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Summary 

An energy transition is needed to offset the effects of building-related CO2 emissions worldwide. This can be 

achieved by using sustainable energy sources and by making buildings more energy efficient by renovations. 

The Slimfit integrated roof concept incorporates both these practices to provide a new product for the BIPV 

market. Slimfit is a roof structure with solar panels covered by a semi-transparent plastic cover. This cover 

protects the panels from weather, acts as a lighter alternative to a glass cover, and could be molded into 

shapes and colours. Covering solar panels with transparent covers could lead to inhomogeneous irradiance 

on the solar cells. This could lead to potentially harmful effects. This report will investigate the impact the 

shape has on the irradiance on the PV panels in Slimfit.  

A 3D model with a PV surface with sensor points and a cover has been constructed and then 

daylighting solar irradiance simulations using raytracing has been done with Daypym, a Radiance-based 

software. Several geometric shapes of 5 and 10 cm height were tried including a flat cover, a box, a triangle, 

a pyramid, and a curve as well as multiples of these. Two different Radiance materials were tried, the glass 

and trans material. When calibrating the material, some quantities had to be estimated, which led to 

uncertainties. The results are presented in several different ways, yearly cumulative values for all sensor 

points, daily plots, and carpet plots to be able to see both daily irradiance and yearly fluctuations at the same 

time.  

The results for the materials were very different, so it is difficult to say which of them is the more 

realistic. The glass material is simpler and gives results of a maximum difference of 10% in irradiance for all 

shapes and heights. The trans material gives a maximum of 20% differences between basic shapes, but for 

the complex shapes it exhibits anomalies with enhancement of irradiation when incident light is aligned with 

a plane, a wall effect. This seems to be software specific and not realistic. The risk for hotspots is low but 

there is a potential risk for current mismatch. Coloured covers had less irradiance than a transparent cover 

as expected. If we disregard the anomalies the results indicate that there is no significant difference in 

irradiation between the different shapes, but it is advised to conduct further test to confirm this, possibly 

with different software and real-life experiments with light sensors or actual covers.
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Chapter 1: 

Introduction 

1.1 BIPV and the solar roof 

market 

Renovations has emerged as a priority issue for 

sustainability in recent years. International 

initiatives such as ‘The Green Deal’ in the UK, and the 

German CO2-Building Rehabilitation Programme 

demonstrate the interest in the renovation of housing 

to achieve environmental objectives. Renovation is 

key in increasing building energy efficiency and 

reduce greenhouse gas emissions [1]. In the 

Netherlands, 7 million Dutch houses must become 

more sustainable by 2050 to reach the climate goals 

set by the Dutch climate covenant. To reach this goal, 

1 million houses must be renovated/refurbished 

before 2030 [2]. 

It follows that it is desirable to investigate 

sustainable ways of generating electricity in 

buildings and to make them more energy efficient 

when using heating and cooling. Solar power is one of 

the most popular alternatives for sustainable energy 

generation and can be incorporated into buildings 

[3]. When renovating buildings, there is an 

opportunity to also install Solar Photovoltaics (PV) 

for electricity generation. This opportunity has 

created an expanding market which aims to assist in 

the renovation of existing buildings and transform 

them into clean energy providers.   

We can distinguish two main methods of 

using solar PV in buildings: Building Integrated 

Photovoltaics (BIPV), in which solar PV is an integral 

building component, and Building Applied 

Photovoltaics (BAPV), which is the installation of a 

PV system to an already finished building envelope. 

We will be dealing only with BIPV. BIPV is used to 

harvest energy, but also contribute to the comfort of 

the building by serving as weather protection, 

shading modulation, noise protection and thermal 

insulation [4]. In the 1990s, BIPV products specially 

designed to be integrated into building envelopes 

and roofs became commercially available [5], and 

many solar roof designs have been developed in the 

last fifty years. Although most of them are technically 

feasible, their usage has been limited due to high 

costs.  

Roofs are designed with two main goals: To 

protect inhabitants from outdoor weather conditions 

and to provide thermal insulation. The traditional 

way to do this is to overlap several internal layers of 

different materials of low-thermal conductivity and 

high reflectivity under a waterproof exterior layer 

[6]. Roofs are very suitable for BIPV applications 

because pitched roofs of an inclination of about 30°, 

common in Central Europe, provides high solar yields 

[4].  

In the building sector, net-zero energy 

performance targets and reduction of CO2 emissions 

are the main drivers for BIPV. This has led to research 

and development to create BIPV products that come 

in a variety of colours and sizes, while at the same 

time being as close as possible to existing building 

components. The modification and optimization of 

the appearance and colour of BIPV elements is 

https://www.englishclub.com/writing/punctuation-brackets.htm
https://www.englishclub.com/writing/punctuation-brackets.htm
https://www.englishclub.com/writing/punctuation-brackets.htm
https://www.englishclub.com/writing/punctuation-brackets.htm
https://www.englishclub.com/writing/punctuation-brackets.htm
https://www.englishclub.com/writing/punctuation-brackets.htm
https://www.englishclub.com/writing/punctuation-brackets.htm
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attracting increasing interest. For example, in 

coloured BIPV roofs for residential low-rise buildings 

where the aim is to hide the PV technology. As bare 

crystalline silicon (c-Si) PV modules usually have 

high reflectance losses of up to 30 %, PV cells include 

antireflective (AR) coatings on their surfaces. The AR 

coating gives the cells their typical blue colour. 

Variations on the AR coating thickness can shift the 

blue to other colours, but this will have an impact on 

the PV cell efficiency [7]. 

BIPV roof products in general are priced about 

200 €/m2 above conventional roof products. BIPV 

full-roof solutions have several products that are 

priced lower than the alternative conventional BAPV 

systems.  The European BIPV market is made up of 

approximately 200 commercially available products, 

distributed over different application areas and 

product categories, seen in an overview in Figure 1 

[8]. 

BIPV tile products may cover the entire or 

smaller parts of the roof. They are normally arranged 

in modules with the appearance and properties of 

standard roof tiles, which also enables easy 

retrofitting [9]. For small tiles, there can sometimes 

be hundreds of tiles per roof, each with an electrical 

plug-in connection. This presents a technical risk 

from water and humidity, and although the concept 

of solar tiles is interesting, it has limitations in the 

manufacturing process [10]. This gives room for new 

products to emerge. 

 

 

 

 

Figure 1: BIPV options 

https://www.englishclub.com/writing/punctuation-brackets.htm
https://www.englishclub.com/writing/punctuation-brackets.htm
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1.2 Slimfit 

Now we have seen why and how we can use solar PV 

in buildings and on roofs, we will introduce the 

concept of Slimfit. In 2011, petrochemicals 

manufacturer SABIC started developing an 

integrated roof structure called Slimfit. It combines 

essential roof functionality with thermal insulation 

and solar energy technology. Slimfit aims to both 

accelerate the replacement of roofs and simplify 

equipping roofs with PV. Slimfit is developed to 

compete on the building renovation market for these 

reasons. The basic structure is meant to function as 

both roof/insulation and electricity generator by PV 

panels. The structure is a frame with a structural 

beam on top of which PV panels are mounted.  The 

panels are then covered by a protective plastic cover 

which can be manufactured in different shapes and 

colors. The effect of the shape of this cover on the 

irradiance distribution on the PV cells is the focus of 

this investigation.  

 

The requirements of Slimfit are the following:  

• A composite system that integrates the 

structural parts and thermal insulation of a 

roof  

• Can be produced at high output rates  

• Constructed from plastics  

• Lightweight  

• Easy to install  

• Generate electricity by means of solar PV  

• Can provide customizable designs to building 

architects   

 

In Figure 2 we see the structure of Slimfit. The orange 

top part is the cover, with a thickness of 1 or 2 mm 

and a height of the cover of 4-7 cm. The plastic 

thickness will be fixed, and only different kinds of 

shapes will be investigated. Different heights of the 

cover will be considered.  The purpose of the plastic 

cover is to change the appearance of the solar roof 

and to provide protection to the solar cells. The cover 

Figure 2: Slimfit structure 
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could for example be shaped 

like a normal rooftile that is 

used on many houses around 

the world. As seen in the solar 

market overview, solar roofs 

can be composed of many 

small individual solar tiles 

which looks like a normal roof, 

but such systems have several 

problems related to 

connections, safety, and cost. 

We also saw that large fully 

integrated roofs are common, 

but these does not usually look like a conventional 

roof. A new type of solar roof that looks like a normal 

roof but still has a large coverage by solar panels and 

few connections that the fully integrated solar roof 

has is the idea of Slimfit. If a front PV cover of glass is 

used, which is common on solar panels worldwide, it 

would be considerably heavier, which would require 

more support structures in a house. A plastic cover is 

therefore better suited in a system designed to be 

used primarily in renovating buildings, which might 

not have these support structures. 

