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Abstract 

As the world is moving towards the renewable energy, there is increase in usage of the 
electric vehicles in transport sector. This has led to more consumption of electricity from 
the grid and thus affecting its stability. To overcome this issue many decentralized charging 
stations have come of which generating electricity from the solar energy is more popular. 
These solar carports act as a shelter for the vehicles from various climatic factors such as 
rain, snow, dust in addition to producing renewable electricity. 
 
The main aim of this thesis study is to design a solar carport with the reflector compared to 
the existing Solar carports. The roof selected for this thesis study is a “V” shaped roof with 
the PV modules installed on one side of the roof and a reflector installed on the other side 
of the roof. The objectives of this thesis study are creating a mathematical irradiation and 
yield model of the PV system with and without a reflector. In addition, find the optimum 
roof tilt angle for a PV system with the reflector. Finally, determine the optimum increase 
in the annual energy yield for a PV system with the reflector compared to the PV system 
without a reflector. 
 
Microsoft Excel is used to create the mathematical irradiation and yield model of the PV 
system. The simulation was done for three different locations by obtaining hourly irradiation 
and temperature data from the PVsyst software. As a case study four different reflective 
materials of different specular and diffuse reflectance were chosen for better understanding 
and comparison. The simulation results showed that there is significant increase in the 
annual energy yield for a PV system with the reflector for all the locations. The study also 
shows that the increase in energy yield, optimum roof tilt angle is dependent on the specular 
and diffuse nature of the reflector. 
 
The study has concluded that the increase in the annual energy yield for a PV system with 
the specular reflector is more compared to a PV system with the diffuse reflector for the 
lower roof tilt angles and vice versa. It is also clear that the increase in the energy yield is 
similar for all the three locations. Hence, based on the roof tilt angle the selection of the 
reflector material needs to be done for an optimum design of the solar carport. 
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Abbreviation Description 

PV Photovoltaic 

PVSyst PV system simulation software 

NOCT Normal operating cell temperature 

STC Standard test condition 
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Nomenclature 

Symbol Description Unit 

Ac Surface area of the roof m2 

Ahz Undefined horizon area  

As Sky area  

C1 Pseudo hour angle constant  

C2 Latitude constant  

C3 Hour angle constant  

n Day of a year  

Fc−s View factor of a sky with respect to tilted plane  

Fg−c View factor of a tilted plane with respect to ground  

Fhz−c View factor of a tilted plane with respect to 
undefined horizon area 

 

Fs−c View factor of a tilted plane with respect to sky  

G Solar radiation incident on plane W/m2 

Gbn Beam normal irradiance W/m2 

Gd Diffuse irradiance W/m2 

Gon Extraterrestrial irradiance W/m2 

Gsc Solar constant W/m2 
i Incidence angle of the reflector ° 

Ibn Beam normal irradiation kWh/m2 

Ib−proj Useful beam projected irradiation kWh/m2 

Ibeam−partial Partially reflected beam irradiation kWh/m2 

Id Diffuse irradiation kWh/m2 

Iglob Global irradiation kWh/m2 

GSTC Irradiance at STC condition kW/m2 

IT Annual irradiation incident on the PV system with 
the PV modules installed on a single tilted roof 
without any reflector 

kWh/m2 

IT,b Beam component of total irradiation kWh/m2 

IT,d Diffuse component of total irradiation kWh/m2 

IT,d,iso Isotropic diffuse irradiation kWh/m2 

IT,d,cs Circumsolar diffuse irradiation kWh/m2 

IT,d,hz Horizon diffuse irradiation kWh/m2 

IT,rel Reflection component of total irradiation kWh/m2 

IT−Reflnatural
 Natural irradiation incident on the PV modules with 

the reflector 
kWh/m2 

IT−noreflected beam
 Total irradiation incident on the PV modules when 

there is no contribution from the beam reflected 
irradiation 

kWh/m2 

IT−partial Total irradiation incident on the PV modules when 
the beam radiation is reflected partially over the PV 
modules 

kWh/m2 

IT−shading Total irradiation incident on the PV modules when 
the reflector acts as an obstacle and shades the PV 
modules 

kWh/m2 
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IT−uniform Total irradiation incident on the PV modules when 
the beam radiation is reflected uniformly over the PV 
modules 

kWh/m2 

Iuni−beam Uniformly reflected beam irradiation kWh/m2 

Iuni−diff Uniformly reflected diffused irradiation kWh/m2 

L Width of the roof m 

Lcable Cable loss  

Linverter Inverter loss  

Lmismatch Mismatch loss  

Lreflection Reflection loss  

Lsoiling Soiling loss  

Lmv Width of the PV module mm 

Ls Length of the PV roof shaded m 

Lx Useful length of the reflector which contributes for 
extra irradiation 

m 

Ly Length of the module contributed with beam 
reflected irradiation 

m 

N Number of strings shaded due to the reflector  

NOCT Normal operating cell temperature ℃ 

NE Number of strings extra irradiated due to the 
reflector 

 

P Output power of PV system including temperature 
loss 

W 

Pm Power rating of the module / system W 

PR Performance ratio  

r Reflection angle of the reflector ° 
s Range of solar radiation hours  

Tamb Ambient temperature ℃ 

TM Cell / Module temperature ℃ 

Tn Total number of strings in the PV system  

To Temperature at STC condition ℃ 
x Range of reflective surfaces surrounding tilted roof  

YNoreflector
 Annual energy yield of the PV system with the PV 

modules installed on a single tilted roof without any 
reflector 

kWh/kW 

Ynoreflected beam
 Energy yield of the PV system with the reflector 

when there is no contribution from the beam 
reflected irradiation 

kWh/kW 

Ypartial Energy yield of the PV system with the reflector 
when the beam radiation is partially reflected over the 
PV modules 

kWh/kW 

Yreflector Annual energy yield of the PV system with the 
reflector 

kWh/kW 

Yshading Energy yield of the PV system with the reflector 
when the reflector acts as an obstacle and shades the 
PV modules 

kWh/kW 

Yuniform Energy yield of the PV system with the reflector 
when the beam radiation is reflected uniformly over 
the PV modules 

kWh/kW 

β Roof tilt angle ° 

θ Angle of incidence ° 

θz Zenith angle ° 

Γ Surface azimuth angle ° 

γs Pseudo azimuth angle ° 
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ω Hour angle ° 

ωew Pseudo hour angle ° 

αp Profile angle ° 

αs Solar altitude angle ° 

γ Declination angle ° 

γs′ Pseudo azimuth angle ° 

ρg Ground reflectance  

ρspec Beam / specular reflectance  

ρdiff Diffuse reflectance  

μp Temperature coefficient of the power for the PV 
module 

% / ℃ 
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1 Introduction  
 
Climate change is one of the greatest challenges of today and the reduction of emissions 
from greenhouse gases is essential. According to Swedish energy agency, the transport sector 
in Sweden accounts to one quarter of the total greenhouse gases emission [1]. To further 
reduce the GHG emissions, the government of Sweden has decided to achieve a state of 
fossil fuel independent vehicle fleet by 2030 [1]. The control of GHG emission is mainly 
dependent on source of electricity used to charge the electric vehicles. A new fiscal system 
was also introduced in Sweden from July 1st, 2018, where the tax for regular fossil fuel based 
vehicles was increased and at the same time, bonus for the electric vehicles with low 

emissions of carbon dioxide up to 60 
𝑔

𝑘𝑚
  was increased to maximum of 60,000 SEK [2]. 

This bonus will be received by the car owner after six months from the purchase of electric 
vehicle [2]. 
 
These decisions have led to increase in sale of electric vehicles in Sweden to 19 % of the 
existing electric vehicles [2]. However, these electric vehicles are faced with the problem of 
energy availability because they rely hugely on utility-grid which receives energy from 
nuclear, biomass, hydro power and wind turbines in Sweden [3]. The high-power demand 
due to electric vehicles leads to overload of grid and thus affecting its stability which leads 
to various problems in utility grid [4]. One of the solutions for the above problem is to 
establish a decentralized power system through the means of any renewable energy [4], 
mainly from solar energy which can be installed even on roof of buildings. The installation 
of solar modules requires less operating space when compared to other source of energy [5]. 
However, by solar installation on the roof of a home for charging electric vehicle leads to 
decrease in consumption of solar power for other house consumption activities. This brings 
an imbalance in distribution thus providing poor power factor [3]. 
 
All the above factors make the decentralized solar carport as an interesting approach for 
charging electric vehicles which is independent to utility grid thus reducing the 
transportation loss. In this design, the solar panels themselves serves as dual purpose 
solution for both covering the vehicle from various climatic factors such as rain, snow, dust 
etc. and for charging the vehicles at the same time [6]. A solar carport can be designed 
accordingly to optimize the position of solar panel for higher yield which is not easy in 
existing roof mounted solar installation [6]. There are different designs of solar carport 
available in the market and for this thesis study, the design chosen for Solar carport is shown 
in Figure 1.1  

 

 
Figure 1.1 Proposed design of the solar carport with a reflector 

 
The design of the roof is V shaped with PV modules on one side of the roof and a reflector 
on the other side. This type of design helps in decrease of initial capital cost as the PV 
modules are installed on only one side of the roof. But at the same time, there is a chance of 
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significant increase in yield of PV module using a reflector on other side of the roof. By 
using a flat reflector it is easy to install on the roof [8]. However, concentration ratio of the 
solar radiation over the PV module is low compared to parabolic reflectors. 
 

 Aims 

The main objectives of this thesis work are 
 

• To create a mathematical model of a solar carport with and without a reflector. 
 

• To analyze the increase in the energy yield of the solar carport with the reflector 
compared to the solar carport without a reflector for different boundary conditions 
such as latitude, PV module orientation, reflectance of the roof material and roof tilt 

angle. 
 

 Method  

The objective of the thesis will be achieved through following steps.  
 

• Create a mathematical irradiation model in Microsoft Excel for the PV system 
without a reflector to determine the total irradiation incident on the PV modules. 
 

• Create a mathematical irradiation model in Microsoft Excel for the PV system with 
a reflector to determine the irradiation incident directly on the PV modules and the 
reflected irradiation incident on the PV modules from the reflector. 
 

• Create a mathematical yield model in Microsoft Excel for the PV system with two 
cases: First, PV system without a reflector and then compared to the PV system with 
a reflector. 
 

• Finally, the energy yield of the PV system with the reflector is compared for different 
roof materials by varying the roof tilt angles and an optimum roof tilt angle is 
determined. 

 

 Previous work 

 
The topics that are studied and discussed in this section are: 
 

• Reflectance of different reflector materials 

• Effect on performance of the system due to PV module arrangement 

• Output of the PV system with different reflectors 

• Solar carport design with reflector 
 

 
The performance of PV modules with reflector is mainly dependent on type of reflective 
material used [7]. There are different types of reflecting materials on which when a 
monochromatic light is incident, it is specularly reflected or diffusely reflected or mixture of 
both [11]. Thus, the output of the PV system is studied for various theoretical values of 
specular and diffuse reflectance. Efficiency of the PV system is dependent on wavelength of 
the reflected incident irradiation and it is optimum for shorter wavelength [12]. The common 
reflecting materials used in reflecting solar radiation are aluminium, silver, white paint [12]. 
Silver and aluminium exhibit high reflectance over the entire solar wavelength interval [12]. 
High specular aluminium films have a solar reflectance of 92 %, whereas silver has 96 % 
[12].  
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The output of the PV system with a reflector is dependent on following characteristics / 
parameters [7,8,9,10]. 
 

• irradiation distribution over the PV modules 

• roof tilt angle  

• area of the reflector 

• orientation of the PV module 

• PV module arrangement 
 
For the optimum output of a PV system, the tilt of a reflector is not constant throughout 
the year, since the incident radiation comes from different angular intervals of the sky during 

different periods of the year [7]. The output of a PV system is mainly dependent on uniform 
intensity distribution in addition to amount of incident radiation [7]. In Sweden, the annual 
output of the PV system can be increased by 20 percent by using a fixed flat reflector [7]. By 
varying the tilt of a reflector 2 – 8 times according to the seasons, the annual output of the 
PV system can be increased by 40 percent compared to the PV system without a reflector 
[7].  

 
The PV module arrangement plays a very important role in the output of a PV system with 
the reflector [7]. The increase in output of the PV system when all the strings of PV modules 
are parallelly connected is 8 % more compared to the PV system where all the strings of PV 
modules are connected in series for the PV system with a reflector [7]. This is because during 
shading when all the modules are connected in series, the output of the module with lower 
irradiation will determine the total output. Whereas, in parallel connection the modules with 
lower irradiation will not impact the modules of other parallel strings. The above results 
were obtained by an experimental setup in Sweden and the measurement was performed for 
two months [7].  
 
