now has a sufficient energy to cross the 
band gap to the conduction band. These excited electrons are no longer bound in covalent bonds, which 
makes it possible for them to diffuse freely in the conduction band. Therefore, in the presence of an 
electrochemical potential difference in the material, electric energy is generated. The difference between 
Eg and the photon energy is converted into vibration quanta i.e. phonons within the material. In other 
words, the remaining energy is dissipated as heat. 

 

Figure 2-1. Photon-electron interaction: a) photon energy hν less than the band gap Eg, absorption not possible b) photon energy 
equal to Eg, absorption possible c) photon energy higher than Eg, absorption possible with the remainder converting into phonon 
energy ħω. 

In reality, the absorption of sunlight does not follow a step function but it is a continuous function over 
photon energy. In other words, the probability of the interband absorption of sub-band gap photons 
cannot be exactly zero (uncertainty principle) and, on the other hand, photons colliding with electrons are 
not necessarily absorbed even with energy levels higher than Eg. Interband absorption and the consequent 
charge carrier generation only occur in collisions that allow for the conservation of energy and crystal 
momentum, as in Figure 2-1 (b & c). The step function approach is a reasonably good approximation with 
materials with a direct band gap. The electrons of such a material have equivalent crystal momenta in both 
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valence and conduction bands, whereas the opposite is true for materials with indirect band gaps. Since 

photons do not have crystal momentum, absorption in indirect bang gap materials requires a three-particle 

collision involving a phonon in addition to an electron and a photon. Furthermore, in order for absorption 

to occur, the momentum of the phonon involved needs to equal to the momentum difference between the 

valence band and the conduction band. Thus, absorption is less probable in the case of an indirect band gap 

than in that of a direct one. The most widely used photovoltaic material, crystalline silicon, has an indirect 

band gap. The band gap types and levels of the seven photovoltaic materials considered in this study are 

presented in Table 2-1. 

Table 2-1. Characteristics of the photovoltaic materials under consideration. 

Photovoltaic material & 
junction structure 

Typical cell 
structure 

Band gap type Typical Eg at 300 K 

c-Si, monocrystalline silicon 
Si:P/Si:B 

wafer indirect 
1.12 eV 
(Sze and Ng, 2006, p. 179) 

mc-Si, polycrystalline silicon 
Si:P/Si:B 

wafer indirect 
1.12 eV 
(Sze and Ng, 2006, p. 179) 

a-Si, amorphous silicon 
Si:H:B/Si:H/Si:H:P 

thin-film direct 
1.72 eV/1.67 eV 
(Tucci et al., 2011, p. 337) 

a-Si/μc-Si, micromorphous silicon 
SiC:H:B/Si:H/Si:H:P/Si:H:B/Si:H/Si:H:P 

thin-film direct /indirect 
2 eV/1.72 eV/1.67 eV/1.12 eV 
(Tucci et al., 2011, p. 337) 

CdTe 
CdS/CdTe 

thin-film direct 
2.42 eV/1.45 eV 
(Chu and Chu, 1995) 

CIS 
ZnO:Al/CdS/CuInSe2 

thin-film direct 
3.2 eV/2.42 eV/1.04 eV 
(Chu and Chu, 1995) 

CIGS 
ZnO:Al/CdS/Cu(In,Ga)Se2 

thin-film direct 
3.2 eV/2.42 eV/1.04-1.68 eV 
(Chu and Chu, 1995; Contreras et al., 2003) 

 

It follows from the assumption of discrete absorber energy levels that interband absorption is the only 

possible way photons can be absorbed in a photovoltaic material. In actual fact however, the energy levels 

are degenerate within a quantum system such as the conduction band of the material. This means that the 

band actually consists of several states, which can be occupied or unoccupied. Therefore, absorption may 

also occur through the excitation of a conduction electron from an occupied state of the conduction band 

to a higher unoccupied one in a so called n-type material (see section 2.2.1). Analogously, the same 

phenomenon may happen among holes in the valence band of a p-type material (see section 2.2.1). The 

phenomenon is known as free carrier absorption (FCA). It is a function of the charge carrier concentration 

of an absorber material i.e. the concentration of electrons in the material’s conduction band (n-type) or 

that of holes in the valence band (p-type). In addition, FCA has an inverse power law dependence on 

photon energy. This sort of absorption does not produce another free EHP and therefore, it does not 

directly contribute to the output of a cell. However, when an excited electron descends to a lower energy 

state through lattice interaction in so called phonon-assisted relaxation, heat is dissipated in the lattice thus 

increasing the temperature of the material. 

2.2 Photovoltaic Power Stations 
This section describes a typical structure of a utility-scale PV system with a focus on components 

influencing performance in normal operating conditions. In addition to power generation components, the 

form involved in the balance of system (BOS) such as mounting, electrical transmission, and power 

conditioning is discussed. 
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2.2.1 Solar Cell 
Today, the most common device configuration applied in PV electricity generation is a solar cell comprising 
a p-n junction of two different semiconductor materials, each connected to a metal contact. Throughout 
this thesis, the term solar cell will be used to refer to a device based on such a junction. As can be seen 
from Table 2-1, there are two main categories of solar cells: crystalline silicon wafer-based and thin-film 
devices. The fabrication processes of the two cell types significantly differ from each other. While the 
former are based on wafers cut from ingots of bulk silicon, the latter is fabricated by means of thin-film 
deposition on a glass substrate. Both cell types are normally equipped with an anti-reflection coating (ARC) 
that is deposited on the textured top semiconductor layer of a cell. Charge carriers are usually transported 
out of a wafer-based solar cell through a grid of thin metal wires on the top of the cell and a full-area metal 
contact on the rear surface. In the case of thin-film cells, also the ohmic contacts are usually deposited as 
thin films on the substrate and therefore, the top conducting film needs to be transparent and is normally 
made up of a transparent conducting oxide (TCO). 

Through doping i.e. introducing impurities into a semiconductor material, the charge carrier 
concentration of the material can be modified. A p-n junction is an interface between two types of a 
semiconductor: one doped with an impurity adding to the concentration of holes (p) and the other with an 
impurity adding to that of electrons (n). In case a junction consists of two materials with distinct band gaps, 
it is called a heterojunction, whereas a junction with a homogenous Eg is known as a homojunction. In most 
cell designs, the n-type material is placed on the top and referred to as the emitter (wafer) or window (thin-
film) layer, whereas the p-type material is known as the base (wafer) or absorber (thin-film) layer. The 
different junctions considered in this study are listed in Table 2-1. Due to the different carrier 
concentrations, the majority carriers (holes on the p-doped side and electrons on the n-doped side) in the 

regions near the junction on both sides diffuse 
across the junction and recombine on the other 
side. Consequently, the regions near the 
junction become charged and an inner 
potential difference Δφ corresponding to the 
displaced carrier concentrations is created, 
thus, enabling the photovoltaic effect. The 
resulting electric field E drifts carriers in the 
opposite direction to that of the diffusion 
process. This charged region on both sides of 
the junction is called a space charge region 
(SCR) and the equilibrium between drift and 
diffusion determines its width. A simplified 
band structure of a solar cell is presented in 
Figure 2-2. 

The equivalent circuit of a solar cell presented in Figure 2-3 illustrates the electronic behaviour of a 
solar cell. As for its structure, a solar cell can be viewed as a large-area p-n diode. The net current across 
the p-n junction Id i.e. diode or dark current consists of two opposite components: recombination current 
Irec, the diffusion of minority carriers from the SCR into the quasi-neutral regions, and thermal generation 
current Ith, the drift of minority carriers across the SCR. In its operating conditions, under illumination, the 
dynamics generally associated with diodes are changed by the photovoltaic effect, however. When exposed 
to solar radiation, the solar cell rather behaves like a current source connected in parallel with a diode. The 

Figure 2-2. Simplified band structure of a solar cell. 
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photogenerated charge carriers separated by the built-in potential of the cell and collected by an external 
circuit constitute the photogenerated current Iph, which flows in the same direction as Ith. When Iph exceeds 
Id, the cell output current I changes its direction and becomes negative as per the circuit diagram. This 

superposition approximation is expressed 
mathematically in Eq. 2.1. 

 (2.1) 

The current source and diode symbols of Figure 
2-3 represent an ideal solar cell. The simulation 
of the behaviour of a solar cell also requires the 
consideration of the parasitic resistances within 
the cell. The series resistance Rs represents the 
resistance of the parts of the cell that are 
supposed to provide carriers with a pathway 
(ideally zero), whereas the parallel resistance 
Rp or the shunt resistance stands for the 
resistance of all other parts of the cell (ideally 
infinite). 

When a p-n junction is under thermal 
equilibrium, Id is equal to zero due to the 

balance between Irec and Ith. In spite of Δφ, there is no electrochemical potential difference across the 
junction and, hence, no current flowing through the circuit. Under illumination however, the balance 
between drift and diffusion is disturbed. In relative terms, absorbed photons increase the concentrations of 
minority carriers on both sides more than those of majority carriers and consequently, an electrochemical 
potential difference i.e. photovoltage Vph is created. Vph together with an external load can be considered 
as a forward-bias voltage applied to the junction. This voltage drives photoexcited minority carriers through 
the load where they do work before recombining on the other side of the junction. Rising Vph drives more 
minority carriers across the p-n junction, which leads to more diffusion of minority carriers back to the 
quasi-neutral regions, thus, increasing Irec and reducing Δφ. The change in Irec with increasing Vph is normally 
approximated by the Boltzmann approximation as follows: 

,         (2.2) 

where q stands for the electric charge of carriers, k for the Boltzmann constant, and Tc for the temperature 
of the junction. Ith is significantly less dependent on Vph than Irec and conventionally, Ith is assumed not to be 
a function of Vph. Since it is known that Irec equals Ith when the junction is not exposed to light, Id can be 
approximated as follows: 

     (2.3) 

Eq. 2.3 describes the relation between current and voltage in an ideal diode. It is known as the Shockley 
equation. Instead of Irec or Ith at zero voltage, the term reverse saturation current I0 is often used in the 
equation. I0 is highly dependent on temperature and semiconductor material quality. 

When considering the Boltzmann approximation and the parasitic losses of a solar cell, I in Eq. 2.1 
can be expressed as an implicit function of the voltage V across the terminals of the cell as follows: 

Figure 2-3. Equivalent circuit of a solar cell. 
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where e stands for the elementary charge i.e. the absolute value of the electric charge of a single charge 

carrier and nd for the ideality factor of a diode ranging from 1 (ideal) to 2. Eq. 2.4 is referred to as the single 

diode model of a solar cell, based on the equivalent circuit presented in Figure 2-3. At a high Vph and in the 

case of a thin SRC relative to the thickness of the entire cell, the assumption of an ideal diode is valid as 

then, Irec mainly consists of minority carriers diffusing from the SRC to the quasi-neutral regions as 

explained above. With a reducing Vph however, more carriers already recombine in the SCR thus increasing 

Id more than the Shockley equation (Eq. 2.3) implies. In order to take the voltage dependence of nd into 

consideration, the so called double diode model is often used. This model corresponds to an equivalent 

circuit in which the one in Figure 2-3 is connected parallel to a pair of series-connected diodes. Hence, 

instead of one exponential diode current term, the model contains two such terms: one for minority carrier 

diffusion between the SCR and the quasi-neutral regions and the other for recombination within the SCR. 

Both terms contribute to Id but with different ideality factors and saturation current levels. While the 

diffusion term has an ideality factor equal to unity, the factor of 2 is normally used in the SCR 

recombination term. The saturation current of the SCR recombination term is approximately two orders of 

magnitude higher than that of the diffusion term. 

If I is measured at different levels of V and plotted, the resulting current-voltage (I-V) characteristic 

curve will resemble the ones presented in Figure 2-4. There are two curves in the figure: the blue one 

showing I plotted against an externally applied forward-bias voltage in dark and the orange one showing I 

plotted against V under illumination. As implied by the superposition principle (Eq. 2.1), the vertical 

distance between the points of the curves represents Iph at each level of Vph since the blue curve 

corresponds to the respective values of Id. 

The open circuit voltage of a cell Voc is the forward-bias voltage across the junction at which I 

becomes zero. Hence, an analytical solution for Voc can be obtained based on Eq. 2.4 in the case of an ideal 

solar cell (Rp = ∞): 









 1ln

0I
I

q
kTnV phcd

oc          (2.5) 

With the above ideality assumptions, short circuit current Isc can be approximated to be equal to Iph based 

on Eq. 2.4. 

On the I-V characteristic curve, there is a point at which the product of I and V i.e. the power 

output of the cell reaches its maximum Pmpp. This point is known as the maximum power point (MPP) of the 

operating condition in question. By adjusting the voltage drop across the load, MPP trackers keep the 

operating point of the solar cell near the MPP in changing conditions. The fill factor FF relates the MPP 

performance of a solar cell to the product of Isc and Voc: 

ocsc

mppmpp

VI
VI

FF            (2.6) 

FF is used to express the conversion efficiency of a solar cell ηc based on Isc, Voc, and the radiant flux 

incident on the cell Φrad: 
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           (2.7) 

 

 

Figure 2-4. I-V characteristics of a solar cell in dark (in blue) and under illumination (in orange). 
 

2.2.2 Solar Array 
The output voltage of an individual single-junction solar cell is generally in the order of hundreds of 
millivolts. Such a voltage level is often insufficient for practical applications and therefore, cells are 
connected in series forming modules of dozens of cells. In the case of wafer-based technologies, solar cells 
are fabricated individually and assembled into solar modules, whereas thin-film cells are manufactured 
monolithically and separated from each other through scribing at the end. In module assembly, cells are 
bonded to each other through wires connecting the front and back contacts of adjacent cells and 
encapsulated between glass and ethylene-vinyl acetate (EVA) layers. In utility-scale PV systems, the voltage 
levels required for efficient power conversion are created by further connecting several modules into 
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strings and arrays. In strings, modules are connected in series while arrays consist of either one string or 
several strings connected in parallel. 

In a string, an equivalent current flows through every cell and hence, the cell with the lowest 
output current determines the current of the entire string. If the output current of one cell drops due to 
shading or surface damage, Vph over the other cells increases in order for the current level to decrease. In 
the case of a constant load, this increasing forward bias of the other cells reversely biases the low current 
cell and consequently, the low current cell heats up and may be damaged. This hot spot heating 
phenomenon is partially avoided through using bypass diodes in parallel with cells. In the reverse bias 
conditions described above, these diodes create an alternative current path thus limiting the current 
passing through the low current cell. In the case of strings connected in parallel, partial shading may also 
cause current to flow to a low current string from other strings. This can be avoided by connecting blocking 
diodes in series with strings. 

 

Figure 2-5. Geometry of fixed mount, single axis tracking and dual axis tracking systems. 

Based on their inclination i.e. tilt angle, mounting systems can be divided into three categories: fixed 
mount, single axis tracking, and dual axis tracking systems. The geometry of the three different mounting 
options is illustrated in Figure 2-5. A fixed mount system has a fixed tilt angle β with the plane of the array 
ideally orientated towards the Equator. The optimum tilt of a PV array depends on local solar geometry and 
weather conditions. At low latitudes, it is a common practice to tilt arrays at an angle equal to the latitude 
of the site. In this way, the annual mean of the angle of the Sun’s rays incident on the plane of the array at 
solar noon can be minimised. This is an effective method in areas close to the Equator and with a low 
seasonal variability in weather conditions. In most site locations however, the optimal inclination is highly 
dependent on seasonal changes in weather and in shading due to the Earth and the array itself. 
Consequently, the latitude tilt is not a recommendable method to be used universally for the optimal 
inclination of PV arrays. 

A single axis tracking system has an axis with a fixed tilt angle βaxis orientated towards the Equator. 
As in the case of fixed mount, βaxis can be set to an angle ranging from 0 to 90 degrees. With single axis 
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tracking, vertical (βaxis = 90°) and horizontal (βaxis = 0°) geometries are widely used at high and low latitudes, 

respectively and, therefore, they are far more common than with fixed mount. When βaxis equals the site 

latitude, a system is known as polar aligned. Over the day, the plane of the array rotates around the axis at 

an axis rotation angle ωaxis in order to minimise the angle of incidence θ, thus, maximising Φrad. In the case 

of a dual axis tracking system, θ is ideally kept fixed at 0°. The array is orientated towards the Sun by 

constantly changing the tilt angles of the two axes of its tracking system. 

2.2.3 Electric Power Converter 

The charge carriers generated in a PV array only flow in one direction driven by relatively low voltage levels. 

By contrast, electric power is normally delivered to consumers through high or medium voltage 

transmission lines using alternating current (AC) i.e. current reversing its direction in a fixed frequency 

range. Therefore, a power conditioner is required to feed the variable low voltage direct current (DC) 

power produced by a PV system into the grid. Such DC-AC converters are commonly known as solar 

inverters. In this thesis, the term solar inverter is used to refer to a utility-scale central inverter with an 

internal transformer. Decentralised concepts also exist, such as string inverters and micro-inverters 

integrated in individual modules, but currently, most utility-scale power plants are equipped with central 

power conditioning units. Since the electrochemical potential difference over the series-connected 

modules of each array determines the voltage of the entire system, central inverters are connected in 

parallel with several arrays to reach optimal input power levels. In order to reduce cabling, so called 

generator junction boxes i.e. DC combiner boxes are usually placed between arrays and the inverter. They 

combine the solar cables from up to two dozens of arrays into a DC main cable whose current level is the 

sum of the combined array currents. DC main cables connect junction boxes to the inverter and an AC main 

cable connects the inverter to the grid. The most common conductor material used in PV power stations is 

copper due to its high conductivity and robustness. In the case of DC and AC main cables, aluminium is also 

used owing to its relatively low price. 

In utility-scale power plants, solar inverters have three main functions: MPP tracking, power 

conditioning, and anti-islanding protection. MPP tracking is done through estimating the MPP of an entire 

operational power plant based on periodic current and voltage measurements. The system voltage is 

adjusted to the prevailing MPP by a DC-DC switching converter inside the inverter. Since I-V characteristics 

vary between modules due to manufacturing tolerance and different ambient conditions in different parts 

of the power station, the MPP of the entire plant is likely not to be the same as the MPPs of individual 

modules or arrays in the case of a centrally operating MPP tracker. Therefore, Pmpp of an operational 

centrally controlled plant cannot be expected to reach the combined Pmpp of individual modules. 

Power conditioning involves alternating, filtering, and stepping down the DC current generated by 

PV cells. Some utility-scale inverters perform all these functions whereas sometimes, separate transformers 

are used for stepping down current. Inverters first alternate the input DC current by means of a solid state 

switch circuit. The resulting approximated sine wave is smoothed and filtered in a resonant circuit 

consisting of magnetic components. A transformer finally steps down the low voltage AC current to reach 

the grid voltage, and the output power is fed into the grid. 

The third important function of a grid-tied inverter is to ensure that the system is disconnected 

from the grid if the grid voltage goes outside the acceptable range. In an extreme case where the grid has 

been locally disconnected, a grid-connected PV system causes a severe hazard to utility personnel unless 

disconnected from the grid. A situation where an operational distributed generator is connected to a 
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disconnected grid is known as islanding. Through anti-islanding algorithms, an inverter constantly checks 
for the presence of the grid and stops injecting AC power in case it detects an island. 

2.3 Determinants of Output 
The output of an operational PV power station is determined by prevailing ambient conditions and the 
properties of selected PV and BOS technologies. The most important determinant is obviously the level of 
solar radiation, which dictates the ultimate limit for the output of any solar energy converter. The factors 
influencing incident irradiance are discussed in the first subsection. According to the second law of 
thermodynamics, the ultimate limit (ηc of 100 %) cannot be achieved in any circumstances. This is due to 
the loss pathways intrinsic to the photovoltaic conversion process. These intrinsic losses are caused by two 
phenomena fundamentally associated with the operation of semiconductor-based solar cells with a finite 
number of p-n junctions: spectral mismatch and recombination. The spectral mismatch-induced loss 
processes are discussed in the second and third subsections addressing optical losses and carrier 
thermalisation. The fourth subsection deals with recombination. The optical and recombination losses also 
involve extrinsic processes, which, in theory, can be avoided through design optimisation in ideal 
conditions. In the case of operational PV stations however, the extrinsic processes cause a major share of 
the total losses. These losses also include parasitic mechanisms discussed in subsection 2.3.5. Figure 2-6 
illustrates the aforementioned loss processes as a sequence following the absorption of sunlight. The 
processes depicted in Figure 2-6 are explained in detail in the following subsections. 

 

Figure 2-6. Loss pathways involved in the photovoltaic energy transformation process. 
 

Table 2-2 elucidates the relationship between the loss mechanisms and various PV performance factors. In 
addition to the ambient and technological parameters directly influencing performance, there are 
technology-dependent processes that indirectly affect the losses through changing the technological 
parameters. The three most important such processes are the heat transfer energy exchange between a 
solar cell’s p-n junction and its ambient environment, time-dependent degradation, and MPP tracking (see 
section 2.2.3). The fundamentals of heat transfer energy exchange are discussed in association with optical 
losses in subsection 2.3.2. 
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Table 2-2. Ambient and technological determinants of the loss mechanisms involved in the photovoltaic process. 

Loss mechanism Ambient determinants Technological determinants 
Optical losses 
Intrinsic and extrinsic pathways 
Occurrence as current and voltage 
drops at cell level 

 solar position (θz, φS) 

 incident solar spectrum 

 dust deposition 
o concentration per unit area 
o chemical composition 

 heat transfer energy exchange 
o Wpoa 
o Ta 
o vw 
o Tsky 
o εsky 
o Tls 
o εls 

 β 

 Eg,stc 

 absorptivity 

 reflectivity 

 Aact 

 time-dependent degradation 

 heat transfer energy exchange 
o module heat capacity 
o Aap (Aact + Aofc) 
o absorptivity 
o reflectivity 
o εmod 
o ηc (coupled relationship) 

Thermalisation 
Intrinsic pathway 
Occurrence as voltage drop at cell level 

 incident solar spectrum 

 heat transfer energy exchange (see 
the row “Optical losses”) 

 Eg,stc 

 heat transfer energy exchange (see 
the row “Optical losses”) 

Recombination 
Intrinsic and extrinsic pathways 
Occurrence as current and voltage 
drops at cell level 

 heat transfer energy exchange (see 
the row “Optical losses”) and its 
variability between modules 
connected to a single inverter MPP 
input 

 Wabs and its variability between 
modules connected to a single 
inverter MPP input 

 Eg,stc 

 doping 

 material purity 

 surface passivation 

 reversible lattice meta-stabilities due 
to light soaking 

 time-dependent degradation 

 heat transfer energy exchange (see 
the row “Optical losses”) 

 MPP tracking 
o inverter operating range 
o Voc,stc 
o MPP tracking algorithm accuracy 
o performance variability between 

modules 
o time-dependent degradation 

variability between modules 
Parasitic losses 
Extrinsic pathway 
Occurrence as current and voltage 
drops at cell, module, and system 
levels 

 Wabs and its variability between 
modules connected to a single 
inverter MPP input 

 heat transfer energy exchange (see 
the row “Optical losses”) and its 
variability between modules 
connected to a single inverter MPP 
input 

 grid voltage 

 Rp,stc 

 Rs,stc 

 Voc,stc 

 conductor resistivity 

 wire run lengths 

 time-dependent degradation 

 heat transfer energy exchange (see 
the row “Optical losses”) 

 MPP tracking(see the row 
“Recombination”) 

 power conditioning efficiency 

 BOS self-consumption 
Symbols: θz = solar zenith angle, φS = solar azimuth angle, Wpoa = plane-of-array irradiance, Ta = ambient air temperature, vw = wind velocity vector, 

Tsky = sky temperature, εsky = sky emissivity, Tls = land surface temperature, εls = land surface emissivity, β = array inclination angle, Eg,stc = band gap 

energy at standard test conditions (STC), Aact = module active area, Aap = module aperture area, Aofc = surface area of opaque front contact, εmod = 

module surface emissivity, ηc = conversion efficiency of a solar cell, Wabs = irradiance absorbed by the PV material, Voc,stc = module open-circuit 

voltage at STC, Rp,stc = shunt resistance at STC, Rs,stc = series resistance at STC. 