  In a larger context, the Slimfit concept is 

being researched with respect to its thermal and 

structural properties as well by A.L. Rouws. That 

project has many parallels with this report, and 

cooperation between the two is being done. The 

testing of many of the components is being done at 

the SolarBeat setup on the roof of the Vertigo building 

at TU/e, which is managed by TNO/SEAC. A picture 

from the site is included in Figure 3, where we can see 

a closeup of the plastic cover. This setup is testing 

different variants of solar panels, does data 

measurements from different sensors and can test 

different plastic covers as well. We will use some of  

the data measured at SolarBeat at the end of our 

report.  

For a shaped cover it is important to have as 

much light transmitted as possible. This needs to be 

achieved while considering the design 

freedom/aesthetics, colour, glare for surroundings, 

manufacturability, cost, and materials usage.  

The manufacturing of the plastic cover will be 

done by SABIC, who are leading in the plastic 

industry. They have the knowledge, materials, and 

technology available for making any desirable shape, 

colour or thickness. From an environmental point of 

view, the plastic cover would be recyclable, along 

with many of the materials used in the solar cells.  

 

 

 

 

 

Figure 3: Picture of plastic cover 

 

Figure 3: Picture of plastic Figure 4: Structure of a solar cell 

 

Figure 5: Structure of a solar celle 6: Picture of plastic cover 
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1.3 Research question and 

objectives 

The main research question is:   

• What is the effect of the shape of a plastic semi-

transparent cover on the irradiance on a PV 

surface?  

 

The main objective is: 

• Identify the irradiance distribution created 

by differently shaped covers 

Two further sub-objectives are 

• Evaluate risks that could arise from this 

irradiance distribution such as hot spots or 

current mismatch 

• Observe the effect differently coloured 

shapes have on the irradiance  

 

The steps to do this are: 

• Construct 3D shapes with a few selected 

geometries in Sketchup and two different 

heights of to use as our covers 

• Setup simulation software Daypym to be able 

to use different Radiance materials and 

different colours  

• Run solar irradiance simulations with 

different materials, colours, and shapes using 

Daypym 

• Find the effects on irradiance distribution by 

different shapes in daily and yearly 

timescales 

• Use two different performance indicators to 

determine the homogeneity of irradiance 

• Evaluate the irradiance patterns to see if 

there is risks for hot spots or current 

mismatches 

 

The scope of the project includes testing different 

shapes with irradiation simulations, simple 

simulations with colours and two different radiance 

materials, but does not include hot spots testing and 

PV configurations to avoid this, temperature effects, 

detailed optics studies or real-life experiments. Now 

that the structure, purpose, and people involved in 

Slimfit is covered, we will look at how the report will 

be structured.  

 

1.4 Report structure 

The report will consist of the following parts:  

Chapter 1: Introduction; Will establish the 

context with background on BIPV, renovations and 

solar roofs. After this the Slimfit concept will be 

introduced, the research question, objectives, and 

steps to achieve these will be presented. There is also 

a tree of the report structure, Figure 4. 

Chapter 2: Methodology; Will briefly cover the 

theory of irradiation, shading and hot spots, optics 

and irradiation simulations, coloured PV, materials, 

and PV efficiency factors. The performance indicators 

and graphical tools used will be introduced along 

with the software, Sketchup and Daypym. The setup 

will be presented with the different cover shapes and 

a calibration of the Radiance materials to be used in 

the simulations will be performed. 
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Chapter 3: Results; Will present the findings on 

daily and yearly timescales with cumulative plots, 

total irradiance values and carpet plots, as well as 

investigations into some Software anomalies. Results 

for different colours and using SolarBeat data will 

finish this chapter.   

 Chapter 4: Discussion; Will discuss the model 

reliability and anomalies found, the different 

Radiance materials and their behavior, PV Efficiency 

factors and future experiments. 

Chapter 5: Conclusion and recommendation; Will 

form a conclusion and give a recommendation 

Chapter 6: References; Contain the sources and a 

section of figure references 

Chapter 7: Appendix; Will present some further 

figures  

 

 

 

Figure 4: Report structure tree 
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Chapter 2: 

Methodology 

2.1 Physics theory 

2.1.1 Irradiation properties 

and sky models 

The energy output of a PV system is 

mainly determined by solar irradiation received by 

the PV modules. How much solar irradiation is 

received depends on the tilt and orientation of the PV 

module, though this is less relevant in BIPV because 

the position is often fixed. We can see in Figure 5 that 

to maximise the yield we should place our PV panel 

perpendicular to the sun to receive as much direct 

radiation as possible. The Sun’s daily path in the 

Northern hemisphere is rising in the East and setting 

in the West, it follows that we should orient our PV 

panel to the South to receive as many sun hours as 

possible.  The horizontal position of the sun is defined 

by the Azimuth, ϒs in Figure 5 and together with the 

altitude αs gives the sun position in the sky at any 

time. The inclination of the PV panel with respect to 

the ground is the tilt angle, angle β in Figure 5. For 

fixed panels, it is important to determine the optimal 

tilt angle since the PV module output increases with 

increasing exposure to direct sunlight. This varies 

worldwide because the sun’s path is different [11]. In 

the Netherlands, the optimal tilt angle is around 35 

degrees. Measurements from the SolarBeat setup for 

different tilt angles gives 35 as the optimal angle as 

well.  

The hourly total solar radiation incident on a 

tilted surface can be expressed as a sum of several 

components: the direct radiation incidence on the 

surface, the diffuse solar radiation incidence on the 

surface and  the reflected solar radiation [12]. It is 

important for a PV to receive as much direct radiation 

as possible, and for this reason many PV panels 

employ tracking mechanisms that allows them to 

change their orientation and tilt or both to follow the 

sun. The irradiation striking an area over a time 

period also varies according to local, spatial, 

temporal, and meteorological factors [11]. In Figure 

6, we can see the yearly irradiation incident on 

optimally inclined modules in a selection of 

countries. We can see that the Netherlands (NL) is at 

the lower end with an irradiation of about 1100 

kWh/m2/year, a unit used in the solar industry.  

 

 

 

 

Figure 5: Tilt angle and sun position 

https://www.englishclub.com/writing/punctuation-brackets.htm
https://www.englishclub.com/writing/punctuation-brackets.htm
https://www.englishclub.com/writing/punctuation-brackets.htm
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The meteorological 

conditions mentioned is 

the sky conditions. The 

sky conditions are 

important in solar 

simulations and we will 

perform simulations with 

clear skies to minimize 

the effects of clouds to get 

a better understanding of 

what happens with no 

clouds present and more 

direct irradiation. Sky 

conditions is the 

luminous distribution of 

the celestial 

hemisphere. This is 

usually presented by a two-dimensional function 

which gives luminance values in different sky 

directions. This means that not only the sun is a 

source of light, but there is also circumsolar light, the 

luminance of the sky itself. The sky luminous 

distribution can be directly measured with a sky 

scanner or modelled. A sky model simulates the sky 

using time, geographical location, and solar radiation 

data as inputs. A daylight simulation is a computer-

based calculation which aims to predict the amount 

of daylight available on a surface. For annual 

simulations, most models will be based on annual 

climate data and use the Perez sky model to calculate 

the sky luminance distribution for direct and diffuse 

irradiances [13] . 

Shadows and inhomogeneous irradiation can 

have damaging effects on PV systems, which are 

designed so that every solar cell receives the same 

amount of irradiation. If there are objects in front of 

the PV system this can case hot spots, which we will 

look at next. 

 

2.1.2 PV Shading & hot spots 

In PV installations it is necessary to connect many 

solar cells in series to achieve a high voltage. Many 

solar cells in series is knows as a solar module. When 

the cells are series connected, the cell which delivers 

the lowest current will limit the current of the whole 

string. This means that one cell can determine the 

performance of the whole circuit, and if this cell is 

shaded this can have a large impact. This impact can 

be minimized by using bypass diodes in parallel to 

the cells. The diodes will then divert the current 

around the substring containing the shadowed cell. 

Hot spots occur when many cells in series cause a 

large reverse bias across the shaded cell, leading to 

dissipation of power in the shaded cell. In principle, 

Figure 6: Yearly irradiance received in Europe 

https://www.englishclub.com/writing/punctuation-brackets.htm
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the generating power of all the unshaded can be 

dissipated in the shaded cell. This large power 

dissipation in a small area results in local 

overheating, which can lead to destructive effects 

such as cell or glass cracking, melting of solder or 

degradation of the solar cell [14].  

Hot spots are determined by the shade severity 

and duration. Even though a shadow can be classified 

as inhomogeneous irradiance, if the shadow is over a 

large area of the PV module this might not lead to 

hotspots, but current mismatches. Hot spots occur 

usually when one single cell is shaded, so that this has 

a much lower current than nearby cells. For 

inhomogeneous irradiation over the whole module, 

this would not have the same effect and would most 

likely not lead to hot spots because there is no one 

cell in which heat can be dissipated.   