There are various studies and installations where reflectors were used for increasing the 
performance of the PV system. For example, external diffuse and semi-mirror types of 
reflectors were used in increasing the performance of the PV system [13]. The semi-mirror 
reflector is a mixture of specular and diffuse reflector. Bifacial PV modules were used in the 
system. The reflectors were placed back of the bifacial PV modules and the output of the 
system was studied with different orientation of reflectors. The setup of the installation is 
shown in  

 

 
Figure 1.2 Bifacial PV modules installed with an external reflectors [13] with permission from (Hindawi 
Publishing Corporation) 

 
The diffuse reflector in this scenario was a white painted surface [13]. The set up was 
installed in Malaysia [13]. The maximum power generation occurred when the specular 

reflector was 30° inclined with respect to ground and for diffused reflector it was 10° tilt 
with reflector-module separation of 115 mm [13]. The increase in output of the PV system 
were 20 % and 15 % for specular and diffuse reflectors respectively [13]. However, the 
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performance of the PV system with diffuse reflector varies with location and it improves 
moving closer to countries located at higher latitudes like Sweden, Norway, Canada etc.  [13].  
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In another publication, the reflectance of a material is analyzed [14]. It is mainly dependent 
on surface roughness and color [14]. The performance of painted diffuse reflectors was 
studies and the experiments concluded that white color was the optimum color for diffused 
reflector with approximately 75 % of average reflectance [14]. Yellow color has second best 
reflection performance which is followed by orange, red, green, blue, brown, purple, grey, 
with 61 % - 32 % reflection variation [14].  
 
In another publication, specular and diffuse reflectors were analyzed for a vertically mounted 
PV module installation in Stockholm [15]. A parabolic shaped reflector was chosen with two 
different materials [15]. First material was standard aluminium sheet which acts as a specular 
reflector and the second one was lacquered rolled aluminium foil which acts as a diffused 
reflector [15]. The setup of the installation is shown in Figure 1.3 
 

 
Figure 1.3 cross section of semi parabolic reflector with the vertically mounted PV module whose width is a 
[15] with permission from (John Wiley and Sons) 

 
The characteristics of the two materials are listed in Table 1:1 

 
Table 1:1 Characteristics of two different reflective materials [15] with permission from (John Wiley and 
Sons) 

Material 𝑹𝒔𝒐𝒍𝒂𝒓−𝒕𝒐𝒕𝒂𝒍 𝑹𝒔𝒐𝒍𝒂𝒓−𝒔𝒑𝒆𝒄𝒖𝒍𝒂𝒓 

Anodized aluminium 0.88 0.86 

Lacquered rolled aluminium 0.85 0.58 

 

Where, Rsolar−total is the total solar reflectance and Rsolar−specular is the specular 

reflectance. 
  
The, 30 % increase in output of the PV system due to lacquered rolled aluminium diffused 
reflector is higher than 26 % increase in output of the PV system due to anodized aluminium 
specular reflector [15]. Even though the production of short circuit current was higher in 
case of specular reflector, the efficiency decreased with high cell temperature [15].  
 
In another publication, a solar carport with reflector has been installed by Sunpower at the 

Carmichael water district in California of 17.8 kW size which has reflector attached back of 
the PV module [16]. Next generation high performance bifacial PV modules were used with 
a tensile fabric material as a reflector [16]. The tensile fabric reflector was placed under the 
rear side of the bifacial module as shown in Figure 1.4 
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Figure 1.4 Tensile fabric material as reflector for bifacial PV modules [16] with permission from(California 
Energy Commission) 

In the PV system shown in above figure, there is space between the PV modules in such a 
way that solar radiation incidents on the tensile fabric material and gets reflected on the back 
side of bifacial module [16]. In this way, the reflective material boosted the energy yield of 
the bifacial modules [16]. The percentage gain in energy production with tensile fabric 
reflective material was approximately equivalent to 17.4 % [16].  

 
The average yield for the PV systems in Sweden, Germany, Spain is in the range of 

800-1000 kWh/kW , 1050 kWh/kW, 1745 kWh/kW respectively [33, 34, 35]. The optimum 

tilt of the PV module is 41°, 33° for Stockholm and Munich respectively [36]. The optimum 

tilt of the PV module is 31° for the southern Spain [36]. The software used for finding the 
optimum tilt angle was PVWatts. 
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2 Theory 
 
This section is about the background theory involved in creation of the mathematical 
irradiation and yield model of the PV system with and without a reflector. There are different 
topics explained such as solar geometry and irradiation, PV performance based on the 
module arrangements, PV performance based on temperature and irradiance, shading and 
energy yield estimation. 

 

 Solar geometry and irradiation 

 
This entire section is written based on the book, “Solar Engineering of Thermal 
Processes” from the Chapter 1 and Chapter 2 [17]. 
 
The amount of solar radiation received by the unit area of a plane, at mean earth-sun 
distance, outside of the atmosphere is always constant and is approximately equivalent to 
1367 W/m2, known as solar constant (GSC). However, this solar radiation varies with change 
in earth-sun distance. Hence, the extraterrestrial radiation for any day of a year (n) is 
expressed as in the following equation: 
 

Gon = Gsc ⋅ (1 + 0.033 cos
360 ⋅ n

365
 )       Equation 2.1 

 
This extraterrestrial radiation after propagating through earth’s atmosphere is been classified 

as different components such as beam radiation (Gb), diffuse radiation (Gd) and the total 

solar radiation (G). 

 
Figure 2.1 represents all three components of the irradiation incident on a tilted plane 

 

 
Figure 2.1 Beam, diffuse and ground reflected irradiation on a tilted plane [17] with permission from 
(John Wiley and Sons) 

 
Beam radiation is the direct solar radiation received from the sun without being scattered by 
the atmosphere whereas diffuse radiation is the solar radiation received from the sun after 
being scattered by the atmosphere. The sum of the beam and diffuse radiation is the global 
radiation of a horizontal plane.  
 
One of the thesis studies is about determining the irradiation for a tilted plane facing in a 
certain direction. In order to calculate the irradiation on any tilted plane, the direction from 
which the beam and diffuse components reach the plane must be determined. The incident 
solar radiation is sum of beam radiation, diffuse radiation from the sky and radiation 
reflected from the various surfaces visible to the tilted surface [17]. There are different 
parameters in order to calculate the total incident radiation and they are discussed below: 
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The incidence angle is required in order to calculate the beam irradiation and the expression 
for incidence angle is given in the following equation: 

   

cos 𝜃 = sin 𝛿 ⋅ sin ∅ ⋅ cos 𝛽 − sin 𝛿 ⋅ cos ∅ ⋅ sin 𝛽 ⋅ cos 𝛾 + cos 𝛿 ⋅ cos ∅ ⋅
               cos 𝛽 ⋅ cos 𝜔 + cos 𝛿 ⋅ sin ∅ ⋅ sin 𝛽 ⋅ cos 𝜔 ⋅ cos 𝛾+cos 𝛿 ⋅ sin 𝛽 ⋅ sin 𝛾 ⋅ sin 𝜔  

Equation 2.2 

     

Where, θ is the angle of incidence which is the angle between the beam radiation and the 

normal of a plane, ∅ is the latitude which represents the position of a location with respect 

to the equator, β is the tilt angle of the inclined plane, γ is the surface azimuth angle which 

represents the orientation of the tilted plane, ω is the hour angle, δ is the declination angle 
which is the angular position of the sun at solar noon and is expressed as 
 

𝛿 = 23.45 sin (360 ×
284 + 𝑛

365
)      

 

Equation2.3 

 

 
The time considered while determining hour angle needs to be solar time. The solar time 
can be calculated from the following expression: 
 

𝑡𝑠𝑜𝑙𝑎𝑟 = 𝑡𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 +  4 ⋅ (𝐿𝑠𝑡 − 𝐿𝑙𝑜𝑐) + 𝐸   Equation 2.4 

 

Where, tstandard is the standard time, Lst is the standard meridian or local time zone, Lloc is 

the longitude of the corresponding location and  E is a constant which varies with the day 
of a year and can be calculated from the following expression: 
 

𝐸 = 229.2 ⋅ (0.000075 + 0.001868 ⋅ cos 𝐵 − 0.032077 ⋅ sin 𝐵
− 0.014615 ⋅ cos 2𝐵 − 0.04089 sin 2𝐵)  

 

Equation 2.5 

 

 

Where, B = (n − 1) ⋅
360

365
 and n is day of the year. 

 
In determining the diffused irradiation, the direction from which the diffuse components 
reach the surface needs to be known. A surface receives the diffuse irradiation from the sky, 
and it is dependent on cloudiness, atmospheric clarity.  In a clear day, the diffuse irradiation 
is composed of three parts. The first is an isotropic part which means the irradiation is 
received uniformly from the sky [17]. The second is circumsolar diffuse, resulting from 
forward scattering of solar radiation and concentrated in the part of the sky around the sun. 
The last part is horizon brightening, is concentrated near the horizon [17]. Ground 

reflectance (𝜌𝑔) surrounding the surface is one of the important parameters which 

determines the diffuse irradiation [17]. By considering all the three parts of diffuse 
irradiation, the diffuse component or a certain period on a tilted surface is expressed as [17] 
 

𝐼𝑇,𝑑 = 𝐼𝑇,𝑑,𝑖𝑠𝑜 + 𝐼𝑇,𝑑,𝑐𝑠 + 𝐼𝑇,𝑑,ℎ𝑧  Equation2.6 

 

For a surface of area 𝐴𝑐, the above equation can also be expressed as  
 

𝐴𝑐 ⋅ 𝐼𝑇,𝑑 = 𝐼𝑑,𝑖𝑠𝑜 ⋅ 𝐴𝑠 ⋅ 𝐹𝑠−𝑐 + 𝐼𝑑,𝑐𝑠 ⋅ 𝑅𝑏 ⋅ 𝐴𝑐 + 𝐼𝑑,ℎ𝑧 ⋅ 𝐴ℎ𝑧 ⋅ 𝐹ℎ𝑧−𝑐  Equation 2.7 
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Where, Fs−c is the view factor from the sky to the surface, As is the sky area, Ahz is the 
undefined horizon area. 
 
The equation can be re-written as following expression: 
 

𝐼𝑇,𝑑 = 𝐼𝑑,𝑖𝑠𝑜 ⋅ 𝐹𝑐−𝑠 + 𝐼𝑑,𝑐𝑠 ⋅ 𝑅𝑏 + 𝐼𝑑,ℎ𝑧 ⋅ 𝐹𝑐−ℎ𝑧  Equation 2.8 

 
In 1963, Liu and Jordan derived an isotropic model to determine the total irradiation incident 
on the tilted surface. In this model it is assumed that all the diffuse irradiation is isotropic 
[17]. This implies that the diffuse irradiation is equally distributed across all the directions 
due to a clear sky. Hence, the equation can be rewritten as following expression [17]: 
 

𝐼𝑇,𝑑 = 𝐼𝑑 ⋅
1 + cos 𝛽

2
  Equation 2.9 

 
There are other models developed by Hay and Davies, Perez to determine the diffuse 
component which considers isotropic part and circumsolar part, isotropic part, circumsolar 
part and horizon brightening.  But as a simplification, isotropic model developed by Liu and 
Jordan is considered to determine the diffuse irradiation for this thesis study. 
 

 Effect of temperature and irradiance on output of PV 
system 

 
The temperature at which the PV-modules operate is one of the important factors which 
impacts the output of the system. At very high temperatures the output of the PV system 
reduces up to 10 percent [18]. As the module temperature increases, there will be increase 
in kinetic energy of atoms which leads to increase in internal resistance and reduces the 
voltage [19]. However, the current will increase when the temperature increases due to the 
decrease of band gap energy [19]. The overall effect on the PV system is negative when the 
temperature increases as the open circuit voltage drop will be reduced 10 times more when 
compared to the increase in module current [19]. The IV characteristics of a module for 
different temperatures is shown in Figure 2.2 
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Figure 2.2 IV characteristics of a crystalline PV module for different temperatures [18] with permission 
from (Routledge publications) 

 

The power variation with respect to the module temperature is shown in Figure 2.3 
 

 
Figure 2.3 Power characteristics of a crystalline PV module for different temperatures [18] with permission 
from (Routledge publications) 

 
During summer when the module temperature is high, the power output is approximately 
35 % lower than the power at STC conditions. The output power of a PV system can be 
calculated from the following expression 
 

𝑃 =
𝐺

𝐺𝑆𝑇𝐶
⋅ (𝑃𝑚) +  𝜇𝑝 ⋅ (𝑇𝑀 − 𝑇𝑜) 

Equation 2.10 
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Where, G is the incident solar irradiation in the corresponding plane, GSTC is the solar 

irradiation in standard condition (1000 W/m2), Pm is the power rating of the module, μp is 

the temperature coefficient of power of the PV module, TM is the cell / module temperature, 
TO is the temperature at STC condition. 
 