 

Given a fixed level of irradiance incident on the plane of an array Wpoa, the output can be decreased either 

through reduced flux of photons and charge carriers or reduced carrier energies. A mechanism influencing 

the flux of photons and carriers has an impact on the output current, whereas the output voltage is 

dependent on carrier energy. Whether the loss mechanism results in a current drop, a voltage drop, or 
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both is also specified in Table 2-2. The current drops due to different loss mechanisms can be illustratively 
presented by plotting the change in cumulative photon or carrier flux density reduced by the mechanism of 
interest when proceeding from the high energy side of the solar spectrum towards lower energy levels. 
Similarly, voltage drops can be shown as shifts in the utilisable carrier energy. Such an approach is 
illustrated in Figure 2-7 for two different PV materials with very different spectral responses, c-Si and a-Si. 
Depending on the loss process, the photon flux density can be used interchangeably with the cell output 
current density. Also, the levels of photon energy in eV can be directly translated to volts in the context of 
cell output voltage. This approach is subject to the assumption that each photon has the potential to 
generate only one EHP. The loss processes included in Figure 2-7 comprise the losses occurring on the DC 
side of the power station under the standard test conditions (STC) of PV devices. 

The spectra shown in Figure 2-7 are based on the standards for extraterrestrial beam irradiance, 
ASTM E-490-00 (E21 Committee, 2014), and terrestrial global irradiance (β = 37°, θz of 48.2°), ASTM G173-
03 (G03 Committee, 2012). The optical losses are estimated based on Santbergen’s (2008) measurements 
of the absorptivity of different layers of c-Si wafer-based and a-Si thin-film solar cells. In order to compute 
the electrical performance-related losses with the chosen materials, the reference module types are 
selected: Canadian Solar CS6X-320M for c-Si and NexPower NH-100AT 5A for a-Si. The required parameters 
are obtained from the module database of the software PVsyst V6.26 (PVsyst SA, 2014a). The operating 
power point of the power station can be found in the top-right corner of the red rectangle representing the 
power output. The operating point is slightly deviated from the I-V characteristic curve of the cell because 
of the assumed DC transmission losses resulting in an additional voltage drop of 2%. Furthermore, the cell 
itself is assumed to operate slightly below its MPP due to array mismatch and MPP tracking inaccuracy 
leading to a power loss of approximately 2% as well. The following subsections further discuss each of the 
loss processes and their dependence on the different ambient and technological parameters given in Table 
2-2. 

 

Figure 2-7. Loss processes involved in the utilisation of solar energy under the standard test conditions through PV power 
stations equipped with (a) Canadian Solar CS6X-320M c-Si wafer-based solar modules or (b) NexPower NH-100AT 5A a-Si thin-
film solar modules. 
 

2.3.1 Irradiance 
Beam normal irradiance on the top of the Earth’s atmosphere currently ranges approximately from 1320 
W/m2 to 1410 W/m2 during a year. The fluctuation is due to the elliptical shape of the Earth’s orbit and the 
consequently changing distance from the Sun. The irradiance at the mean distance is referred to as the 
solar constant, whose value has recently been found to fluctuate between 1361 W/m2 and 1362 W/m2 
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depending on solar activity (Kopp and Lean, 2011). The Sun-Earth distance affects the number of photons 

per unit area but does not have a significant impact on the probability distribution of photon energy i.e. the 

shape of the solar spectrum. The slight shifts in the spectrum due to the Doppler effect can be neglected in 

this context. The impacts related to changes in the shape of the incident spectrum are referred to as the 

spectral effects in this thesis. 

Atmospheric attenuation outplays the extraterrestrial phenomena as the cause of irradiance 

variability on terrestrially installed PV arrays. Solar radiation is scattered, absorbed, and reflected by the 

atmosphere and consequently, the transmitted spectrum can be significantly different from the spectrum 

on the top of the atmosphere as can be seen from Figure 2-7. This attenuation process is dependent on the 

atmospheric conditions as well as the length of photons’ path from the top of the atmosphere to the array. 

The atmospheric variables relevant for the process are cloudiness, and atmospheric aerosol content and 

gas composition. 

Thick clouds have been found to bring global irradiance down to a minimum of 3 % of its top-of-

atmosphere value (Geiger et al., 2002). This extinction is not spectrally completely neutral being usually 

slightly concentrated on low-energy photons (hν < 2.5 eV) (Bartlett et al., 1998; Siegel et al., 1999). In the 

visible part of the spectrum, the phenomenon is caused by the spectrally sensitive reflection properties of 

water droplets and ice crystals (Kokhanovsky, 2004). According to Bartlett et al. (1998), the spectral effect 

is intensified by increasing ground reflectance i.e. albedo. Therefore, clouds on the snowy or arid terrains 

characterised by comparatively high and spectrally neutral albedo levels (Stammes et al., 2004) can be 

expected to lead to a notable blueshift in the spectrum incident on arrays shaded by them. This impact 

favours high-band gap PV materials. 

In most arid regions such as the Arabian Peninsula, the contribution of aerosols to the total 

atmospheric attenuation of solar radiation is usually higher than that of clouds. During clear sky events with 

heavy aerosol loading, an irradiance drop of a magnitude similar to that due to an overcast sky is possible 

as per observations performed by ReCREMA in the UAE (Beegum, 2014). In contrast to clouds however, 

aerosol-induced extinction in the visible part of the solar spectrum mostly occurs via scattering (Dubovik et 

al., 2002). Because the size distribution of typical desert dust aerosols is concentrated on large particles 

with radii longer than 0.6 μm, scattering increases with wavelength due to intensified Mie scattering 

(Dubovik et al., 2002). Therefore, the wavelength dependence of the attenuation via desert dust leads to a 

blueshift as in the case of clouds. However, this only applies to conditions where aerosols mostly consist of 

pure desert dust particles. In the Persian Gulf area for instance, a typical aerosol particle size distribution 

has two peaks: one for desert dust and the other for finer aerosols of urban and industrial origin 

(Gherboudj and Ghedira, 2014; Smirnov et al., 2002). As per Smirnov’s et al. (2002) measurements in 

Bahrain in 1998-1999, the peak representing desert dust was significantly higher from March to September 

whereas in winter and late autumn, the fine aerosol peak was either comparable to or higher than the 

desert dust peak. The findings of Gherboudj and Ghedira (2014) show similar seasonal variation in the UAE, 

Bahrain, and Riyadh Region, Saudi Arabia for a time period from 2004 to 2007. The increased role of 

absorption via urban and industrial aerosols actually inverts the wavelength dependence of desert-type 

scattering-oriented aerosol extinction from late summer to early spring. The resulting redshift in the visible 

part of the spectrum favours low-band gap PV materials. 

Cloudiness and atmospheric aerosol content are parameters that experience significant variability 

in space and time. To less extent, so do some of the atmospheric gases, most notably water vapour and 
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ozone. These gases influence the incident spectrum by absorbing photons with specific energy levels 

resulting in deep drops in irradiance at certain wavelengths. While water vapour absorbs photons in the 

infrared and near-infrared regions of the spectrum, the absorption via ozone is concentrated in the 

ultraviolet region. Water vapour does not only affect the spectrum via direct absorption but also influences 

the optical properties of atmospheric aerosols (Dubovik et al., 2002). Atmospheric attenuation occurs even 

in a clean atmosphere only consisting of air molecules (O2, N2, and trace gases). The air-induced absorption 

and scattering shave the peak of the extraterrestrial spectrum in the near ultraviolet region and, hence, 

represent an important attenuation mechanism. This pathway chiefly accounts for the atmospheric 

attenuation between the standard spectra used in Figure 2-7. The mechanism does not experience 

significant spatial or temporal variation. 

As mentioned above, also the optical path length traversed by light in the atmosphere has a major 

impact on the irradiance incident on an array. The path length depends mainly on the Sun’s position 

relative to the plant site and, to much less extent, on the site’s elevation. The longer the path length, the 

stronger is the attenuating effect of the atmosphere. The optical path has also spectral effects as the 

absorption and scattering via air molecules and fine aerosols concentrate on the high energy part of the 

solar spectrum. That is why the colour of sunlight often appears to turn from blue to red while the Sun is 

setting. A common measure used for the optical path length is air mass (AM), which, in this context, is 

defined as the ratio of the path length to the height of the atmosphere i.e. the zenith path length at sea 

level. AM is zero on the top of the atmosphere and one at sea level when the Sun is at the zenith. The 

maximum AM, which is reached at sunrise and sunset, is approximately 38. AM of 1.5 (θz = 48.2°) is one of 

the parameters used in defining the light source for PV module testing at STC. 

Finally, the incident irradiance can also be affected by changing the orientation of the plane of the 

array as discussed in section 2.2.2. The different parts of the sky and the ground radiate photons at varying 

intensities. In the case of a clear and clean atmosphere with no shading, the part of the sky with the highest 

irradiance is the sun disk. In such conditions, the power output of a PV plant can be optimised by inclining 

the plane of the array towards the Sun and, hence, bringing θ to its minimum. In this way, the cosine effect 

is minimised. Though, the sun disk part of the sky is not always the brightest region due to cloud coverage, 

heavy aerosol loading, or shading. In the case of a clear and clean sky, the angular distribution of irradiance 

has a well-known pattern characterised by circumsolar and horizon brightening. Both phenomena are 

reinforced by atmospheric aerosols when distributed with no azimuthal dependence (Perez et al., 1987). In 

addition to the sky, the land surface around the array is a source of radiation. The extent and variability of 

this ground-reflected irradiance is naturally dependent on the albedo of the surface. 

2.3.2 Optical Losses 

When a solar module is exposed to light, part of the light is absorbed through interband absorption in the 

semiconductor layers thus generating charge carriers. The rest is either reflected or absorbed by the other 

layers of the module or by free carriers in the semiconductor layers. In this thesis, the term optical losses is 

used to refer to the fraction of the incoming irradiance that does not generate charge carriers. The term 

therefore comprises not only extrinsic optical losses such as surface reflection and contact shadowing but 

also the loss of sub-band gap photons, which is a fundamentally unavoidable, intrinsic loss mechanism. 

As can be seen from Figure 2-7, optical losses cause a current drop in that they restrict the number 

of photons generating charge carriers. The loss mechanism is affected by the spectral mismatch between 

the spectrum of incoming light and the interband absorption of the single band gaps of a solar cell’s 
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semiconductor layers. Since the photons with energies higher than Eg will be far more likely to be absorbed 

through interband absorption than the sub-band gap photons, optical losses drastically drop as photon 

energy approaches and exceeds Eg. Hence, the materials with wider band gaps intrinsically incur higher 

optical losses. In the case of supra-band gap photons, optical losses mostly consist of reflection and 

absorption in the glass surface, the top contact, and the ARC of the cell. The loss of sub-band gap photons 

depends on the cell technology in question. In the case of wafer-based solar cells, most of the sub-band gap 

optical losses consist of FCA in the heavily doped emitter (Santbergen, 2008). By contrast, in thin-film cells, 

only a small fraction of sub-band gap irradiance reaches the semiconductor and the rear contact layers as 

most of it is absorbed through FCA in the heavily doped TCO layer (Santbergen, 2008). Despite the fact that 

the contribution of sub-band gap photons to charge carrier generation is insignificant even in an ideal solar 

cell, their absorption mechanism is of great interest. This is due to their effect on the operating 

temperature of the cell Tc (see section 2.1), which affects cell output in various ways. From the power 

output point of view, the impact of rising Tc is negative (see sections 2.3.3 and 2.3.4) although optical losses 

actually decrease with rising temperature. 

Tc is determined by processes both internal and external to the cell. As discussed above, all incident 

sunlight absorbed is not converted into electricity but most of it produces heat within a module. This 

internal heating process depends on the conversion efficiency of the cells. Due to the process, an evenly 

illuminated solar module is warmer than the surrounding air in the case of a stable ambient air 

temperature. The module cools down through the three main heat transfer mechanisms. Conduction is, 

however, often regarded as negligible when using ground mount racking systems. Adapted from the 

formulation of Jones and Underwood (2001), Eq. 2.8 expresses the thermal energy exchange between a 

module and its environment: 

mppconvrad Pqq
dt
dTC mod

mod ,        (2.8) 

where Cmod stands for the module heat capacity, Tmod for the module operating temperature, t for time, qrad 

for the radiant heat transfer rate, qconv for the convective heat transfer rate, and Pmpp for the power output 

of the module. Cmod is a combination of the heat capacities of the different layers the module is made of. 

qrad consists of the radiant fluxes between the module and the Sun, the sky, and the land surface. 

Therefore, it depends on Wpoa as well as the temperature gradients between the module and its 

surroundings. qconv is a function of the temperature difference between the module and the air 

encapsulating it as well as the flow rate of the air close to the module surface. Thus, qconv is directly 

proportional to wind speed at the module surface. Finally, Pmpp is contingent upon Wpoa and ηmod. The 

temperature of the p-n junction being a determinant of ηmod via various mechanisms, Pmpp and Tmod have a 

coupled relationship. Should the thermal properties of the different layers of the module be known, Tc can 

be estimated based on Tmod. 

The band gap itself is a function of temperature as can be seen from Figure 2-9. The band gap levels 

given in the figure have been estimated based on Weiser and Mell (1989) in the case of silicon-based 

materials and by means of the Manoogian-Woolley equation (Manoogian and Woolley, 1984) with fitting 

parameters obtained from the literature (Fonthal et al., 2000; Lárez et al., 1994; Powalla et al., 2011) in the 

case of the three other. As can be seen from the figure, rising temperature narrows the band gap of a 

semiconductor material and therefore decreases the current drop due to intrinsic optical losses as shown in 

Figure 2-8. 
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The intrinsic optical losses can be 

influenced only by modifying either the spectrum 

of the incoming light or the active materials’ 

band gaps. Therefore, they cannot be even 

theoretically avoided in the conventional flat-

plate design of a solar cell with a limited number 

of p-n junctions. By contrast, significant 

reductions in extrinsic optical losses have been 

achieved through improving the optical 

characteristics of solar modules. The most 

significant extrinsic loss mechanism is reflection, 

which accounts for the entire non-absorbed part 

of incoming irradiance as solar modules are 

assumed to be opaque. Reflectance is influenced 

by the angle of incidence θ and the difference in 

refractive indices between the two interfacing 

media. Furthermore, the rougher the surface is, 

the less light is reflected off. This is due to on 

average higher optical path lengths and the 

higher probability of light being reflected back to 

the surface. The longer optical path lengths are 

achieved by the randomised directions of 

incident rays and the resulting increase in total 

internal reflection. That is why surface texturing 

is commonly used to improve light trapping i.e. 

optical confinement inside the cell. Despite cell 

surface texturing however, absorption 

probability typically drops with angles of 

incidence (POA) higher than 70° (Martín and 

Ruiz, 2001). However, the angular reflection 

losses can be significantly reduced by using 

textured glass surfaces as demonstrated by 

Martín et al. (2012) and Khoo et al. (2014). Due to its mitigating effect on angular reflection losses, surface 

texturing is particularly beneficial in site locations characterised by high levels of diffuse irradiation such as 

those under hot desert climates. 

In addition to texturing, the top surface is often layered with ARC. At a certain wavelength, the light 

reflected at the top surface of such a coating is in the opposite phase to the light reflected by the rear 

surface. As a result, the two wavefronts destructively interfere with each other and effectively eliminate 

reflection. The wavelength at which reflection is minimised is determined by the thickness and the 

refractive index of the coating. Therefore, the two are important design parameters in the maximisation of 

charge carrier generation. The parameters are chosen to concentrate the impact of destructive 

interference on the supra-band gap part of the spectrum. In an ideal case, the entire sub-band gap part of 

the spectrum would, in turn, be reflected in order to minimise the heat dissipated through FCA and 

absorption in the non-active layers of a module such as the rear metal contact. In order to minimise the 

Figure 2-9. Temperature dependence of the band gaps of the 
photovoltaic materials under consideration. 

Figure 2-8. Temperature dependence of the proportion of supra-
band gap photons to the entire global ASTM G173-03 reference 
spectrum. 
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absorption of light in the rear contact, also the rear surface is typically textured for the reasons discussed 

above. Apart from the breakage of the module top glass surface, the most important reason for the long-

term degradation of the optical performance of a solar cell is the ingress of water into the cell and the 

subsequent oxidisation process in ARC (Honsberg and Bowden, 2014). Also, encapsulant discolouration has 

been identified as a cause of optical degradation (Meyer and Van Dyk, 2004). 

The third component of extrinsic optical losses, in addition to reflection and absorption in the non-

active layers, is shading due to the top metal contact in the case of wafer-based cells. The opaque metal 

grid on the top surface of a cell prevents light from entering the cell while transferring heat into the cell 

through thermal conduction. From the viewpoint of optical losses, it makes sense to minimise the area 

covered by the contact. In fact, there are commercial examples of the entire top contact having been 

placed on the back side of a cell (Swanson, 2009). Alternatively, the contact can be made transparent as in 

the case of most thin-film modules. 

In addition to the cell design parameters, the 

operating environment has a major impact on the 

optical characteristics of a module surface. Under 

desert climates, the primary environmental factor is 

dust deposition. Dust and dirt deposited on a module 

surface absorb and reflect light and therefore cause a 

drop in output current. The current drop is obviously a 

function of dust accumulation as shown e.g. by Al-

Hasan (1998) and Mailutha et al. (1994). Figure 2-10 

presents the results of a controlled laboratory study 

on the effect of sand dust accumulation on the 

spectral transmittance of a glass surface layer (Al-

Hasan, 1998). As per the figure, it seems that the 

effect of dust concentration on transmittance does not 

have considerable wavelength dependence. However, 

since dust morphology and size distribution 

significantly vary by season and location, more 

measurements in actual operating conditions are 

required for any general conclusions about the 

spectral distribution of the losses. 

The current drop due to dust deposition has 

also been proven to have a strong dependence on θ 

(e.g. Martín and Ruiz, 2001; Martín et al., 2012). 

Martín and Ruiz showed that reflectance is 

exponentially proportional to θ with a slope depending on the amount of dust deposited on the module 

surface. The exponential relationship is demonstrated in Figure 2-11 where the normalised transmittances 

of a clean surface and a soiled surface are plotted against θ. As can be inferred from the figure, a high 

incidence angle of incoming light increases dust deposition-related optical losses compared to a beam that 

is normal to the surface but has the same intensity. Mailutha’s et al. (1994) and Wilson and Ross’s (1983) 

earlier findings support Martín’s et al. (2012) results. Hence, modules installed in site locations with a high 

diffuse irradiation component can be expected to suffer from higher optical losses than modules in 

Figure 2-10. Spectral transmittance of a module surface with 
different concentrations of deposited sand dust. (Al-Hasan, 
1998). 
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locations with a lower diffuse component but similar soiling conditions and total irradiation. The effect of 
dust deposition on the output current of a solar cell is not dependent on the active material of the cell 
according to Martín’s et al. findings. 

 

Figure 2-11. Effect of dust deposition on the angular reflectance factor of the module top surface. Adapted from Martín et al. 
(2012). 
 

2.3.3 Thermalisation 
As discussed in section 2.3.2, the spectral mismatch between the spectrum of incoming light and the 
interband absorption of the single band gaps of a solar cell’s semiconductor layers causes the fundamental 
loss of sub-band gap photons. Due to the same mismatch, the difference between Eg and the energy levels 
of absorbed supra-band gap photons is lost through heat dissipation as explained in section 2.1. In this 
process of carrier thermalisation, the excess energy of photons is released as heat into the lattice of the 
semiconductor material as excited electrons cool down to the edge of the conduction band and holes to 
that of the valence band. Since the loss mechanism restricts the energy that can be transferred from 
photons to charge carriers, it causes an intrinsic, fundamentally unavoidable drop in the output voltage of a 
solar cell as can be seen from Figure 2-7. In contrast to the loss of sub-band gap photons, thermalisation is 
reduced with an increasing Eg and, therefore, the resulting losses are directly proportional to Tc (see Figure 
2-9). 

The spectral mismatch-related loss processes, thermalisation and non-absorption of sub-band gap 
photons, are the two most important loss mechanisms in PV energy conversion. As shown in Figure 2-12, 
these losses cover more than half of the energy of incoming light in the case of a solar cell that is operated 
at STC and incurs no extrinsic optical losses. In such ideal conditions, the optimum band gap is 
approximately 1.1 eV and therefore, the lowest total spectral mismatch amongst the seven materials 
considered can be achieved by CIGS. The band gap of crystalline silicon is close to that of typical CIGS 
devices but because it is indirect, the c-Si step function absorbance given in Figure 2-12 is actually 
overestimated near the band edge. Thus, the spectral mismatch of CIGS is lower than that of crystalline 
silicon. 
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Figure 2-12. Spectral mismatch between the global ASTM G173-03 reference spectrum (G03 Committee, 2012) and the step 
function interband absorbances of three different semiconductors: a) c-Si b) CdTe c) a-Si. 

 

2.3.4 Recombination 

In thermal equilibrium, the valence band and the conduction band of a semiconductor material have an 

equivalent chemical potential, the so called Fermi level. In other words, carriers’ energy levels follow a 

single equilibrium probability distribution both in the valence band and in the conduction band. Due to the 

light-induced excitation of electrons, carrier concentrations change in the two bands and consequently, the 

chemical potential for electrons is deviated from its thermal equilibrium and two separate distributions 

evolve. The excitation changes the chemical potentials of both bands and the resulting electrochemical 

potential difference between the new quasi Fermi levels translates to the entropy free energy per an EHP 

µehp. This electrochemical potential difference is the source of the voltage across an operational solar cell. 

The charge carriers, electron-hole gas, can be assumed to behave like ideal gas under radiation of moderate 

intensity i.e. for concentration ratios of less than approximately 1000 (Markvart, 2010, p. 57). In these 

conditions as in Eq. 2.9, µehp can be expressed as a function of Eg, the effective densities of states in the 

conduction band Nc and the valence band Nv, and the carrier concentrations ne and nh in the bands, 

respectively (Würfel, 2005, p. 57). 
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As can be seen from Eq. 2.9, the quasi Fermi level separation µehp is the wider, the higher the concentration 

of the photogenerated charge carriers is. Based on Eq. 2.9, it can be noted that µehp reaches Eg in absolute 

zero (Tc = 0 K) or when all the valence electrons have been excited into the conduction band (Nv = nh) and 

the conduction band is fully occupied (Nc = ne). According to the third law of thermodynamics, absolute 

zero cannot be reached by any procedure (Guggenheim, 1949, p. 157). On the other hand, Kirchhoff’s law 

of thermal radiation indicates that any body with a nonzero absorptivity is also an emitter. In other words, 

if the transition of an electron from the valence band to the conduction band due to photon absorption is 

possible, the probability of photon emission due to the opposite transition cannot be zero, either. Hence, 

the latter process cannot be avoided in solar cells even in theory. Consequently, the second condition of 

fully occupied bands is thermodynamically impossible and µehp can, therefore, not reach Eg.  

The second law of thermodynamics, too, indicates that thermalisation is not the only loss mechanism 

associated with charge carrier generation. Carrier generation through interband absorption can be 

understood as a thermodynamic cycle in which thermal energy of the Sun radiated to the Earth’s surface is 

converted into chemical energy in a solar cell. Solar cells can be thought of as heat engines with electron-

hole gas as the working substance. Carrier thermalisation is the first step of the process. The hot carriers 
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excited by photons cool down to the band edge through transferring their excess energy to lattice 

vibrations. As illustrated in Figure 2-1, thermalisation does not occur in the case of a photon with an energy 

level equivalent to Eg. If the entire energy of the photon was converted into chemical energy, the process 

would be in contradiction with the second law of thermodynamics. The law implies that not all of the heat 

input to a heat engine can be converted into work. The maximum is determined by the Carnot cycle 

efficiency ηC, which can be formulated in this context as follows: 

S

c
C T

T
1 ,           (2.10) 

where TS stands for the temperature of the Sun. 

In addition to the inevitable loss of thermal energy to the surroundings, µehp is reduced by the irreversible 

entropy generation involved in the conversion process. As implied by Eq. 2.9, these losses are dependent 

on the concentration of charge carriers. Both the Carnot factor-related loss of thermal energy and the loss 

of free energy due to increased entropy generation occur through two fundamentally unavoidable 

processes reducing the concentration of EHPs in operational solar cells. One is known as recombination, 

which is introduced in the context of the Shockley equation in section 2.2.1, and the other one is due to 

charge carrier collection leading to the generation of charge current. As thermodynamically interdependent 

processes, both absorption and recombination together with current generation need to be considered in 

order to understand the entropy generation leading to the loss of free energy created through light-

induced carrier thermalisation. Adapted from Markvart (2008a), Eq. 2.11 expresses µehp as a linear 

combination of Eg and the changes in the thermal energy and the entropy of the carrier distribution. 
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where ΩS and Ωemit stand for the solid angles of the Sun and emission, respectively, and ηemit the photon 

emission efficiency. The second term accounts for the Carnot cycle loss i.e. the unavoidable loss of thermal 

energy to the surroundings. The third term, which comprises four logarithmic components, represents the 

increase in entropy due to the irreversible processes involved in photovoltaic conversion. The first 

component of the third term is positive and, therefore, involves reduction in the entropy of the carrier 

distribution. This increase in the free energy per carrier is due to the transfer of entropy to the lattice 

during thermalisation. As Eq. 2.9, the formulation of the component is an ideal gas simplification for 

incident radiation of moderate intensity (Markvart, 2008b). The second component represents the increase 

of entropy due to increasing availability of photon states during the conversion of radiant energy into 

chemical energy through carrier generation and back to radiant energy through radiative recombination. 