Small but fully opaque shadows are the most 

critical ones. Hot spots also depend on the climatic 

conditions such as the ambient temperature, the 

irradiance, and the wind speed. The module 

installation is also a risk, with the worst case being a 

construction without or with little backside 

ventilation [15]. It is not known whether hot spots 

will form on a cell covered by a curved transparent 

cover in real life, and this requires further research, 

but we can see from a theoretical point of view that 

just having uneven irradiance does not automatically 

lead to hot spots, but could lead to current 

mismatching. 

 

2.1.3 Coloured PV 

As we have seen, one of the important properties of 

Slimfit is the option to have customized covers. The 

shape of the covers is our focus in this report, but also 

the colour is important. However, much research has 

already been done on colours in PV. Therefore, we 

will just shortly investigate different colours at the 

end of our investigation.  

The colour of an opaque object illuminated 

with solar irradiation is determined by the spectrum 

of the reflected light. The colour of a highly absorbing 

and low-reflecting object like a PV module is almost 

black. If we change the colour of the PV module to 

white, the reflection is increased, and since the 

reflected light is not absorbed by the coloured 

module, less solar radiation can be converted into 

electrical current. In addition, radiation which is 

absorbed by coloured pigments in front of the 

photovoltaic elements is also lost. A coloured PV 

element is synonymous with partial reflection of the 

irradiation in the visible spectrum. Consequently, in 

a coloured PV element, the amount of solar power 

which can be converted into electricity is reduced [7].  

The field of coloured PV is predominantly 

interested in changing the thickness and structure of 

the AR coating in order to achieve different coloured 

panels; this is slightly different to what we are 

interested in, we are looking at what happens if you 

place a coloured transparent cover in front of the PV. 

The software deals with colours in a simple way. This 

means that we are not simulating light travelling 

through a coloured plastic slab but just a coloured 

plane. It is also not fully understood how to 

incorporate both colour and transmissivity into 

https://www.englishclub.com/writing/punctuation-brackets.htm
https://www.englishclub.com/writing/punctuation-brackets.htm
https://www.englishclub.com/writing/punctuation-brackets.htm
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simulations, for both 

the materials we will 

try. Furthermore, 

when using AR 

coatings to change the 

colour, only a very thin 

layer is applied. For 

Slimfit, the whole 

cover would be out of a 

coloured material, 

which is significantly 

thicker than AR 

coatings. And as far as 

we know, little 

research has been 

done into applying an 

AR coating onto a plastic 

cover. These are some of 

the aspects of colour which must be addressed for 

Slimfit to be able to have different colours, reduce 

glare and achieve a good performance at the same 

time. 

 

2.1.4 Optics and irradiance 

simulations 

Now we will move on to talk about how the 

irradiance simulations will be performed and the 

principles behind it. In Figure 7 is a general daylight 

simulation demonstrated. 

Raytracing is a powerful technique based on 

geometrical optics used to simulate optical systems 

by reflecting and/or refracting surfaces. In 

raytracing, light is considered as a set of trajectories. 

The wave properties of light are ignored to facilitate 

the calculations, and diffraction effects are not 

considered [16]. The idea behind raytracing is to 

simulate individual light rays to calculate the 

luminous distribution in a room from a given 

viewpoint. Rays are emitted from a point and traced 

backwards until they either hit a light source or 

another object. If a ray hits an object other than a light 

source, the luminance of the object needs to be 

calculated by secondary rays which are emitting from 

the object. The angular distribution under which 

secondary rays are emitted depends on the optical 

properties of the object [13]. 

  Ray propagation is controlled by the 

refractive index of the medium, the plastic in this 

case. This affects the speed at which rays propagate 

through the domain. If the medium is homogeneous, 

then rays travel in straight lines in each medium. The 

rays can only change direction when they are 

Figure 7: Daylight simulation components 

https://www.englishclub.com/writing/punctuation-brackets.htm
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reflected or refracted at boundaries. When a ray 

reaches a boundary between media with different 

refractive indices, the result is a refracted ray and a 

specularly reflected ray. The direction of the 

refracted ray is computed using Snell’s law. The 

intensity of each ray is computed by solving for a set 

of four variables called the Stokes parameters. 

Because the rays represent electromagnetic waves, it 

is necessary to store information about the direction 

of the electromagnetic field vector and not just its 

amplitude, which the Stokes parameters accomplish.  

For solar radiation transport through a single 

layer of clear glass, once the incidence angle of direct 

solar radiation is known, the solar absorptivity and 

transmittance of direct radiation can be calculated 

from ray-tracing methods provided in for example 

the ASHRAE model [17]. In generic ray tracing 

programs, reflection, absorption, and transmission 

are usually calculated at every interaction of every 

ray [18]. The coefficients of reflection and refraction 

depend on whether the incident ray is polarized in 

the plane of incidence (p-polarized) or 

perpendicular to it (s-polarized). This dependence is 

shown explicitly in the Fresnel equations [19]. See 

Figure 8 for an illustration of this. 

When a ray hits a surface, it can be reflected, 

transmitted, or absorbed. Transmissivity is 

transmittance per unit distance, while transmittance 

is the ratio of the transmitted flux to the incident 

flux. How much is reflected depends on the BRDF 

(Bi-directional reflectance distribution function) 

and how much is transmitted depends on the BTDF 

(Bi-Directional Reflectance Transmission Function). 

These functions determine which of the reflection, 

absorption and transmission components is the 

most dominant. The BRDF and the BTDF is the ratio 

of the luminance emerging from the sample after 

either reflection or transmission and incident 

illuminance on the sample [20]. There are materials 

in Radiance which use BTDF and BRDF inputs, but 

these were not tried due to their complexity. 

Transmissivity is measured at normal angle 

of incidence. There is a sharp cut-off in transmission 

(an increase in reflection) if we move away from a 

normal angle-of-incidence. The position of the sun 

changes throughout the day, and what we will do is 

position our PV module so that for most of the time 

the angle-of-incidence is relatively close to zero, 

thereby maximizing the amount of radiation that 

reaches the PV surface. 

The core concept of light-scattering and -

redirection is the BSDF. Tools for simulation of 

daylighting must predict accurate lighting levels, 

including materials with complex scattering and 

Figure 8: Ray propagation through two mediums 
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redirecting properties. This sets them 

apart from general rendering in 

computer graphics, where materials 

predominantly have simpler optical 

properties. Daylight simulations 

frequently use the software Radiance. 

Radiance has been developed since 1990 

by Greg Ward, then at Lawrence 

Berkeley Lab, California. Several other 

raytracing programs are established in 

the optics industry (e.g. for lens design) 

and other programs, some based on less 

general radiosity algorithms, have been 

commercially available for daylighting [21]. Radiance 

can be used either as a stand-alone tool, in open-

source front ends or in commercial programs, in our 

case we are using a software which is based on 

Radiance called Daysim which we will learn more 

about later.  

  

2.1.5 Materials 

For a long time, the optical transparency, chemical 

durability, and manufacturability of glass have made 

it a favoured material for solar energy applications. 

In Figure 9 we can see where glass is used in a PV 

module [22]. However, glass is heavy, and SABIC is 

interested in making lighter solar covers from 

plastics instead.  

The specific plastic being used is called Lexan Excell 

D, and some benefits compared to glass include: 

• More styling freedom and moldability 

• Lighter than other plastics  

• Better mechanical properties 

But there are also challenges related to transmission/ 

transparency and long-term properties.  

In Table 1 are the parameters that have been 

provided for Lexan Exell D. We have information 

about three different versions of Lexan Exell D, 

transparent, terracotta and grey coloured. We can 

see the colour in the CIE L*a*b* colour space, 

developed by the International Commission on 

Sample L* a* b* T% Haze Gloss 20° Gloss 60° Gloss 85°

Lexan Exell D - 112 (colorless) 95,3675 -0,2905 0,746 89,7 1,655 189,5 Lexan Exell D - 112 (colorless)119,325

Lexan Exell D - 7G2A3746X (terracotta) 81,7025 8,2195 11,6045 60,95 27,6 122,5 Lexan Exell D - 7G2A3746X (terracotta)83,24353

Lexan Exell D - 6G2A3747X (grey) 86,169 -1,542 1,802 67,95 39,15 125 Lexan Exell D - 6G2A3747X (grey)91,32607

Figure 9: Structure of a solar cell 

Table 1: Lexan Exell D properties 
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Illumination (CIE). We can also see 

the transmittivity as T%. This is the 

most important parameter 

because it dictates how much light 

is transmitted by the cover; and it 

is 89.7 % for a colourless cover.  

There are many materials 

available in our software, and we 

will be using two of them. The first 

one is “glass”, a material intended 

for surfaces such as windows. One 

transmitted ray and one reflected 

ray is produced. By using a single surface instead of 

two, there are no internal reflections, this is referred 

to as being infinitely thin. The input to the glass 

materials is three 0-1 values for red, green, and blue 

transmissivity, we will use 0.897 for all of these.  