The cell temperature can be calculated from the following expression 
 

𝑇𝑀 = 𝑇𝑎𝑚𝑏 + 𝐺 ⋅ (
𝑁𝑂𝐶𝑇 − 20

800
) 

 
Equation 2.11  

Where, Tamb is the ambient temperature and NOCT is normal operating cell temperature 
which is provided by the PV module supplier.  
 
Another important factor which affects the PV system output is irradiance. PV system very 
rarely operates in STC condition (G=1000 W/m2) and hence the output of the PV system 
varies with change in irradiance. The change in irradiance directly impacts the current 
generated in PV system and it is directly proportional. This means when the irradiation drops 
by half, the module current also reduces to half of its original value and thus reduces the 
output power also by 50 percent. The IV characteristics of the crystalline modules for 
varying irradiance is shown in Figure 2.4 
 

  
Figure 2.4 IV characteristics of a PV module for different irradiance level [18] with permission from 
(Routledge publications) 

 

From the Figure 2.4, it can be interpreted that the open circuit voltage or 𝑉𝑚𝑝𝑝 does not 

vary as much with irradiance when compared to the module current. However, this voltage 
drop will be large when the modules are connected in series. Hence, even with low drop of 
irradiance, voltage breaks down which makes the downstream inverters to operate away 

from the MPP range.  
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 Shading analysis and module arrangement 

 
The output of a PV system is significantly affected by shading of the PV modules. The 
shading occurs due to nearby structures such as buildings, trees, chimney surrounding the 
PV modules. The loss in power of the PV modules due to shading cannot be avoided even 
with the optimum configuration [21]. When a cell in one part of the PV module is completely 
shaded, no current will be generated in the corresponding shaded cell. This shaded cell acts 
as an electric load and consumes current from the other cells of the PV module. Eventually, 
the current from the working cells is passed through the shaded cell. This high reverse flow 
of current can heat up the shaded cell to such an extent that the cell is completely damaged 
[22]. This leads to hot spots in the corresponding shaded cell and results in no electric output 
from the entire PV module [22]. To prevent the formation of hotspot, bypass diodes are 
introduced to the PV module. It is not economically feasible to have a bypass diode for each 
cell in the PV module and hence it is generally antiparallel connected across 18 to 20 solar 
cells in a PV module [18]. PV modules with 36 to 40 cells have two bypass diodes whereas 
modules with 60 cells have usually three bypass diodes.  
 
Besides the prevention of hotspot on the solar cell, a bypass diode also reduces the power 
loss that results from shading. For example, in a 60 cells PV module with three bypass 
diodes, if a cell is 75 % shaded in one part of the module, its corresponding bypass diode 
will be activated. In this way, one third of the PV module with 20 cells is bypassed and the 
output power from the remaining two third of the PV module with 40 cells is generated [18]. 
Hence without a bypass diode, the current of the shaded cell would determine the current 
of entire PV module [18]. The IV characteristics of a crystalline PV module with and without 
bypass diodes is shown in Figure 2.5  

 

 
Figure 2.5 IV characteristics of a PV module with and without bypass diodes [18] with permission from 
(Routledge publications) 

The blue line in the Figure 2.5 represents the case when there is no shading and, in this case, 
a maximum output is achieved. The red curve represents the case when a cell is 75 % shaded 
and no bypass diodes installed in the PV module, which clearly shows the reduction of 12 V 
when compared to the PV modules with three bypass diodes. The dotted green line 
represents when two third of the PV module and a cell in last part of the PV module is 75 % 
shaded. Similarly, the power characteristics of the crystalline PV module with and without 
bypass diodes is illustrated in Figure 2.6 
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Figure 2.6 Power characteristics of a crystalline PV module with and without bypass diodes [18] with 
permission from (Routledge publications) 

 

Figure 2.6 shows that there is reduction in power of 40 W when there are no bypass diodes 
installed in the PV module compared to PV modules with bypass diodes during shading.  
 
Another important study in this thesis is about an uneven irradiation distribution over the 
PV module due to the reflector. For example, cell 1 is illuminated with a higher irradiance 
level G1, its corresponding voltage is V1 and current generated is I1 whereas cell 2 is 
illuminated with a lower irradiance level G2, its corresponding voltage is V2 and current 
generated is I2. In this mismatch scenario, the net voltage of the two cells is V1+ V2 whereas 
the short circuit current (I2) for the combination is dragged down to level of less illuminated 
cell [23]. 
 
By analyzing all the examples mentioned above, the number of bypass diodes impact the 
output of crystalline PV modules. However, this varies for the thin film modules whose 
electrical characteristics are different from crystalline modules. Apart from the efficiency, 
crystalline and thin film modules differ in shading tolerance, temperature dependence and 
spectral sensitivity [18]. Individual cells in thin film modules are still connected in series like 
crystalline silicon modules but all extended from one edge of module to other and are 
thereby geometrically parallel to each other [7]. This type of geometry helps in generating 
the same current throughout all the cells even if it is evenly illuminated either in lower or 
upper part [7]. As discussed earlier, if a cell in the standard crystalline module is completely 
shaded it leads to failure of half of the module (two bypass diodes) whereas it is less in the 
thin film module based upon module arrangement. When the thin film modules are arranged 
in such a way that lengthwise shading occurs, the reduction in power is proportional to the 
shaded area. The stripe shaped individual cells of thin film module also help the cells from 
being completely shaded. If the cells in thin film module are not completely covered, the 
voltage remains constant and only the current is reduced proportional to the area of the cell 
shaded [18]. However, if the entire cell is shaded, the voltage drops drastically, and it leads 
to zero output if above half of the module is shaded. The IV characteristics of the thin film 
modules for two different shading orientation is shown in Figure 2.7 and Figure 2.8 
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Figure 2.7 IV characteristics of thin-film modules at cross shading orientations [18] with permission from 
(Routledge publications) 

 

 
Figure 2.8 IV characteristics of thin-film modules at lengthwise shading orientations [18] with permission 
from (Routledge publications) 

 
Similarly, the power characteristics of the thin film module for two different shading 
orientations are shown in Figure 2.9 and Figure 2.10 
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Figure 2.9 Power characteristics of thin-film modules at cross shading orientations [18] with permission from 
(Routledge publications) 

 

 
Figure 2.10 Power characteristics of thin-film modules at lengthwise shading orientations [18] with 
permission from (Routledge publications) 

 

From the Figure 2.10, it is very clear that the reduction in output of the system is less when 
the shading is lengthwise. Hence, by arranging the thin film modules in such a way that 

lengthwise shading occurs, an optimum yield can be achieved.  
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 Yield and Performance ratio 

 
This section is based on the technical report from the International Energy Agency [28]. The 
energy generated by the PV system is one of the most important technical parameters for 
any project. The expected final energy yield of a PV system is reported together with PR, 
which quantifies the overall efficiency of the PV system.  The energy yield of the PV system 
is determined from the following expression: 

𝑌 =
[(

𝐼
𝐺𝑠𝑡𝑐

) ⋅  𝑃𝑚 +  𝜇𝑝𝑚𝑎𝑥 ⋅ (𝑇𝑀 − 𝑇𝑜)] ⋅ 𝑃𝑅

𝑃𝑚
 

 

 

Equation 2.12 

 

 

Where, Pm is the power rating of the PV system, μp is the temperature coefficient of power, 

TM is the cell temperature inside module, TO is the temperature at STC condition, PR is the 
performance ratio, GSTC is the irradiance at STC condition (1000 W/m2), I is the irradiation 
incident on the PV modules. 
 
Thus, determining the PR while modelling any PV system plays a very crucial role. The 
calculation of this PR is dependent on various parameters such as ambient temperature, 
array loss, system loss, inverter efficiency, soiling etc. The annual temperature loss generally 
varies between 0.1 % to 14.5 % which is mainly dependent on geographic location. [28] The 
soiling losses are caused by accumulation of particles on PV module due to pollution, bird 
droppings, agricultural activities and others which often varies between 1 % to 3 % with 
most values between 1 % to 1.5 % [28]. The expected amount of loss due to reflection from 
the glass covering the PV module decreases the plane of array irradiance that will be 
effectively converted to DC power and this reflection loss range between 2.8 % to 3.6 % 
[28]. The string mismatch loss occurs mainly due to different shading scenarios or due to 
difference in short circuit current / open circuit voltage over the PV modules connected in 
series in same string or parallel to the same inverter. This mismatch loss generally accounts 
to 0.4 % to 2.1 % [28]. There are some other losses such as inverter losses, cable losses 
which are assumed as 5 % [28]. Hence the PR of a system while modelling a PV system is 
determined from the below expression: 
 

𝑃𝑅 = (1 − 𝐿𝑠𝑜𝑖𝑙𝑖𝑛𝑔 − 𝐿𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 − 𝐿𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ − 𝐿𝑐𝑎𝑏𝑙𝑒−𝐿𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟)  

 

Equation 2.13 

 

 

Where, Lsoiling is soiling loss, Lreflection is reflection loss, Lmismatch is mismatch loss and 

Lcable is cable loss.  
 
The temperature loss is not considered in calculation of PR as it is already included in the 
model while determining the energy of the PV system. 
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3 Selection of parameters for modelling the 
irradiation and yield of the PV system 
 
There are different parameters required to create the mathematical irradiation, yield model 
of the PV system. The selection of all the parameters are discussed in this section. 
 

 Location 

The thesis study is about the analysis of the output of the PV system with and without a 
reflector. The analysis is mainly carried out on the increase or decrease of the energy yield 
amongst the two PV systems. Hence, the following three locations are chosen 
 

• Stockholm 

• Munich 

• Sevilla 
 
By choosing locations across the world with various climatic conditions such tropic, 
mediterranean, arid  in the thesis study leads to an inappropriate/biased comparison of the 
change in energy yield due to huge difference in climatic factors. Hence, the locations are 
chosen with different latitude range within Europe itself. The synthetic hourly irradiation 
and ambient temperature data for all the three locations are obtained from the PVsyst 
software. 
 

 PV module 

A standard crystalline module has been chosen for this thesis study. It has a very good 
performance under the weak light as per the module data sheet. This performance of module 
under weak light is very important as the contribution of diffused radiation is much higher 
compared to the beam radiation when there is shading due to the reflector. In addition, the 
performance of the monocrystalline modules is much better than the polycrystalline 
modules at high temperature which often occurs due to the extra irradiation on the PV 
module by the reflector. Even though the load for the solar carport is not considered in this 
thesis study, the module with higher efficiency of 19.2 % is chosen to charge the maximum 
number of vehicles. The characteristics of the chosen module are shown in Table 3:1: 

 
Table 3:1 Module characteristics 

PV module data Value 

Model Name Trina solar honey plus 

Cell type Monocrystalline 60 cells 

Rated Power 315 W 

Open circuit voltage 40.5 V 

Short circuit current 10 A 

Nominal operating cell temperature 44 ℃ 

Temperature co-efficient for 𝑃𝑚𝑎𝑥 -0.39 % / K 

Module dimensions 1650×992×35 mm 
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 Roof material 

There are different reflective roof materials available in the market such as aluminium, 
stainless steel, chromium, silver, white paint which are used as roof materials. They have 
different specular and diffuse reflectance. Hence, in this thesis the output of the PV system 
is studied by varying the specular and diffuse reflectance. Four different theoretical values 
of wide range of specular and diffuse reflectance are chosen for this thesis study as shown 
in Table 3:2 
 
Table 3:2 Specular and diffuse reflectance of four different reflectors 

Reflector type Specular reflectance Diffuse reflectance 

Reflector 1 0.8 0.2 

Reflector 2 0.6 0.2 

Reflector 3 0 0.8 

Reflector 4 0 0.4 

 
By choosing the four different theoretical reflectance value in Table 3:2, the impact of 
specular or diffuse nature of any reflective material on the output of the PV system can be 
analyzed. However, for the simulations results shown in the section 7.1.1 alone, a realistic 
roof material is chosen. Thermoplastic Polyolefin (TPO) is a type of cool roof membrane 
which is growing rapidly in the commercial roofing market [38]. They are diffused in nature 
and generally white in color [39]. The reflectivity of the TPO ranges between 0.72 – 0.83 
and for this thesis study, the average diffuse reflectance of 0.75 is chosen [39]. 
 