The reason is the discrepancy between the solid angles of heliocentric absorption and hemispherical 

emission that are typical of PV conversion in conventional flat-plate modules. The third component of the 

entropy generation term addresses the annihilation of charge carriers through non-radiative 

recombination. The resulting reduction in carrier concentration narrows µehp as implied by Eq. 2.9. Similarly, 

the fourth component expresses the impact of the drop in carrier concentration due to the separation of 

the charge carriers and the consequent generation of charge current. 

As discussed above, either charge carriers can be separated and collected at the opposite contacts 

of the cell thus generating charge current or they recombine before reaching the contacts. As shown in 

Figure 2-7, recombination causes a drop in voltage through reducing µehp as well as a drop in current 

through the annihilation of charge carriers. Recombination mechanisms are classified according to the 
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process through which the energy of an EHP is dissipated. In radiative recombination, charge carriers are 

destroyed through a process opposite to excitation. In practice, a conduction electron is relaxed to the 

valence band and the energy approximately corresponding to the band transition is emitted as a photon. 

Radiative recombination is a significant loss process in the case of thin-film devices as they consist of 

semiconductor layers with direct band gaps. In the case of indirect band gap materials such as crystalline 

silicon however, radiative recombination is less probable since relaxation that is synchronously assisted by 

several phonons is required for the emission to occur. The photons generated by radiative recombination 

may be reabsorbed and hence, increasing cell thickness (up to a certain limit) reduces the proportion of the 

losses caused by the process (Brendel and Queisser, 1993). Current and voltage losses are only incurred in 

case photons are emitted through the top surface. 

In silicon wafer-based solar cells, recombination mainly occurs through a non-radiative pathway 

(Green, 1984). In this process, the energy of EHPs is transferred to free carriers and phonons. The free 

carrier-assisted recombination mechanism is referred to as Auger recombination whereas the mechanism 

based on heat dissipation to the lattice solely via trap energy levels is known as multi-phonon 

recombination or, more commonly, Shockley-Read-Hall (SRH) recombination. In Auger recombination, the 

energy released by recombining carriers is captured by free carriers, which are first excited to a higher 

energy level but eventually lose the absorbed energy through phonon-assisted relaxation as in the case of 

FCA. As radiative recombination, Auger recombination is an intrinsic loss mechanism and, thus, practically 

unavoidable. Auger recombination is particularly significant at high levels of carrier concentration. By 

contrast, SRH recombination is typically dominant in all industrial solar cells when the carrier concentration 

is low. Its probability is determined by a trap energy level caused by an impurity or a material interface such 

as a surface or a grain boundary. SRH recombination reaches its maximum when the trap level is located in 

the middle of the band gap and sharply decreases as the level approaches either of the band edges. This is 

due to the shapes of the energy distribution of the electrons in the conduction band and that of the holes 

in the valence band. Since the impurities of industrial solar cells mostly consist of dopants whose energy 

levels are near the band edges in the quasi-neutral regions, SRH recombination mostly occurs within the 

SCR or at the material interfaces. Since SRH recombination occurs via impurities or surface states, it can be, 

in theory, avoided for the most part when using highly pure semiconductor materials and surface 

passivation. Therefore, it is an extrinsic loss pathway. Also, the long-term degradation in PV performance 

through increased recombination is mostly due to a growing number of defect states caused by cell 

cracking and water ingress-induced oxidation (Honsberg and Bowden, 2014). In contrast to the radiative 

pathway, non-radiative recombination rates are directly proportional to cell thickness (Brendel and 

Queisser, 1993). 

The recombination current in an operational solar cell can be approximated by Eq. 2.2. This 

equation, however, applies to an ideal solar cell where only interband recombination takes place. In the 

double diode equivalent circuit model already mentioned in section 2.2.1 and expressed in Eq. 2.12, it is 

assumed that recombination occurs in two different ways and accordingly, the different recombination 

mechanisms are modelled through two different sets of diodes connected in parallel. 
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In Eq. 2.12, the diode current term of Eq. 2.4 (single diode model) has been replaced by two current terms 

representing two different carrier transition mechanisms. The first term stands for the diode current 

component caused by interband recombination and interband thermal generation I0,1. Interband 
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recombination can occur through the radiative or the Auger mechanisms and, with much less probability, 

via impurities (SRH) in the quasi-neutral regions where the trap levels are close to the band edges. Hence, 

the diode current component can be modelled by means of a single diode parallel to the source of Iph and 

with the entire Vph (V-IRs) across its terminals. 

The second term represents the diode current component arising from multi-phonon 

recombination and generation I0,2 (SRH) within the SCR. In the model, all SCR recombination is assumed to 

take place via trap levels right in the middle of the band gap so that individual carrier transitions involve 

energy corresponding to Vph/2. Accordingly, in the equivalent circuit diagram, two series-connected diodes 

with the reverse saturation current I0,2 are connected parallel to the current source and to the single diode 

with the saturation current I0,1 in order to make the voltage across the diode terminals equal to Vph/2. 

Alternatively, the concept of diode ideality factor nd is often used. In this case, the equivalent circuit 

diagram has simply two single diodes, one with nd of 1 and the other with nd of 2, connected parallel to 

each other and the current source.  

In open circuit, recombination reaches its maximum as then, it roughly equals generation (see 

section 2.2.1). Conversely, minimal recombination occurs in short circuit conditions where in the case of an 

ideal solar cell, Id is zero. Although in real solar cells, recombination also reduces Isc, its effect on Voc is much 

stronger as can be seen from Figure 2-7. Consequently, Voc is usually expressed as a function of I0 (Eq. 2.5) 

while Isc is commonly assumed to be mostly dependent on optical parameters. As mentioned in section 

2.2.1, I0 is influenced by Tc. This is due to the link between Tc and intrinsic carrier concentration ni, which in 

turn determines thermal generation (I0) together with material quality-related parameters. Increasing 

temperature results in higher I0 and, consequently, in more recombination as shown in Shockley equation 

(Eq. 2.3). As a result, µehp is narrowed thus reducing Vph. In spite of the rather complex temperature 

dependence of I0, µehp has been found to have a negative, approximately linear relationship with Tc (Wu and 

Chen, 1982). The slope of this dependence is contingent upon the difference between Eg and µehp, which, in 

fixed ambient conditions, is mainly affected by doping and material purity. This temperature dependence is 

the most important impact that Tc has on PV performance in all semiconductor-based PV devices. As 

discussed in section 2.3.1, rising temperature decreases optical losses due to reducing Eg. The positive 

effect on current is outweighed, however, by the negative effect on voltage through increasing I0 and, to a 

less extent, recombination-induced current drop and higher thermalisation losses. The temperature 

dependence of a PV material is mostly dependent on Eg and material quality and therefore, the 

performances of solar cells made of different materials decrease at different rates with increasing Tc. 

Intrinsic carrier concentration is inversely exponentially proportional to Eg. Consequently, the higher Eg a PV 

material has, the lower voltage drop is incurred due to increasing Tc unless worse material quality 

compensates the effect. 

Irradiance influences recombination via two pathways. The primary one is expressed in the 

Boltzmann approximation (Eq. 2.2). It follows from the equation that via Iph, Vph is logarithmically 

proportional to the part of Wpoa that is absorbed by the PV material, Wabs. According to Eq. 2.9, this means 

that with increasing Wabs, Irec is reduced relative to Iph leading to the growth of carrier concentrations and 

higher Vph. Iph and Irec become comparable only at irradiance levels too low to be observed with 

conventional instruments (Würfel, 2005, p. 151). Accordingly, the recombination-incurred voltage drop is 

reduced in spite of the fact that Irec increases. In Eq. 2.11, this phenomenon is attributed to a reduction in 

entropy generation due to the lowered discrepancy between the solid angles of heliocentric absorption and 

hemispherical emission. The second pathway, light soaking, is highly material-dependent and depends on 
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the duration of light exposure. Light soaking effects refer to the generation or annihilation of metastable 

trap energy levels due to the heat dissipated through increased Irec. In the case of the silicon-based 

materials, c-Si, a-Si, and a-Si/μc-Si, light soaking is known to increase the number of trap levels and, 

consequently, intensify SRH recombination. Perhaps, the best-known light-induced degradation mechanism 

is the Staebler-Wronski effect (Staebler and Wronski, 1980). The effect involves the recombination-induced 

breakage of weak Si-Si bonds in amorphous silicon. A similar process has been identified with boron-oxygen 

bonds in boron-doped monocrystalline silicon (Schmidt, 2004). In the case of the non-silicon-based PV 

materials, CdTe, CIS, and CIGS, light soaking tends to improve performance. The exact mechanism how light 

soaking reduces recombination in these materials is not known. The metastable selenium-copper 

divacancies are currently considered as the most likely pathway in the case of CIS and CIGS materials 

(Igalson et al., 2009). The light soaking effects have been shown to be mostly reversible in that dark 

exposure or thermal annealing normally reverses the effects. For instance, the performance of a-Si cells is 

commonly known to improve when exposed to very high operating temperatures because of the reverse 

Staebler-Wronski effect. However, some authors have identified light-induced long-term degradation 

through permanently increased recombination via trap levels in CdTe devices. This effect has been linked to 

the diffusion of copper ions from the back contact into the absorber (Corwine et al., 2004). 

The impacts of Tc and Wabs on carrier recombination are highly dependent on ambient conditions. 

When the conditions experience variability within the site, also performance varies between modules and 

arrays. As per Kirchhoff’s circuit laws however, an equivalent current flows through series-connected 

modules and voltage has to be the same across all parallel-connected strings or arrays. Consequently, the 

modules exposed to more favourable conditions suffer from an additional recombination-induced current 

drop relative to their MPP conditions in order to reach the current level of the modules affected by less 

favourable conditions. This phenomenon can also occur between the cells of a single module and even the 

different photovoltaic layers of multijunction solar cells due to variation in the solar spectrum. In the case 

of a severe discrepancy between the conditions, the poorly performing modules can also be bypassed in 

order to avoid the detrimental heating due to the strong negative bias caused by the other modules (Meyer 

and Van Dyk, 2004). This, too, leads to a recombination-induced current drop in the other modules because 

both affected and unaffected strings or arrays have to run at a single voltage due to the parallel connection. 

Similarly to ambient conditions, inherent differences between the performance parameters of installed 

modules cause mismatch effects. Small discrepancies in the parameters of industrially manufactured and 

deployed solar modules are practically unavoidable. The mismatch losses can be fully avoided only if MPP 

tracking is performed separately for every p-n junction. However, the imperfect accuracy of MPP trackers 

contributes to the relative recombination losses to a small extent even in the complete absence of 

mismatch effects. 

2.3.5 Parasitic Losses 

In this thesis, the term parasitic loss processes is used to refer to all the losses involved in PV power 

generation that cannot be regarded as optical losses, carrier thermalisation, or recombination. These losses 

comprise four loss categories: ohmic losses, leakage currents i.e. shunt losses, power conversion-related 

losses, and the self-consumption of the power station. Ohmic losses and leakage currents have a direct 

impact on recombination because they influence the concentration and energy distribution of charge 

carriers (see Eq. 2.9 and Eq. 2.12). Furthermore, they indirectly affect also optical losses and carrier 

thermalisation as they influence Eg via Tc. As discussed in section 2.2.1 however, parasitic losses are not 

considered when modelling an ideal solar cell. The parasitic loss processes included in Figure 2-7 comprise 

only the ones occurring on the DC side of the power station: ohmic losses and leakage currents. 
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Ohmic losses stand for the voltage drop processes caused by Joule heating in conductors due to 

flow of current. The effect of conductor Joule heating is often quantified by means of two resistance 

parameters: the series resistance of solar cells or modules, Rs, and the resistance of the conductors that 

further transmit current via power conversion units to the grid. A single lumped Rs is normally used to 

account for the combined resistance of all parts of the cell that are located on the current path from the p-

n junction to the contact terminals: SCR, quasi-neutral regions, and rear and front contacts, as well as 

wiring in the case of modules. The resistivities of the above cell elements differ from each other and 

experience even local variability within the elements (Breitenstein and Rißland, 2013). This variation has 

been found to cause problems particularly in the estimation of the temperature dependence of Rs. As per 

Sabry and Ghitas’s (2007) measurements, the different methods having been used to estimate the 

temperature dependence based on measured data give widely scattered and even contradicting results – 

even among modules representing a single PV material (Arora et al., 1986; Ding et al., 2005; Singh et al., 

2008). Probably, that is one of the main reasons why the temperature dependence of Rs is not considered 

in most models. The studies on the irradiance dependence of Rs have produced more consistent results 

implying that Rs is inversely proportional to Wabs in the case of most PV devices (Arora et al., 1986; Bätzner 

et al., 2001; Khan et al., 2010; Li et al., 2014; Priyanka et al., 2007; Reich et al., 2009; Van Dyk and Meyer, 

2004; Virtuani et al., 2003). Arora et al. (1986) link the dependence to the increase of carrier concentrations 

with irradiance and the consequent improvement in conductivity. However, as the voltage drop caused by 

Rs quadratically increases with current, rising irradiance normally increases the share of the ohmic loss 

processes of the total parasitic losses. Some of the most common long-term degradation mechanisms 

influencing solar modules are related to increasing Rs. These mechanisms are mostly related to water 

ingress-induced electrochemical corrosion and the weakened adherence of contact elements due to 

thermo-mechanical fatigue (Carlsson and Brinkman, 2006; Honsberg and Bowden, 2014).  

The resistivity of metallic conductors can be modelled in a more straightforward way than that of 

semiconductor and TCO materials. Rising temperature, for instance, is normally assumed to cause a linear 

relative decrease in the resistance of metals. However, as the temperature of a conductor is an outcome of 

rather complex heat transfer exchange with its surroundings, the resistivity of wires and cables is 

commonly assumed not to have dependence on temperature or any other ambient parameter in the 

context of PV power stations. The two most important factors influencing Joule heating in wires are actually 

the array configuration and scale of the power station. As ohmic losses increase quadratically with current, 

the high-band gap PV materials characterised by low currents and high voltages would be more optimal 

from the viewpoint of transmission losses. With the current range of commercially available module types 

however, this advantage is compensated by the lower efficiencies typically obtained with these materials. 

Module types with lower efficiencies lead to higher ohmic losses because transmission losses depend 

linearly on the length of the wire run. Through cable selection, voltage drops across cable runs are normally 

limited to a few percent in today’s power stations. The cabling optimisation is strongly influenced by the 

plant’s cost structure. 

The other parasitic loss mechanism occurring at the cell level is the leakage current caused by 

shunts present in real solar cells. Shunts are manufacturing defects that provide charge carriers with a path 

alternative to the one through the p-n junction. The resulting leakage current does not contribute to the 

power output of the cell and leads to a current drop. In general, thin-film modules suffer from higher 

leakage currents than the wafer-based ones due to the scribing-based cell structuring. They are more prone 

to shunt formation also because the contacts are much nearer each other than in wafer-based cells. As 

shown in Figure 2-7, the sample a-Si modules are estimated to incur shunt losses three times higher than 
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those of the c-Si modules in spite of the almost 60% lower Wabs. In contrast to Rs, shunt conductance (1/Rp) 

has consistently been identified to have a positive temperature dependence (Banerjee and Anderson, 1986; 

Dongaonkar et al., 2010; Singh et al., 2008). Although the dependence has been found to be weak 

compared to that of I0 (see section 2.3.4) (Dongaonkar et al., 2010; Singh et al., 2008), Singh et al. (2008) 

suggest that in the case of materials with low Rp and high Eg levels such as a-Si, shunt conductance is likely 

to have a notable impact on the temperature dependence of the overall power output of the cell. The 

irradiance dependence of shunt conductance is found to be positive by many authors (e.g. Bätzner et al., 

2001; Virtuani et al., 2003) but is not supported by as concordant evidence as the temperature 

dependence. Khan et al. (2010) suggest that the reason for discrepancies might lie in the different light 

soaking properties of PV materials. The trap energy levels causing the light soaking effects in some 

materials may effectively act as shunts and, thereby, deviate the irradiance dependence of shunt 

conductance from its generally expected pattern. Nevertheless, irrespective of the sort of the irradiance 

dependence, the shunt losses’ share of the total losses tends to increase at low irradiance levels. This is due 

to the fact that decreasing irradiance reduces Isc linearly but Voc logarithmically (see section 2.3.4) and, as a 

result, the ratio of Vmpp to Impp i.e. the characteristic resistance of a solar cell increases. When the 

characteristic resistance is equal to Rp, leakage current represents half of Iph. In such a situation, ηc has 

experienced a dramatic drop and the I-V characteristic curve of the cell looks like a straight line. 

Accordingly, the lower Rp is, the higher irradiance levels are required to keep the solar cell in the diode 

mode instead of the shunt mode (Bunea et al., 2006). Hence, as shown e.g. by Rummel and McMahon 

(1996) and Bunea et al. (2006), shunt conductance has a significant impact on the low light performance of 

solar cells. The metal migration discussed in association with recombination losses also increases shunt 

losses in the long run. The metal ions diffusing from the front and back contacts change the effective 

doping levels locally and thereby offer alternative paths for charge carriers (Dongaonkar et al., 2011). 

Module short circuits through which current flows to the grounded module frame can also develop through 

delamination, cracking, or corrosion (Honsberg and Bowden, 2014). According to Hacke et al. (2011), high 

system operating voltages contribute to the probability of such shunt formation. 

Figure 2-13 presents the variation of Impp, Vmpp, and ηmpp of four different module types with 

changing cell temperature and irradiance. The curves are modelled by means of Photovoltaic Array 

Performance Model of Sandia National Laboratories (SNL) (King et al., 2004) (hereafter referred to as the 

Sandia PV Array Performance Model) based on parameters derived from SNL’s and Photon Magazine’s own 

field measurements (PVsyst SA, 2014a; Sandia National Laboratories, 2014a). Being based on real 

measurements, Figure 2-13 helps to understand how the aforementioned ambient effects on PV loss 

processes work together in the determination of module performance in actual operating conditions. The 

operating conditions particularly relevant for power generation in Abu Dhabi, UAE have been highlighted in 

the figure. 

In the PV industry, it is a common practice to approximate the overall effect of Tc on module output 

by means of the temperature coefficient of Pmpp or ηmpp. The coefficient is based on the assumption that the 

relative difference between Pmpp and the STC power output Pmpp,stc is linearly dependent on the absolute 

difference between Tc and the STC cell temperature Tc,stc. This coefficient is supposed to account for all 

effects that changing Tc poses on module performance – most importantly the resulting changes in I0 

(recombination), Eg (optical losses and thermalisation), and Rp (shunt losses). The performances of the 

module types analysed in Figure 2-13 show a strong linear dependence on Tc. This implies that in the case 

of all four modules, the temperature dependence is dominated by recombination closely following the 

Boltzmann approximation (Eq. 2.2). Potential curvature due to the inverse light soaking effect, for instance,  
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Figure 2-13. Temperature and irradiance dependences of the performance parameters of four sample modules included in the 
Sandia Modules library (Sandia National Laboratories, 2014a) or PVsyst’s module database (PVsyst SA, 2014a): SunPower SPR-
305-WHT (c-Si), Suntech Power STP200S-18-ub-1 (mc-Si), First Solar FS-272 (CdTe), and Kaneka TSC120 (a-Si). Simulated using 
Photovoltaic Array Performance Model (King et al., 2004) of Sandia National Laboratories (SNL) based on field-measured 
performance data collected by SNL (c-Si, mc-Si, and CdTe) and Photon Magazine (a-Si) (PVsyst SA, 2014a). WAEI stands for the 
approximate output power-weighted hourly average effective irradiance in Masdar City. 

 

cannot be identified even in the case of the a-Si module. This can be explained by the comparatively poor 

cell material quality of the a-Si module in question. While the CdTe module’s cell-specific Voc is 56% (0.82 

V/1.45 V) of the band gap voltage, the percentage is only 44% (0.77 V/1.72 V) in the case of the a-Si 
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module. As a result, the a-Si module’s negative temperature dependence is higher than the dependence 

implied by its Eg. This leads to a performance pattern only slightly better than that of the CdTe module. The 

direct proportionality of the STC normalised Impp to Tc in the case of the mc-Si module implies a stronger 

positive temperature dependence of Rs than in the case of the other modules. This would explain the 

module’s solely voltage-driven power degradation due to rising Tc. 

The irradiance dependence of module performance is analysed in Figure 2-13 by plotting the 

performance parameters against effective irradiance Weff. Weff is adapted from Wpoa such that Isc is always 

linearly dependent on it. As discussed in section 2.3.2, a change in the electromagnetic spectrum incident 

on a module alters the performance of the module – even if Wpoa remains constant. Similarly, conditions 

with equivalent POA intensities result in higher optical losses with increasing θ due to intensified reflection. 

In Weff, the effects of changing spectrum, angular losses, and soiling are isolated by normalising Wpoa,stc by 

the ratio of Isc to Isc,stc. Accordingly, Weff is equal to Wpoa at STC. The modules analysed in Figure 2-13 

experience a linear increase also in Impp with increasing Weff. This implies that the effect of increasing Irec is 

negligibly low compared to the increase in Iph. Also, the shunt conductance of all the modules seems to be 

sufficiently low not to cause Impp to deviate from the linear pattern at low Weff levels. The low material 

purity level of the a-Si module and the resulting short carrier lifetime are probably the reasons for the 

module’s poor low light performance. The other three modules retain their voltage levels well down to 100 

W/m2. Vmpp of the mc-Si module drops first probably due to the module’s higher shunt conductance. The 

reason for the CdTe module performing better at 500 W/m2 than at 1000 W/m2 is likely to be related to a 

relatively high Rs, which results in a voltage drop at irradiance levels exceeding 600 W/m2 due to the 

quadratically increasing ohmic losses. Amongst the four module types, the CdTe module appears to 

represent the most suitable technology for the hot desert conditions of Abu Dhabi due to its weaker 

temperature dependence and good low light performance. 

The equipment used for power conversion and conditioning, solar inverters and transformers, 

represents a small share of the total losses involved in PV power generation in normal operating conditions. 

In extreme conditions however, they might become a significant loss factor. Under hot desert climates, 

such conditions are typically caused by high Tc levels. Apart from technological parameters, inverter 

performance is generally influenced by instantaneous power levels and DC input voltage. High Tc may 

reduce Vmpp so much that the minimum system voltage level for the inverter to run is not reached. In such a 

situation, the modules are first forced down on their I-V characteristic curves in order to increase system 

voltage levels. In the most severe cases, the plant stops feeding electricity to the grid and is actually 

consuming power regardless of the irradiance levels incident on arrays. In order to minimise the number of 

daylight hours spent outside the operational range of the inverter, the number of modules in an array 

should be maximised within the range defined by the inverter’s maximum voltage requirements. Another 

possible remedy is a DC-AC loading ratio higher than 100%, in which case inverters are dimensioned so that 

their capacity is lower than the combined module capacity connected to it. From the inverter performance 

point of view, the problem involved in the above design choices is the inverse proportionality of inverter 

efficiency to system voltage. Inverter performance can be described by an efficiency curve. An example of 

such a curve is shown in Figure 2-14. As can be seen from the curve, the performance of the inverter has 

been optimised for an instantaneous array-to-inverter power ratio of 30%-50% depending on the system 

voltage. The lower the voltage level, the better is the performance of the inverter. Therefore, a high loading 

ratio would ensure steadier plant performance but concentrate most of the hours of high generation out of 

the inverter’s highest-efficiency range. On the other hand, with a low loading ratio, the dramatic drop in 
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inverter efficiency becomes more probable also during the day although the inverter would operate at a 

higher efficiency on average. 

 

Figure 2-14. Efficiency curve of SMA SUNNY CENTRAL 1600 MV. (SMA Solar Technology AG, 2014). 

 

PV power stations located in hot regions suffer from comparatively high parasitic self-consumption due to 

the need to cool inverters in order to avoid heat-induced performance degradation in power conversion. 

Otherwise, the parasitic loads are generated by inverters, monitoring systems, and solar tracking systems. 