The other material that was used is “trans” 

which is a translucent material. Trans objects are also 

infinitely thin, like the glass material, and have the 

following inputs:  

• Red, green, and blue colour specifications 

• Specularity: Ratio of reflection that is 

specular and not diffuse, see Figure 10 

• Roughness: the root-mean-squared (RMS) 

facet slope of the surface. This is the 

microscopic surface roughness, the rougher it 

is the more uneven it is, and the blurrier 

reflections will appear. Specularity and 

roughness are both very difficult to measure 

in real life [23]  

• The transmissivity, fraction of penetrating 

light that travels all the way through the 

material 

• The transmitted specular component, the 

fraction of transmitted light that is not 

diffusely scattered.  

It should be noted that the RGB values here do not 

include a transparency like it did in the glass. As far 

as we understand, a value of 1 1 1 with these 

parameters will therefore yield a “white” material, 

and then the transparency will be determined by a 

separate parameter.  

As can be seen, the trans material have several 

parameters like specularity and roughness which are 

not specified in our plastic data. This requires us to 

do some estimations of optical properties. Selecting 

which Radiance materials to use is a complicated 

question and one that does not have a 

straightforward answer. Several aspects must be 

considered here: 

-The complexity of the material. Some more 

advanced Radiance materials are BSDF materials, 

meaning they require more inputs to work. It is 

unknown weather simulations with those materials 

Figure 10: Specularity and reflection 
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would be any different/better 

than with simpler materials, 

while they would likely be 

more complicated to use and 

understand. 

-How realistic the 

material is. We will look at 

how the materials behave in 

our simulations and if this 

corresponds to what we 

would expect, but many times 

this is difficult to determine. 

To be certain, one would have 

to perform simulations and 

then compare the results to 

real-life measurements. 

Throughout this report we 

will discuss what the results 

are for the two different 

materials and if this is what 

we would expect to happen. 

However, it is less of a 

competition to see which 

material is the “best”, and more the case of using two 

different tools in our investigation, both of which 

have pros and cons.   

-Input complexity. Given the data from SEAC, the 

material which we have all the inputs for is just glass. 

If we move to higher resolution models, we need 

more inputs. If we do not know these inputs, we must 

make estimations and we might introduce more 

uncertainties. It would therefore most likely not be 

time efficient to try these. 

 

2.1.6 Other relevant PV efficiency 

factors 

The losses in our scenario will be determined by the 

optical losses, which include reflection at roof-air 

interface and module front sheet – air interface, 

absorption in roof material and in module materials 

(encapsulant, front sheet) [24]. These latter ones are 

not included in our model but will influence the yield. 

We consider only some basic optical losses, and the 

Figure 11: PV efficiency factors 
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real losses are likely to be larger than what we find 

with our model.  

The configuration of the PV system is also 

important to the efficiency. A PV system is usually 

made up of several PV modules connected. We have 

seen earlier that the setup and connections of the 

cells is crucial when dealing with hotspots and 

shading, and that the use of bypass diodes, load 

resistances, and considering module mismatches and 

inverter conversion losses is vital to optimize 

efficiency. Cell level irradiance is important to 

consider when external shades are present, but as 

this aspect is not being investigated, we will only deal 

with the irradiance at module level. It is important to 

remember however that the output of a PV module 

depends on the irradiance received by the solar cells 

and how these are configured.   

Another factor which is important is how 

much air the light must pass through before reaching 

our PV surface. The clearness index is defined as the 

ratio between the horizontal global radiation and the 

theoretical extra-terrestrial radiation received on the 

same plane. The air mass (AM) is determined by the 

solar position and corrected by atmospheric 

pressure. AM is one of the main parameters that has 

an influence on the clearness index, and fluctuations 

are mainly explained by a different air mass number 

[25].  

Lastly, the PV cell performance is also sensitive to 

cell temperature. PV cell temperature is a function of 

different parameters such as weather variables 

(ambient temperature, wind velocity), solar 

irradiance, cell material and system dependent 

properties like glazing cover transmittance and plate 

absorption [26]. This is also related to air circulation 

around the PV panel, which is being studied more in 

detail by A.L. Rouws. These and several more factors 

we have discussed before can be seen in Figure 11. 

 

2.2 Performance indicators 

There are several ways in which to present the 

results of the simulations we will perform. Yearly 

irradiance results are a good indication of the overall 

performance of the PV, as it will include seasonal 

effects. Daily timescales will also be considered. 

Because a PV system’s output is directly related to the 

irradiation, any daily large irradiance differences 

between different parts of the module (different 

cells) could influence the yield. Therefore, daily plots 

for four different seasons have been made to 

investigate if there are such differences.  

How do we determine if one shape performs 

better than another? The obvious answer is that the 

shape that receives the most irradiance will perform 

better, but what does this mean? If we consider our 

module, we can find the irradiance for every sensor 

point and add these values. This sum is the irradiance 

received by all the sensor point for a year. This value 

that is not useful in real life, but if we divide this by 

the number of sensor points, we obtain an average 

irradiance for all the sensor points, which is our first 

performance indicator. 

The other one is to look at the maximum and 

minimum irradiance received for all the shapes and 

then use this difference as an indication to the spread 

of irradiance we would receive. This can be estimated 

from the plots and graphs we will use, which we will 

introduce next.   
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2.3 Tools for presenting 

results 

The tools we will use to present the results will be 

cumulative yearly plots, daily plots, and carpet plots. 

The output of our simulation is a text file with 

irradiation values in W/m2 per sensor point for every 

hour of a year. These have been added in a cumulative 

plot of irradiance vs sensor point location. In Figure 

12, we can see the cumulative plot for the uncovered 

scenario. On the x-axis we can see the sensor points 

from 1-80, and on the y-axis, we see the total 

cumulative irradiance in kWh/m2/year. Comparing 

these results, we can see that the value received, 

around 1120 kWh/m2/year, is comparable to the 

Figure 12: Yearly cumulative plot uncovered scenario 

Figure 13: Daily plot uncovered scenario 
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Netherlands value of 1100 mentioned before These 

cumulative plots are a good way to see how much 

irradiation the individual sensor points receive and 

hence the difference between them, but there is no 

time component. We cannot say what the irradiance 

is for a specific day or even season, we only have the 

yearly values. Therefore, we are also interested in the 

daily irradiation profiles of our shapes. In Figure 13: 

we see the daily variation of the uncovered scenario 

in the summer. On the x-axis we have a total day of 

24h and on the y-axis we have the irradiance 

received. We can see that there is no irradiance at 

night and that there is a peak after noon. This is for 

one sensor point but can also be done for several, so 

to see the difference in irradiation received over a 

day by different sensor points. Multiple lines would 

be seen for this, but if there is only one line like in 

Figure 13, that means that the irradiance received is 

the same for all the sensor points, as we would expect 

for the uncovered.  

Carpet plots are the last way to present 

results, as they combine the seasonal aspect of the 

yearly cumulative irradiance plot with specific daily 

irradiance values. In Figure 14 we can see a carpet 

plot for the uncovered scenario. On the y-axis we 

have time for a whole day from 00.00 at the bottom 

to 24.00 at the top, and on the x-axis, we have the 365 

days of the year. And for every hour of every day 

there is a corresponding irradiance value displayed 

with a colour that indicates the irradiance intensity.   

 We can imagine that if we took any day and 

plotted the irradiance vs time, we would get the daily 

plot we just in Figure x. The carpet plot is just the 

daily plots for every day in succession, with an added 

colour value to indicate the irradiation. The colours 

are displayed in a colour bar on the right, with red 

representing the most irradiation of about 900 W/m2 

and blue represents the least irradiance with the 

minimum being 0. The carpet plots are produced for 

one specific sensor point, by default the middle 

Figure 14: Carpet plot uncovered scenario 
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sensor point was selected. In a later stage it becomes 

interesting to plot specific points, this was a good way 

to find when a certain high or low irradiance 

happened. For the uncovered carpet plot, we see that 

there is no irradiance (blue colour) in the night time 

medium irradiance (green/yellow colour) in the 

morning and evening  and maximum irradiance 

(orange/red colour) around noon and afternoon. We 

can see that the most irradiance is in summer at noon 

while the winter days has fewer red days with high 

irradiance. This is because in the winter, the sun is at 

a lower altitude and less direct sunlight is 

perpendicular to our PV surface. We will also use the 

difference between carpet plots, subtracting the 

carpet plots of shapes from the uncovered or flat to 

see where irradiance is lost or gained. We will also 

construct carpet plots which indicate in percent how 

much light is lost compared to the uncovered or flat. 

Now that we are familiar with the graphical tools we 

will use; we will introduce the software and after that 

the shapes and setup we will use.  