 Software used 

There are many tools available such as PVsyst, PVSOL, Helioscope to evaluate the PV 
performance with a ground reflectance. However, there are very few tools like MATLAB 
Simulink, SolTrace, Microsoft Excel to model the PV system along with a static reflector. 
However, SolTrace is a tool to model concentrating solar power systems where many 
reflectors are used to concentrate the solar radiation on a receiver. There is no option to 
model a reflector and PV modules adjacent to each other. Whereas, modelling a reflector 
along with PV in MATLAB tool is very complex and a lot of time will be required in learning 
the functionalities. Hence. Microsoft Excel is chosen for this thesis study to mathematically 
model the irradiation and yield of the PV system with and without a reflector as it is more 
user friendly, familiar for the author and easy to organize, analyze large data sets through 
various forms of graph. The results of the mathematical model in the excel tool is verified 

by analyzing the energy yield for extreme cases. For example, the roof tilt angle is set as 0° 
which implies that the PV modules are installed on a horizontal roof. In this case, the 
irradiation incident on the PV module is equal to the global irradiation for all kind of 
reflectance value which is ideally correct. In another extreme case, the roof tilt angle is set 

as 90° which implies that the roof with PV modules is not exposed to Sun and is obstructed 
with roof with reflector. In this case the energy yield of the PV system is less than 1 kWh/kW 
which is negligible and confirms that model is working fine. Reflectance values are also 
varied as another validation. In this case, the energy yield increased when the reflectance 
value was increased and vice versa. 
 

 Performance ratio 

The PR for the PV system in Munich and Sevilla is determined as 0.88 and for the PV system 
in Stockholm it is determined as 0.85 by substituting the values for all the losses in the 
Equation 2.13. The PR for Stockholm is considered less than the other two locations due to 
high soiling loss because of snowfall. The PR for Munich and Sevilla are considered as same 
because the main difference between the two location is temperature loss and it is already 
considered in energy yield calculation. The other losses such as inverter loss, cable loss, 
reflection loss and mismatch loss are considered as same in all three locations. This is 
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because it is assumed that the same components (inverter, cable) are chosen for all the three 
locations. However, there are certain extreme examples where the performance ratio of 
more than 0.88 is also achieved in Germany due to the usage of latest high-performance 
modules and inverters [31, 32].  
 

 Time step 

Hourly time step is used to calculate the energy yield of the PV system, and accumulated to 

obtain the annual energy yield.  The results are calculated for every 5° of the roof tilt angle. 
Later the optimum roof tilt angle is found out by observing the shift in peak curve. 

 

 Uncertainty in Calculation 

 
There are many uncertainties which impact the results. The inputs for the calculation of the 
energy yield for the PV system are irradiation and weather data from the PVsyst software. 
There is an uncertainty of ±0.5 to ±1 % while generating the synthetic hourly data of 
irradiation and temperature in PVsyst software from monthly average values using stochastic 
models [40]. During modelling of the PV system there are many losses considered such as 
temperature loss, reflection loss, inverter loss, cable loss, mismatch loss etc. By assuming the 

values, for thermal loss there is an uncertainty of 1 ℃ to 2 ℃, for reflection loss there is an 
uncertainty of ±2 % to ±5 %, for inverter model there is an uncertainty of ±0.2 % to ±0.5 
%, for soiling, mismatch, degradation, and cabling losses  there is an uncertainty of ±5 % to 
±6 % resulting in overall uncertainty on the result is ±5 % to ±10 % [28]. There is also 
uncertainty in the tool (Microsoft Excel) used for calculation while rounding off the values 
which is very hard to measure. 
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4 Mathematical Irradiation model for the PV 
system without a reflector 
 
This section describes the mathematical modelling of irradiation for a PV system with the 
PV modules alone installed on a single tilted roof. This entire section is written based on the 
book, “Solar Engineering of Thermal Processes” from the chapter 1 and chapter 2 [17]. 
 
The expression for total irradiation incident on the PV system for a certain period on a tilted 
roof is given below  

 

IT = IT,b + IT,d + IT,refl   Equation 4.1 

 
The Equation 4.1 can be re-written as 
 

𝐼𝑇 = 𝐼𝑏𝑛 ⋅ 𝑐𝑜𝑠 𝜃 + 𝐼𝑑 ⋅
1 + cos 𝛽

2
+ 𝐼𝑔𝑙𝑜𝑏 ⋅ (

1 − cos 𝛽

2
) ⋅ 𝜌𝑔 Equation 4.2 

 
The above equation consists of three components namely: Beam, diffuse and reflection. The 
methodology to determine all the three components are briefly explained below. 

 

 Beam Component 

 

In this section, the beam component (IT,b) is determined. Beam contribution for any tilted 

roof is expressed as 

 

𝐼𝑇,𝑏 = 𝐼𝑏𝑛 ⋅ cos 𝜃  Equation 4.3 

 

Where, Ibn is the beam normal irradiation and cos θ is the cosine of angle of incidence. The 
method to calculate the angle of incidence is explained in section 2.1 and beam normal 
radiation can be obtained from many web stations such as Meteonorm, NASA etc. As soon 

as the beam normal irradiance (Gbn) for a location is obtained, they are integrated for an 

hour in order to calculate the beam normal irradiation (Ibn). The same is expressed through 
equations as shown below 

 

𝐼𝑏𝑛  = 𝐺𝑏𝑛  (
𝑊

𝑚2
) ⋅ 1(ℎ)  Equation 4.4 

 

By substituting the value of cos θ and Ibn in the Equation 4.3, the beam component for a 
certain period on a tilted plane is determined. 

 

 Diffuse Component 

 

In this section, the diffuse component (IT,d) of the total irradiation for a certain period on a 

tilted roof is determined. Diffuse contribution for any tilted surface can be expressed as  
 

𝐼𝑇,𝑑 = 𝐼𝑑 ⋅
1 + cos 𝛽

2
  Equation 4.5 

 

Where, Id is the diffuse irradiation and the same can be obtained from many web stations 
such as Meteonorm, NASA etc. The method of deriving the above equation to determine 
the diffuse contribution is explained in section 2.1 
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As soon as the diffuse irradiance (Gd) for a location is obtained, it is integrated for an hour 

to calculate the diffuse irradiation (Id). The same is expressed in equation as shown below 
 

𝐼𝑑  = 𝐺𝑑  (
𝑊

𝑚2
) ⋅ 1(ℎ)  Equation 4.6 

 

By substituting the value of tilt (β) and  Id in the Equation 4.5, the diffuse component for a 
certain period on a tilted plane is determined. 
 

 Reflection Component 

 

In this section, the reflection component (IT,refl) for a certain period on a tilted roof is 

determined 
 

IT,refl is the reflection contribution for the total incident radiation on a tilted surface. 

Reflection contribution for any surface can be expressed as 
 

𝐼𝑇,𝑟𝑒𝑓𝑙 = ∑ 𝐼𝑥 ⋅ 𝐹𝑥−𝑐 ⋅ 𝐴𝑥 ⋅ 𝜌𝑥  

𝑥

   Equation 4.7 

 
The above expression is to determine the reflected radiations from different objects near by 
the tilted plane such as buildings, ground materials and several other reflected streams. The 
symbol “x” in the above expression denotes the range of reflective surfaces available near 

the tilted plane, Ix is the solar radiation incident on xth reflective surface, ρx is the diffuse 

reflectance of the corresponding surface and Fx−c is the view factor from the corresponding 
reflective surface to the tilted plane [17]. It is not possible to determine the reflected radiation 
from all the exposed objects such as buildings, trees, etc. Therefore, a single horizontal 
surface is considered generally which is nothing but a diffusely reflected ground and the “i” 
in above expression as one [17]. Hence, the Equation 4.7 can be expressed as  
 

𝐼𝑇,𝑟𝑒𝑓𝑙 =  𝐼𝑔𝑙𝑜𝑏 ⋅ 𝐹𝑔−𝑐 ⋅ 𝜌𝑔  Equation 4.8 

 

The tilted roof has a view factor (Fg−c) of 
𝟏−𝐜𝐨𝐬 𝛃

𝟐
 with respect to the ground and substituting 

the same in the Equation 4.8, it can be re-written as  
 

𝐼𝑇,𝑟𝑒𝑓𝑙 =  𝐼𝑔𝑙𝑜𝑏 ⋅ (
1 − cos 𝛽

2
) ⋅ 𝜌𝑔  Equation 4.9 

 
Finally, by substituting the values of beam, diffused, reflection components obtained from 
the Equation 4.3, Equation 4.5, Equation 4.9 respectively in the Equation 4.2, the total 
irradiation incident on the PV system with the PV modules installed on a single tilted roof 
without any reflector is determined. 
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5 Mathematical irradiation model for the PV 
system with the static reflector 
 

In this section, the total irradiation (𝐼𝑇) incident on the PV system with the PV modules 
installed on one side of the V shaped roof along with the static flat reflector on the other 
side of the roof is determined. This entire section is written based on the book, “Solar 
Engineering of Thermal Processes” from chapter 1 and chapter 2 [17]. 
 

 PV system design  

 
The length and area of the roof consisting PV modules is same as that of roof consisting the 

reflecting roof material. Both the roofs are 𝛽 degree inclined with respect to horizontal plane 
parallel to the ground as shown in Figure 5.1: 
 

 
Figure 5.1 Design of PV system with a reflector 
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Figure 5.2 shows the arrangement of the PV modules on the roof for this thesis study. There 
is a space left for maintenance of 0.5 m and 1 m in the front and right side respectively for 
maintenance purpose. As shown in above figure, the PV modules are placed horizontally as 
an optimum arrangement during shading. The number of modules in each string is 
considered as infinite for neglecting the edge effects. Each horizontal string is connected in 
such a way that it has its own MPP input or inverter. 
 

 

  
 

Figure 5.2 PV module arrangement 

 

  Deciding Parameter 

 
This section explains about the parameter which determines the role of reflector, the 
different configurations in which reflector contributes towards the output of the PV system. 
 
During the modelling of PV system with reflector, it is required to know the role of reflector. 
To determine whether the reflector acts as obstacle to PV system, it is necessary to know 
the shadow cast as a function of time during every day of the year. As a simplification, the 
incidence angle acceptance is neglected which makes the profile angle as an appropriate 
parameter in order to determine the shadow factor or reflector contribution [30]. Also, the 
profile angle is considered as the edge effects are not considered by assuming an infinitely 
long PV/ reflector geometry. The profile angle is the angle between the beam radiation 

corresponding to any plane that has a surface azimuth angle of γ . The relationship between 
profile angle and shadowing in case of an overhang for a vertical window is shown in Figure 
5.3 
 

Horizontal 
string 
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Figure 5.3 Geometry of profile angle in a window overhang arrangement [30] with permission from 
(Elsevier) 

As shown in the Figure 5.3, the profile angle determines if the overhang shadows the vertical 
window. Similarly, the profile angle is used to determine if the reflector shades the PV 
modules. The roof with the reflector and roof with the PV module is at a certain angle like 
the overhang and window which are perpendicular. The profile angle can also be expressed 
as projection of solar altitude angle on a vertical plane perpendicular to corresponding plane. 
Figure 5.4 correlates the profile angle with respect to remaining angles such as incidence 
angle, zenith angle, tilt angle, solar azimuth angle, pseudo azimuth angle. 
 