The availability of data on the parasitic self-consumption of PV power stations is particularly poor in the 

case of hot desert conditions and therefore, the topic should be further studied before making conclusions 

about the effect of parasitic loads on PV performance in the context of this thesis. 
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3. Performance Modelling of Photovoltaic Power Stations 
In order to design a PV performance simulation tool specific to a local environment, it is important to first 
develop a comprehensive general understanding of the existing models and relations relevant for the 
modelling objective. The literature review presented in this chapter, therefore, addresses each simulation 
step by discussing its purpose and the techniques involved. At the general level, the simulation process can 
be divided into four high level modelling tasks as done in Figure 3-1: optical modelling, spectral modelling, 
thermal modelling, and electrical modelling. The first three steps generate inputs for the electrical model, 
which produces the power output of the power station, Pac, as the final simulation outcome. The chapter is 
structured based on the high-level modelling steps presented in Figure 3-1. Section 3.3, which discusses the 
general aspects of thermal modelling, also includes a summary of Tuomiranta’s et al. (2013) paper on the 
validation of thermal models for solar cells in Abu Dhabi, UAE and presented at ISES Solar World Congress 
in Cancún, Mexico in 2013. 

 

Figure 3-1. Steps involved in modelling the power output Pac of a PV power station. 
 

3.1 Optical Modelling 
In this thesis, the purpose of an optical model is defined as the conversion of irradiance and solar position 
data into the broadband irradiance absorbed by solar modules. Therefore, the output of an optical model is 
Weff in case the spectral distribution of the incident sunlight matches that of the standard spectrum (G03 
Committee, 2012) and the attenuation due to angular reflection and soiling is spectrally neutral. The first 
step of the optical modelling process, the estimation of Wpoa, is discussed in the first subsection and the 
methods used in the modelling of angular reflection and soiling losses in the second subsection. 

3.1.1 Irradiance Transposition 
Conventionally, the extent of solar radiation on the ground of the Earth is described through three 
measures of radiant flux density: direct normal irradiance (DNI), diffuse horizontal irradiance (DHI), and 
global horizontal irradiance (GHI). DNI stands for the flux density of the photons radiated from the sun disk 
onto a plane perpendicular to the beam propagation. Accordingly, it is also referred to as beam normal 
irradiance. DHI accounts for the photons from all the other parts of the sky incident on a horizontal plane 
i.e. a plane perpendicular to the line from POA to the zenith. DNI approximates the level of unscattered 
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irradiance, whereas DHI is used as an estimate for the incident irradiance affected by atmospheric 

scattering. GHI is the sum of DHI and horizontally transposed DNI (DNI*cos θz). 

In addition to the basic irradiance data, parameters defining the Sun’s position with respect to POA 

are required for every time step and location in order to compute Wpoa. Two solar angles are used for this 

purpose: solar zenith angle θz and solar azimuth angle φS. θz stands for the angle between the straight lines 

from POA to the Sun and to the zenith. Its complementary angle is referred to as the solar elevation angle. 

φS gives the Sun’s horizontal direction with respect to the observer. In the context of PV performance 

assessment, it is often defined as the angle between the line from POA to the closer end of the Earth’s axis 

and the horizontal projection of the line from POA to the Sun, thus, reaching 180° at solar noon. As 

discussed in section 2.3.1, the Earth-Sun distance also varies with time and is required for the computation 

of the irradiance at the top of the Earth’s atmosphere. This extraterrestrial irradiance is used in irradiance 

decomposition and can also be employed in irradiance transposition. There are multiple models available 

for the estimation of the Sun’s position. National Renewable Energy Laboratory’s (NREL) Sun Position 

Algorithm (Reda and Andreas, 2008) is considered as the state of the art in terms of accuracy, whereas the 

Solar Geometry 2 algorithm (SG2) (Blanc and Wald, 2012) of MINES ParisTech provides a much higher 

computation speed with a slightly lower accuracy. Other algorithms include the ones developed by Grena 

(2008), Blanco-Muriel et al. (2001), Michalsky (1988), and Duffie and Beckman (2006, pp. 15–16). 

In the case of an array installed with horizontal fixed mount (POA facing the zenith), GHI represents 

Wpoa. In all other cases however, a transposition model is required in order to compute Wpoa based on the 

three basic irradiance measures. Alternatively, global irradiance can be measured on a tilted surface and, 

thus, directly obtain Wpoa for the specific POA tilt angle. This is a good option if the optical model is used in 

simulating the performance of a single plant design with a fixed POA angle. If the tilt angle is intended to be 

a variable input instead, the global irradiance measurements should be made on a horizontal surface and 

converted into Wpoa by means of a transposition model. If irradiance measurements only consist of GHI 

observations, as is the case with an ordinary pyranometer, a decomposition model can be used to deduce 

the other two irradiance components. Several such models have been proposed and validated for different 

sets of independent variables (e.g. Erbs et al., 1982; Maxwell et al., 1987; Orgill and Hollands, 1977; Reindl 

et al., 1990a). 

Transposition models normally use all the three irradiance measures to address photon fluxes 

radiated from different directions. Accordingly, they divide the incident irradiance into direct, sky diffuse, 

and ground-reflected components. Eq. 3.1 shows the general form of such models. 

rhgdhdnbpoa RWRWWW  ,,, cos         (3.1) 

where Wb,n stands for DNI, Wd,h for DHI, and Wg,h for GHI. Ground-reflected irradiance is normally 

approximated by multiplying GHI by the albedo ρ i.e. reflection coefficient of the land surface around the 

array. Each of the three irradiance estimates (DNI, DHI, and ρ*GHI) is multiplied by its respective 

transposition factor. As the contribution of the ground-reflected component is comparatively small most of 

the time, the irradiance reflected from the ground is generally assumed to be isotropic i.e. it is not 

dependent on the direction it is radiated from. This isotropic transposition factor in the case of ground-

reflected irradiance can be formulated as follows: 

2
cos1 

rR ,          (3.2) 

where β stands for the POA inclination angle. The cosine effect is usually considered to be the only factor 
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influencing the transposition of direct irradiance, for which reason DNI is simply multiplied by the cosine of 

the angle of incidence θ. 

θ can be calculated for a fixed, equator-oriented POA based on the solar angles and β as follows 

(Duffie and Beckman, 2006, p. 15): 

 Szz  cossinsincoscoscos 1          (3.3) 

As discussed in section 2.2.2, single axis trackers turn POA such that θ is minimised. There are alternative θ 

optimisation formulae available for different levels of single axis tracking design complicity. Duffie and 

Beckman (2006, pp. 20–22) limit their analysis to horizontal, vertical, and polar aligned single axis trackers. 

Duffie and Beckman’s work is extended to arbitrarily tilted single axis trackers by Braun and Mitchell (1983). 

Narvarte and Lorenzo (2008) develop models for arbitrarily tilted tracking geometries where POA does not 

need to be parallel to the axis, and Marion and Dobos (2013) remove the coupling between the optimum 

angle of axis rotation ωaxis and θ so that ωaxis can be computed independently. The equations of the 

different approaches to θ minimisation in the case of single axis tracking can be found in Appendix A. Dual 

axis trackers, in turn, continuously turn POA towards the Sun and, hence in theory, keep θ at zero degrees 

all the time. 

As the simple formulations of the transposition factors of direct and ground-reflected irradiances 

are widely accepted as sufficiently good approximations, the different transposition models mostly vary in 

how they define the diffuse transposition factor Rd. At its simplest, Rd is the additive inverse of Rr in which 

case sky diffuse irradiance is assumed to be isotropic i.e. uniformly distributed over the sky dome (Hottel 

and Woertz, 1942). At least five different isotropic sky diffuse models have been proposed (Badescu, 2002; 

Jimenez and Castro, 1986; Koronakis, 1986; Liu and Jordan, 1961; Tian et al., 2001). As briefly implied at the 

end of section 2.3.1 however, the angular distribution of diffuse i.e. sky irradiance is characterised by 

increasing intensity in the vicinities of the Sun and the horizon. The first commonly recognised attempt to 

address the anisotropic distribution of sky diffuse irradiance is by Hay and Davies (1978), whose model for 

sky diffuse irradiance on a tilted, equator-oriented POA, Wd,poa, superimposes circumsolar radiation 

component on the isotropic sky irradiance. The model is expressed in Eq. 3.4. 
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where Wtoa,n stands for the direct normal irradiance on the top of the atmosphere. In addition to 

circumsolar brightening, Klucher (1979) includes also a factor for horizontal brightening in his model 

expressed in Eq. 3.5. 
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Reindl et al. (1990a, 1990b) adjust the Hay-Davies model by extending it to consider horizontal brightening 

as well. The resulting formula for Wd,poa is shown in Eq. 3.6. 
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In order to improve the accuracy of Wd,poa estimation, Perez et al. (1990, 1987) propose a semi-empirical, 

computationally more intensive model. As per Perez et al. (1990), the latest set of empirically derived 
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coefficients (Perez et al., 1990) provide good accuracies across the climatic range of the United States. The 

basic form of the Perez sky diffuse model is presented in Eq. 3.7. 
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where 

 

The coefficients f11, f12, f13, f21, f22, and f23 are empirically derived for specific bins of the sky’s clearness ε. ε 

is defined as follows: 
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In Eq. 3.7-8, all angles are assumed to be in radians. Table 3-1 presents the values for the coefficients 

representative for eight different sky clearness levels. 

Table 3-1. The Perez sky diffuse model coefficients for different levels of sky clearness as per Perez et al. (1990). 

ε bin 
Lower 
bound 

Upper 
bound 

f11 f12 f13 f21 f22 f32 

1 overcast 1.000 1.065 -1.008 0.588 -0.062 -0.060 0.072 -0.022 
2 1.065 1.230 0.130 0.683 -0.151 -0.019 0.066 -0.029 
3 1.230 1.500 0.330 0.487 -0.221 0.055 -0.064 -0.026 
4 1.500 1.950 0.568 0.187 -0.295 0.109 -0.152 -0.014 
5 1.950 2.800 0.873 -0.392 -0.362 0.226 -0.426 0.001 
6 2.800 4.500 1.132 -1.237 -0.412 0.288 -0.823 0.056 
7 4.500 6.200 1.060 -1.600 -0.359 0.264 -1.127 0.131 
8 clear 6.200 - 0.678 -0.327 -0.250 0.156 -1.377 0.251 

 

In addition to the above four representative anisotropic sky diffuse models, there are multiple others 

proposed (e.g. Bugler, 1977; Gueymard, 1987, 1986; Ma and Iqbal, 1983; Muneer, 1990; Skartveit and 

Olseth, 1986; Steven and Unsworth, 1980; Temps and Coulson, 1977; Willmott, 1982). The findings of the 

numerous studies (e.g. Cameron et al., 2008; David et al., 2013; Diez-Mediavilla et al., 2006, 2005; Evseev 

and Kudish, 2009; Freeman et al., 2013; Gracia and Huld, 2013; Kamali et al., 2006; Khalil and Shaffie, 2013; 

Loutzenhiser et al., 2007; Noorian et al., 2008; Notton et al., 2006; Utrillas and Martinez-Lozano, 1994; Yang 

et al., 2013) validating the above models imply that the accuracy of a sky diffuse model is highly location-

dependent and the order of accuracy between the models varies with location. On average however, 

anisotropic models seem to show significantly better performance than the isotropic ones. 
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Finally, Wpoa is also affected by the shading conditions at POA. Shading can be caused by objects 

both external and internal to the power station. External sources such as trees, buildings, and the 

topography of the landforms surrounding the site location are obviously highly location-specific and are 

normally minimised through site assessment studies prior to the plant construction. The shading caused by 

the plant itself, in turn, is more difficult to avoid. Such shading occurs at the module level due to opaque 

front contacts (OFC) and at the system level due to other arrays and structures built for power conditioning 

equipment. Shading affects PV performance directly through lowering Wpoa but also indirectly through 

causing performance variability among arrays resulting in mismatch losses. In order to model both of these 

effects, the shading-induced loss in Wpoa needs to be computed. In a strictly physical sense, the beam and 

diffuse transposition factors should be modified to account for the changed distribution of incident 

irradiance in the case of array shading. The photons radiated from the shaded part of the hemisphere reach 

POA due to reflection from the surface of the shading object, for which reason the loss in Wpoa depends on 

the reflection coefficient of the shading body. This level of analysis can be considered as excessively 

comprehensive, however, considering the relative significance of shading for the total losses on a daily 

basis. Row spacing is normally designed in a way that array self-shading only occurs in the early morning 

and late afternoon. Moreover, in the case of tracking, shading is normally further minimised through 

backtracking. That is why usually, the simulation of the effects of array self-shading is simplified by 

computing a shading factor that only affects DNI and stands for the ratio of the shaded POA surface area to 

the total POA area. A model developed by Narvarte and Lorenzo (2008) can be used to estimate the 

shading factor on tracking surfaces. It is, therefore, also helpful in developing backtracking algorithms. The 

partial shading-induced mismatch losses are further discussed at the end of section 3.4.1. 

3.1.2 Angular Reflection and Soiling Losses 

The increase in reflection due to increasing θ is a well-known phenomenon, which is of relevance for any 

field where the daily changes in surface reflection or absorption of sunlight bear significance. An incidence 

angle modifier (IAM) is the most common approach to modelling the phenomenon in most fields. In the 

context of PV performance assessment, IAM for any θ can be defined as the ratio of Wabs to Wabs at θ of 0°. 

The most common PV performance simulation tools use a variety of physical, semi-empirical, and empirical 

formulations of IAM. The main focus of these equations lies on modelling the interaction between light and 

an air-glass interface. The five-parameter model developed by De Soto et al. (2006) uses a physical 

expression of IAM derived by Duffie and Beckman (2006, p. 234) based on Snell’s, Fresnel’s, and Bougher’s 

laws. In turn, PVsyst (PVsyst SA, 2014a) uses ASHRAE’s semi-empirical IAM specified in ASHRAE Standard 

93-77 (1978) and developed by Souka and Safwat (1966) while the Sandia PV Array Performance Model 

(SAPM) employs an entirely empirical 5th order polynomial function (King et al., 2004). 

As explained in section 2.3.2, the impact of θ on the reflection losses incurred by a solar module is 

heavily influenced by superficial dust deposition. That is why in this thesis, angular reflection and soiling 

losses are discussed in the same section. Although the coupled relationship between soiling and angular 

reflection losses have already been identified by Wilson and Ross (1983), the only significant contribution 

found to have been made to the topic from the modelling perspective is by Martín and Ruiz (2005, 2002, 

2001). They integrate angular reflection loss effects of θ and dust deposition into the basic isotropic 

irradiance transposition model (Martín and Ruiz, 2002, 2001) and into the Hay-Davies model as presented 

in Eq. 3.9 (Martín and Ruiz, 2005). 
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As is evident based on Eq. 3.9, the equation only holds for constant spectral distribution and spectrally 

neutral angular reflection and soiling losses. Apart from the solar geometry and array inclination, the 

angular loss factors Fb, Fd, and Fr depend on the fitting parameters ar and c. These parameters are functions 

of dust deposited on POA and, according to Martín et al. (2012), largely independent of the PV material in 

question. The model has been validated in Spain’s conditions by Martín and Ruiz (2005) and Martín et al. 

(2012). 

Martín and Ruiz (2005) and Martín et al. (2012) give only qualitative estimates on the soiling levels 

associated with different values of the fitting parameters ar and c. There is no quantitative model available 

for linking these parameters to soiling. In fact, widely used soiling models are not available in general. Some 

plant operators and project developers such as SunPower (Anderson, 2014) and First Solar (Littmann, 2014) 

have developed their own empirical models for their private use only. These models relate the soiling-

induced loss in Pac to rainfall, cleaning schedule, and empirically derived soiling rates. As can be expected, 

these models are highly dependent on the location as well as the season. Kimber et al.’s (2006) soiling loss 

model is the presumably first publicly available model for estimating power losses due to dust deposition at 

hourly resolution. Kimber et al. (2006) find out that during long dry periods, plant performance shows 

linear degradation with time except for the first 3-7 weeks after rainfall when the degradation is 

significantly slower or non-existent. Kimber’s et al. study’s geographical scope is limited to the United 

States. As discussed in section 2.3.1, atmospheric aerosol loading has been measured to experience high 

spatial as well as seasonal variation in the Arabian Peninsula. Therefore, the soiling loss model proposed by 

Kimber et al. is likely not to be generalizable to the conditions of the region. The general difficulty of soiling 

loss modelling is related to the complexity of the physical phenomena involved in superficial dust 

deposition. In the regions characterised by highly dynamic dust transport mechanisms, the prediction of 

soiling losses may not be possible without taking the seasonal weather patterns apart from rainfall into 

account. 

3.2 Spectral Modelling 
In this thesis, the term spectral modelling is used to refer to the quantification of the PV performance effect 

of changes in the distribution of the Sun’s spectrum with respect to the standard spectrum (G03 

Committee, 2012). As solar cells are spectrally sensitive devices, alteration in the content of the incident 

spectrum inevitably results in a change in their performance. Since optical models only operate with 
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broadband irradiance variables, spectral models are used to correct these irradiance levels such that the 

values are mutually comparable in terms of the resulting power output even if the corresponding spectral 

distributions differ from each other. Therefore, a spectral model is required for the accurate estimation of 

Weff. Spectrally distributed irradiance data are not as widely available as broadband irradiance 

measurements due to the more complex instrumentation requirements. Moreover, in most of the areas 

where PV-related research has traditionally been concentrated, the spectral distribution of sunlight is 

mainly a function of optical path length. Consequently, the most affected time periods are early mornings 

and late afternoons, whose contribution to power output is relatively low. That may be the reason for the 

poor availability of spectral correction models. Under desert climates, the Sun’s spectrum probably 

experiences less predictable variability due to heavy atmospheric aerosol loading and hence, the 

development of spectral models is of particular importance for desert regions. 

Relatively complex radiative transfer models (Betts et al., 2003; Bird and Riordan, 1986; Leckner, 

1978) such as SMARTS (Gueymard, 1995, 2001) can be used to accurately model incident spectra in clear 

sky conditions. These models are computationally comparatively expensive and require several inputs 

describing the atmospheric conditions. This level of accuracy is often not possible due to the lack of 

required data and computation speed limitations. That is why simpler empirical and semi-empirical spectral 

correction models have been developed for PV performance modelling purposes. A simple empirical 

univariate formula developed by King et al. (1998) relates solar spectral content variation to air mass as 

follows: 
4

4
3

3
2

210 AMaAMaAMaAMaafAM        (3.10) 

where fAM is the effective spectral responsivity factor for Weff estimation and a1, a2, a3, and a4 empirical 

fitting parameters. King’s et al. (1998) model is used both in SAPM (King et al., 2004) and in the five-

parameter model (De Soto et al., 2006). 

Martín and Ruiz (1999) follow the same logic in their multivariate model of effective spectral 

responsivity. In addition to air mass, their model also includes information about the AM-independent level 

of atmospheric attenuation of irradiance through the clearness index Kt, which is defined as the ratio of GHI 

to the theoretical extraterrestrial irradiance incident on the same POA. Furthermore, their model specifies 

an effective spectral responsivity factor for each of the three irradiance components: DNI, DHI, and ρ*GHI. 

    5.174.0exp  AMbKacf xtxxx        (3.11) 

where x denotes one of the three irradiance components. ax, bx, and cx are empirical material-dependent 

fitting parameters, which can be calculated for any PV material through interpolating between the band 

gaps of the reference materials used by Martín and Ruiz (1999) according to Lorenzo (2003, p. 955). The 

values 0.74 and 1.5 stand for the STC values of Kt and AM, respectively. The model has not been further 

validated after its publication. 

3.3 Thermal Modelling 
In terms of PV performance assessment, the purpose of a thermal model is to obtain the temperature of 

the photoactive layers of a solar cell based on ambient and technological input parameters. In this thesis, 

the aforementioned temperature is referred to as cell temperature Tc. As can be seen from Figure 3-1, Tc is 

one of the two main effective input variables involved in PV performance simulation. It influences the 

conversion efficiency of a solar cell in various ways (see chapter 2.3) and is strongly affected by ambient 

conditions. The fundamental basis of the simulation of Tc is the heat transfer energy exchange of a solar 

cell’s active components with the surrounding layers and ambient air. There is a wide range of various 
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software tools available for the analysis of the three main heat transfer mechanisms, radiation, convection, 

and conduction (see Eq. 2.8 in section 2.3.2). These thermal analysis tools can produce highly accurate 

results but require detailed information about the thermal characteristics of the materials involved. 

Furthermore, in the highly dynamic thermal environment of operational solar modules, a stringently 

physical approach would also involve a non-steady state assessment of heat flows. Consequently, such 

models are computationally heavy. 

Due to the great importance of Tc in PV performance assessment, numerous empirical and semi-

empirical models and correlations have been developed for its estimation without a need for transient heat 

transfer modelling and detailed material-related input parameters. An approach common to all these tools 

is the aggregation of all different material layers into a single lumped thermal element corresponding to a 

solar cell or a solar module. Instead of analysing the heat exchange between the layers, they focus on 

modelling the interaction between this element and the ambient atmosphere. The most significant ambient 

parameters are ambient air temperature Ta, incident radiant flux density Wpoa, and wind velocity vector vw. 

While Ta has a strong impact on the absolute level of Tc, the difference between Tc and Ta is mainly 

determined by Wpoa and wind speed vw (Griffith et al., 1981). Should all other variables be held constant, 

the temperature difference is linearly dependent on Wpoa. The slope of this dependence, the Ross 

coefficient, is mostly dependent on vw, mounting method, and module composition (Ross, 1976). Since the 

internal heating process within a solar cell depends on the efficiency at which the cell is converting 

radiation into electricity, most of these model formulations also include ηc as an input variable. As ηc is 

dependent on Tc however, the expressed relationship is coupled and mathematically implicit. In addition to 

ηc, the technological parameters commonly included in these models are module absorptivity and nominal 

operating cell temperature, which is useful in that it is often included in the datasheets of commercially 

available solar modules. 

Validation of Thermal Models for Photovoltaic Cells under Hot Desert Climates 

As implied by the discussion above, the choice of an operating cell temperature model can have a great 

impact on the results of PV performance simulation. Most of the traditional main market areas of PV 

systems are located in regions with a temperate or subtropical climate. Consequently, performance 

modelling tools have also been designed and validated mainly based on measurements made in those 

regions. When PV capacity building is considered in site locations, whose conditions differ significantly from 

the ones on the basis of the tools used, recalibration is required. 

As part of this thesis study, a project (Tuomiranta et al., 2013) to calibrate and validate operating 

cell temperature modelling tools based on data collected from a test field installed in Abu Dhabi, UAE (24° 

26' 23'' N, 54° 37' 11'' E) is conducted. Abu Dhabi is located in a hot arid region where solar power has a 

tremendous and largely untapped potential. This study aims to offer simulation tools better suited to the 

local conditions and thereby support PV deployment in the region. 

Eq. 2.8 (see section 2.3.2) is based on the non-steady state thermal energy balance of PV modules 

and when decomposed, it involves several module-specific parameters as well as Tmod as a variable on both 

sides of the equation. As explained above, the thermal modelling tools commonly used in PV performance 

simulators are restricted to steady state conditions. Skoplaki and Palyvos (2009) present a comprehensive 

review of dozens of such empirical and semi-empirical tools. All the tools considered in the study 

summarised in this subsection are empirical and semi-empirical as well. In these models, the parameters 

related to the thermophysical properties of module materials have been lumped into one or a few 
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coefficients. In addition, all the tools to be validated here are mathematically explicit in that they express Tc 

entirely in terms of other measurable variables and they contain at most four independent variables: Ta 

[°C], Wpoa [W/m2], vw [m/s], and ηc. The objective of the analysis presented here is to validate modelling 

tools that are PV material-independent by using data from multiple materials. Therefore, the tools do not 

include any material-specific parameters. 

Methodology 

The data required for the validation are collected through measurements over a two-year period, beginning 

in early 2011. PV module temperature measurements are made in the test field mentioned above by 

means of adhesive sensors attached on module back sheets. Data are collected from 20 ground-mounted 

systems of roughly 1 kWp representing various manufacturers and seven different semiconductor 

materials. Each of the 20 arrays is equipped with two sensors and connected to a power inverter of a 

nominal output power of 1 kW. The output power levels of each array are measured at the inverter output. 

Both final temperature and power output data consist of mean values with a resolution of five minutes. 

Ambient air temperature measurements are taken at the test field over the same period and with the same 

temporal resolution. A weather station located 850 m west of the test field is used for measurements of 

relative humidity and wind speed two and five metres above the ground level, respectively. Also ambient 

temperature two metres above the ground level is measured at this station in order to validate the 

measurements made in the test field. Another weather station located 2.3 km south of the test field is used 

for the measurements of DNI, DHI, and GHI. The measurements taken at both weather stations are 

averaged and stored at intervals of five minutes at the former and ten minutes at the latter. 