 

2.4 Software 

2.4.1 Sketchup 

Sketchup, a 3D modelling program, will be used to 

construct 3D models of different shapes. A PV surface 

will be constructed, onto which sensor points will 

later be created by Daypym. On top of this PV surface 

a cover will be created. The process of making covers 

in simple shapes such as pyramids and triangles is 

straightforward, also changing inclination and 

orientation of the systems is easy. Sketchup 

constructs all shapes out of planar shapes, in such a 

way that a square flat cover is just in one piece, but if 

a curved square cover is desired, this will be 

constructed out of many smaller squares or 

triangular shapes. For a complex curved shape, it 

might take dozens or hundreds of smaller shapes, 

which is not practical for simulation times or design 

time. We start with very simple shapes and gradually 

move to more complex ones. There is a limit at which 

it becomes unnecessary to come up with more 

complex shapes, because if there is no direct request 

from a designer to test such shapes there is no reason 

to construct them. The purpose of the different 

shapes is not to present an overview of all possible 

shapes, it is to see the effects on the irradiance from 

travelling through several basic geometric shapes. 

Ultimately it is up to the designer to say what kind of 

shape is needed, but any decisions can then be based 

on simulations and experiments. For simplicity, in 

our simulation we only consider our PV surface and 

cover with no other houses or objects are nearby. 

Once a 3D model is constructed, it will be used as the 

location for a daylight simulation. 

 

2.4.2 Daypym 

Daypym is our daylight simulation software. The task 

of a daylight simulation algorithm is to predict 

illuminances at a particular point in time based on a 

3D building model and the sky conditions. Daypym is 

a python modification of Daysim, which in turn uses 

raytracing.  Daysim is a simulation tool that 

efficiently calculates annual illuminance/luminance 

profiles. To calculate annual illuminance profiles, one 

could in principle use thousands of individual 

raytracing runs for all sky conditions of the year. This 



 Investigation of the effect of the shape of a plastic cover on the irradiance on Solar PV  

  
  

ELIAS LINDGREN 24 

 

approach is not practical and would take a 

very long time. To keep simulation times 

short, Daysim uses the Radiance algorithm 

coupled with a daylight coefficient approach 

[13]. 

We now have a model representation 

of the PV surface and the cover, and a 

software with which to perform irradiance 

simulations. In Figure 15 we can see a flow 

chart of what the software process is. The 

inputs we use is the density of sensor points, 

the timestep length, the material, and the 

weather file. We will use a weather file from 

Amsterdam. 

 

2.5 3D models, shapes, 

and calibration 

The general geometry of the shapes is shown 

in Figure 16 for a flat cover. The thin reddish 

area in the middle is the PV area. This is 

where the sensor points are created, 80 of 

them. The large square yellow area is the 

cover, and it is 3 cm from the PV surface. The 

reason the PV area is not the same as the 

cover area is simulation time. For a PV area of 

50 x 80 cm it would take 50 times longer, 

which depending on cover and material 

already can take hours for complicated 

setups, for one-year cycles. All the shapes 

tested are were originally 10 cm tall, with 

later also 5 cm being tested. 10 cm is an 

exaggeration, as the shapes currently on the 

Solarbeat are about 5-7 cm tall. 5 cm tall Figure 15: Flow chart of Daypym process 
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shapes are also tested. This is more realistic, as a 

popular roof tile shape when modelled in Sketchup is 

4-6 cm tall. 

 The reason that the PV surface is 80 cm wide 

instead of 1 m, as the cover, is to supress edge effects. 

The edge effect is demonstrated in Figure 17. When 

the PV surface is the same length as the cover, as the 

top scenario in Figure 17, early in the morning sun 

rays that have a low angle of incidence are able to 

strike the PV surface without passing through the 

cover. This is because as we saw in Figure X above, 

there is a 3 cm gap between them. If we have the PV 

surface the same length as the cover, this produces 

more irradiance at the corners because there is light 

incident that does not pass through the cover and 

gives the irradiance of an uncovered surface. 

With a shorter PV surface however, this light 

does not reach any sensor points, as the lower 

scenario in Figure 17.  

Another aspect to consider is that our 

PV surface will receive light from the whole 

sky. As we saw before, our sky model uses a 

dome for the sky, with the sun being the 

brightest but not the only source of light. 

There is also luminance from other parts of 

the sky. This could lead to irradiance at the 

back on the PV surface, because even if the 

sun is not there, there is luminance from the 

sky model. To prevent this, a model was tried 

with a back cover but no significant difference 

in irradiation was found.  

The first tests were made with an 

uncovered PV surface, as we saw in the tools 

section.  Some fundamental shapes were constructed, 

as we can see in Figures 18-25. 

Box –A box being placed on top of the PV 

surface instead of a flat cover.  

Triangle - This is a shape which has a profile 

from above of a triangle 

Pyramid - This the next level of complexity, as 

this shape is not uniform in the horizontal plane. 

Figure 16: Dimensions of cover and PV surface 

Figure 17: Edge effect demonstrated 
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Figure 18: Flat cover 

 

Figure 19: Box cover 

 

Figure 20: Triangle cover

 

Figure 21: Pyramid cover 

 

Figure 22: Curved cover 

 

Figure 23: Two curves cover 

 

Figure 24: Two triangles cover 

 

Figure 25: Two boxes cover 
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Curve - This is an important shape, and the 

curve is composed of several rectangular planes, as 

can be seen in the screenshot. Curved shapes are 

relevant from an aesthetic point of view, with the 

covers on Solarbeat having a curved type of design 

and the plastic roof tile seen earlier is curved. 

Together with the flat cover, these are the five basic 

shapes. The complex shapes are then defined as 

multiples of the basic shapes, as can be seen in the 

Figures 23 , 24 and 25. If we imagine a solar roof and 

look at some of the concepts presented earlier, we see 

that usually there is some repetition of shapes or 

patterns. It is important to simulate multiples of the 

basic shapes to see what kind of effects we will get 

when there are several of them next to each other. 

Finally, we can see a screenshot of the flat  

model in action in Figure 26, where the small sensor 

points can be seen as small green dots, with sensor 

point 1 being on the leftmost side and sensor point 80 

on the right, and the whole setup oriented 

Southwards. 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: Screenshot of simulation in progress 
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2.6 Calibrating trans 

parameters 

2.6.1 Transmissivity, thickness, and 

colour 

Now that we know the setup and the shapes, we will 

calibrate the materials. The clear plastic used has a 

transmissivity of 89.7 %. We will not be changing the 

thickness of the materials, as they are classified as 

infinitely thin which is not fully understood, and we 

are only considering one thickness.   

For changing the colour, the colour of the 

covers given by SABIC was converted to the RGB 

colour space and then converted to decimal point 

values with [28] and [29]. For the trans material, the 

colour was changed to terracotta and grey, and the 

transmissivity also changed to 60.95 % for terracotta 

and 67.95 % for grey. It is not fully understood how 

the colour input of trans work, and for glass material 

the colour was not changed, because there is no 

separate colour value, it is coupled to the 

transmissivity value.  

 

2.6.2 Roughness and Specularity 

These two parameters are not provided by SABIC but 

are needed in the calibration of the trans material. 

They had to be estimated. This has been done with 

some testing and some research. 

The magnitude of these parameters is given in the 

radiance manual as 

• Reflected Specularity - Matte = min 0, Satin = 

suggested max 0.07 with 1.0 corresponding 

to a mirror 

• Surface Roughness - Polished = min 0, Low 

gloss = suggested max 0.02 

Other sources give different values, but using the 

Radiance manual values as a basis, three 

combinations were tried: 

• Low: Specularity = 0, roughness = 0 for the 

minimum values 

• Mid: Specularity = 0.035, roughness = 0.01 

for values in between minimum and 

maximum  

• High: Specularity = 0.07, roughness = 0.02 

maximum values recommended 

 

As we can see in Figure 27, changing these 

parameters have an impact on the irradiance. In the 

figure we can see how the irradiance of a flat cover 

changes with changing the specularity and roughness 

to the groups of values. For 0,0 we can see a 

completely straight line, much like we saw in the 

uncovered scenario. This would not be realistic to 

use, as no materials in real life has these value. The 

profile for the middle value is centred on the same 

value of irradiation as the low values but has very 

large fluctuations. It is not known whether this is a 

random effect from the software, or a realistic 

representation. The maximum values also produce a 

straight line with some minor fluctuations, but to use 

these values is also probably not realistic as they are 
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the maximum values given in the manual. We can also 

see an offset between the high values and the other 

two, in that the high values have an irradiance 

centred around 850 kWh/m2/year while the other 

two are centred around 750 kWh/m2/year. This is a 

significant increase and not something we expect to 

happen by changing specularity and roughness, 

because these parameters do not change how much 

light is transmitted, but changes what happens to 

incident light at the surface. Furthermore, the large 

fluctuations displayed for the mid value are not 

representative for a translucent material, which 

would create much softer light with less hard 

shadows and less fluctuations. For these reasons we 

will use a value between the maximum and the 

medium, 0.05 and 0.015. It would be desirable to 

measure these quantities, but this would require 

sophisticated optics experiments. This is a big 

problem, because we can see that if we use 0,0 we get 

no fluctuations, while with the mid values we have 

very large fluctuations. As this investigation is 

focused on finding these fluctuations, not having 

these parameters create a source of major 

uncertainty, in that any fluctuations we see could 

very well be software related and possibly mitigated 

with a more realistic calibration. Now that the model 

is setup, we are ready to move on to the results on the 

short timescales.  