 
 

Figure 5.4 Illustration of profile angle [17] with permission from (John Wiley and Sons) 

 

The profile angle is expressed as αp and is determined from the following equation [17]: 

𝑡𝑎𝑛 𝛼𝑝 =
𝑡𝑎𝑛 𝛼𝑠

𝑐𝑜𝑠 (𝛾𝑠 − 𝛾)
  

 

Equation 5.1 

 

Where 𝛼𝑠 is the solar altitude angle and it can be determined from the below equation: 

𝑠𝑖𝑛 𝛼𝑠 = cos ∅ ⋅ cos 𝛿 ⋅ cos 𝜔 + sin ∅ ⋅ sin 𝛿   

 

Equation 5.2 

 

Where 𝛾𝑠 in the Equation 5.1 is solar azimuth angle and can have values in the range of 180° 

to -180°. The solar azimuth angle is determined from the following equation [17]: 
 

𝛾𝑠 = 𝐶1 ⋅ 𝐶2 ⋅ 𝛾′
𝑠

+ 𝐶3 ⋅ (
1 − 𝐶1 ⋅ 𝐶2

2
) ⋅ 180  Equation 5.3 
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Where 𝛾′
𝑠
 is pseudo azimuth angle and is determined from the following equation [17]: 

 

𝑠𝑖𝑛 𝛾′
𝑠

= sin 𝜔 ⋅
cos 𝛿

sin 𝜃𝑧
  Equation 5.4 

 

Where C1, C2,, C3 in equation 2.2.3 are determined from the following conditions [17]: 

 

𝐶1 = 1 𝑖𝑓 |𝜔| <  𝜔𝑒𝑤 , −1 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  Equation 5.5 

 

𝐶2 = 1 𝑖𝑓 ∅(∅ − 𝛿) ≥ 0, −1 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
 

 Equation 5.6 

 

𝐶3 = 1 𝑖𝑓 𝜔 ≥ 0, −1 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
 

 Equation 5.7 

 

Where ωew in the Equation 5.5 is determined from the following equation [17]: 

𝑐𝑜𝑠 𝜔𝑒𝑤 =
𝑡𝑎𝑛𝛿

𝑡𝑎𝑛∅
  

 

Equation 5.8 

 

By substituting the solar azimuth angle (𝛾𝑠) and solar altitude angle (𝛼𝑠) in the Equation 5.1, 

profile angle (𝛼𝑝) is determined. Later, this profile angle is compared with the tilt angle of 

the roof. If the profile angle is greater than the roof tilt angle, then the sun position is 
anywhere above the two roofs. In this case, the irradiation incident on the reflecting surface 
will be either uniformly or partially distributed over the PV modules. When the profile angle 
is greater than tilt angle, the incidence angle of the reflector at that point of time is 
determined from the following equation: 

𝑖 = 𝛼𝑝 − 𝛽  

 

Equation 5.9 

 

Where β is the roof tilt angle. According to law of reflection, when a ray of light reflects off 
the surface, the angle of incidence is equal to angle of reflection. Hence, the reflection angle 

(r) of a reflector is equal to incidence angle of a reflector (i). 

𝑖 = 𝑟  

 

Equation 5.10 

 

The next step is to determine the amount of reflected irradiation from a reflecting surface 
over the PV module. Prior to it, the components involved in reflected irradiation are 
explained. The reflecting surface contributes with both beam and diffuse irradiation. There 
are four different scenarios while determining the beam reflected irradiation such as  
 

• Uniform reflected irradiation over PV module 

• Partially irradiation over PV module from reflected radiation 

• Shading due to reflector  

• No reflected irradiation over PV modules 
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The beam reflected and natural beam irradiation varies across the above four different 
configurations whereas the diffuse reflected irradiation and diffuse irradiation remains 
uniform across all the configurations with respect to corresponding day of a year. The above-

mentioned configurations are individually explained below. 

 

 Uniform reflected beam irradiation over the PV module 

 

The calculated reflection angle is compared with the tilt angle of the roof. If 𝑟 > 𝛽, then the 
reflected beam irradiation from the reflecting surface will be uniformly distributed across 
the entire roof consisting PV modules. For a better understanding, this configuration is 
illustrated as two-dimensional image in Figure 5.5: 
 

 
Figure 5.5 Beam reflected irradiation uniformly distributed over PV modules 

 

As shown in Figure 5.5, the incident irradiation over the Length (Lx) is uniformly distributed 

over the length (L) of PV modules. Consider ∆ ABC in the Figure 5.5 and the following 
expression can be written according to the “Law of Sine” [25] 

𝐿𝑥

sin(2 ⋅ 𝛽 − 𝑟) 
=

𝐿

𝑠𝑖𝑛 (𝑟)
  Equation 5.11 

The above equation can be re-written as  
 

𝐿𝑥 =
𝐿

𝑠𝑖𝑛 (𝑟)
⋅ sin(2 ⋅ 𝛽 − 𝑟)   Equation 5.12 

 
At any point of time, the amount of beam irradiation incident on the reflector is expressed 

as Ibn ⋅ cos i . By assuming that the reflectance has no incidence angle dependence, the 
geometric calculation can be simplified to a two-dimensional problem, only taking the beam 
component in the plane perpendicular to the PV/ reflector combination into account. It is 
also assumed that there are no edge effects which means that the reflector and PV modules 

are infinite long. The Ib−proj is the useful irradiation projected on a plane from the beam 

normal irradiation and is determined from the following expression [26] 
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𝐼𝑏−𝑝𝑟𝑜𝑗 = 𝐼𝑏𝑛 ⋅ cos(𝑎𝑟𝑐 ⋅ sin(sin 𝜃𝑧 ⋅ sin(|𝛾𝑠 − 𝛾|)))  Equation 5.13 

Finally, the amount of reflected beam irradiation distributed uniformly over the modules is 
determined from the below equation: 

𝐼𝑢𝑛𝑖−𝑏𝑒𝑎𝑚 =  𝐼𝑏−𝑝𝑟𝑜𝑗 ⋅ cos 𝑖 ⋅ 𝜌𝑠𝑝𝑒𝑐 ⋅
𝐿𝑥

𝐿
  Equation 5.14 

Where, ρspec is the specular reflectance of the corresponding reflective material. 

 
This uniform beam irradiation is due to specular reflectance of the reflective material. 
However, at this same point of time when there is uniformly reflected beam irradiation over 
the PV modules, there is significant amount of diffused irradiation also uniformly distributed 
over the PV modules. This is due to diffuse reflectance of the reflective material. Hence, the 
amount of reflected diffused irradiation distributed uniformly over the modules is 
determined from the below equation: 

𝐼𝑢𝑛𝑖−𝑑𝑖𝑓𝑓 =  𝐼𝑇 ⋅ 𝜌𝑑𝑖𝑓𝑓 ⋅ (1 − 𝑠𝑖𝑛 (90 − 𝛽))  Equation 5.15 

Where, ρdiff is the diffuse reflectance of the corresponding reflective material. In this 
scenario, the view factor for the PV modules with respect to the sky in the diffuse 

component is sin (90 −  β) [27] and the reflection component is zero since the PV modules 
are not exposed to ground. 

𝐼𝑇−𝑅𝑒𝑓𝑙𝑛𝑎𝑡𝑢𝑟𝑎𝑙
= 𝐼𝑏𝑛 ⋅ cos 𝜃 + 𝐼𝑑 ⋅  𝑠𝑖𝑛 (90 − 𝛽)  Equation 5.16 

Hence, in this scenario apart from the uniformly distributed beam and diffused reflected 
irradiation from the reflecting surface, the roof consisting PV modules also receives the 
uniform beam irradiation from the sun and the diffused irradiation from the atmosphere. 
By adding all these different irradiation contributions, the net irradiation incident over the 
PV module in this scenario can be obtained by adding equations 4.2.4, 4.2.5 and 4.2.6. The 
same can be expressed as  
 

𝐼𝑇−𝑢𝑛𝑖𝑓𝑜𝑟𝑚 =  𝐼𝑏−𝑝𝑟𝑜𝑗 ⋅ cos 𝑖 ⋅ 𝜌𝑠𝑝𝑒𝑐 ⋅
𝐿𝑥

𝐿
+ 𝐼𝑇−𝑅𝑒𝑓𝑙𝑛𝑎𝑡𝑢𝑟𝑎𝑙

⋅ 𝜌𝑑𝑖𝑓𝑓 ⋅

                         (1 − 𝑠𝑖𝑛 (90 − 𝛽)) + 𝐼𝑏𝑛 ⋅ cos 𝜃 + 𝐼𝑑 ⋅ sin(90 − 𝛽)  
Equation 5.17 

 

 Partial reflected irradiation over the PV module 

 

The calculated reflection is compared with the tilt angle of roof. If r < β, then the reflected 
beam irradiation from the reflecting surface will be uniformly distributed across the roof 

consisting PV modules for a partial distance of length Ly. The total number of strings in the 

PV system is Tn. In this configuration n strings of total   Tn will be extra irradiated. For a 
better understanding, this configuration is illustrated as two-dimensional image in Figure 5.6 
 



28 

 
Figure 5.6 Beam reflected irradiation partially distributed over PV modules 

 

As shown in Figure 5.6, the incident irradiation over the length (L) is uniformly distributed 

over the length (Ly) of roof consisting PV modules. Consider ∆ ABC in the Figure 5.6 and 

the following expression can be written according to the “Law of Sines” [24] 
 

𝐿𝑦

sin(𝑟) 
=

𝐿

𝑠𝑖𝑛 (2 ⋅ 𝛽 − 𝑟)
  Equation 5.18 

 
The above equation can be re-written as  
 

𝐿𝑦 =
𝐿

𝑠𝑖𝑛 (2 ⋅ 𝛽 − 𝑟)
⋅ sin(𝑟)   Equation 5.19 

 
Finally, the amount of reflected beam irradiation distributed uniformly over the partial 

distance of length 𝐿𝑦 is determined from the following equation: 

𝐼𝑏𝑒𝑎𝑚−𝑝𝑎𝑟𝑡𝑖𝑎𝑙 =  𝐼𝑏−𝑝𝑟𝑜𝑗 ⋅ cos 𝑖 ⋅ 𝜌𝑠𝑝𝑒𝑐  Equation 5.20 

Where, ρspec is the specular reflectance of the corresponding reflective material. 

 
The number of strings of the PV modules extra irradiated from the reflector is determined 
from the following expression 

𝑁𝐸 =
𝐿𝑦

𝐿𝑚𝑣
  Equation 5.21 

 

The contribution due to the reflector of above uniform beam irradiation is only for Ly 

distance for 𝑁𝐸 strings. However, the diffused reflected irradiation from the reflecting 

surface is uniformly distributed across the entire length of the roof comprising  Tn strings 

of PV modules. Additionally, in this scenario, the entire roof comprising  Tn strings of the 
PV modules also receive the uniform beam irradiation from the sun and the diffused 
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irradiation from the atmosphere. Hence the total irradiation incident on the PV modules for 
this scenario is expressed in following equation: 
 

𝐼𝑇−𝑝𝑎𝑟𝑡𝑖𝑎𝑙 =
1

𝑇𝑛
⋅ [(𝑇𝑛 − 𝑁𝐸) ⋅ (𝐼𝑏𝑛 ⋅ cos 𝜃 + 𝐼𝑑 ⋅ 𝑠𝑖𝑛 (90 − 𝛽) +

                        𝐼𝑇−𝑅𝑒𝑓𝑙𝑛𝑎𝑡𝑢𝑟𝑎𝑙
⋅ 𝜌𝑑𝑖𝑓𝑓 ⋅  (1 − 𝑠𝑖𝑛 (90 − 𝛽))) + 𝑁𝐸 ⋅

                      (𝐼𝑏−𝑝𝑟𝑜𝑗 ⋅ cos 𝑖 ⋅ 𝜌𝑠𝑝𝑒𝑐 + 𝐼𝑏𝑛 ⋅ cos 𝜃 + 𝐼𝑑 ⋅ sin(90 − 𝛽) +

                       𝐼𝑇−𝑅𝑒𝑓𝑙𝑛𝑎𝑡𝑢𝑟𝑎𝑙
⋅ 𝜌𝑑𝑖𝑓𝑓 ⋅ (1 − sin(90 − 𝛽)))]  

Equation 5.22 

    

Where, Tn is the total number of strings, 𝑁𝐸 is the number of strings extra-irradiated due to 
reflector. 

 

 Shading due to reflector 

 

The calculated profile angle is compared with the tilt angle of roof. If αp < β, the static 

reflector does not contribute anything to the PV modules, instead it acts as an obstacle and 

shades the roof consisting PV module for a length of Ls. For a better understanding, this 
configuration is illustrated as two-dimensional image in Figure 5.7: 
 

 
Figure 5.7 Reflector acting as an obstacle 

 
As shown in Figure 5.7, when the profile angle is less than the tilt angle, the sun position 
will not be above the reflector. This makes the reflector as an obstacle and it will shade the 

roof of PV module. Consider ∆ 𝐴𝐵𝐶 in the Figure 5.7, the following expression can be 
written according to the “Law of Sines” [24] 

𝐿

sin(𝛽 + 𝛼𝑝) 
=

𝐿𝑠

𝑠𝑖𝑛 (𝛽 − 𝛼𝑝)
  Equation 5.23 
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𝐿𝑠 =
𝐿

sin(𝛽 + 𝛼𝑝) 
⋅ 𝑠𝑖𝑛 (𝛽 − 𝛼𝑝)  Equation 5.24 

 
During the homogeneous shading (different irradiation levels) on the PV module, the bypass 
diodes plays a vital role in determining the IV characteristics [29]. There will be two peaks 
for MPP operating range in this scenario [29]. The first peak occurs when bypass diode 
works in such a way that only half of the cells in a PV module operates at high irradiation 
(full current) [29]. The second peak occurs when all the cells in a PV module operates at low 
irradiation (less current) [29].  
 