Linear interpolation is used to fill the short-term data gaps resulting from the different 

measurement averaging intervals. The ambient air temperature data are validated by comparing the two 

datasets and omitting those data points with a discrepancy higher than 5 °C. Module temperature 

measurements higher than 85 °C and lower than 0 °C are also omitted as well as the measurements that 

are more than 35 °C higher or more than 1 °C lower than ambient air temperature. The periods of fallen 

module temperature sensors are detected through spotting change points in the cumulative sum curves of 

the difference between the daily and annual mean standard deviations of the observed temperatures. The 

final module temperature estimates are obtained by averaging the measurements of the two sensors of 

each array. Irradiance and relative humidity measurements are converted into estimates of Weff. The 

estimation is based on the work done by Martín and Ruiz (2002) and Martín et al. (2012) on the angular of 

incidence losses of PV modules and Perez et al. (1990) on sky diffuse modelling. The Sun’s position is 

estimated based on the tool developed by Reda and Andreas (2008). Estimates of Tc are derived from Weff 

and Tmod using a relation given by King et al. (2004). The power output measurements are used to estimate 

ηc of the cells of each array. Data points lower than 50 W and higher than 1100 W (maximum output 

power) are omitted, and the remaining data are divided by the inverter efficiencies at the respective 

inverter load ratios. The efficiency levels at different inverter load ratios are approximated based on a curve 

given in the technical specifications of the inverter used. The obtained DC power estimates are divided by 

the estimates of Weff and the combined surface area of the cells in each array. Finally, the data points 

exceeding 120% of ηc,stc are omitted. ηc,stc is estimated by dividing the module nominal power by Wpoa,stc and 

the combined cell surface area. 

16 thermal modelling tools for PV modules are validated based on the data collected. The tools 

contain in most parts the same elements as originally proposed. Some of them are, however, modified to 

better suit the purposes of the study. The tools and the corresponding original works are listed in Table 3-2. 
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Nine of the tools express Tc as a function of weather variables only, whereas the remaining seven also 

include ηc as an independent variable. The most suitable models for final calibration are found through 

cross-validation. The data are partitioned into five subsets and hence, five rounds of cross-validation with 

each one of the subsets serving as the testing set are performed for each tool. The tools providing lower 

average root mean square errors (RMSE) over the five rounds than the median value are selected for the 

final model validation. 

Table 3-2. Thermal PV cell modelling tools to be validated. 

# Tool Adapted from 

1  ac TT  Evans (1981) 

2 effac WTT   Ross (1976) 

3 effac WTT 21    Schott (1985) 

4 effac WTT 321    Lasnier and Ang (1990, p. 258) 

5 weffac vWTT 4321    Risser and Fuentes (1984) 

6   waeffac vTWTT 321 11    Servant (1985) 

7  32
2

1   wweffac vvWTT  King (1996) 

8   321 exp   weffac vWTT  King et al. (1998) 

9   321exp   weffac vWTT  King et al. (2004) 

10 cweffac vWTT  54321    

11  ceffac WTT   1  Duffie and Beckman (2006, p. 760) 

12   caeffac TWTT   121  Duffie and Beckman (2006, p. 760) 

13    cwaeffac vTWTT  4321 111   Servant (1985) 
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Results and Discussion 

Table 3-3 shows the average RMSE values for each validated tool. Four of the tools involving only weather 

variables and three of the remaining ones perform better than the median case with an RMSE of 3.05. 

Three out of these seven tools are simple linear regression modelling tools (4, 5, and 10). 

Table 3-3. RMSE value for each tool averaged over the five rounds of cross-validation. 

Tool # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

RMSE 7.67 3.43 2.92 2.91 2.61 3.05 3.04 3.06 3.05 2.60 3.47 3.47 3.05 3.12 2.50 2.86 
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The validated tools are calibrated based on the entire data and the resulting models are presented in Table 

3-4. All the coefficients estimated are statistically significant at significance levels of 1%. The accuracy of the 

provided fits is tested by means of the coefficient of determination (R2), and the RMSE (rRMSE) and the 

mean bias error (rBIAS) normalised by the mean of Tc. 

Table 3-4. Validated models with the corresponding test statistics. 

Tool # Model R2 rRMSE rBIAS 

15 
 

w

ceffa
ac v

WT
TT

51.16.28
1739.0120







 0.958 4.80% -0.02% 

10 cweffac vWTT 28.6737.00257.004.145.6   0.955 4.98% -0.00% 

5 weffac vWTT 741.00258.004.147.5   0.954 5.00% -0.00% 
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30.21
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 0.945 5.49% -0.93% 

4 effac WTT 0255.004.192.2   0.943 5.58% 0.00% 

3 effac WTT 0258.006.4   0.943 5.60% -0.00% 

7  0391.00025.0000127.0 2  wweffac vvWTT  0.938 5.84% -1.51% 

 

As can be seen from Table 3-4, the rBIAS values are very low for most of the models and thus, the 

comparison between the models is founded on R2 and rRMSE. The model built on tool 15, here referred to 

as the Schott model, provides the highest R2 and the lowest rRMSE. The linear regression models based on 

tools 10 and 5, respectively referred to as the LR5 and the Risser models, give the next best fits in terms of 

R2 and rRMSE. The rBIAS levels of these models are even lower than that of the Schott model. As per R2 and 

rRMSE, the model constructed on tool 16, referred to as the Rabl model, provides the fourth best fit but 

slightly underestimates Tc. 

Figure 3-2 shows that on a mostly clear day common in Abu Dhabi, all four models mentioned 

above produce results largely consistent with the measurements. As can be seen from the figure, the 

modelled temperatures show the highest bias levels immediately after sunrise. The models are not able to 

capture the transient heat-up period after sunrise without significant underestimation as in the case of the 

Rabl model (Figure 3-2d). From power production viewpoint however, the period is rather insignificant. The 

resulting curves also differ in variance due to the varying weights amplifying the ηc terms. In the case of 

data based on a single array, the variance of the curves in Figure 3-2a, b, and d would be significantly 

reduced because instead of 20 different curves of ηc, there would be only one value of ηc for each time 

point. Figure 3-3 compares the results of the four models on a cloudy day. In this case, it is found out that 

none of the models are capable of following the rapid changes in Tc. 
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Figure 3-2. Measured (in blue) vs. modelled (in red) Tc on a clear day (May 2
nd

, 2011) based on tool (a) 15; (b) 10; (c) 5; (d) 16. 

 

 

Figure 3-3. Measured (in blue) vs. modelled (in red) Tc on a cloudy day (November 9
th

, 2011) based on tool (a) 15; (b) 10; (c) 5; (d) 
16. 
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Since the models are found to perform well only on clear days, further weather type-specific analysis is 

required in order to reliably predict Tc throughout the year. It might also be useful to validate models 

specific to different materials. Such models would contribute to the understanding of the applicability of 

different PV technologies under hot desert climates and thus support PV deployment where it makes the 

most sense. 

3.4 Electrical Modelling 
The optical, spectral, and thermal models produce spatiotemporal variables, Weff and Tc, which can be 

directly converted into Pac in the electrical model. The electrical model comprises performance modelling 

tools for the three functions of a PV power station’s system architecture: power generation, power 

transmission, and power conversion. While the electrical model of power generation accounts for the 

simulation of most of the losses involved in photovoltaic energy conversion, the models of transmission 

and conversion exclusively focus on the losses occurring in conductors and power conditioning equipment, 

respectively. 

3.4.1 Power Generation 

The electrical model for power generation involves the simulation of all losses occurring inside solar cells 

and is, therefore, the most important component of a PV performance model. Its purpose is to convert 

ambient and technological input parameters into the power output of a cell, a module, or an array. As 

discussed in section 3.3, if Tc is simulated by means of a thermal model which is dependent on ηc, the 

thermal model and the electrical model for generation are coupled and, therefore, essentially comprise one 

thermoelectrical model. Both physical and semi-empirical electrical models are widely used in PV 

performance assessment. There are also numerous empirical relationships between plant output and 

ambient and technological parameters. Due to their weak generalizability across different locations and 

technologies however, they are typically not used in analyses with a focus on PV performance but in more 

generally oriented studies where the output of PV plants is a single input itself. That is why the focus of this 

thesis study lies on the most common physical and semi-empirical electrical models for PV power 

generation. This subsection presents a review of three popular models: PVsyst’s module model (PVsyst SA, 

2014b), the five-parameter model (De Soto et al., 2006), and the electrical modelling tool of SAPM (King et 

al., 2004). The equations given in the subsection are based on the above three references unless otherwise 

indicated. 

The equivalent circuit approximations of solar cell behaviour are the basis of PVsyst’s module 

model and the five-parameter model. The two most popular such approximations are the single diode 

model expressed in Eq. 2.4 in section 2.2.1 and the double diode model expressed in Eq. 2.12 in section 

2.3.4. Based on these equivalent circuit models, the entire I-V characteristic curve of a solar cell can be 

obtained. In order to compute the I-V characteristics based on the single diode model, one needs to know 

the values of the following six parameters that are dependent on the PV technology deployed and the 

prevalent ambient conditions: 

 Photogenerated current Iph 

 Reverse saturation current I0 

 Series resistance Rs 

 Shunt resistance Rp 

 Diode ideality factor nd 

 Cell temperature Tc 
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The equivalent circuit models of solar cells can be easily applied to modules and arrays consisting of series-

connected cells by multiplying all the voltage and resistance terms (including the thermal voltage k*Tc/e) by 

the number of cells in series Ns (Tian et al., 2001). 

A prerequisite for PVsyst’s module model to function in its default mode is that Rp as well as either 

Rs or nd are known as constants or functions of Tc and Weff. The model also assumes Tc not to be dependent 

on ηc and uses the following simple approximation in the case of free-standing arrays: 

)/(29
81.0

2KmW
W

TT poa
ac           (3.12) 

As Rp, Tc, and either Rs or nd are known for any combination of ambient conditions, the STC parameters 

Iph,stc, I0,stc, and either nd,stc or Rs,stc can be solved for based on the following system of three single diode 

model (Eq. 2.4, section 2.2.1) equations in the three STC reference conditions with known output current 

and voltage levels, Isc,stc, Voc,stc, Impp,stc, and Vmpp,stc (usually given in module datasheets): 
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 Open circuit (Ioc,stc = 0) 
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 Maximum power point 
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Based on the values of Iph,stc and I0,stc, derived from Eq. 3.13-15, Iph and I0 can be calculated by means of Eq. 

3.16 and Eq. 3.17, respectively. 
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Weff is calculated by means of physical optical and spectral models based on basic irradiance variables and 

technological parameters. αIsc,stc and Ns are usually given in module datasheets, while Eg,stc is known based 

on basic material properties. In the case of a-Si modules, PVsyst uses the double diode model (Eq. 2.12, 

section 2.3.4) instead of the single diode one. 

In contrast to PVsyst’s module model, the five-parameter model approximates the I-V characteristic 

curve based only on parameters that are normally given in the datasheets of commercially available solar 

modules. However, as it is a purely electrical model, it requires inputs from optical and thermal models that 

may require experimental data to function. For instance, this is the case with both the optical and the 

thermal model of SAPM, which is used by De Soto et al. (2006) in the validation of the five-parameter 

model. In the model, Tc and nd are lumped together into a variable a as follows: 
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e
kTnNa cds            (3.18) 

Consequently, there are five parameters to be solved for in order to construct I-V characteristics based on 

the single diode model. Eq. 3.18-22 present the expressions for these parameters: 
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If Weff and Tc are given through optical and thermal models, Eq. 3.18-22 comprise five unknown 

parameters: Iph,stc, I0,stc, Rs,stc, Rp,stc, and astc. As in the case of PVsyst’s module model, the unknowns are 

solved for by means of a system of single diode model equations in different STC conditions. In order to 

obtain values for all the five unknown parameters, two derivative equations are added to the system 

specified in Eq. 3.13-15. The first one (Eq. 3.23) sets the slope of the P(V) curve zero at MPP and the second 

one (Eq. 3.24) approximates Rp,stc as the additive multiplicative inverse of the slope of the I-V curve at short 

circuit. 
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In contrast to PVsyst’s module model 

and the five-parameter model, the SAPM 

electrical model has been designed to only 

provide performance parameters at certain 

points on the I-V curve and are, therefore, not 

optimised for reconstructing I-V characteristic 

curves. The points provided by the model are 

shown in Figure 3-4. The model is semi-empirical 

as the other components of SAPM. Instead of 

linking the performance of PV modules to the 

physical parameters involved in the equivalent 

circuit models, SAPM specifies I and V as semi-

empirical functions of Weff and Tc. with physical 

parameters consisting only of the corresponding 

I and V levels at STC. Apart from Ns and the 

physical constants k and e, all other parameters 

Figure 3-4. I-V characteristic curve points provided by SAPM. 
(King et al., 2004). 
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are empirical material-dependent coefficients, which are produced through PV performance 

measurements. SNL has measured these coefficients for dozens of solar modules, though, mostly 

representing crystalline silicon wafer-based module types. These data are publicly accessible in the Sandia 

Modules library (Sandia National Laboratories, 2014a). The performance of a module is defined at the five 

reference points through Eq. 3.24-29. 
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An extensive historical overview of the development of the above and other PV performance simulation 

models is presented by Stein and Klise (2009). The Loss Factor Model (LFM), which is relatively new, 

increasingly popular PV performance model, is not included in Stein and Klise’s report. It is a semi-empirical 

model developed by Sutterlueti et al. (2011) and further improved and validated by Sellner et al. (2012a), 

Ransome et al. (2012), and Sellner et al. (2012b). LFM has showed good performance when compared to 

SAPM and equivalent circuit-based models (Stein et al., 2013). However, because no module database for 

the model’s coefficients exists yet, it cannot be integrated in the PV performance simulator being 

developed. Therefore, LFM is not thoroughly discussed in the review presented in this subsection. 

The above models do not include a physical modelling tool for the effect of performance mismatch 

between modules and arrays due to partial shading and fabrication process-related, inherent variability in 

module performance. In PVsyst for instance, a fixed loss of 2% is by default assumed to be incurred due to 

mismatch losses. Nevertheless, there is a number of studies (e.g. Alonso-García et al., 2006; Di Dio et al., 

2009; Ishaque et al., 2011; Karatepe et al., 2007; Patel and Agarwal, 2008; Petrone et al., 2007; 

Ramaprabha and Mathur, 2008) proposing a model for the mismatch effect –often with a focus on the 

effects of partial shading, though. Another loss process that is somewhat difficult to address by means of a 

physical model is the time-dependent degradation. Typically, PV performance models consider long-term 

degradation through an accumulative annual percentage loss in output without taking the exact 

degradation mechanisms into account. Jordan et al. (2012) present a comprehensive review of the time-

dependent degradation rates characterising different PV materials and geographical regions. 
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3.4.2 Power Transmission 

As discussed in section 2.3.5, transmission losses occur due to Joule heating in a power station’s conductors 

i.e. metal wires. In principle, the estimation of the power losses Ptl caused by Joule heating on the plant’s 

DC side is straightforward as they increase quadratically with current based on the equation expressed in 

Eq. 3.30. 
2RIPtl             (3.30) 

On the AC side, the transmission losses are often considered to be negligible due to the high voltage level. 

Although the resistivity of metals is known to be a function of temperature, it is normally assumed that the 

resistance of cables is only dependent on their length and cross-sectional area apart from the conductor 

material properties. Also, the effect of mismatch losses is usually not considered. The simplified treatment 

of transmission losses is due to their relatively low weight in the total losses incurred by a PV power station. 

3.4.3 Power Conversion 

With respect to the total losses involved in PV power generation, power conditioning losses represent a 

small share as is implied by the inverter efficiency curve shown in Figure 2-14 in section 2.3.5. At extreme 

conditions discussed in section 2.3.5 however, inverters may momentarily cause significant losses. There is 

a plethora of inverter performance models available but in today’s context of PV performance modelling, 

there are three models that have gained particular popularity: the double quadratic model (Baumgartner et 

al., 2007), Sandia Inverter Performance Model (SIPM) (King et al., 2007), and the inverter model developed 

by Driesse et al (2008). 

All three models have been developed to capture both the power and DC input voltage 

dependencies of inverter performance. Eq. 3.31 shows the equations expressing inverter-induced power 

loss Pil as a function of output power Pac and input voltage Vdc as per the double quadratic model: 
2

210 acacil PaPaaP            (3.31) 

where 

2
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As can be seen from Eq. 3.31, the double quadratic model includes nine empirical parameters ai,j. 

Baumgartner et al. (2007) attribute the first, Pac-independent term of Eq. 3.31 to the self-consumption of an 

inverter’s auxiliary and drive circuits, the first degree term to switching transition and non-ohmic losses in 

semiconductor p-n junctions, and the second degree term to the ohmic losses involved. The double 

quadratic model can be used only based on actual AC output measurements. 

In order to facilitate the usage of basic information available, for instance, in inverter datasheets, 

SIPM (King et al., 2007) compares input power Pdc (instead of Pac) to inverter reference values as follows: 
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In Eq. 3.32, Pac,0 stands for the inverter’s power rating, Pdc for the DC power input, Vdc for the DC input 

voltage, Pdc,0 for the DC power input at Pac,0, Vdc,0 for the DC input voltage at Pac,0, Pso for the inverter’s self-
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consumption, and Ci for empirical coefficients derived from inverter performance data. As in the case of the 

double quadratic equation, SIPM’s main equation is quadratic but the assumed voltage dependence of the 

power parameters is linear. 

While SIPM aims to empirically simulate the efficiency curve of an inverter, Driesse’s et al. (2008) 

model is more physical with a focus on the losses incurred – similarly to the double quadratic model. 

However, the applicability of the model is improved by involving standard parameters usually given in 

inverter datasheets. The main equation of Driesse’s et al. model is presented in Eq. 3.33. 
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where bi,j are empirical parameters determined based on inverter performance data. As can be seen from 

Eq. 3.33, Driesse et al. model Pil with a quadratic dependence on Pdc as done in SIPM and the double 

quadratic model. Each of the terms of the quadratic equation consist of a term for the losses incurred at 

Vdc,0 and a Vdc-dependent term. According to Driesse et al., the model provides improved accuracies at 

medium-to-high power levels compared to SIPM due to its focus on the power lost instead of efficiency. 

 



CHAPTER 4. PROPOSED PERFORMANCE MODEL 
 

54 
 

4. Proposed Performance Model 
The main objective of this thesis project is the development of a WebGIS-based PV performance simulation 

tool for the Arabian Peninsula. This chapter describes how this objective is met in practice. The simulator is 

designed based on the literature reviews presented in chapters 2 and 3. The suitability of different 

modelling tools is assessed through criteria developed by analysing the peculiarities of both the WebGIS 

environment as a modelling platform and the Arabian Peninsula as the geographical scope of the tool. The 

criteria are outlined and justified in the first subsection. The second subsection describes the algorithmic 

structure and the current scope of the proposed simulator emphasising the reasoning behind the choices 

made. The assumptions made in the reference power station design are stated and justified in the third 

subsection specifying the process of system configuration. The remaining four subsections focus on 

describing the actual performance modelling steps: optical modelling, spectral modelling, thermal 

modelling, and electrical modelling. 

4.1 PV Performance Assessment in WebGIS Environment 
The fact that the simulation tool described in the present chapter will be operated through a web-based 

GIS platform poses some specific challenges and requirements for the design of the simulator. As explained 

in section 1, the planned integration in a WebGIS environment is, in fact, one of the reasons why an 

extensive in-house modelling task of this sort is undertaken by ReCREMA. As the simulator is planned to be 

fully integrated in the current publicly accessible WebGIS architecture, the use of a piece of commercial 

simulation software is out of the question for legal and technical reasons. 

In the case of conventional PV performance assessment, the focus of modelling efforts usually lies 

on the maximisation of accuracy within the limits of the available input data. In a WebGIS environment 

however, computation speed becomes a factor as critical as the accuracy of the results. Therefore, due to 

the importance of computational performance, the most suitable modelling tools for the simulator being 

developed may not give the best fit to in-situ observations but rather offer the best compromise between 

computing speed and the accuracy of the generated estimates. The in-house development of the model 

makes it possible to optimise the different tools included from both perspectives. 

In addition to the two typical dimensions, time and the variable of interest, the model being 

developed involves a third dimension, space. When PV performance is simulated, for instance, for a country 

like the UAE at a spatial resolution of 0.02° over the whole year at hourly resolution, one variable involves 

more than one hundred million simulation points. When considering the speed requirements involved in 

web-based modelling tools, it is obvious that all kinds of transient models with path dependence are not 

feasible. In fact, no model involving iterative computation over the entire domains under simulation can be 

selected. This limits the pool of feasible models to the ones comprising only analytically solvable equations. 

Though, if the model is independent of the continuous user input variables (see section 4.2), also pre-

defined look-up tables can be used. 

As the primary outputs of the simulator being developed are in the form of maps, the user is likely 

to be particularly interested in the spatial variability of the simulation outcome. How different areas 

compare to each other in terms of PV performance is one of the main questions sought to be answered by 

means of the simulator. That is why the validation of the possible empirical and semi-empirical models 

should be performed at more than one site preferably representing as many technologies and different 
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ambient conditions as possible. This future validation work will obviously be facilitated by using a simulator 
which is developed by ReCREMA. 

4.2 Algorithmic Architecture and Scope 
The primary purpose of the PV performance simulator under development is to convert spatiotemporally 
variable input data into spatial data that indicate the performance of a user-defined PV power station over 
the entire time span of interest. The processes involved at the highest level are presented in Figure 4-1. The 
first process is the interpretation and the quality check of the user inputs and their conversion into a form 
which can be processed during the actual performance simulation. The spatial domain of interest is divided 
by means of the interpretation programme into as many subsets as there are processors available. These 
subsets are allocated to the processors, and the second high-level step, the actual performance simulation, 
is then performed by several processors in parallel. In this way, computation speed can be increased if 
there are several processors available. The performance simulation roughly follows the steps illustrated in 
Figure 3-1 at the beginning of chapter 3. The last step is the conversion of the simulation outcome into a 
form which is comprehensible to the user. 

 

Figure 4-1. High-level algorithmic architecture of the PV performance simulator under development. 
 

In order to run the simulator, the user specifies the area and time of interest as well as four guiding design 
parameters for system configuration. The area of interest is selected by means of a bounding box on the 
map of the graphical user interface. The bounding box is converted into a list of indices of the pixel matrix 
stored in the system. The pixel matrix consists of latitudes, longitudes, and elevations associated with the 
index of each pixel. The indices are evenly distributed into as many groups as there are processors available 
for the simulation. The distribution is done such that each group consists of pixels with latitudes as close to 
each other as possible. This is done to make it possible to design a single system configuration for all these 
pixels. The start and the end times defined by the user are used to define the timeframe of interest as a list 
of indices of the hour vector stored in the system. The hour vector covers the entire timeline available for 
simulation. In addition to different time values, the hour vector includes the Earth-Sun distance for every 
time step. The distance is used to estimate the extraterrestrial irradiance on the top of the Earth’s 
atmosphere. 
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The user-given design parameters for system configuration include PV material, mounting method, 

and plant capacity and loading ratio. The PV material of interest is selected by choosing one of the solar 

module types included in the simulator’s module database. The module types covered include 45 

commercial solar modules and are presented in Table 4-1 and Table 4-2. The decisions on the inclusion of 

the module types are made based on data availability. The simulator’s database consists of the mechanical, 

thermal, and electrical parameters of each module type included in the study. The module database is 

further discussed in section 4.7. 

Table 4-1. Considered module types with electrical model coefficients based on third-party field tests. 