 

 

 

Figure 27: Calibration results for Specularity and roughness 
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Chapter 3: 

Results 

3.1 Short timescales 

In figures 28-31 (From the top: spring, 

summer, autumn, and winter) we can see 

the daily plot in four different seasons for 

a glass triangle 10 cm tall. We can see that 

there are not many different coloured 

lines in the plot, meaning that the three 

different sensor points selected received 

equal amount of insolation. We can see a 

hint of a different coloured line in the 

evening for the winter and autumn, but 

this is minor. Most of the daily plots for 

glass showed very small variations 

between sensor points. They are so similar 

it is not necessary to include them here. In 

Figures 32-35 we can see the plots for the 

same kind of shape but for trans material. 

Now we can see some different coloured 

lines. For autumn and winter, the 

difference is not that large, with sensor 

point 60 (blue) receiving more irradiation 

in the evening, because in the evening the 

sun in more aligned with this sensor point 

than in the morning. In Figure 33 for 

Summer, this pattern is also visible, with 

sensor point 1 (green) receiving the most 

irradiation in the morning/afternoon. 

Sensor point 40 (orange) in the middle, has 

similar peaks to the other two sensor points 

as it is positioned in between them. There are also 

Figure 31: Spring daily plot 

Figure 30: Summer daily plot 

Figure 29: Autumn daily plot 

Figure 28: Winter daily plot 
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dips in the middle of the day for spring and 

summer not seen in the glass material. It is 

not known what the cause of these dips is.  

The differences in irradiation are 

noticeable, but it is not known what effect 

such differences would have on the yield of 

a day. For summer when the difference 

between maximum and minimum 

irradiance is around 40%, this could 

potentially cause some problems with the 

current. This non-homogeneity in 

irradiance is one of the things we set out to 

look for. However, we must consider that 

we are looking at sensor points far away 

from each other. This graph does not say 

that the irradiance differs by 40% for three 

consecutive sensor points, it says that 

between one edge, the middle, and another 

point halfway between those the difference 

is 40%. This is very different from having a 

shadow of 40% severity on a small part of 

your PV system. If one large part of the 

solar module was to receive 40% less 

irradiation than another large part, then 

the cell structure and connections could be 

arranged so to minimize mismatches in 

current. It is however unlikely hot spots 

would form.  

It is also possible that this is a 

software effect, as we saw earlier when 

calibrating the trans parameters. We 

saw significant fluctuations in that 

calibration, and it could be that the three 

sensor points we have selected are peaks 

Figure 33: Daily plot summer trans 

Figure 34: Daily plot spring trans 

Figure 32: Daily plot autumn trans 

Figure 35: Daily plot winter trans 
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or minimum values of these fluctuations.  It is not 

known whether this is realistic or not and further 

research is needed to see if this large difference in 

irradiation between the sensor points is what 

happens in real life or a random effect.  

 

3.2 Long timescales 

3.2.1 Glass material Cumulative 

plots 

In Figure 36 we see the cumulative yearly plot for the 

five basic shapes 5 cm tall. We can see that the box 

profile is similar to the flat profile, with slightly more 

irradiation and an enhanced edge effect on both 

sides. The triangle and pyramid have an irradiance 

distribution like its shape with a peak in the middle 

and lower values at the edges. The curved shape also 

resembles its own model shape, with a curved 

distribution. For all the basic shapes it seems to be 

the case that the sections closest to the PV surface 

receive the least amount of irradiation, and the 

further away we go, closer to the maximum heigh, the 

more irradiance we receive. This is probably an effect 

specific to the material, as trans material does not 

show this. The reason for this could be that compared 

to the flat cover there is more material in a shaped 

cover, which leads to an increased probability of 

capturing light, because there is more material to 

absorb it. This also would explain why all the shaped 

cover seem to be receiving more irradiance than the 

flat.   

If we now compare this to the 10 cm basic 

shapes, these profiles remain, with a small increase 

in irradiation. The plots for 10 cm basic and 

complicated shapes can be found in the appendix. All 

the basic glass shapes have irradiances between 865 

and 885 kWh/m2/year. This is a difference in 

irradiation between the different shapes of 2.3 %.  

Figure 36: Cumulative plot all basic glass shapes 5 cm 
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In Figure 37 we can see the more complex 

glass shapes and their results. For all the shapes there 

is decreased irradiation in the middle, at the valley 

between the two shapes where it is the closest to the 

PV surface. The shapes of the irradiance distribution 

for the two pyramids, two triangles and two curves 

are very similar. For two triangles for example, we 

have the irradiance shape of a single triangle 

repeated twice, with a dip in the middle. This is 

consistent with the observation before that the part 

of the cover closest to the PV surface will receive the 

least irradiation. This could be because the light will 

travel through more material further away from the 

PV surface, increasing the chance of absorption. 

Hence the part closest to the PV surface has the least 

material, the lowest probability of absorption and 

received the least irradiance. It could also be that 

when we have two shapes, light might pass through 

more planes than for one shape at low angles of 

incidence, and this also increases absorption. The 

profile for the two boxes has a large dip in irradiance 

in the middle. This could be explained by the theory 

we just presented, where the two boxes have a large 

flat area in the middle when the other multiple 

shapes do not and so would receive much less 

irradiation. In the 10 cm complex shapes for glass not 

included here we see the same trends as for 5 cm, but 

with slightly higher values of irradiance. 

 

3.2.2 Trans material cumulative 

plots 

Now we will look at the results with the trans 

material. In Figure 39 we have all the basic shapes 

and flat for 5 cm height. There are some similarities 

and some differences between this figure and the 

glass ones previously. The glass material had much 

smaller fluctuations. This could be explained by the 

material properties, as we saw large fluctuations 

Figure 38:Glass complex shapes 10 cm 

Figure 37: Cumulative plot all complex glass shapes 5 cm tall 
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when calibrating trans. Looking the profiles of all the 

shapes, they all receive very similar levels of 

irradiation. For the flat case, we can see that it centres 

around 975 kWh/m2/year, which is more than for the 

glass material. The question is whether this is more 

or less realistic. The trans material could be 

simulating real life conditions better, with more 

reflection and diffraction present in the material 

which would create more fluctuations, or it could be 

the other way around and in reality, the irradiance  

Figure 39: Cumulative plot all basic trans shapes 5 cm tall 

Figure 40: Cumulative plot complex trans shapes 5 cm tall 
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profile will look more like the glass material. It might 

be the case that the fluctuations or blotches we see in 

the flat is just a software effect. With the trans 

material however we see a difference in that all the 

shapes perform worse than the flat, in contrary to 

what we saw for glass. Also, we see that the effect that 

the further you are from the PV surface the more 

irradiation you get is not present. For 10 cm height, 

all the shapes have very similar profiles with slightly 

more irradiation than for the 5 cm case.   

Now moving on to more complex shapes in 

Figure 40. For the two triangles and two pyramids 

there is a large peak in the middle. This is the 

opposite result to what we saw in the glass material, 

which had large dips. Two triangles and two 

pyramids have large peaks up to 1300 kWh/m2/year. 

The two boxes also have large peaks off-centre. Some 

of the peaks give irradiance larger than for the 

uncovered, and clearly something strange is going on 

here.  

 

3.3 Total irradiance for all 

shapes 

Recalling the cumulative plots for all sensor points 

used before, there is another result that we can 

derive from them. This is also one of the performance 

indicators we have discussed earlier. This is not a 

graphical result, but an average value for each shape 

in kWh/m2/year. The values we see in Figure 41 are 

just the summary of the values given in the 

cumulative graphs so far, so there are not any 

surprises. The glass 5 cm shapes all have very similar 

values. For glass of 10 cm, this is also true, and it 

seems there is not much effect on changing the height 

Figure 41: Total irradiance for all shapes glass material 
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of the cover for glass. We can also see that all the glass 

shapes have higher irradiance than the flat. For the 5 

cm trans basic shapes in Figure 42, we again have 

similar values for the shapes. All trans 10 cm shapes 

have lower values than the 5 cm, in contrary to the 

glass shapes.  Both the trans and glass material 

predict quite small variations in irradiance for almost 

all shapes. However, the basic shapes are not 

realistic, as one would need to have multiples of these 

shapes on a solar roof. And for the complex shapes we 

see some strange values, especially for the 10 cm 

complex trans scenario, which had instantaneous 

irradiances equal to and more than the uncovered for 

some sensor points. This is not reflected in this table, 

because this an average, but must be considered.  