This shading configuration occurs during early morning, sunset and winter when sun altitude 
is low and the difference between the high irradiation (diffused +beam) and low irradiation 
(Diffuse only) is small. Hence, an optimum way of modelling a shading scenario is 
approached considering all the cells in a PV module operates with the diffused irradiation. 
 
The number of strings of the PV modules shaded due to the reflector is determined from 
the following expression 

𝑁 =
𝐿𝑠

𝐿𝑚𝑣
  

 

Equation 5.25 

 

Hence, in this configuration there will be no contribution from the beam reflected and 

natural beam irradiation over Ls (N strings) length of the PV modules. However, there will 
be a contribution of diffused reflected irradiation and natural diffused irradiation over the 
entire length of PV modules roof. The irradiation incident on the PV modules for this 
scenario is expressed in below equation:  
 

𝐼𝑇−𝑠ℎ𝑎𝑑𝑖𝑛𝑔 =
1

𝑇𝑛
⋅ [(𝑇𝑛 − 𝑁) ⋅ (𝐼𝑏𝑛 ⋅ cos 𝜃 + 𝐼𝑑 ⋅ 𝑠𝑖𝑛 (90 − 𝛽) +

                         𝐼𝑇−𝑅𝑒𝑓𝑙𝑛𝑎𝑡𝑢𝑟𝑎𝑙
⋅ 𝜌𝑑𝑖𝑓𝑓 ⋅ (1 − 𝑠𝑖𝑛 (90 − 𝛽))) + 𝑁 ⋅ ((𝐼𝑑 ⋅

                        𝑠𝑖𝑛 (90 − 𝛽) + 𝐼𝑇−𝑅𝑒𝑓𝑙𝑛𝑎𝑡𝑢𝑟𝑎𝑙
⋅ 𝜌𝑑𝑖𝑓𝑓 ⋅ (1 − 𝑠𝑖𝑛 (90 − 𝛽)))]  

Equation 5.26 

 

Where, Tn is the total number of strings, N is the number of strings shaded due to reflector.  

 

 No reflected beam irradiation over PV module 

 

The calculated profile angle is compared with the tilt angle of roof. If 𝛼𝑝 > 3 ⋅ 𝛽, the sun 

position is in such a way that the static reflector does not contribute anything to the PV 
modules, instead the radiation incident on reflecting surface will be reflected parallel to the 
surface of PV module. For a better understanding, this configuration is illustrated as two-
dimensional image in Figure 5.8: 
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Figure 5.8 No contribution of reflected beam irradiation 

 
In this configuration there will be no beam contribution from the reflector. However, there 
will be a contribution of natural irradiation and reflected diffused irradiation over the PV 
modules. The irradiation received over the PV modules for this configuration is expressed 
in below equation:  
 

𝐼𝑇−𝑛𝑜𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑏𝑒𝑎𝑚
=  𝐼𝑇−𝑅𝑒𝑓𝑙𝑛𝑎𝑡𝑢𝑟𝑎𝑙

⋅ 𝜌𝑑𝑖𝑓𝑓 ⋅ (1 − 𝑠𝑖𝑛 (90 − 𝛽)) + 𝐼𝑏𝑛 ⋅

                                      𝑐𝑜𝑠 𝜃 +  𝐼𝑑 ⋅ 𝑠𝑖𝑛 (90 − 𝛽)  
Equation 5.27 
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6 Mathematical yield model of PV system 
 
This section explains about the modelling of specific yield of a PV system with and without 

a reflector for a certain period on a tilted plane. 
 

 Yield without a reflector 

 
In this scenario, the PV modules are installed on a single tilted roof without any reflector. 
The energy yield of the PV system at any point of hour in a year is determined from the 
following equation: 
 

𝑌 =
[(

𝐼𝑇
𝐺𝑠𝑡𝑐

) ⋅  𝑃𝑚 +  𝜇𝑝 ⋅ (𝑇𝑀 − 𝑇𝑜)] ⋅ 𝑃𝑅

𝑃𝑚
 

 Equation 6.1 

 

Where, Pm is the power rating of the PV system, μp is the temperature co-efficient of power 

(%/℃),  TM is the cell temperature inside module, Tois the temperature at STC condition 

(25℃), PR is the performance ratio, Gstc is the irradiance at stc condition (1000 W/m2), 

IT is the total irradiation incident over the PV modules for this scenario is obtained from 
the Equation 4.2 
 
The annual yield of the PV system by installing the PV modules alone on a single tilted roof 

without any reflector, is obtained by adding all the hourly values of YNoreflector
 in a year.  

 
Hence, the annual yield of the PV system for this scenario is expressed as  
 

𝑌𝑁𝑜𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟
= ∑ 𝑌𝑠

𝑛
𝑠=1   Equation 6.2 

 
Where “s” is the range of solar radiation hours in a year, n is the last hour of solar radiation 
in a year for the corresponding location. 
 

 Yield with the reflector 

 
This chapter is about the PV modules installed on one side of the V shaped roof along with 
a static flat reflector on the other side of the roof. There are four different cases in this 
scenario as explained in the chapter 5. The method to determine the yield for all the four 
cases is described below 

6.2.1. Uniform reflected beam irradiation over the PV module 

 
This case is about the beam reflected irradiation uniformly distributed over the PV modules. 
In order to know, if the beam reflected irradiation is distributed uniformly over the PV 

modules at any point of time in a year, the following condition needs to be satisfied Lx>0 

and Iuni−beam>0 
 
The expression to determine the energy yield of the PV modules at any point of hour in a 
year for this scenario is given below: 
 

𝑌𝑢𝑛𝑖𝑓𝑜𝑟𝑚 =  
[(

𝐼𝑇−𝑢𝑛𝑖𝑓𝑜𝑟𝑚

𝐺𝑠𝑡𝑐
) ⋅  𝑃𝑚 +  𝜇𝑝𝑚𝑎𝑥 ⋅ (𝑇𝑀 − 𝑇𝑜)] ⋅ 𝑃𝑅

𝑃𝑚
 

 Equation 6.3 
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Where, IT−uniform is the total irradiation incident on the PV modules in an hour for this 
scenario and is obtained from the Equation 5.17 
 

6.2.2. Beam irradiation partially reflected over the PV modules 

 
This case is about the beam reflected irradiation distributed partially over the NE strings of 
the PV modules. In order to know, if the reflector contributes to the PV modules in such a 
way that the beam reflected irradiation is distributed partially over the NE string of PV 

modules at any point of time in a year, the following condition needs to be satisfied  Ly > 0 

 
The expression to determine the energy yield of the PV modules at any point of hour in a 
year for this scenario is given below: 
 

𝑌𝑝𝑎𝑟𝑡𝑖𝑎𝑙 =  
[(

𝐼𝑇−𝑝𝑎𝑟𝑡𝑖𝑎𝑙

𝐺𝑠𝑡𝑐
) ⋅  𝑃𝑚 +  𝜇𝑝𝑚𝑎𝑥 ⋅ (𝑇𝑀 − 𝑇𝑜)] ⋅ 𝑃𝑅

𝑃𝑚
  

 Equation 6.4 

 

Where, IT−partial is total irradiation incident on the PV modules in an hour for this scenario 

is obtained from the Equation 5.22 
 

6.2.3. Shading due to the reflector 

 
This case is about reflector acting as an obstacle and causing shading over the PV modules. 
In order to know, if the reflector acts as an obstacle to PV modules in such a way that the 
reflector shades N strings of the PV modules at any point of hour in a year the following 

condition needs to be satisfied Ls > 0 
 
The expression to determine the energy yield of the PV modules at any point of hour in a 
year for this scenario is given below: 
 

𝑌𝑠ℎ𝑎𝑑𝑖𝑛𝑔 =
[(

𝐼𝑇−𝑠ℎ𝑎𝑑𝑖𝑛𝑔

𝐺𝑠𝑡𝑐
) ⋅  𝑃𝑚 +  𝜇𝑝𝑚𝑎𝑥 ⋅ (𝑇𝑀 − 𝑇𝑜)] ⋅ 𝑃𝑅

𝑃𝑚
 

 Equation 6.5 

 

Where, IT−shading is total irradiation incident on the PV modules in an hour for this scenario 

is obtained from the Equation 5.26 

 

6.2.4. No reflected beam contribution 

 
This case is about either no contribution from the beam reflected irradiation or beam 
irradiation reflected away to PV modules. This case arises when the reflection angle is three 
times greater than the tilt angle. Due to this high reflection angle, the reflected beam 
irradiation will transverse parallelly to the reflector. The check for this scenario is expressed 

with the following condition: Lx < 0 or r > 3 ⋅ β 
 
The expression to determine the energy of PV module at any point of time in a year for this 
scenario is given below: 
 

𝑌𝑛𝑜𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑏𝑒𝑎𝑚
=  

[(
𝐼𝑇−𝑛𝑜𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑏𝑒𝑎𝑚

𝐺𝑠𝑡𝑐
) ⋅  𝑃𝑚 +  𝜇𝑝𝑚𝑎𝑥 ⋅ (𝑇𝑀 − 𝑇𝑜)] ⋅ 𝑃𝑅

𝑃𝑚

  
Equation 6.6 
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Where, IT−noreflected beam
 is total irradiation incident on the PV modules in an hour  for this 

scenario is obtained from the Equation 5.27 
 
The annual yield of the PV modules installed on one side of the V shaped roof along with a 
static flat reflector on the other side of the roof is determined by adding the Equation 6.3, 
Equation 6.4, Equation 6.5 and Equation 6.6 for every solar radiation hour in a year. Hence, 
the annual yield of the PV system for this scenario is expressed as  
 

𝑌𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟 = ∑(𝑌𝑢𝑛𝑖𝑓𝑜𝑟𝑚𝑠
+ 𝑌𝑠ℎ𝑎𝑑𝑖𝑛𝑔𝑠

+ 𝑌𝑝𝑎𝑟𝑡𝑖𝑎𝑙𝑠
+ 𝑌𝑛𝑜𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑𝑏𝑒𝑎𝑚𝑠

𝑛

𝑠=1

) Equation 6.7 

 
Where “s” is the range of solar radiation hours in a year, n is the last hour of solar radiation 
in a year for the corresponding location 
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7 Results  
 
This section describes the simulation results of the PV system with and without a reflector 
for different parameters such as, tilt angle of roof, orientation of modules, type of reflective 
materials and location.  
 

 Stockholm 

This section describes the calculation results for the PV system in Stockholm. 

7.1.1. Yield of the PV system for different module orientations 

 
In this case, there are two cases. The first case is about the PV system without a reflector 
and the second case is about the PV system with TPO reflector whose diffuse reflectance is 
0.75. The orientation of the PV modules is varied from north to south. Figure 7.1 shows, 
that the energy yield of the PV system without a reflector is highest for modules facing 
towards south and lowest for modules facing towards north. The optimum roof tilt angle 
varies with the orientation of the PV modules. The optimum tilt angles for modules facing 

towards north, west, east and south are 0°, 0°,16° and 38° respectively. The highest annual 
energy yield generated for the PV system without a reflector is approximately equivalent to 

940 kWh/kW when modules are facing towards south at roof tilt angle of 38° 
 

 
 

Figure 7.1 Annual energy yield of PV system without a reflector for change in orientation and tilt of the 
module 

 
 

Figure 7.2 shows that the energy yield of the PV system with the reflector is highest for 
modules facing towards south and lowest for modules facing towards north. The optimum 

tilt angles for modules facing towards north, west, east and south are 0°, 0°, 22° and 41° 
respectively. The highest annual energy yield generated for the PV system with the reflector 
is approximately equivalent to 1010 kWh/kW when the modules are facing towards south 

at roof tilt angle of 41°. Thus, the increase in the annual energy yield by installing the PV 
modules along with the TPO reflector is 7 % compared to the PV system with the PV 
modules installed on a single tilted roof. However, this increase in the annual energy yield is 
high approximately equivalent to 19 % by installing the PV modules along with the TPO 
reflector compared to the PV system with the PV modules along with a black surface. 
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Figure 7.2 Annual energy yield of the PV system with the reflector for change in orientation of the module 
and the roof tilt angle 

7.1.2. Yield of PV system with module facing towards south 

 
In this case, the PV modules are facing towards south and hence the azimuth angle 

parameter (γ) is chosen as 0° in the mathematical model. Figure 7.3 shows that the optimum 

roof tilt for the PV system with the reflector is 26°. The optimum roof tilt for the PV system 

with PV modules installed on a single tilted roof without any reflector is 38°. The variation 
in the annual energy yield with change in the roof tilt angle is more in the PV system with 
the reflector being specular in nature. The highest annual energy yield generated for the PV 
system is with the reflector 1 approximately equivalent to 1100 kWh/kW compared to the 
PV system without any reflector which is approximately equivalent to 940 kWh/kW. For 
higher roof tilt angles like 60°, the diffuse reflector 3 is optimum with an annual energy yield 
of 920 kWh/kW compared to the specular reflector 1 with an annual energy yield of 710 
kWh/kW. However, at higher roof tilt angles like 60°, the PV system with the PV modules 
installed on a single tilted roof without any reflector is the most optimum case with an annual 
energy yield of 890 kWh/kW. The increase in the annual energy yield for the PV system 
with the reflector 1 is 20 % when compared to the PV system with a black surface. 