Name Material Country 
of origin 

Release 
year 

Database Source ηmpp,stc Temperature 
coefficient of 
Pmpp,stc 

Canadian Solar CS5P-220M c-Si China 2009 SAM SNL 15.3 % -0.47 %/°C 
Solar World SW175 Mono Sun c-Si Germany 2009 SAM SNL 16.1 % -0.48 %/°C 
SunPower 128-Cell Module c-Si USA 2009 SAM SNL 20.8 % -0.41 %/°C 
SunPower SPR-305-WHT c-Si USA 2009 SAM SNL 21.3 % -0.40 %/°C 
Sanyo HIP-200BA19 HIT Japan 2009 SAM SNL 21.3 % -0.46 %/°C 
BP Solar BP3220N mc-Si USA 2010 SAM SNL 14.8 % -0.44 %/°C 
BP Solar BP3180N mc-Si USA 2010 SAM SNL 14.9 % -0.42 %/°C 
BP Solar BP380J mc-Si USA 2009 SAM SNL 14.1 % -0.51 %/°C 
Ligitek LM220 BB00 mc-Si Taiwan 2009 SAM SNL 14.9 % -0.45 %/°C 
Moser Baer MBPV 220 mc-Si India 2010 SAM SNL 14.3 % -0.46 %/°C 
SolarFun SF220-30-P220 mc-Si China 2010 SAM SNL 15.9 % -0.45 %/°C 
Suntech STP200S-18-ub-1 mc-Si China 2009 SAM SNL 15.2 % -0.43 %/°C 
Yingli Solar YL230-29b mc-Si China 2009 SAM SNL 15.8 % -0.44 %/°C 
First Solar FS-272 CdTe USA 2009 SAM SNL 9.9 % -0.33 %/°C 
Kaneka TSC120 a-Si Japan 2006 PVsyst Photon 

Magazine 
7.0 % -0.31 %/°C 

 

The mounting method is chosen among three different mechanisms: fixed mount, single axis tracking, and 

dual axis tracking. In the case of the two former, the user additionally specifies the inclination angle. The 

angle refers to the tilt of POA in the case of fixed mount and to the axis tilt in the case of single axis 

tracking. The two tracking mechanisms under consideration are a tilted single axis tracker and a tip-tilt dual 

axis tracker. These tracking technologies are chosen due to their popularity among project developers. The 

reference single axis tracker is selected to be DEGERenergie’s TOPtracker and the dual axis tracker 

DEGERenergie’s DEGERtracker (DEGERenergie GmbH & Co. KG, 2014). 

The capacity of the power station stands for the combined nominal power of the plant’s all solar 

modules. Its unit is watt-peak (Wp). The nominal power of a module is the module’s power output at STC. 

Based on the general scope of the project outlined in chapter 1, the plant capacities that the simulator 

should handle are limited to utility-scale levels. Therefore, they range from 500 kWp to 1 GWp. The fourth 

user-given design parameter, loading ratio, is used for configuring the inverters of the plant. The parameter 

stands for the ratio of the capacity of a power block, which consists of modules connected to a single 

inverter, to the AC output power rating of the inverter. If the simulator’s system configuration algorithm is 

made to multiply identical power blocks to obtain the configuration of the entire plant, loading ratio can be 

defined as the ratio of the plant capacity to the combined nominal AC output power of the plant’s 

inverters. The simulator under development should allow for a loading ratio ranging from 50% to 150% in 

order to cover all ratios normally used in utility-scale power plants. However, all combinations of capacity 

and loading ratio are not possible even if they are within the defined limits due to the modular architecture 

of a PV power station and the inverter-specific limitations for array configuration. Due to the good 
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availability of performance data, SMA Solar Technology’s SMA SUNNY CENTRAL MV series is used as the 

reference set of inverters (SMA Solar Technology AG, 2014). The capacities of the seven inverters are 

approximately 500 kW, 630kW, 800kW, 1000 kW, 1250 kW, and 1600 kW. Since the purpose of the 

simulator is not to focus on the evaluation of power conditioning technologies, the reference inverters do 

not have to represent different manufacturers. For the same reasons as with inverters, the reference 

generator junction box is chosen to be Gustav Hensel’s Mi PV 3941 (Gustav Hensel GmbH & Co. KG, 2014). 

Table 4-2. Considered module types with electrical model coefficients based on data provided by manufacturers. 

Name Material Country 
of origin 

Release 
year 

Database Source ηmpp,stc Temperature 
coefficient of 
Pmpp,stc 

Canadian Solar CS6X 320M c-Si China 2013 PVsyst Manufacturer 18.6 % -0.45 %/°C 
JA Solar JAM6 R 72 340 c-Si China 2014 PVsyst Manufacturer 19.4 % -0.42 %/°C 
Jinko Solar JKM 315M 72 c-Si China 2013 PVsyst Manufacturer 18.4 % -0.41 %/°C 
ReneSola JC270S 24Bb c-Si China 2012 PVsyst Manufacturer 18.5 % -0.44 %/°C 
SunPower SPR-455J-WHTD c-Si USA 2012 PVsyst Manufacturer 22.7 % -0.33 %/°C 
Panasonic VBHN240SE10 HIT Japan 2012 PVsyst Manufacturer 22.0 % -0.29 %/°C 
Canadian Solar CS6X 320P mc-Si China 2013 PVsyst Manufacturer 18.3 % -0.43 %/°C 
Conergy E 250P mc-Si Germany 2013 PVsyst Manufacturer 17.1 % -0.44 %/°C 
Hanwha Qcells QPRO L 315 mc-Si Germany 2013 PVsyst Manufacturer 18.0 % -0.42 %/°C 
Hanwha HSL 72P6 PC 7 315 mc-Si China 2014 PVsyst Manufacturer 18.0 % -0.44 %/°C 
JA Solar JAP6 72 330 3BB mc-Si China 2014 PVsyst Manufacturer 18.8 % -0.43 %/°C 
Jinko Solar JKM 310P 72 mc-Si China 2013 PVsyst Manufacturer 17.7 % -0.43 %/°C 
Kyocera KD315GX LPB mc-Si Japan 2011 PVsyst Manufacturer 16.2 % -0.45 %/°C 
REC 260PE mc-Si Norway 2012 PVsyst Manufacturer 17.8 % -0.40 %/°C 
ReneSola JC310M 24Ab mc-Si China 2012 PVsyst Manufacturer 17.7 % -0.40 %/°C 
Sharp ND R250A5 mc-Si Japan 2011 PVsyst Manufacturer 17.1 % -0.43 %/°C 
SolarWorld SW 250 Poly mc-Si Germany 2011 PVsyst Manufacturer 17.1 % -0.48 %/°C 
Trina Solar TSM 310 P14A mc-Si China 2012 PVsyst Manufacturer 17.7 % -0.42 %/°C 
Yingli Solar YL310P 35b mc-Si China 2014 PVsyst Manufacturer 17.7 % -0.41 %/°C 
Inventux X94A a-Si Germany 2009 PVsyst Manufacturer 7.2 % -0.26 %/°C 
NexPower NH100AT 5A a-Si Taiwan 2009 PVsyst Manufacturer 7.3 % -0.20 %/°C 
Inventux X140 125 a-Si/µc-Si Germany 2010 PVsyst Manufacturer 10.6 % -0.31 %/°C 
NexPower NT 170AX a-Si/µc-Si Taiwan 2012 PVsyst Manufacturer 11.7 % -0.30 %/°C 
Sharp NA-E140L5 a-Si/µc-Si Japan 2013 PVsyst Manufacturer 10.8 % -0.30 %/°C 
Calyxo CX65 CdTe Germany 2010 PVsyst Manufacturer 10.0 % -0.33 %/°C 
FirstSolar FS3100 Plus CdTe USA 2014 PVsyst Manufacturer 15.3 % -0.31 %/°C 
Avancis PowerMax STRONG 
140W 

CIS Germany 2012 PVsyst Manufacturer 14.0 % -0.40 %/°C 

SolarFrontier SF170 S CIS Japan 2013 PVsyst Manufacturer 15.2 % -0.32 %/°C 
Solibro SL2-125 CIS Germany 2014 PVsyst Manufacturer 14.6 % -0.37 %/°C 
Stion STN150 CIS USA 2013 PVsyst Manufacturer 15.1 % -0.35 %/°C 

 

4.3 System Configuration 
System configuration essentially defines how the power station, whose performance is simulated, is 

structured. Therefore, it greatly influences the outcome of the simulation although it cannot be considered 

as a performance simulation step. The system configuration of the power station is defined based on the 

user-defined design parameters and the technological system input variables: physical module and inverter 

parameters. Hence, it can be considered as a bridge between the user’s inputs and the actual performance 

simulation. 

The first step of the system configuration process is to define the number of modules in an array, 

Nmod. As discussed in section 2.3.5, regions characterised by high ambient air temperatures favour high 

nominal system voltage levels. That is why here, Nmod is computed based on the maximum voltage that can 
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be input into an inverter, Vdc,max. As all the inverters included in the simulator’s database have the same 

Vdc,max (1 kV), Nmod can be computed before selecting the inverters to be deployed in the configuration. Nmod 

is calculated based on Eq. 4.1-2 depending on the mounting method: 

 Fixed mount and single axis tracking 


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2 max,
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 Dual axis tracking 
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The different equations for fixed mount and single axis tracking systems on one hand and for dual axis 

tracking ones on the other are due to the typical array configurations used in association with these 

mounting methods. The fixed mount and single axis tracking arrays are assumed to be long strings only 

consisting of series-connected modules. In order to ensure high enough number of modules also in the case 

of tip-tilt dual axis tracking systems characterised by roughly square-shaped arrays, the arrays are assumed 

to consist of two strings in parallel. 

The second step is the determination of row spacing. The distance between arrays is minimized so 

that on a horizontal ground in the case of fixed mount, there is no shading on modules due to other arrays 

three hours after the solar noon on the winter solstice. With tracking systems, the constraint is one hour 

stricter resulting in wider row spacing. The variation in the constraint aims to address the differences 

between the cost structures of fixed mount and tracking systems. The distances can be computed based on 

Nmod, module dimensions, solar angles at the specified times, and the tilt angle specified by the user. Due to 

different row spacing requirements, the configuration depends on the site latitude and, therefore, varies 

between the groups allocated to different processors.  

The following formulae, Eq. 4.3-7, can be used to obtain the row spacing for different array 

configurations. The minimum north-south distance between arrays with a fixed tilt da,0t can be calculated by 

means of Eq. 4.3. In the case of single axis tracking, the north-south distances between arrays da,1t,NS can be 

obtained through Eq. 4.4 and the east-west distance between axes da,1t,EW through Eq. 4.5. The axis rotation 

angle equation derived by Narvarte and Lorenzo (2008) is used in the formulation of the latter two 

equations. Eq. 4.6 addresses the north-south distance da,2t,NS and Eq. 4.7 the east-west distance da,2t,EW 

between axes in the case of dual axis tracking. 
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where lmod stands for the length of the longer side of a module, wmod for that of the shorter side, φS,d for the 

Sun’s azimuth angle three or four hours after the solar noon on the winter solstice (0-90°), τ for the axis tilt 

angle, and φS,max for the Sun’s azimuth angle when the minimum distance between the axes of different 

tracking systems reaches its maximum. 

After specifying Nmod and row spacing between arrays, the actual number of arrays Na, capacity Pstc, 

and loading ratio r of the power plant can be computed. The system configuration programme finds the 

configuration which provides the best match between the input combinations given by the user and the 

actually possible combinations of the inputs. As real PV power stations consist of modular building blocks, 

solar modules and inverters, Pstc and r cannot equal the ones desired by the user most of the times. Instead, 

the simulator always finds the closest possible fit by minimising the sum of relative differences between the 

actual and desired capacities and between the actual and desired loading ratios. The corresponding 

optimisation problem is expressed by Eq. 4.8. 
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As can be seen from Eq. 4.8, the maximum input current to the inverter Idc,max also limits the number of 

arrays. 
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After computing Nmod, Na, Pstc, r, and row spacing between the arrays, the total surface areas of the 
AC power blocks and the entire power station can be calculated. As all the dimensions of the power station 
are known, the computation of the lengths of the cable runs is finally possible. There are three to four 
levels of cable runs in the reference power station connecting arrays to an array junction box (solar cable), 
array junction boxes to a generator junction box (array main cable), generator junction boxes to an inverter 
(DC main cable), and inverters to the grid connection point (AC main cable). The plant is equipped with 
array junction boxes only if the number of arrays in an AC power block exceeds 192, which is the product of 
the maximum number of inlets at the reference junction box (24) (Gustav Hensel GmbH & Co. KG, 2014) 
and the maximum number of inlets at the reference inverters (8) (SMA Solar Technology AG, 2014). In 
order to estimate the exact cable lengths, the placing of AC power blocks, power conditioning units, and 
junction boxes needs to be defined. 

An AC power block consists of the arrays connected to a single inverter. The guidelines for placing 
AC power blocks with respect to each other are illustrated in Figure 4-1. In the case of more than one 
inverter, the power units aligned in the east-west direction are denoted as lines, whereas the units aligned 
in the north-south direction are denoted as columns. The number of columns should always be either equal 
to or one more than the number of lines. The units comprising the incomplete line or column should be 
placed centrally on the southern (lines) or eastern (columns) side and the grid connection point on the 
northern side with respect to the full lines or columns. Within a power unit, the medium voltage 
transmission line from inverters to the grid connection point is always laid parallel to the columns. Between 
two power units however, the transmission lines are laid perpendicular to the columns if the length of 
additional cable trenches required can be so reduced as in the case of eight inverters in Figure 4-2. 

 

Figure 4-2. Guidelines for placing AC power blocks in the reference design. 
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A power conditioning unit is always placed in the middle of its power unit so that there are equally many 
full rows of arrays on its all sides. Instead of complying with Eq. 4.5 and Eq. 4.7, the width of the row 
spacing between the western and eastern halves of the power unit might also depend on the inverter and 
transformer dimensions. This is the case if the distance calculated by means of Eq. 4.5 or Eq. 4.7 is shorter 
than 9 m. In these cases, the distances equal 9 m. If tracking is not used however, the east-west distance 
between arrays equals 1 m in the case of an empty row and 6 m in the case of an inverter. The north-south 
distances always comply with Eq. 4.3-4 and Eq. 4.6. 

All junction boxes are located under the arrays of two rows, denoted as junction rows here, parallel 
to the inverter row in the middle of the unit. If there is an even number of north-south array rows on each 
side of the inverter row, the boxes are installed under the arrays of the one of the two midmost array rows 
closest to the inverter row as shown in the example of Figure 4-3. In the case of an odd number of the 
rows, the boxes are placed under the arrays of the single midmost row as illustrated in Figure 4-4. Under 
the arrays with fixed mount or single axis tracking, the boxes are located at a corner of the horizontal 
projection of the arrays above them: at the north-eastern corner in the case of a single midmost row on the 
western half (Figure 4-4) or in the case of two midmost rows on the eastern half (Figure 4-3) and at the 
north-western one in the opposite cases. In the case of dual axis tracking, the boxes are always assumed to 
be placed right next to tracker axes. 

 

Figure 4-3. Example of junction box placing in the case of an even number of north-south array rows with fixed mount on each 
side of the inverter. 
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Figure 4-4. Example of junction box placing in the case of an odd number of north-south array rows with fixed mount on each 
side of the inverter. 
 

The blue lines in the examples of Figure 4-3 and Figure 4-4 represent the boundaries between the areas 
from whose arrays each generator junction box combines current flows. The number of arrays combined by 
a junction box always equals 24 in the case of combining areas located between other combining areas. In 
the periphery of the power unit however, these areas may comprise fewer than 24 arrays as can be seen 
from Figure 4-3 and Figure 4-4. The mutual symmetry of the combining areas is optimized by minimizing 
the difference between the numbers of arrays each of the four peripheral combining areas consists of. In 
the case of 12 or fewer arrays however, this symmetry rule is renounced by distributing combining areas of 
24 arrays to all junction boxes except for the two southernmost boxes. When an east-west array row is 
divided between two junction boxes, the arrays located nearer to the inverter row are combined with the 
east-west array rows located nearer to the inverter as presented in Figure 4-4. The junction box of a 
combining area is located in the midmost east-west array row of the area. In case there are two midmost 
rows, the box is always installed in the more southern one. In case there are both array and generator 
junction boxes in the power station, the above discussion applies only to array junction boxes. In this case, 
there is always an even number of generator junction boxes in both halves of an AC power block and 
therefore, the combining areas of the generator junction boxes only consist of entire combining areas of 
array junction boxes. The generator junction boxes are placed in the junction row so that the combined 
cable run length from array junction boxes is minimised. 

Solar cables are used to connect arrays to junction boxes. The guidelines for the layout of solar 
cables are given in Figure 4-5. The combining area illustrated in the figure includes 24 arrays and, therefore, 
24 solar cables with varying lengths and cross-section areas. Because both the positive and negative 
terminals of an array need to be connected to the circuit with a junction box, the length of a required solar 
cable is calculated based on the distance between the box and the middle point of the shorter side of the 
array as shown in the case of fixed mount in Figure 4-5. The same principle can be applied to systems with 
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single axis tracking. In the case of dual axis tracking however, solar cables are laid starting from tracker axes 
in the middle of the arrays. 

 

Figure 4-5. Guidelines for laying solar cables in the reference design with fixed mount. 
 

After calculating the lengths for all cable run, the system configuration programme finds the optimal cross-
section areas and cable numbers for each cable run. The UAE’s electricity wiring regulations allow only 
stranded copper conductors to be used in circuits with fixed wiring (Regulation and Supervision Bureau, 
2009). In the model therefore, the material is assumed to be copper. The optimisation between cost and 
voltage drop is done by means of junction boxes that enable using different sizes of wires between arrays 
and inverter. The selection of the conductor size is dependent on the maximum allowable voltage drop for 
long-term operation and the current carrying capacity of the conductor. The combined long-term voltage 
drop from an array to an inverter must not exceed 2 per cent in the case of any array-inverter combination. 
In this study, the maximum allowable voltage drop is based on module and inverter parameters under 
standard conditions. An optimization problem can be used to derive the lowest possible total conductor 
volume while keeping voltage drop at an acceptable level and conductor current carrying capacities 
sufficient (with a temperature correction factor of 0.91 based on the BS 7671 specifications (Institution of 
Engineering & Technology, 2008)). Through solving the problem, a set of conductors with optimal cross-
section areas and numbers can be found. 

4.4 Optical Model 
As explained in section 3.1, the purpose of the optical model is to estimate Wpoa based on ambient data and 
system configuration and then correct it to account for the angular reflection and soiling losses. The Perez 
model (see Eq. 3.7-8 in section 3.1.1) is selected to be the simulator’s transposition model, which is used to 
calculate Wpoa. There are two main reasons for the decision. First, due to its popularity, the model has been 
tested in a large variety of locations. In most of the Middle East-based validation studies reviewed (Evseev 
and Kudish, 2009; Kamali et al., 2006; Khalil and Shaffie, 2013; Noorian et al., 2008), the model showed 
good or average performance. Second, even if the model turns out to perform poorly under the conditions 
of the Arabian Peninsula, it can be recalibrated thanks to its semi-empirical nature. 

In order to run the Perez sky diffuse model, four parameters need to be computed: clearness level, 
relative optical air mass, brightness level, and θ. In the case of tracking systems, the estimation of θ 
requires a model for backtracking. The backtracking algorithm of the model is developed based on the 
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shading geometry formulations outlined by Narvarte and Lorenzo (2008). Based on the same paper, also 

shading losses are estimated in the case of fixed mount. As explained in section 3.1, only DNI is assumed to 

be affected by shading. In the case of tracking systems, the backtracking switch is controlled only by the 

shading cast by the neighbouring arrays in the east-west direction. Array self-shading is assumed to be the 

only source of shading due to the fact that most of the other causes for shading can be minimised by 

careful site selection. 

Diffuse sky radiation is an input to the final Weff modelling tool, which is developed as a 

combination of the Perez transposition model (Perez et al., 1990) and Martín and Ruiz’s (2002) model for 

angular reflection soiling losses (see Eq 3.9 in section 3.1.2). The model is expressed in Eq. 4.9: 
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Martín and Ruiz’s model was selected due to its unique way to combine the effects of angular reflection 

losses and soiling. Under dynamic dust transport conditions as in the Persian Gulf region, it is important 

that the optical model enables dust corrections in a physically justifiable way rather than through, for 

instance, fixed percentage reductions in Pac. 

4.5 Spectral Model 
Originally, Martín and Ruiz’s (1999) spectral correction model has been implemented in the simulator as it 

can be easily integrated in Eq. 4.9. With the spectral model, Weff estimates, however, have become 

unrealistically high at certain hours of the day and with certain technologies. Consequently, the model has 

been removed from the simulator. Therefore, the Weff estimates produced by the current version of the 

model are not spectrally corrected. Currently, a validation study is being undertaken to calibrate Martín 

and Ruiz’s model for the local conditions. 

4.6 Thermal Model 
Tuomiranta et al. (2013) find the Schott model (tool # 15 in section 3.3) to be the most suitable thermal 

model for solar cells under hot desert conditions in Abu Dhabi. Shown by a later study by ReCREMA, the 

Schott model, in fact, shows the best performance with all PV materials according to the measurements 

made at the PV test field in Masdar City. For this reason, the Schott model is chosen to be implemented in 

the simulator as its thermal model. Table 4-3 presents the PV material-specific Schott model coefficients 

derived based on test field measurements in Masdar City and stored in the simulator’s module database. 

Table 4-3. Schott model coefficients for different PV materials derived based on test field measurements in Masdar City. 

PV material β1 β2 β3 β4 

c-Si 141.15 0.2062 29.502 1.6747 
HIT 111.50 1.3252 30.107 1.7937 
mc-Si 91.94 1.4037 27.204 1.4805 
a-Si 165.59 -0.3899 30.259 1.8016 
a-Si/μc-Si 97.74 1.8850 31.527 2.0213 
CdTe 152.33 -0.8446 25.387 1.1341 
CIS/CIGS 128.33 0.3665 26.655 0.6867 
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4.7 Electrical Model 
SAPM (King et al., 2004) is selected as the simulator’s electrical model for generation for three reasons. 

Most importantly, SNL maintains a database of dozens of modules with empirically derived SAPM 

coefficients (Sandia National Laboratories, 2014a). No other PV performance model is supported by such 

amount of publicly available third-party field test (TPFT)-based data. Secondly, amongst the three models 

under comparison, SAPM is the only model that is analytically solvable. The other two models would 

require numerical analysis to be solved. The third advantage is that when Tc in the SAPM power equation 

(Impp*Vmpp) is substituted by the Schott model equation, the model is still analytically solvable in spite of the 

coupled relationship between ηc and Tc. In addition to the thermal model substitution, the SAPM-based 

power equation is multiplied by the technology-specific and past operating life-dependent degradation 

coefficient derived from Jordan et al. (2012) Finally, the array power output is multiplied by 0.98 to account 

for mismatch losses as done in the default mode of PVsyst (PVsyst SA, 2014b). 

Due to the selection of SAPM as the simulator’s electrical model, only those solar module types for 

which the Sandia module model coefficients can be derived are selected. Two sources of module 

performance data are used when estimating these coefficients: System Advisor Model’s (SAM) module 

library provided by SNL and the module performance database incorporated in PVsyst 6. The Sandia 

module model coefficients can be directly extracted from the SAM module library whereas in the case of 

PVsyst’s database, the coefficients are approximated through regression of PVsyst’s single diode model 

output in various ambient conditions. 14 out of the 45 selected modules are chosen from the SAM module 

library and the remaining 31 from PVsyst. Out of the 31, one module type has been assessed by an 

independent testing organisation (Photon Magazine) and the rest by the respective manufacturers. The 

data for the 14 modules from the SAM library are entirely based on field data collected by SNL. The 

comparative performance assessment summarised in section 5.2.2 is conducted separately for the data 

collected by TPFT and the data provided by the manufacturers. As can be seen from Table 4-1 in section 

4.2, the module data provided by the testing organisations are outdated and represent only five different 

PV materials. Therefore, in order to take the recent technological development into consideration and 

expand the technological scope of the simulator, it is necessary to also analyse data produced by 

manufacturers. In addition to the Sandia module model coefficients, basic mechanical and electrical 

module parameters are extracted from the same two databases. 

DC transmission losses are calculated based on the ohmic, quadratic relationship of Joule heating 

and current. In case Vdc is too low or Idc or Vdc too high at the inverter inlet, the simulator simulates an 

approximated I-V characteristic curve based on the five points given by SAPM and forces the modules 

downwards on their I-V curves. Finally, Pac is computed as the output of SIPM. SIPM is selected as the 

electrical model for power conditioning due to SNL’s inverter database which consists of dozens of 

inverters with measured SIPM coefficients (Sandia National Laboratories, 2014b). Therefore, SIPM 

facilitates the inclusion of a wider range of different inverters if need be in the future. At the end, the self-

consumption due to possible tracking systems is subtracted from Pac. Other self-loss components will be 

added in the future if relevant data are found. 