 

3.4 Carpet plots 

In Figure 45, we can see the carpet plot for the flat 

glass cover. It is very similar to the carpet plot of the 

uncovered we saw before. To see the differences 

more clearly, we subtract the flat from the uncovered 

in Figure 43. The red colour is irradiance that is left 

when subtracting the flat from the uncovered. This is 

irradiance lost when adding a flat glass cover, and we 

can see that it is not much. We find that many areas 

have equal or very similar irradiance to the 

uncovered, with only a small area receiving more 

irradiation in February. In Figure 44, we look at the 

trans flat carpet plot. There are some differences 

compared to the flat glass, with less red areas 

especially around noon. Now we can compare the 

trans flat to the uncovered, and in Figure 46 we see  

Figure 42: Total irradiance all shapes trans material 
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Figure 45: Carpet plot flat glass 

Figure 43: Carpet plot difference between flat grass and uncovered 

Figure 44: Carpet plot flat trans 
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this difference. This is similar to the previous 

comparison we did, except the colours are different 

now because there are some parts that receives more 

irradiance than the uncovered, and another colour 

scheme is needed to represent this. We can see that 

areas in blue is where the flat receives more 

irradiation than the uncovered. This seems to be at 6-

8 and 9-10 o’clock in the morning, and a possible 

explanation for this is that those morning rays have a 

low angle of incidence and could be somehow 

scattered to enhance the irradiation.   

Most carpet plots for the 5 and 10 cm basic 

glass shapes are so similar it is not worth including 

them. We have discussed sky models and their 

importance in solar irradiance simulations, and we 

will now use a weather file which has no clouds, a 

clear sky model. In Figure 49, we can see a carpet plot 

of the trans flat with a clear sky, and in Figure 47: we 

see the carpet plot of the difference between a flat 

trans clear sky cover and the uncovered clear sky. For 

Figure 49, there is a constant high irradiation 

indicated by the red colour during all the sun hours. 

This is because there are no clouds to obstruct the 

sun rays, so we have a very large amount of direct 

irradiation. The difference in Figure 47 shows that 

the most irradiance lost is during the darkest months 

at noon. For summer days, during which the sun’s 

path is optimized for out tilt,  the flat almost receives 

the same amount of irradiation, but during the 

winter, with solar paths are less optimal for our tilt, 

we lose significant irradiation.  

We can also see in Figure 48 the same carpet 

plot as in Figure 47, but this time we have included 

the percentage difference instead of the irradiance 

values. We can see that a similar pattern is formed 

with two blobs, but now with a different colour 

scheme. The white areas are values of 0, the red areas 

are still the irradiation that the uncovered receives 

but the flat does not. Red indicates that there is a 40% 

reduction of irradiance during the winter months, 

orange/teal colour indicates a 25% reduction, and 

blue is a low 

Figure 46: Carpet plot difference between flat trans and uncovered 
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difference of about 10%. This makes sense, as we saw 

values of 800 for the uncovered and a 300 W/m2 

difference in the subtracted carpet plot. We have also 

included a carpet plot of the difference between a 10 

cm trans triangles and uncovered, both clear sky in 

Figure 50. For the triangle, we see irradiance lost 

compared to the uncovered in the red areas and 

gained in the blue areas. A gain is seen in the summer 

evening and the losses are mostly around noon for 

the colder months.  

 

 

 

 

 

Figure 48: Carpet plot trans flat clear sky 

Figure 47: Carpet plot difference between trans flat clear sky and uncovered clear sky 
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Figure 49: Carpet plot difference between trans flat clear sky and uncovered clear sky, in percentages 

Figure 50: Carpet plot for difference between 10 cm trans triangle clear sky and uncovered clear sky 
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3.5 Anomalies 

When using the trans material there clearly is some 

kind anomaly for many of the complex shapes The 

anomaly for two boxes involves the part of the cover 

with right angles to the PV surface, and at first it was  

believed that this could be the cause of the irradiation 

spikes. But we can see the same large peaks for other 

complex shapes as well. It seems that this 

phenomenon occurs not only when the cover is 90 

degrees tilted with respect to the PV surface, but 

when light is incident on any wall head on. Figure 51 

Figure 51: Visualization of anomalies 
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visualizes this. Why is this not seen with the basic 

shapes? An explanation for this is that with single 

shapes, the enhanced irradiance would land on 

sensor points which are not included because we 

have an 80 cm wide PV area instead of 1m, as can be 

seen in Figure 51 panel 8.  

 

3.5.1 4th of may testing 

To further test the effect of direct aligned irradiation 

on the cover it is necessary to find when the sun is 

directly in front of the PV surface. This requires two 

things, when the altitude of the sun is equal to the tilt 

of the PV surface and the time of day the sun is 

directly in front of the panel. By using [27] with an 

Amsterdam location to match the weather file used, 

this has been found to be on the 4th of May at around 

13.30. At approximately this time, the rays coming 

from the sun would be perpendicular to the cover and 

because of this we can investigate our strange results 

further.  

For the 4th of May, when the rays are 

close to perpendicular when arriving at the 

cover, we will look at the timesteps level to 

see what exactly is happening. We know 

that for two boxes, we have large peaks 

around the sensor points 30 and 51, from 

the cumulative 10 cm plots before. So, what 

exactly is happening at these points and 

where is the sun when this is happening? 

By studying the results text file, it was 

found that there were high values of 

irradiation, around 1300 kWh/m2/year at 

the sensor points we predicted, between 13.00 and 

14.00. This is strange and should not be possible, 

considering the irradiance of the uncovered is at 

1120 kWh/m2/year. This was also tried with a clear 

sky model, to enhance these effects. This gave 

irradiance values of 3300 W/m2. This is not only 

unlikely, but it is impossible for the Netherlands. The 

clear sky model does not have more irradiance than 

the cloudy weather file, it just has no clouds, so that 

there is much more direct irradiance. It does not 

however enhance the solar irradiance, so the 

maximum value we should be able to measure would 

still be the uncovered value. This provides further 

evidence that our previous predictions are correct, 

that at the exact moment the sun’s rays are aligned 

with a wall, we will see very large enhancements of 

the irradiance, a “wall effect”. The reason for this is 

still unclear, but possible explanations include some 

discrepancies between the solar time and clock time 

in Daysim which causes errors in the sun position or 

other software related glitches or the inability to 

represent a flat surface by Daysim. It is also possible 

Figure 52: Screenshot of the edge testing model 

https://www.englishclub.com/writing/punctuation-brackets.htm
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it is something related to the redistribution of 

irradiance between the sensor points, as this has 

been known to happen in other situations.   

 

3.5.2 Edge testing model 

By constructing an edge testing model with two 

triangles and a box, we can find out some more. The 

model is shown in Figure 52. It is expected that these 

strange results occur when light hits the walls of the 

box and the sloped walls of the pyramids, and we 

would expect to see some irradiance enhancement at 

these points. And indeed, looking at the cumulative 

plot in Figure 53, this does seem to be the case. The 

peaks on the graph correlates to the sensor points 

located at the bottom of the walls seen in the edge 

testing model. Furthermore, by using our carpet 

plots, we can determine at what time these peaks 

occur. We have already seen at what time the wall 

irregularities occur, and for the rightmost triangle we 

would expect a peak at the time when the sun rays 

are aligned with the tilted part of the triangle. This 

would be in the morning, and for the left triangle this 

would be in the evening. In the carpet plots we have 

selected the sensor points indicated in the 

cumulative plot, 12 and 59 to see if this is true.  

We can see that the carpet plots agree with 

our predictions, there is an early morning peak at 

sensor point 59 (Figure 54), and one peak a bit later 

in the afternoon for sensor point 12 (Figure 55). 

If there was some way to increase the 

irradiance of the panels by design of plastic covers 

this could be lucrative and useful for many 

applications. This is a good reason to further 

investigate whether this is just a software anomaly or 

Figure 53: Cumulative plot of the edgetesting model results 
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if it can hint at some phenomenon for increasing the 

irradiance with a plastic cover.  

  

3.5.3 Further investigations 

For the further investigations, several experiments 

have been performed as was suggested in Figure 51. 

These investigations are more troubleshooting to see 

if we can figure out what is going wrong rather than 

an actual test of something we expect. 

-Blacking out surfaces, by assigning non-

transparent values to some surfaces and not others. 

Vertical and horizontal planes were given a non-

transmissive material and the results are that with no 

vertical surface, there is significantly less irradiance, 

but there still seems to be two peaks present. With no 

Figure 54: Carpet plot 

edge testing morning 

anomaly 

Figure 55: Carpet 

plot edge testing 

afternoon anomaly 
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horizontal surface, there are still two clear peaks but 

also reduced irradiance.  