 

 
Figure 7.3 Annual energy yield of the PV system with different types of reflector for the modules facing south 
in Stockholm location 
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However, Figure 7.4 shows that the highest increase in the energy yield for the PV system 
is with the reflector 1 is approximately equivalent to 16 % compared to the PV system 

without a reflector at roof tilt angle of  26°. 
 

 
Figure 7.4 Increase in annual energy of the PV system with different types of reflectors with respect to the 
PV system without a reflector for Stockholm location 

7.1.3. Yield of PV system with module facing towards east 

 
In this case, PV the modules are facing towards east and hence the azimuth angle parameter 

(γ) is chosen as -90° in the mathematical model. Figure 7.5 shows that the optimum roof 

tilt for the PV system with the reflector is 16°. The optimum roof tilt for the PV system with 

the PV modules installed on a single tilted roof without any reflector is 16°. The variation in 
the annual energy yield with the change in roof tilt angle is similar in the PV system with all 
the reflector types.  
 

 
Figure 7.5 Annual energy yield of the PV system with different types of reflector for the modules facing east 
in Stockholm location 

The highest energy yield generated annually for PV system is with the reflector 1 
approximately equivalent to 890 kWh/kW compared to the PV system without any reflector 
which is approximately equivalent to 830 kWh/kW. The highest increase in the annual 
energy yield amongst two cases (PV system with and without any reflector) is observed at 

roof tilt angle of  15° and is approximately equivalent to 6 % with the reflector 1. For higher 
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roof tilt angles like 60°, the diffuse reflector 3 is optimum with an annual energy yield of 
690 kWh/kW compared to the specular reflector 1 with an annual energy yield of 
560 kWh/kW. However, at higher roof tilt angles like 60°, the PV system without any 
reflector is the most optimum case with an annual energy yield of 760 kWh/kW. 

7.1.4. Yield of PV system with module facing towards west 

 
In this case, the PV modules are facing towards west and hence the azimuth angle parameter 

(γ) is chosen as 90° in the mathematical model. Figure 7.6 shows that the optimum roof tilt 

for the PV system with the reflector is 15°. The optimum roof tilt for the PV system with 

the PV modules installed on a single tilted roof without any reflector is 0°. The variation in 
the annual energy yield with the change in roof tilt angle is similar in PV system with all 
reflector types.  
 

 
Figure 7.6 Annual energy yield of the PV system with different types of reflector for the modules facing west 
in Stockholm location 

 
The highest energy yield generated annually for the PV system is with reflector 1 
approximately equivalent to 820 kWh/kW compared to PV system without any reflector 
which is approximately equivalent to 760 kWh/kW. The highest increase in the annual 
energy yield amongst two scenarios (PV system with and without any reflector) is observed 

at roof tilt angle of  15° and is approximately equivalent to 6 % with the reflector 1. For 
higher roof tilt angles like 60°, the diffuse reflector 3 is optimum with an annual energy yield 
of 600 kWh/kW compared to the specular reflector 1 with an annual energy yield of 500 
kWh/kW. However, at higher roof tilt angles like 60°, the PV system without any reflector 
is the most optimum case with an annual energy yield of 640 kWh/kW. 
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 Sevilla 

 
This section describes the calculation results of the PV system in Sevilla. 

7.2.1. Yield of PV system with module facing towards south 

 
In this case, the PV modules are facing towards south and hence the azimuth angle 

parameter (γ) is chosen as 0° in the mathematical model. Figure 7.7 shows that the optimum 

roof tilt for the PV system with the reflector is 35°. The optimum roof tilt for the PV system 

with PV modules installed on a single tilted roof without any reflector is 30°. The variation 
in the annual energy yield with change in roof tilt angle is more in the PV system with the 
reflector material being specular.  
 

 
Figure 7.7  Annual energy yield of the PV system with different types of reflector for the modules facing 
towards south in Sevilla location 

 
The highest energy yield generated annually for the PV system is with the reflector 1 
approximately equivalent to 1900 kWh/kW compared to the PV system without any 
reflector which is approximately equivalent to 1700 kWh/kW.  For higher roof tilt angles 
like 60°, the diffuse reflector 3 is optimum with an annual energy yield of 1600 kWh/kW 
compared to the specular reflector 1 with an annual energy yield of 1300 kWh/kW. 
However, at higher roof tilt angles like 60°, the PV system without a reflector is the most 
optimum case with an annual energy yield of 1500 kWh/kW. The increase in the annual 
energy yield for the PV system with the reflector 1 is highest of 22 % when compared to the 
PV system with a black surface. 
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However, Figure 7.8 shows that the highest increase in the energy yield for the PV system 
with the reflector 1 compared to the PV system with the PV modules installed on a single 

tilted roof is approximately equivalent to 16 % at roof tilt angle of  35°.  
 

 
Figure 7.8 Increase in annual energy of the PV system with different types of reflectors with respect to the 
PV system without a reflector for Sevilla location 

7.2.2. Yield of the PV system with module facing towards east 

 
In this case, the PV modules are facing towards east and hence the azimuth angle parameter 

(γ) is chosen as -90° in the mathematical model. Figure 7.9 shows that the optimum roof 

tilt for the PV system with the reflector is 16°. The optimum roof tilt for the PV system with 

PV modules installed on a single tilted roof without any reflector is 0°. The variation in the 
annual energy yield with the change in roof tilt angle is similar in PV system with all the 
reflector types. 
 

 
Figure 7.9 Annual energy yield of the PV system with different types of reflector for the modules facing 
towards east in Sevilla location 

 
The highest energy yield generated annually for the PV system is with the reflector 1 
approximately equivalent to 1500 kWh/kW compared to the PV system without any 
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reflector which is approximately equivalent to 1400 kWh/kW. The highest increase in the 
annual energy yield amongst two scenarios (PV system with and without any reflector) is 

observed at a roof tilt angle of 15° and is approximately equivalent to 4 % with the reflector 
1. For higher roof tilt angles like 60°, the diffuse reflector 3 is optimum with an annual 
energy yield of 1100 kWh/kW compared to the specular reflector 1 with an annual energy 
yield of 1000 kWh/kW. However, at higher roof tilt angles like 60°, the PV system without 
any reflector is the most optimum case with an annual energy yield of 1100 kWh/kW. 
 

7.2.3. Yield of PV system with module facing towards west 

 
In this case, the PV modules are facing towards west and hence the azimuth angle parameter 

(γ) is chosen as 90° in the mathematical model. Figure 7.10 shows that the optimum roof 

tilt for the PV system with the reflector is 14°. The optimum roof tilt for the PV system with 

PV modules installed on a single tilted roof without any reflector is 10°. The variation in the 
annual energy yield with a change in roof tilt angle is similar in the PV system with all the 
reflector types. 
 

 
Figure 7.10 Annual energy yield of the PV system with different types of reflector for the modules facing 
towards west in Sevilla location 

The highest energy yield generated annually for the PV system is with reflector 1 
approximately equivalent to 1600 kWh/kW compared to the PV system without any 
reflector which is approximately equivalent to 1500 kWh/kW. The highest increase in the 
annual energy yield amongst two scenarios (PV system with and without any reflector) is 

observed at a roof tilt angle of 15° and is approximately equivalent to 5 %. For higher roof 
tilt angles like 60°, the diffuse reflector 3 is optimum with an annual energy yield of 
1200 kWh/kW compared to the specular reflector 1 with an annual energy yield of 
1100 kWh/kW. However, at higher roof tilt angles like 60°, the PV system without any 
reflector is the most optimum case with an annual energy yield of 1300 kWh/kW. 
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 Munich 

 
This section describes about the calculation results of the PV system in Munich. 

7.3.1. Yield of PV system with module facing towards south 

 
In this case, the PV modules are facing towards south and hence the azimuth angle 

parameter (γ) is chosen as 0° in the mathematical model. Figure 7.11 shows that the 

optimum roof tilt for the PV system with the reflector is 30°. The optimum roof tilt for the 

PV system with PV modules installed on a single tilted roof without any reflector is 32°. The 
variation in the annual energy yield with change in a roof tilt angle is more in the PV system 
with reflector material being specular. 
 

 

Figure 7.11 Annual energy yield of the PV system with different types of reflector for the modules facing 
towards south in Munich location 

 
The highest energy yield generated annually for the PV system is with the reflector 1 and is 
approximately equivalent to 1300 kWh/kW compared to the PV system without any 
reflector which is approximately equivalent to 1200 kWh/kW. For higher roof tilt angles like 
60°, the diffuse reflector 3 is optimum with an annual energy yield of 1100 kWh/kW 
compared to the specular reflector 1 with an annual energy yield of 900 kWh/kW. However, 
at higher roof tilt angles like 60°, the PV system without a reflector is the most optimum 
case considering the effective cost with an annual energy yield of 1100 kWh/kW. The 
increase in the annual energy yield for the PV system with the reflector 1 is highest of 18 % 
when compared to the PV system with a black surface. 
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However, Figure 7.12 shows that the highest increase in the energy yield for the PV system 
with the reflector 1 compared to the PV system with the PV modules installed on a single 

tilted roof is approximately equivalent to 14 % at a roof tilt angle of  30°. 
 
 

 
Figure 7.12 Increase in annual energy of the PV system with different types of reflectors with respect to the 
PV system without a reflector for Munich location 

 

7.3.2. Yield of PV system with module facing towards east 

 
In this case, the PV modules are facing towards east and hence the azimuth angle parameter 

(γ) is chosen as -90° in the mathematical model. Figure 7.13 shows that the optimum roof 

tilt for the PV system with the reflector is 16°. The optimum roof tilt for the PV system with 

PV modules installed on a single tilted roof without any reflector is 8°. 
 

 
Figure 7.13 Annual energy yield of the PV system with different types of reflector for the modules facing 
towards east in Munich location 

 
The variation in the annual energy yield with a change in roof tilt angle is similar in the PV 
system with all reflector types. The highest energy yield generated annually for the PV system 
is with the reflector 1 approximately equivalent to 1100 kWh/kW compared to the PV 
system without any reflector which is approximately equivalent to 1000 kWh/kW. The 
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highest increase in the annual energy yield amongst two scenarios (PV system with and 

without any reflector) is observed at tilt angle of 15° and is approximately equivalent to 5 % 
with the reflector 1. For higher roof tilt angles like 60°, the diffuse reflector 3 is optimum 
with an annual energy yield of 840 kWh/kW compared to the specular reflector 1 with an 
annual energy yield of 700 kWh/kW. However, at higher roof tilt angles like 60°, the PV 
system without any reflector is the most optimum case with an energy yield of 900 kWh/kW. 

7.3.3. Yield of PV system with module facing towards west 

 
In this case, the PV modules are facing towards west and hence the azimuth angle parameter 

(γ) is chosen as 90° in the mathematical model. Figure 7.14 shows that the optimum roof 

tilt for the PV system with the reflector is 15°. The optimum roof tilt for the PV system with 

PV modules installed on a single tilted roof without any reflector is 0°.  
 