4.8 Output Processing 
The final product of the actual performance simulation process consists of as many Pac time series as there 

are sites to be analysed. The time series are the basis for the computation of the simulator’s main output 

data. These spatial data comprise two performance indicators, capacity factor CF (Eq. 4.10) and 

performance ratio PR (Eq. 4.11). The indicators are formulated mathematically in the below equations 
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where Y stands for the total yield for the entire time of interest, Pstc for the nominal generation capacity of 

the power station, t for the number of hours included in the time of interest, and Weff for the average 

effective irradiance level in each hour. 
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CF gives a general idea of the goodness of the combination of a site location and selected technologies. The 

indicator is affected by both the abundance of solar resource and the performance of the selected 

technologies in real operating conditions. The performance of solar modules in the standard test conditions 

(Pstc) does not, however, have an impact on CF due to the normalisation by Pstc. In contrast to CF, PR is not 

influenced by the level of solar resource because the indicator is constructed by normalising the full load-

equivalent operating hours (FLH) (Y/Pstc) by the annual effective irradiation incident on the module. In this 

way, the linear effect of incoming irradiance on the short-circuit current of solar cells can be isolated. 

Hence, PR can be used to compare the suitability of a module technology between site locations with 

different solar resource levels. In addition to the performance indicators that are finally converted into 

maps, the simulator produces a detailed listing of system configuration parameters for each location. 
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5. Case Study – PV Performance in the Arabian Peninsula 
The case analysis presented in this chapter focuses on the performance assessment of PV power stations in 

the Arabian Peninsula. The analysis specifically aims to answer how different design parameters influence 

PV performance and how the impacts vary with time and location. The different parameters covered in the 

assessment include PV material, mounting method, plant capacity, and loading ratio. 

The study is based on the in-situ observations of meteorological parameters performed at 

undisclosable solar resource monitoring stations. Hence, it is a point-based assessment, and no spatial 

interpolation will be done based on these data. PV performance is assessed by means of the PV 

performance simulator developed as part of this thesis project. The PV module types included in the 

analysis span the entire range of different materials used for PV devices. 

The chapter is composed of two main components. The first subsection describes the spatial and 

temporal variability of the meteorological data used in the analysis. The actual results of the study are 

presented in the second subsection and reflected back to the first one in order to formulate causal 

relationships between the inputs and the outputs. Finally, the validity and reliability of the results are 

discussed in the third subsection. 

5.1 Spatiotemporal Input Variables 
The spatiotemporally variable input data comprise measurements made at 12 monitoring stations in the 

Arabian Peninsula over a period of one year from the beginning of August till the end of July. The measured 

parameters include irradiance as well as ambient air temperature and wind speed. In addition to the 

meteorological parameters, parameters defining the Sun’s position with respect to the Earth are required 

as inputs for the simulation. The temporal resolution of the simulation is one hour. 

The annual global horizontal irradiation levels presented in Figure 5-1 show that the Arabian 

Peninsula has exceptionally abundant solar resources. Over the selected time span of one year, the global 

irradiation ranged between 2150 kWh/m² and 2360 kWh/m² at the 12 monitoring stations considered in 

the study. The highest global irradiation levels were measured at Region 1’s three stations: Site G, Site I, 

and Site H. The variability in the annual global irradiation is low considering the geographical dispersion of 

the stations. By contrast, the annual direct normal irradiation experiences significant variation ranging from 

1850 kWh/m² to 2610 kWh/m². As can be seen from Figure 5-1, the division of the data into three 

geographical segments can be justified on the grounds that on average, the stations located in Region 2 

have the lowest DNI levels and the ones in Region 3 the highest. 

The seasonal variation in daily average irradiation levels can be studied by looking at Figure 5-2 for 

Region 1, Figure 5-3 for Region 2, and Figure 5-4 for Region 3. Due to the Arabian Peninsula’s location in the 

northern hemisphere, daily average global horizontal irradiation levels peak (7.9-9.2 kWh/m²) in July and 

reach the minimum (3.4-4.6 kWh/m²) in December or in January in every region. The exact minimum 

months vary because atmospheric scattering follows different seasonal cycles across the peninsula. 

Interestingly, all sites experience a seasonal peak in DNI just before the vernal equinox, in February in 

Region 1 and Region 3 and in March in Region 2. The highest seasonal variability can be found in Region 3 

whose stations experience the country’s lowest average GHI levels in the winter and the highest in the 

summer. This is due to the low level of atmospheric scattering throughout the year. The variation of 

irradiance follows the seasonal cycle of the Sun’s position more closely in Region 3 as the changing cosine  
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Figure 5-1. Annual irradiation at each monitoring station considered in the study. 

 

 

Figure 5-2. Daily average irradiation levels in Region 1 in each month of the study period. 
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Figure 5-3. Daily average irradiation levels in Region 2 in each month of the study period. 

 

 

Figure 5-4. Daily average irradiation levels in Region 3 in each month of the study period. 
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effect is not smoothened out by a fluctuating proportion of diffuse irradiance. The seasonal pattern of 
atmospheric scattering in Region 1 resembles that in Region 3 but reaches significantly higher levels 
especially in the summer when the cosine effect reaches its minimum. The comparatively low annual direct 
irradiation levels of Region 2 are caused by high atmospheric scattering throughout the time between the 
vernal and autumnal equinoxes. That is why the region has the lowest seasonal variability of daily average 
global irradiation. In general, the seasonal variability of DNI is lower than that of GHI because DNI is not 
affected by the cosine effect. 

The irradiance data imply that out of the 12 monitoring station sites, the best ones for PV power 
generation are located in Region 1 due to some of its sites’ comparatively high global irradiation levels and 
in Region 3 due to its low level of atmospheric scattering. In addition to irradiance however, the operating 
cell temperature of PV modules has a major impact on the efficiency at which the module converts sunlight 
into electricity. As discussed in section 3.3, the cell temperature is mainly influenced by ambient air 
temperature, incident irradiance, and wind speed. Therefore, also ambient air temperature and wind speed 
levels need to be studied in order to find out the suitability of a site for PV installation. 

Since PV electricity is not generated at night, only daytime ambient air temperatures matter. 
Furthermore, midday temperature levels are more important than morning or evening temperatures in the 
case of typical utility-scale array tilt angles. Therefore, rather than averaging ambient air temperature over 
the entire time frame or even over daylight hours only, temperature level differences were studied by 
comparing the GHI-weighted annual average temperatures at the 12 stations. As can be seen from 
(2013)Figure 5-5, the lowest temperature estimates are found in Region 3 and the highest in Region 2. 

 

(2013)Figure 5-5. GHI-weighted annual average air temperature at each monitoring station considered in the study. 
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The observations show (Figure 5-6) that the common knowledge of the moderating effect of water bodies 
on seasonal temperature variability is valid also in the case of GHI-weighted average temperatures. The 
country’s lowest as well as highest temperatures were measured at the inland stations, whereas the three 
stations on the coast in Region 2 and Region 3 (Site C, Site A, and Site L) experienced the least variation. The 
GHI-weighted average temperature stayed below 35 °C at all three stations in Region 3 in every month. 

 

Figure 5-6. GHI-weighted monthly average air temperatures at each monitoring station considered in the study. 
 

Increasing ambient air temperature reduces the conversion efficiency of a solar module through rising cell 
temperature. By contrast, increasing wind speed lowers the temperature of a solar cell by intensifying the 
forced convection of heat from the cell. Consequently, the performance of the module is improved. 
Therefore, windy site locations are generally more suitable for PV deployment than calm locations. The 
effect of wind speed is, however, much less significant than that of irradiance or ambient air temperature. 

As can be seen from Figure 5-7, the wind speed measurements do not correlate well with the data 
segmentation adopted: all three regions have relatively windy and calm sites. Only the Site J in Region 3 
stands out with clearly higher weighted average wind speed levels than the other stations throughout the 
year. The seasonal variability of wind speed is low at most stations. In summer months however, wind 
speeds seem to be on average higher than in winter months. This is good from the PV performance point of 
view as most of the annual irradiation is concentrated between the vernal and autumnal equinoxes. 
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Figure 5-7. GHI-weighted annual average wind speed at 3 m altitude at each monitoring station considered in the study. 
 

 

Figure 5-8. GHI-weighted monthly average wind speeds at 3 m altitude at each monitoring station considered in the study. 



CHAPTER 5. PV PERFORMANCE IN THE ARABIAN PENINSULA 
 

73 
 

5.2 Assessment of PV Performance 
This subsection presents the outcome of the performance simulation of different PV power plant designs in 

the Arabian Peninsula. The focus of the section lies on the impact which different design choices have on 

plant performance. Specifically, the section reports the sensitivity of the simulated plant performance to PV 

material, mounting method, plant capacity, and loading ratio. Section 4.1 first gives the basis for the 

subsequent technology comparison-oriented sections by describing the extent and variability of effective 

irradiance simulated for the 12 monitoring station sites. 

5.2.1 Effective Irradiance 

Resulting from the assumptions made in the optical model, the simulation of Weff is not dependent on the 

selected PV material but solely on the mounting method, which determines θ on POA. Tracking 

mechanisms are used to minimise θ by constantly turning POA towards the Sun and, thereby, increase the 

proportion of incident direct irradiance and maximise the incident global irradiance on POA. Single axis 

trackers can significantly reduce θ compared to fixed mount and with dual axis trackers, θ can be kept, in 

theory, at zero degrees throughout the day. In reality however, the tracking benefits are limited by array 

self-shading as well as imperfect tracking precision. In order to avoid self-shading, backtracking is normally 

used in the morning and evening hours. Because of the objective of maximising the proportion of incident 

direct irradiance, the deployment of tracking technologies is favoured by site locations with low levels of 

atmospheric scattering. This can also be seen in Figure 5-9, which presents the simulated annual effective 

irradiation at each of the 12 monitoring stations. In the case of fixed mount, the spatial variability of annual 

effective irradiation is low ranging from around 2200 kWh/m² at the stations in Region 2 to 2400 kWh/m² 

at some of the stations in Region 1 and Region 3. GHI, whose spatial variability is relatively low, is the key 

determinant of effective irradiance with fixed mount. When tracking is used however, the significance of 

DNI is emphasised and consequently, the variation in simulated effective irradiation between stations is 

increased. Due to its high DNI levels, Region 3 possesses the most abundant resources for PV stations with 

tracking systems. While at Site A, effective irradiation increases by 28% when shifting from fixed mount to 

dual axis tracking, the respective change at Site L leads to a boost of 37%. In the case of single axis tracking, 

the corresponding figures are 18% and 23%, respectively. 

The seasonal variability of the simulated effective irradiation can be observed in Figure 5-10 for 

Region 1, in Figure 5-11 for Region 2, and in Figure 5-12 for Region 3. When compared to GHI (Figure 5-2, 

Figure 5-3, and Figure 5-4), the seasonal variability of effective irradiance is significantly lower due to its 

higher proportion of DNI. Nevertheless, the seasonal patterns of effective irradiance are similar to those of 

GHI; the variability is the highest in Region 1 and Region 3 and the lowest in Region 2. The vernal peaks in 

DNI can be observed more clearly in the seasonal pattern of effective irradiance than in that of GHI. When 

shifting from fixed mount to tracking, the impact of atmospheric scattering is reduced thus making the 

variation more closely follow the seasonal cycle of the Sun’s position. As a result, a tracking system tends to 

increase and regularize the seasonal variability of effective irradiance. 
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Figure 5-9. Annual effective irradiation at each monitoring station considered in the study. 
 

 

Figure 5-10. Daily average effective irradiation levels in Region 1 in each month of the study period. 
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Figure 5-11. Daily average effective irradiation levels in Region 2 in each month of the study period. 
 

 

Figure 5-12. Daily average effective irradiation levels in Region 3 in each month of the study period. 
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5.2.2 Effect of PV Material 

The focus of this section is on the comparison of performance levels obtained by using different solar 

module types in the simulation. The modules under consideration are compared in two separate 

subsections based on the classification explained in section 3.4.1: the module types with the electrical 

model coefficients based on TPFT (TPFT group) and the types with the coefficients based on data provided 

by manufacturers (MD group). Since the thermal model incorporated in the simulator involves technology-

dependent parameters, also the simulated cell temperature levels are discussed in this section. This section 

only deals with power stations equipped with fixed mount. The effect of tracking is discussed in section 

5.2.3. In this section, the best-performing module type from each PV material group is selected for the 

further analysis of the subsequent sections. 

Module Types with Third-Party Field Test-Based Electrical Model Coefficients 

The module types of the TPFT group comprise 13 wafer-based and two thin-film modules. The 

generalizability of the results of this assessment is, therefore, hindered by the limited scale and scope of 

the thin-film module sample. Moreover, the single a-Si module, Kaneka TSC120, is significantly older than 

the rest of the considered modules. The electrical model coefficients being based on the measurements of 

well-known testing laboratories however, the credibility of the results can be considered good. 

Apart from effective irradiance, cell temperature is the most important factor influencing PV 

performance. It varies with changing meteorological parameters and conversion efficiency. Figure 5-13 

presents the simulated effective irradiance-weighted annual average cell temperatures for each module 

type and all sites considered. In general, the wafer-based solar modules should operate at a lower cell 

temperature than thin-film modules because of their higher conversion efficiencies (see Table 4-1 in 

section 4.2). This can also be observed in Figure 5-13. The simulated weighted average cell temperature 

levels of the CdTe module, First Solar FS-272, are on average 13% higher than those of the heterojunction 

with intrinsic thin layer (HIT) module, Sanyo HIP-200BA19. First Solar FS-272 and Sanyo HIP-200BA19 are 

the two extremes of this sample when it comes to their thermal behaviours. The temperature levels of the 

other thin-film module considered, Kaneka TSC120, do not seem consistent, however. The a-Si thin-film 

module shows thermal behaviour similar to the mc-Si modules although its STC conversion efficiency is less 

than half of the average efficiency of the mc-Si modules and the temperature coefficient of maximum 

power only slightly lower than that of First Solar FS-272 (see Table 4-1). This inconsistency might be caused 

by the temperature-dependent stabilisation level of light-induced efficiency degradation (Staebler-Wronski 

effect). The stabilisation level increases with rising cell temperature and, thus, partially compensates the 

temperature-induced voltage drop caused by intensified recombination. As a result, the conversion 

efficiency of a-Si modules should decrease at a declining rate with rising cell temperature. However, further 

local validation work on the topic is required to expand the geographical and technological scopes of 

Tuomiranta et al. (2013) and, thereby, determine whether there is more generalized basis for these 

findings. 

The spatial variability of the cell temperature levels is lower than that of GHI-weighted average ambient air 

temperature ((2013)Figure 5-5) because of the low correlation between the monthly average levels of 

effective irradiance, ambient air temperature, and wind speed. However, the pattern is alike. The lowest 

cell temperature levels are simulated for the cool and windy, northern site, Site J, whereas the highest 

levels are obtained for the southern inland stations Site B and Site G, which also experienced the highest 

average ambient air temperatures. The variability within the regions is relatively high due to the 

microclimate-scale effects on ambient air temperature and wind speed. 
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Figure 5-13. Simulated effective irradiance-weighted annual average cell temperatures for the module types of the TPFT group. 
(Other design-specific user inputs: fixed mount, latitude tilt, 20 MWp, 100% loading ratio; valid in Figures 4-13 – 4-15). 
 

Figure 5-14 presents the simulated plant CF of each location for all 15 sample modules. The sites located in 
Region 3 and Region 1’s sites with high global irradiation levels are the most favourable locations for PV 
deployment while the sites in Region 2 are the least suitable. This is the case of all 15 module types. As can 
be clearly seen from Figure 5-15 presenting the simulated PR, site suitability seems to be primarily 
determined by effective irradiance (Figure 5-9). The impact of effective irradiance is isolated (Eq. 4.11) and 
consequently, spatial variability becomes minimal. The most notable exception to this generalisation is Site 
J, which is the second most favourable location for the wafer-based modules in spite of its comparatively 
low annual effective irradiation. This is due to the exceptionally low cell temperature levels simulated for 
the site and the consequently high PR. The opposite is true for Site G. It is exposed to the highest global 
irradiation among all 12 stations. Due to the high cell temperatures however, the performance of the 
wafer-based modules is simulated to be slightly better at other Region 1’s sites with high global irradiation 
levels as well as at Site K and Site J. The performance of thin-film modules is less temperature-dependent 
than that of wafer-based modules (see Table 4-1) and, therefore, has a higher correlation with effective 
irradiance levels i.e. a lower variability of irradiance-normalised performance. 
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Figure 5-14. Simulated capacity factors for the module types of the TPFT group. 
 

 

Figure 5-15. Simulated performance ratios for the module types of the TPFT group. 
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As can be seen from the above figures, the highest performance indicators were obtained for the CdTe 

module, First Solar FS-272, reaching its maximum CF of 23.6% (2070 FLH) at Site K. This module type turned 

out to show the best performance in all site locations followed by SunPower’s modules made of c-Si wafer-

based back-contact solar cells and Sanyo’s HIT module. The best performing mc-Si module is BP Solar’s 

BP3220N with a maximum CF of 23.0% (2020 FLH). The highest CF simulated for the a-Si module type is 

22.8% (2000 FLH). At the worst site, Site A, CF ranges from 19.7% (1720 FLH, BP Solar BP380J) to 21.0% 

(1840 FLH, First Solar FS-272). 

Module Types with Manufacturer Data-Based Electrical Model Coefficients 

Table 4-2 in section 4.2 shows that the module types of the manufacturer data-based (MD) group comprise 

19 wafer-based and 11 thin-film modules. The oldest models of the sample are the two a-Si modules 

released in 2009. Half of the modules have been released in 2013 or 2014 covering all the materials apart 

from a-Si and HIT. The scale and scope of the sample can be considered sufficient for a credible 

comparison. However, as the simulation of the modules’ electrical performance is based on data provided 

by manufacturers, the absolute performance levels of single module types are not as credible as in the case 

of the TPFT group. 

Figure 5-16 presents the simulated effective irradiance-weighted annual average cell temperatures 

for the considered module types. As in the case of the TPFT sample, the lowest cell temperatures were 

obtained for high-efficiency wafer-based modules and the highest for CdTe and copper indium diselenide 

(CIS) modules. The average difference between the two extreme cases, Calyxo’s CdTe module and 

Panasonic’s HIT module, is 13% as in the case of the TPFT group. 

As in the assessment of the TPFT module types, the sites located in Region 3 and Region 1’s sites 

with high global irradiation levels offer the most and the sites in Region 2 the least favourable locations for 

all technologies (Figure 5-17). Also, the spatial variability of PR levels (Figure 5-18) shows the exactly same 

pattern as in the case above: the best irradiance-normalised performance is obtained for Site J and the 

worst for Site B and Site G. Performance levels significantly vary between the different CIS module types 

(Table 4-2). This is due to the highly variable temperature coefficient of maximum power inside the CIS 

group caused by the varying concentrations of gallium in the modules. Therefore, in addition to the wafer-

based modules, the CIS modules with a low gallium concentration show high sensitivity to changes in cell 

temperature. The fact that the spatial variabilities of the performance indicators are so similar between the 

two samples implies that firstly, the discrepancy between the ranges of the samples’ temperature 

coefficients is not sufficiently high for the effect of cell temperature to outrun that of effective irradiance in 

new locations. Secondly, irradiation variability within the area of interest is not sufficiently high to bring 

forth the wider low light efficiency behaviour spectrum of this sample. 

The highest performance indicators for all site locations are obtained by NexPower’s a-Si and 

micromorphous silicon (a-Si/µc-Si) thin-film modules – CF of 25.0% (2190 FLH) and 24.3% (2130 FLH), 

respectively, at Site K. NexPower’s modules were followed by Panasonic’s HIT, SunPower’s back-contact c-

Si, Sharp’s a-Si, and Solar Frontier’s CIS modules. First Solar’s CdTe module has a maximum CF of 23.7% 

(2080 FLH) and the best performing mc-Si module, REC’s 260PE, 23.2% (2030 FLH). At the worst site, Site A, 

CF ranges from 19.8% (1730 FLH, Solibro SL2-125) to 22.3% (1950 FLH, NexPower NH100AT 5A). Apart from 

Panasonic’s and SunPower’s high-efficiency wafer-based modules, all best-performing module types (CF > 

21% at all sites) are made of thin-film materials. The CIS and mc-Si modules with high temperature 

coefficients of maximum power (Kyocera, SolarWorld, Solibro, Avancis) showed the worst performance at  
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Figure 5-16: Simulated effective irradiance-weighted annual average cell temperatures for the module types of the MD group. 
(Other design-specific user inputs: fixed mount, latitude tilt, 20 MWp, 100% loading ratio). 
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Figure 5-17: Simulated capacity factors for the module types of the MD group. (Other design-specific user inputs: fixed mount, 
latitude tilt, 20 MWp, 100% loading ratio). 
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Figure 5-18: Simulated performance ratios for the module types of the MD group. (Other design-specific user inputs: fixed 
mount, latitude tilt, 20 MWp, 100% loading ratio). 
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all sites. Interestingly, CIS modules form the only group where there are both best-performing and worst-

performing modules due to their highly variable temperature coefficients. Although the manufacturers do 

not always give information about whether they use gallium in the fabrication of their modules, it is 

somewhat obvious that the CIS modules with lower temperature coefficients and, therefore, higher band 

gaps have higher gallium concentrations. 

5.2.3 Effect of Mounting Method 

This section deals with the impact of the mounting method on the performance of power stations equipped 

with the best-performing module types of each PV material group discussed in section 5.2.2. The first 

subsection delves into the effect of the POA inclination angle on the performance of fixed mount systems. 

The second subsection presents the outcome of an analogous analysis of single and dual axis tracking 

systems equipped with the highest-efficiency module types (ηmpp,0 > 20%, see Table 5-1). Moreover, the 

performances of the tracking systems are compared to those of the respective fixed mount systems. 

Fixed Mount 

This section reports the results of the optimisation of fixed mount tilt angles for the 12 station sites. The 

technological scope of the analysis comprises the best performers of each PV material group analysed in 

section 5.2.2. The 13 selected module types are presented in Table 5-1, which is a combined extract from 

Table 4-1 and Table 4-2. 

Table 5-1: Module types considered in sections 5.2.3, 5.4, and 5.5. 

Name Material Country 
of origin 

Release 
year 

Database Source ηmpp,0 Temperature 
coefficient of 
Pmpp,0 

SunPower SPR-305-WHT c-Si USA 2009 SAM SNL 21.3 % -0.40 %/°C 
Sanyo HIP-200BA19 HIT Japan 2009 SAM SNL 21.3 % -0.46 %/°C 
BP Solar BP3220N mc-Si USA 2010 SAM SNL 14.8 % -0.44 %/°C 
First Solar FS-272 CdTe USA 2009 SAM SNL 9.9 % -0.33 %/°C 
Kaneka TSC120 a-Si Japan 2006 PVsyst Photon Magazine 7.0 % -0.31 %/°C 
SunPower SPR-455J-WHTD c-Si USA 2012 PVsyst Manufacturer 22.7 % -0.33 %/°C 
Panasonic VBHN240SE10 HIT Japan 2012 PVsyst Manufacturer 22.0 % -0.29 %/°C 
REC 260PE mc-Si Norway 2012 PVsyst Manufacturer 17.8 % -0.40 %/°C 
ReneSola JC310M 24Ab mc-Si China 2012 PVsyst Manufacturer 17.7 % -0.40 %/°C 
NexPower NH100AT 5A a-Si Taiwan 2009 PVsyst Manufacturer 7.3 % -0.20 %/°C 
Sharp NA-E140L5 a-Si/µc-Si Japan 2013 PVsyst Manufacturer 10.8 % -0.30 %/°C 
FirstSolar FS3100 Plus CdTe USA 2014 PVsyst Manufacturer 15.3 % -0.31 %/°C 
SolarFrontier SF170 S CIS Japan 2013 PVsyst Manufacturer 15.2 % -0.32 %/°C 

 

Figure 5-19 and Figure 5-20 show the change in the simulated capacity factors of power stations equipped 

with the selected modules of the TPFT group when the POA inclination angle is varied from horizontal to 

vertical (with the orientation normal to the equator). The results of the same simulation for power stations 

equipped with the selected modules of the MD group are presented in Figure 5-21 and Figure 5-22. The 

difference in performance between optimally and vertically tilted arrays ranges from a reduction of 34% 

(BP Solar BP3220N at Site K) to 45% (Kaneka TSC120 at Site A). As can be expected based on the Arabian 

Peninsula’s location in the low latitudes, the respective variation between optimal and horizontal tilt angles 

is much less ranging from a reduction of 5.6% (BP Solar BP3220N at Site A) to 11.8% (Kaneka TSC120 at Site 

J). Accordingly, horizontal alignment reduces performance less in southern sites and vertical alignment in 

northern sites. The module types with low temperature coefficients of maximum power tend to have the 

highest tilt angle-dependent performance variability as the effect of effective irradiance outruns the effect 

of cell temperature in their case. 
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Figure 5-19: POA-tilt angle-dependent variation in the simulated capacity factors of fixed mount systems equipped with the 
best-performing module types of the TPFT group in the six lowest-DNI site locations. (Other design-specific user inputs: 20 MWp, 
100% loading ratio). 
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Figure 5-20: POA tilt angle-dependent variation in the simulated capacity factors of fixed mount systems equipped with the best-
performing module types of the TPFT group in the six highest-DNI site locations. (Other design-specific user inputs: 20 MWp, 
100% loading ratio). 
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Figure 5-21: POA tilt angle-dependent variation in the simulated capacity factors of fixed mount systems equipped with the best-
performing module types of the MD group in the six lowest-DNI site locations. (Other design-specific user inputs: 20 MWp, 100% 
loading ratio). 
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Figure 5-22: POA tilt angle-dependent variation in the simulated capacity factors of fixed mount systems equipped with the best-
performing module types of the MD group in the six highest-DNI site locations. (Other design-specific user inputs: 20 MWp, 
100% loading ratio). 
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In the low latitudes (< 30°), the POA inclination angle is commonly set at the latitude of the plant’s site 

location. Through this practice, θ can be minimised on the equinoxes making it roughly reach zero at the 

solar noon. The practice is based on an assumption that the two periods between the equinoxes are equally 

good when it comes to the overall conditions for PV power generation. As can be seen from the above 

figures, the optimum tilt angles are higher or approximately the same as the site latitudes for all module 

types and site locations. The fact that the optimum tilt angles are never lower than the respective site 

latitudes implies that the months between the vernal and autumnal equinoxes have overall conditions 

either similar to or worse than the conditions in the months of the opposite period. In other words, the 

period from April to September does not appear to offer significantly better conditions for PV power 

generation than the period from October to March in the case of any module type or site location. 

Therefore, the results indicate that the negative effect of higher cell temperatures in the summer period is 

not outplayed by the positive effect of higher effective irradiance at any of the 12 sites. 

Table 5-2 lists the approximate differences between the simulated module type-specific optimal tilt 

angles for the 12 station sites and the latitudes of each site. The largest discrepancies, around 2°-3°, can be 

found for Site G and Site D. This is due to the sites’ high ambient air temperatures (Figure 5-6) relative to 

the effective irradiance levels (Figure 5-2) during the summer period. The sites of the stations Site E, Site J, 

and Site K have the highest variation of the optimum tilt angles between technologies. There are two major 

reasons for this sort of local variability among module types. The first one is related to the wide range of 

close-to-optimum tilt angles at which abruptly changing array configurations lead to multiple peaks. Thus, 

in such cases, the variability of the optimum tilt angle is not really caused by seasonal differences in 

performance patterns but the wide close-to-optimum range of tilt angles sensitive to minor differences in 

array configurations. This is the case with Site E and Site J, for instance. The other reason is related to a 

combined effect of the site-specific meteorological characteristics and the differences in the module types’ 

thermal and low-light behaviours. The vernal peak of DNI, which seems to characterise all the 12 station 

sites (see Figure 5-2, Figure 5-3, and Figure 5-4), plays an important role here. Due to the comparatively low 

cell temperatures at the time of the peak (see Figure 5-13 and Figure 5-16), the annual maximum of plant 

performance tends to coincide with the peak. Therefore, in the cases where the close-to-optimum region of 

tilt angles is narrow, the optimum tilt is primarily determined by the level and duration of the peak (relative 

to those of July’s broader peak) and the thermal behaviour of the module type in question. At Site K for 

instance, the low temperature coefficient of NexPower’s a-Si module makes it possible for the module to 

perform reasonably well also in the summer months characterised by high effective irradiance as well as 

high cell temperatures. With the other module types however, the peak in February is more productive and 

therefore, their optimum tilt angles are higher. 
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Table 5-2: The differences between the simulated module type-specific optimal tilt angles for the 12 station sites and the 
latitudes of each site. 

 Material A B C D E F G H I J K L 

Latitude  21.5 21.8 22.3 24.1 25.9 24.9 22.3 24.6 24.5 29.3 27.6 27.3 
SunPower SPR-305-WHT c-Si +2° +1° +2° +2° +2° +1° +3° +1° +1° +1° +1° +2° 
Sanyo HIP-200BA19 HIT +2° +1° +2° +2° +0° +1° +3° +2° +1° +1° +1° +2° 
BP Solar BP3220N mc-Si +1° +1° +1° +2° +1° +1° +3° +1° +1° +0° +1° +2° 
First Solar FS-272 CdTe +2° +1° +1° +2° +1° +1° +3° +1° +1° +0° +1° +1° 
Kaneka TSC120 a-Si +1° +1° +1° +2° +1° +1° +3° +1° +1° +1° +1° +2° 
SunPower SPR-455J-WHTD c-Si +1° +1° +2° +2° +1° +1° +3° +1° +1° +1° +1° +2° 
Panasonic VBHN240SE10 HIT +2° +1° +2° +2° +1° +1° +3° +1° +1° +1° +1° +2° 
REC 260PE mc-Si +2° +1° +2° +3° +1° +1° +3° +1° +1° +1° +2° +2° 
ReneSola JC310M 24Ab mc-Si +1° +1° +2° +2° +1° +1° +3° +1° +1° +1° +1° +2° 
NexPower NH100AT 5A a-Si +2° +1° +2° +2° +1° +1° +3° +1° +1° +1° +0° +2° 
Sharp NA-E140L5 a-Si/µc-Si +2° +1° +2° +2° +1° +1° +3° +1° +1° +1° +1° +2° 
FirstSolar FS3100 Plus CdTe +2° +1° +2° +2° +1° +1° +3° +1° +1° +1° +1° +2° 
SolarFrontier SF170 S CIS +1° +1° +1° +2° +1° +2° +3° +1° +1° +2° +1° +2° 

 

Tracking 

In order to make the PV projects involving tracking systems economically feasible compared to fixed mount 

projects, the use of high-efficiency solar modules is usually required. That is why the technological scope of 

the analysis reported in this section is limited to the four highest-efficiency modules of the sample 

presented in Table 5-1. Figures 5-23-26 show the results for the modules selected from the TPFT group, 

SunPower SPR-305-WHT and Sanyo HIP-200BA19, and the remaining four (Figures 5-27-30) for the modules 

chosen from the MD group, SunPower SPR-455J-WHTD and Panasonic VBHN240SE10. There are two types 

of figure for each group. The first ones (5-23, 5-25, 5-27, and 5-29) show both the fixed axis angle-

dependent variation in the performance of a single axis tracking system and the performance of a dual axis 

tracking system. The second ones (5-24, 5-26, 5-28, and 5-30) compare the performances of the single axis 

tracking system and the dual axis tracking system to a corresponding fixed mount system with the same tilt 

angle as the single axis tracking system’s axis angle. Hence, the first figure type shows absolute 

performance and the second type performance relative to a corresponding fixed mount system. 

As can be seen from the absolute performance figures, the optimum fixed axis angle is zero in all 

site locations. This is not caused by summer conditions being overwhelmingly better for these module 

types than winter conditions. The reason lies in the row spacing assumptions made in the system 

configuration algorithm. Row spacing minimisation is subjected to the following constraint: the arrays may 

not shade each other four hours after the solar noon on the winter solstice. Thus, there is always shading 

due to other arrays in the morning and evening hours. In the case of tracking systems, the array self-

shading is minimised by means of backtracking. In backtracking, the minimisation of θ is compromised for a 

lower shading factor. The higher the maximum array height, the more shading occurs and the more 

backtracking the operation of a PV plant involves. Array heights can be lowered by reducing the axis angle. 

Therefore, backtracking used in large-scale systems shifts the optimum axis angle away from the optimal 

angle of a single array. This problem can be addressed by increasing row spacing and, therefore, reducing 

the need for backtracking. 
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Figure 5-23: Axis angle-dependent variation in the simulated capacity factors of single (and dual) axis tracking systems equipped 
with the highest-efficiency module types of the TPFT group in the six lowest-DNI site locations. (Other design-specific user 
inputs: 20 MWp, 100% loading ratio). 
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Figure 5-24: POA tilt and axis angle-dependent variation in the relative difference between the simulated capacity factors of 
fixed mount and tracking systems equipped with the highest-efficiency module types of the TPFT group in the six lowest-DNI site 
locations. (Other design-specific user inputs: 20 MWp, 100% loading ratio). 
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Figure 5-25: Axis angle-dependent variation in the simulated capacity factors of single (and dual) axis tracking systems equipped 
with the highest-efficiency module types of the TPFT group in the six highest-DNI site locations. (Other design-specific user 
inputs: 20 MWp, 100% loading ratio). 
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Figure 5-26: POA tilt and axis angle-dependent variation in the relative difference between the simulated capacity factors of 
fixed mount and tracking systems equipped with the highest-efficiency module types of the TPFT group in the six highest-DNI 
site locations. (Other design-specific user inputs: 20 MWp, 100% loading ratio). 

 

 

 

 



CHAPTER 5. PV PERFORMANCE IN THE ARABIAN PENINSULA 
 

94 
 

 

Figure 5-27: Axis angle-dependent variation in the simulated capacity factors of single (and dual) axis tracking systems equipped 
with the highest-efficiency module types of the MD group in the six lowest-DNI site locations. (Other design-specific user inputs: 
20 MWp, 100% loading ratio). 
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Figure 5-28: POA tilt and axis angle-dependent variation in the relative difference between the simulated capacity factors of 
fixed mount and tracking systems equipped with the highest-efficiency module types of the MD group in the six lowest-DNI site 
locations. (Other design-specific user inputs: 20 MWp, 100% loading ratio). 
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Figure 5-29: Axis angle-dependent variation in the simulated capacity factors of single (and dual) axis tracking systems equipped 
with the highest-efficiency module types of the MD group in the six highest-DNI site locations. (Other design-specific user inputs: 
20 MWp, 100% loading ratio). 
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Figure 5-30: POA tilt and axis angle-dependent variation in the relative difference between the simulated capacity factors of 
fixed mount and tracking systems equipped with the highest-efficiency module types of the MD group in the six highest-DNI site 
locations. (Other design-specific user inputs: 20 MWp, 100% loading ratio). 

The module types of the TPFT group show very similar performance patterns. Though, the c-Si module 

performs slightly better in most conditions. By contrast, in the case of the MD group, the HIT module 

performs clearly better in dual-axis tracking systems and, interestingly, the c-Si module somewhat better in 

single axis tracking systems. The better performance of the HIT module in dual axis tracking systems is 

caused by its significantly lower temperature coefficient of maximum power. Since in the case of dual axis 

tracking, effective irradiance levels are comparatively high throughout the day, the module type’s thermal 
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behaviour becomes critical. In the case of single axis tracking however, the importance of the module’s 

low-light behaviour is higher. Panasonic’s HIT module belongs to a group of modules that is particularly 

sensitive to changes in θ. This is because of the irradiance-dominated performance variability related to 

low temperature coefficients mentioned above and the module’s relatively poor low-light performance. 

Table 5-3: Relative improvement in simulated performance due to tracking for the high-efficiency module types. (Other design-
specific user inputs: 20 MWp, 100% loading ratio). 

Array design A B C D E F G H I J K L 

2- axis 
SunPower 
SPR-305-WHT 

26.8% 26.3% 27.3% 26.8% 27.4% 27.4% 26.3% 27.4% 27.9% 34.8% 33.4% 34.4% 

1-axis 
SunPower 
SPR-305-WHT 

20.1% 19.3% 20.1% 19.2% 19.2% 19.5% 19.2% 19.7% 20.1% 24.8% 24.5% 25.5% 

2- axis 
Sanyo 
HIP-200BA19 

26.6% 26.1% 27.1% 26.5% 27.1% 27.1% 26.1% 27.2% 27.6% 34.5% 33.2% 34.1% 

1-axis 
Sanyo 
HIP-200BA19 

20.0% 19.1% 19.9% 19.0% 19.0% 19.3% 18.9% 19.5% 19.9% 24.6% 24.3% 25.3% 

2- axis 
SunPower 
SPR-455J-WHTD 

22.1% 21.7% 22.5% 22.2% 23.0% 22.8% 21.6% 22.8% 23.1% 29.3% 27.7% 28.5% 

1-axis 
SunPower 
SPR-455J-WHTD 

20.6% 19.9% 20.7% 19.9% 20.1% 20.3% 19.7% 20.4% 20.7% 25.4% 24.6% 25.6% 

2- axis 
Panasonic 
VBHN240SE10 

27.2% 26.7% 27.7% 27.2% 27.8% 27.8% 26.9% 27.9% 28.4% 35.2% 34.0% 35% 

1-axis 
Panasonic 
VBHN240SE10 

20.5% 19.7% 20.5% 19.7% 19.7% 20.0% 19.6% 20.2% 20.6% 25.2% 25.0% 25.9% 

 

The relative performance figures show how the lowest points of the relative improvements by single and 

dual axis tracking systems occur at different tilt angles. This is due to the fact that the performance of a 

fixed mount system reaches its maximum at a POA tilt angle close to the site latitude whereas a single axis 

tracking system performs best with a horizontally aligned fixed axis. Table 5-3 can be used to compare the 

designs with the optimal inclination angles to each other. As predicted in section 5.2, the high DNI levels 

make Region 3 particularly suitable for tracking systems. The maximum improvements due to a shift from 

fixed mount to tracking can be reached at Site J, 35.2% for Panasonic’s HIT module. Also the other sites of 

Region 3 experience high gains from tracking: Site L shows the highest improvements for all four single-axis 

tracking systems. This is because of the high ambient air temperature levels throughout the year (see 

Figure 5-6) making the performance of a fixed mount system, which is used as a base level for the 

comparison, relatively poor. Consequently, a single axis tracking system whose performance peaks in the 

summer’s high irradiance period due to its zero axis angle boosts generation at Site L more than at any 

other site. 

5.2.4 Effect of Capacity 

Due to the highly modular nature of PV power stations, the effect of plant capacity on the plant’s technical 

performance is known to be minimal. The simulation results are consistent with this common assumption. 

Figure 5-31 presents the simulated capacity factors for all module types as the function of plant capacity at 

Site K. The biggest changes in performance occur at capacity levels below 10 MWp where the changes in 
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array configuration are relatively substantial due to the more likely mismatch with available inverter 

configurations. 

 

Figure 5-31. Effect of plant capacity on the simulated capacity factors at Site K. (Other design-specific user inputs: fixed mount, 
latitude tilt, 100% loading ratio). 

 

Because of the architectural modularity of a PV power station, the total plant surface area varies linearly 

with plant capacity as can be seen from Figure 5-32. The slopes of the lines are dependent on the STC 

conversion efficiency of the module type used as well as the site latitude due to its impact on row spacing. 

Due to the latter, Figure 5-32 presents the simulated surface areas for the sites with the highest latitude 

and the lowest latitude, Site J and Site A. 
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Figure 5-32. Effect of plant capacity on the simulated plant surface areas at the sites of the stations Location J and Location A. 
(Other design-specific user inputs: fixed mount, latitude tilt, 100% loading ratio). 
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5.2.5 Effect of Loading Ratio 

The ratio of the combined array capacity of a power block to the nominal AC output of the power block’s 

inverter is manipulated by varying the number and capacity of the inverters deployed in the plant. This 

loading ratio affects plant performance in two ways: through module performance and inverter 

performance. Module performance is affected via the constraints the inverter sets for its input current and 

voltage. The ratio determines the maximum level for the current input into the inverter as well as the 

minimum system voltage at the inlet of the inverter. If array performance slips outside this operational 

range of the inverter, the arrays are forced to move down on their respective I-V curves in order for the 

system to raise its voltage level or reduce the current. As the arrays are no longer operated at their MPP, 

the performance of the power station decreases. A high loading ratio increases the chance of the input 

current exceeding the maximum, while a low ratio involves a higher probability of below-minimum system 

voltages. 

Ideal sites for PV deployment are the ones characterised by high irradiance levels and low ambient 

air temperatures and, therefore, have conditions similar to STC. Since average irradiance and temperature 

levels are highly correlated however, there are few locations on the surface of the Earth where such 

conditions can be achieved. That is why today’s central inverters have been optimised for power ratios 

(Pac/Pac,0) below 50%. Thus, in ideal locations (e.g. sunny high-elevation plateaus in the low latitudes), 

loading ratios below 100% are required across all PV technologies to avoid frequent overcurrent situations. 

In the case of the sites in the Arabian Peninsula however, the optimum loading ratio varies on both sides of 

100% depending on the particular site conditions and the type of the module used. The plants equipped 

with modules with high temperature coefficients (low-bang gap materials: c-Si, mc-Si, and CIS) perform 

better on average with high loading ratios (> 105%). In the case of these module types, rising cell 

temperature decreases system voltage more than what it does with modules made of high-band gap 

materials (CdTe, a-Si, a-Si/µc-Si, and CIGS). As a result, more arrays are required to keep the system voltage 

within the operational range of the inverter and in that way maximise the output. Consequently, the 

optimal loading ratio is shifted upwards. Power stations equipped with high-band gap material modules 

show on average higher system voltage levels and, thus, less frequently operate outside the MPP range due 

to temperature-induced below-minimum system MPP voltages. As inverter performance goes down with 

rising voltage, however, the performance of such plants is maximised by lower loading ratios. 

Table 5-4. The simulated optimal loading ratios for the considered module types and site locations. (Other design-specific user 
inputs: fixed mount, latitude tilt, 20 MWp). 

Module Type A B C D E F G H I J K L 

SunPower SPR-305-WHT 121% 121% 121% 125% 125% 125% 121% 125% 125% 125% 125% 125% 
Sanyo HIP-200BA19 126% 126% 126% 120% 104% 104% 104% 104% 104% 104% 104% 120% 
BP Solar BP3220N 113% 113% 113% 113% 113% 113% 113% 113% 113% 106% 106% 106% 
First Solar FS-272 105% 105% 105% 105% 105% 105% 105% 105% 105% 105% 105% 105% 
Kaneka TSC120 84% 84% 84% 84% 84% 84% 84% 84% 84% 84% 84% 84% 
SunPower SPR-455J-WHTD 125% 125% 125% 125% 125% 125% 125% 107% 125% 120% 107% 125% 
Panasonic VBHN240SE10 121% 121% 121% 121% 121% 121% 121% 121% 121% 121% 121% 121% 
REC 260PE 122% 122% 122% 122% 122% 122% 122% 122% 122% 122% 122% 122% 
ReneSola JC310M 24Ab 123% 123% 123% 123% 123% 123% 123% 123% 123% 123% 123% 123% 
NexPower NH100AT 5A 98% 98% 98% 98% 98% 98% 98% 98% 98% 89% 98% 98% 
Sharp NA-E140L5 112% 112% 112% 112% 99% 99% 95% 95% 95% 95% 95% 112% 
FirstSolar FS3100 Plus 114% 110% 110% 110% 97% 97% 97% 97% 97% 97% 97% 97% 
SolarFrontier SF170 S 97% 96% 96% 90% 90% 90% 90% 90% 90% 89% 90% 90% 
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The outcome of the optimisation of loading ratios for the sites considered in this study is presented in Table 
5-4. The results are mostly consistent with the above discussion. The use of thin-film modules characterised 
by low temperature coefficients leads to low optimum loading ratios while wafer-based modules perform 
better with higher ratios. Also, the region’s most favourable sites in Region 3 tend to have lower optimum 
loading ratios than the sites in Region 2. There are exceptions to this general trend, however. Some module 
types have almost equivalent loading ratios at all sites and in the case of BP Solar’s mc-Si module, the 
optimal ratios are actually the highest in Region 3. These inconsistencies are due to the fact that on annual 
average, the actual effect of loading ratio on module and inverter performance is so low that the impact of 
the related changes in system configuration might actually be the dominating effect. This can be seen in 
Figure 4 26 which shows the effect of loading ratios on the simulated capacity factors at a typical site with a 
low optimum loading ratio, Location J, and a site characterised by a high optimum ratio, Location A. In both 
locations, the performance gain from choosing the optimum ratio over the default one of 100% is 1% at 
most. 

 

Figure 5-33. Effect of loading ratio on the simulated plant surface areas at Site J and Site A. (Other design-specific user inputs: 
fixed mount, latitude tilt, 20 MWp). 
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5.3 Discussion 
The primary objective of this case study is to give an overview of the likely technical performance that 

different kinds of PV power stations would show in three different regions of the Arabian Peninsula. The 

spread of the monitoring stations can be estimated to be sufficient for region-specific evaluations of the 

different meteorological parameters relevant for PV performance within the timeframe of the study. Due 

to the short time period (one year) however, the generalisation of the data’s seasonal variability to other 

years might be problematic. For instance, the time of the vernal peak in DNI might experience annual 

variation and lead to notable variability in the optimal POA inclination angles of different years. 

Since locally measured PV performance data are not available for a sufficiently large sample of 

different module types, the assessment has to rely on measurements made by SNL and Photon Magazine 

as well as the manufacturers themselves. This poses some challenges to the credibility of the results, for 

which reason no conclusions can be made regarding the suitability of single module brands. The general 

findings related to the best-performing module types are, however, consistent between the two different 

module samples and can, therefore, be considered reliable. In both cases, thin-film modules with low 

temperature coefficients of maximum power show the best performances in all locations. Such outcome 

can be expected when assessing PV performance in hot desert conditions. Also, the results of the 

assessment of different mounting methods are well aligned with what can be expected based on the spatial 

variability of the DNI measurements. 

In addition to the problems related to data quality, there are issues in the design of the simulator 

that need to be addressed in order to improve the accuracy of the simulator’s output specifically in hot 

desert conditions. The most significant shortcoming is the insufficient soiling model. Since the effect of dust 

deposition does not have dependence on any ambient parameter, it is assumed that the soiling loss is 

either non-existent or constant with time. Due to the strongly variable aerosol loading typical of hot desert 

conditions, this assumption cannot be regarded as realistic. The other dust-related issue that should be 

taken into consideration is the effect of atmospheric dust on the spectrum of incident sunlight. This is 

important as solar cells are spectrally sensitive devices. Currently, there is no spectral model integrated in 

the simulator. Both these effects might significantly influence PV performance but their quantification is 

currently difficult due to the lack of appropriate data. In addition to the development of these new models, 

the local validation of the optical, thermal, and electrical models has to be performed. The two latter 

require sufficiently diverse samples of test field sites and different solar module types to be tested. 

As the thesis specifically addresses the technical performance of PV power stations, economic 

factors are only considered in system design-related assumptions made for the simulation algorithm and 

when defining the technological scope for the assessment of the performance effect of tracking. The 

module types that have the best technical match with the site locations might not give the lowest levelised 

cost of electricity, which eventually dictates the feasibility of an investment in a PV power station. In 

addition to the price-per-Wp of a module type, an important economic factor to be considered is the 

expense of the required balance of system (BOS) equipment. For instance, using a thin-film module whose 

STC conversion efficiency is half of the efficiency of a c-Si module roughly doubles the required number of 

arrays and the total plant surface area. This point is getting increasingly important as the BOS share of the 

total cost of PV power stations is likely to rise with continuously sinking module prices. 
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6. Conclusion 
The Arabian Peninsula is an interesting region from a PV performance modeller’s perspective. On one hand, 

it is characterised by tremendous abundance of solar resource but, on the other hand, influenced by severe 

aerosol loading and exceptionally high ambient temperatures. While the impacts of temperature and 

irradiance on PV performance are well-known, there is a lot to be done in improving modelling tools 

related to both atmospheric dust and the dust deposited on arrays. It can therefore be expected that 

particularly purely physical optical models face difficulties in producing accurate estimates. It seems clear 

that the dust-related spectrally sensitive attenuation of sunlight and its dependence on ambient conditions 

should be the focal point of the future PV performance modelling-related research in the UAE and 

elsewhere in the Arabian Peninsula. 

This thesis specifies modelling tools that are particularly useful in addressing the particularities of 

both the WebGIS environment and the hot desert conditions. In general, semi-empirical models often turn 

out to be the best options as they are both flexible with recalibration and computationally light due to 

analytically solvable steady state-based equations. Through appropriate model selection and computational 

methods, it has been possible to reduce the time required for country-level simulations from hours to 

minutes. Through a case study applying actual meteorological measurements, it is shown that the model 

produces highly plausible results. Though, the only component validated based on locally collected 

measurements is the thermal model. Without actual performance data however, much cannot be said 

about the simulator’s performance in terms of accuracy. Nevertheless, the model developed as an outcome 

of this thesis project gives a good starting point for the WebGIS-based PV performance simulator to be 

integrated in the UAE Solar Atlas. 
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