 
Figure 7.14 Annual energy yield of the PV system with different types of reflector for the modules facing 
towards west in Munich location 

The variation in the annual energy yield with a change in roof tilt angle is similar in the PV 
system with all reflector types. The highest energy yield generated annually for the PV system 
is with reflector 1 approximately equivalent to 1100 kWh/kW compared to the PV system 
without any reflector which is approximately equivalent to 1000 kWh/kW. The highest 
increase in the annual energy yield amongst two scenarios (PV system with and without any 

reflector) is observed at a roof tilt angle of  15° and is approximately equivalent to 3 % with 
the reflector 1. For higher roof tilt angles like 60°, the diffuse reflector 3 is optimum with an 
annual energy yield of 770 kWh/kW compared to the specular reflector 1 with an annual 
energy yield of 650 kWh/kW. However, at higher roof tilt angles like 60°, the PV system 
without any reflector is the most optimum case with an annual energy yield of 820 kWh/kW. 

 

 Optimum roof tilt angle 

 
This section describes about the optimum roof tilt angle for the PV system with and without 

a reflector. Figure 7.15 shows that the optimum roof tilt for the PV system with the static 

flat specular reflector decreases with increase of latitude. The optimum roof tilts for a PV 

system with the static flat specular reflector are 35°, 30° and 26° for Sevilla, Munich and 

Stockholm respectively. This is contrast to the PV system with the diffuse reflector and 

the PV system with the PV modules alone installed on a single tilted roof without any 

reflector where the optimum roof tilt increases with increase of latitude. The optimum 

roof tilts for the PV system with the static flat diffuse reflector are 37°, 40° and 41° for 

Sevilla, Munich and Stockholm respectively. Similarly, the optimum roof tilts for the PV 
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system with the PV modules alone installed on a single tilted roof without any reflector 

are 29°, 32° and 38° for Sevilla, Munich and Stockholm respectively. 
 

 
 

Figure 7.15 Optimum roof tilt angles for the PV system with specular and diffuse reflectors for different 
latitude range 
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8 Discussion 
 
Three different locations Stockholm, Munich and Sevilla are chosen for this thesis study 
with different latitude range within Europe. The main reason for not selecting the wide range 
of locations across the world is due to the difference in climates such as tropical, 
mediterranean, arid which leads to an inappropriate or biased comparison of the energy 
yields. There is a 0.1 – 1 % of uncertainty while generating the synthetic hourly values of 
irradiation and ambient temperature by the PVsyst tool. This is because the PVsyst tool gets 
the hourly value from the average daily values obtained from the Meteonorm database [28]. 
Besides of that there is a ±2 % to ±7 % uncertainties in climate variability and irradiation 
quantification [28].  
 
The width of the roof is assumed as 6 m in such a way that six strings of PV modules can 
be placed horizontally in order to determine the amount of shading and extra irradiation 
over the PV modules due to the reflector. However, the length of the roof is assumed to be 
infinite long avoiding the edge effects. The increase in energy yield of the PV system with 
the reflector will be varied if the edge effects were included. This edge effects are dependent 
on length of the roof. For an example, if a roof of length 30 m is considered, approximately 
an average of 10 % of the increase in energy yield would have been reduced. This loss due 
to edge effects increase with decrease in roof length and vice versa. 
 
Another simplification in this thesis study is that the tilt angles of both the roofs consisting 
PV modules and static flat reflector are assumed to be equal in all configurations. By 
assuming equal roof tilt angle and equal roof area, view factor for the PV modules with 
respect to the sky in will be same for all the scenarios while calculating the diffuse irradiation. 
Else, it is necessary to calculate the view factor for each roof tilt angle which is not a scope 
in this thesis.  
 
To determine the diffuse irradiation isotropic model proposed by Liu and Jordan is 
considered which assumes equal distribution of diffuse irradiation form all directions of the 
clear sky. The increase in energy yield of the PV system with the reflector would have been 
varied if an anisotropic model developed by Hay and Davies was chosen. Hay and Davies 
model considers all the diffuse components and incorporates the horizontal brightening 
which increases the diffuse irradiation and leads to much more increase in the energy yield 
with respect to the existing isotropic model. 
 
The calculation results of the PV system showed that the energy yield of the PV system with 
the reflector is optimum when the modules are facing towards south for all the three 
locations as they are in northern hemisphere. The optimum roof tilt angle for the PV system 
with the reflector varies with reflector type and module orientation. Four different 
theoretical reflectance values were chosen for the thesis study with following characteristics 

Reflector 1(ρspec-0.8 and ρdiff-0.2), Reflector 2(ρspec-0.6 and ρdiff-0.2), 

Reflector  3(ρspec- 0 and ρdiff-0.8) and Reflector 4(ρspec- 0 and ρdiff-0.4) 

 
The calculation results of the PV system in Stockholm showed that the highest increase in 
annual energy yield obtained for the PV system with the reflector compared to the PV 
system without any reflector is approximately equivalent to 16 % for Reflector 1 at a roof 

tilt angle of 26°. This increase in energy yield of 16 % is less than to the results observed by 
using a flat reflector with PV in Sweden which was 20-25 % [7]. The difference of increase 
in energy yield might be due to separate optimum tilt for the PV module and reflector. For 
diffuse reflectors, the highest increase in annual energy yield for the PV system with the 
reflector compared to the PV system without any reflector is approximately equivalent to 

9 % for Reflector 3 at a roof tilt angle of 40°. The optimum annual energy yield of the PV 
system without any reflector is 900 kWh/kW which lies in the range of average annual energy 
yield of 850 – 1100 kWh/kW as published in “National Survey Report of PV Power 
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applications in Sweden” [33]. The simulated result of the optimum tilt of the module for the 

PV system without any reflector is 38° which is closer to 41°[36]. The difference in optimum 
tilt and energy yield might be due to the difference in irradiation data from different weather 
stations and difference in the performance ratio.  
 
The calculation results of the PV system in Munich shows that the highest increase in energy 
yield obtained for PV system with the reflector compared to PV system without any reflector 

is approximately equivalent to 15 % for Reflector 1 at a roof tilt angle of 30°. For diffuse 
reflectors, the highest increase in the energy yield obtained for PV system compared to PV 
system without any reflector is approximately equivalent to 9 % for Reflector 3 at a roof tilt 

angle of 40°. The optimum annual energy yield of the PV system without any reflector is 
1200 kWh/kW which is very near to average annual energy yield of 1050 kWh/kW as 
published in “National Survey Report of PV Power applications in Germany” [34]. The 
simulated result of optimum tilt of the module for the PV system without any reflector is 

32° which is very closer to 33° for Munich [36]. The difference in optimum tilt might be due 
to the difference in irradiation data from different weather stations and difference in 
selection of the performance ratio 
 
The calculation results of the PV system in Sevilla shows that the highest increase in energy 
yield obtained for PV system with a reflector compared to PV system without any reflector 

is approximately equivalent to 16 % for Reflector 1 type at a roof tilt angle of 35°. For the 
diffuse reflectors, the highest increase in energy yield obtained for the PV system compared 
to the PV system without any reflector is approximately equivalent to 9 % for Reflector 3 at 

a roof tilt angle of 35°. The annual energy yield of the PV system without any reflector is 
1700 kWh/kW which is very near to average annual energy yield of 1745 kWh/kW as 
published in “National Survey Report of PV Power applications in Spain” [35].  The 
calculated result of optimum tilt of the module for the PV system without any reflector is 

30° which is very closer to 31° for Ceuta in Spain [36]. The difference in optimum tilt is 
because of change in chosen location. The slight deviation in optimum tilt might be due to 
difference in the performance ratio 
 
The optimum increase in the annual energy yield of the PV system with the reflector 
compared to the PV system without any reflector is similar around 14 – 17 % for all the 
three locations. This might be because all the three chosen locations are of same longitudinal 
range. This increase in the annual energy yield varies when the locations are chosen, with 
different longitudinal range and in southern hemisphere. 
 

The optimum roof tilts for the PV system with the specular reflector are 26°, 30° and 35° 
for Stockholm, Munich and Sevilla respectively. The optimum tilt increases with decrease in 
latitude. This is exactly opposite to the thumb rule for the PV system alone installed on an 
inclined roof which says that the tilt decreases as the latitude decreases in northern 
hemisphere. The behavior of the increase in optimum tilt angle with decrease in latitude is 
because of the sun position. For Sevilla which is in lower latitude compared to the other two 
locations, the elevation (position) of the sun is much higher and the solar radiation hits the 
reflector at higher incidence angle. As the reflectors are specular in nature, it reflects the 
beam radiation at higher reflection angle. So, for the reflected irradiation to incident on the 
PV modules the roof tilt needs to be higher. This is the reason for the higher optimum roof 
tilt angles at lower latitudes when the specular reflectors are used. 
 
Theoretically the annual energy yield and the optimum roof tilt angle will be equal for the 
modules facing towards east and west. However, from the calculation results for many 
scenarios in all the locations showed that there is a difference between the modules facing 
towards east and west. For example, calculation results of the PV system with the reflector 
1 in Sevilla shows that the optimum annual energy yield generated when the modules are 

facing towards east is approximately 1500 kWh/kW at roof tilt angle of 16°. Whereas, for 
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the PV system with the reflector 1 in Sevilla the optimum annual energy yield generated 
when the modules are facing towards west is approximately 1600 kWh/kW at roof tilt angle 

of 14°. Hence, the irradiation data was analyzed and has been found that the annual global 
irradiation during afternoon (after 12:00 PM) is approximately 980 kWh/m2 that is higher 
compared to the global irradiation during morning (before 12:00 PM) which is 
approximately 770 kWh/m2. Finally, it is found that due to the difference in irradiation 
distribution during a day in the PVsyst tool, the annual energy yield and optimum roof tilt 
are different for east and west orientation of the module or many scenarios in all locations. 
 
A standard crystalline module is chosen for this thesis study. Thin-film module is an 
alternative which could have been used for this thesis study. The increase in energy yield of 
the PV system would have been increased if the thin-film modules were chosen. This is 
because the thin-film modules will perform better in low light conditions and at high 
temperatures compared to the standard crystalline. However, due to the poor efficiency and 
low life span of the thin-film modules, it was not considered in this thesis study.  
 
There can be an improvement in the assessment of the results with better handling of 
uncertainty during calculations. The weather data obtained from the PVsyst has a difference 
of 5 % when compared to the actual weather for consecutive years [40]. The uncertainty in 
determining the performance ratio can be improved when a real experiment is carried out 
where all the losses due to soiling, cable, inverter can be measured more accurately. 
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9 Conclusion 
 
The purpose of the thesis was to create a mathematical model of energy yield for a PV 
system installed on a tilted roof along with a static flat reflector and compare it with the 
energy yield of a PV system with the PV modules alone installed on a single tilted roof. In 
addition to it, find the optimum roof tilt angle for the PV system with the reflector. 
 
This study has concluded that the PV system with a static flat reflector is optimum when the 
PV modules are oriented towards south irrespective of any reflector material and locations 
in northern hemisphere. The optimum roof tilt angles for Stockholm, Munich and Sevilla 

are 26°, 30° and 35° respectively with reflector being specular in nature. The optimum roof 

tilt angles for Stockholm, Munich and Sevilla are 41°, 40° and 37° respectively with the 
reflector being diffuse in nature.  
 
The optimum increase in the annual energy yield of the PV system with the static flat 
reflector compared to the PV system alone is approximately equivalent to 16 %, 15 % and 
16 % for Stockholm, Munich and Sevilla respectively with the reflector being highly specular. 
 
As a general conclusion apart from the perspective of solar carport, for the roof tilt angles 

greater than 45°, it is optimum to use the PV system alone without any reflector irrespective 
of any locations. This is because at higher tilt angles the reflector acts as an obstacle during 
most of the year. However, this conclusion changes if the PV module roof tilt is different to 
the reflector roof tilt angle. 
 
Finally, the outcome of this thesis study is creation of a mathematical energy yield model 
which can be used to determine the energy yield of a PV system with the static reflector 
installed on a V shaped roof for different boundary conditions such as type of reflecting 
roof material, roof tilt angle, PV module orientation and location. 
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10 Future works 
 
In this study the calculation of the PV system was only carried out for the standard crystalline 
PV module whereas further study on thin film modules can be carried out. The study can 
be expanded for different locations across the longitudes and even in the southern 
hemisphere. 
 
The study carried out in this work did not cover the financial aspects which can be analyzed 
in future. On the other hand, the future study can include various improvement in the 
mathematical modelling with more detailing by considering edge effects, effect due to wind 
velocity and many more parameters. The study can be carried out with a sperate different 
tilt angles for the roof consisting PV and reflector in future.  
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