-By Removing the vertical parts of the box cover. 

With no walls, there are no peaks anymore. This is 

further evidence of a vertical walls effect, rather than 

an effect involving the two edge points for example.  

-Having disconnected walls which do not connect 

to the edges but float in the middle. Maintains two 

peaks but reduces the irradiance slightly. 

-Softening the edges to see if the effects are 

present for a non-90-degree angle. With non-90 

degrees angle of the boxes, a setup with more 

softened wall was tried. It was found that this reduces 

the peaks as well. 

As we can see there seems to be much 

evidence for the walls to be the problem, but it is 

difficult to say exactly what causes this.  

 

 3.5.4 Colour 

As mentioned in the colour section, it is expected that 

altering the colour will also change the irradiance. 

Now if we try the colour suggested by SABIC, 

terracotta, we obtain an irradiance value of about 

50% of that of a transparent cover. The colour grey 

was also tried and gave slightly more irradiance of 

about 65%, which can be seen in Figure 56. These 

two colours have significantly less transparency than 

the clear. This is expected since the transmissivity is 

significantly reduced. If these results are correct, the 

yield with such coloured covers could be reduced by 

a large amount. Trying different colours with the 

glass material was not performed.  

 

Figure 56: Cumulative plot colour results 



 Investigation of the effect of the shape of a plastic cover on the irradiance on Solar PV  

  
  

ELIAS LINDGREN 46 

 

3.6 Solarbeat data 

Figure 57 is a plot of power versus time from the 

setup at SolarBeat with different sections for the 

uncovered and covered. We can see the difference 

between the two green areas is about 15-20 

compared to 30-35 kWh from March April and May of 

2020. This is quite a large reduction, around half as 

much power. This is larger than our simulations 

suggest if we compare the difference in irradiation to 

our uncovered case, if we do not consider the 

anomalies. It is a possibility that simulations are far 

away from the real results and that much more 

complicated material representations and optics is 

required. The reflection losses could be significantly 

larger in real life for example. It was also planned to  

use PV mismatch, a software that could have given us 

yield estimations from using our irradiance patterns, 

but there was insufficient time left for this.   

 

 

 

 

 

 

 

Figure 57: SolarBeat power measurements 



 Investigation of the effect of the shape of a plastic cover on the irradiance on Solar PV  

  
  

ELIAS LINDGREN 47 

 

Chapter 4: Discussion 

We have now finished the results and we will discuss 

some of the things we have come across in further 

detail and simulations in general.  

When doing real experiments with Solar PV 

we risk damaging out solar modules and other 

equipment, should there be a problem with hot spots. 

It is always advised to start with a simulation first. 

Simulations can sometimes be more realistic than 

experiments, as they allow the free configuration of 

environment parameters. This is not the case for us, 

as further research needs to be done to be able to 

correctly select a suitable material and calibrate our 

model. 

Simulations can often be conducted faster 

than real time. This allows using them for efficient 

analyses of many different alternatives, when the 

data to initialize the simulation can be obtained from 

operational data. This is an advantage for us since we 

can have yearly simulations of many different shapes 

in only a few days. Simulations allow setting up a 

coherent virtual environment that allows for 

integration of simulated systems to a virtual test 

environment. This could also be done, by using the 

optical model together with a thermal and insulation 

model by A.L Rouws. 

 

4.1 Materials and model 

In manufacturing Slimfit, the plastic used, and its 

optical properties will have great impact on the yield. 

Likewise, for performing accurate simulations it is 

vital to have the correct material set up to achieve 

good results. In calibrating the trans material we saw 

that how much fluctuations we have between sensor 

points is highly dependent on which values we 

choose for specularity and roughness. Unfortunately, 

it is very difficult to measure these, and they are not 

given in our plastic data. Our research indicated we 

have selected values which are reasonable, but 

without knowing the real values this is a large 

uncertainty in our simulations.  

The two materials exhibit different 

properties when modelled, sometimes displaying 

opposite effects and effects which would have been 

impossible to predict. This is a reason for not having 

used more materials, it is possible they would have 

given us different results as well. The anomalies 

found for the wall effect make the trans material 

results unreliable as well, as it is not known how to 

remove these anomalies and they are present for 

almost all the complex shapes. 

 It is difficult to do any realistic modelling 

when changing materials produce such different 

results and there are not enough parameters known 

to accurately calibrate them or time or resources to 

measure them. A follow-up project would be to 

investigate roughness and specularity further for 

Lexan Exell D, or learn more about advanced 

properties like BSDF information and incorporate 

that into a model.  

More advanced studies of plastics and the 

material science involved in transparent or 

translucent materials is however beyond the scope of 
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this investigation. For us it is sufficient to say that the 

models constructed have been calibrated as good as 

possible given the plastic properties. More 

complicated models could certainly be constructed, 

but it is unclear if the results from such models would 

be much more accurate or different than the results 

we have obtained.  

A solution to some of the problems explained 

above would be to conduct the same simulations 

using other software, perhaps, Radiance, Pyrano or 

COMSOL, but this is another experiment altogether. It 

could even be questioned if it is possible or worth the 

effort to try and make very complicated simulations. 

 

4.2 PV Efficiency factors 

Something we have not included in the model is the 

air that is in between the PV surface and the cover. It 

would have an impact on the temperature, as this air 

gap could be heated up and interact with the other 

layers in the Slimfit structure. This is more related to 

A.L. Rouws’ investigation and is a crucial part of the 

concept to investigate, however it has no direct 

connection to the optical aspects. 

Whether hotspots will form or not from 40 % 

irradiance differences not centred around a small 

area is unknown. Hot spots do not have a limit at 

which they will form, instead as the shading severity 

increases, the risk of hotspots does as well. This must 

however be on a small area, on cell level. If the 

irregular irradiance is over a much larger area, most 

likely current mismatches would be the result 

instead.  

The optical losses found are lower than 

expected, normally specular reflection losses in the 

order of 30 % is expected, as in similar projects like 

Lumiduct. The losses found by adding a transparent 

cover are at most 20%, and it is not clear how much 

of this is reflectance. It is possible when comparing to 

the SolarBeat data that the losses we found are much 

too low to be realistic. 

 

4.3 Further investigations 

This report gives an indication of what the irradiance 

would be from different shaped covers, and it 

provides a framework in which different desirable 

shapes can be measured. It does not however provide 

an easy “model” in which any shape can be inputted, 

and a completely reliable yield prediction will be 

obtained.  

This is also the reason not more complicated 

shapes or realistic shapes like rooftiles or the sand 

dune shape currently on Slimfit has not been tested, 

it is not useful. These would be complicated to 

construct, and in the end we would most likely not get 

accurate values on the irradiation distribution or 

yield estimate because the several problems with the 

model that have been discussed so far. 

To have a more accurate model, several things need 

to be rectified: 
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• Simulations with a material matching the 

optical properties of the plastic 

• Simulations without the anomalies present, 

possibly by using a different software 

• Simulations with accurate representation of 

thickness and colours of cover 

• Comparison of the simulation results to the 

results of a real experiments with a 

manufactured plastic cover and light sensors, 

to validate the simulation results 

As far as we know, there has been no comparable 

investigation into differently shaped plastic covers in 

combination with solar PV. This makes it difficult to 

evaluate if our results are reasonable, but it also 

provides some freedom and possibilities in 

conducting further experiments.  

 

Chapter 5: Conclusion 

& Recommendation 

The main research question was:   

• What is the effect of the shape of a plastic cover 

on the irradiance on a PV surface? 

 

The objectives were: 

• Find the irradiance distribution from 

differently shaped covers 

 

With sub-objectives  

• Find if there are risks for hotspots from these 

distributions 

• Find what effect changing the colour has on 

the irradiance  

We can conclude the following: 

Material type and material parameters had a 

large impact on the irradiance. Calibrating the trans 

materials showed that fluctuations can be amplified 

or reduced by tweaking the material parameters.  

For daily plots, differences between sensor 

points up to 40 % were observed. This could be a 

software effect related to the fluctuations just 

mentioned, or a real-life effect that could create 

current mismatches.  

For yearly plots, we saw that the effect on 

irradiance from having different shapes was small for 

the glass material. We also saw that all the covers 

performed better than the flat scenario and that the 

least irradiance was received by the part of the cover 

closest to the PV surface. It is unknown whether these 

effects would happen in real life or not. For trans 

materials we saw that it did not matter which shape 

was selected for the basic shape as they all performed 

similarly. For complicated shapes however we saw 

some software anomalies related to the wall effects, 

these were not realistic and renders the complex 

material results unreliable. 

The total irradiance values further showed 

that it does not matter which shape is selected, they 

will all receive similar amounts of irradiation. We 

also saw that the total irradiance values for the trans 
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material did not vary much whether it was a basic or 

complex shape, but did vary some with height, with 

10 cm height receiving more irradiance overall.  

The investigation into hot spots showed that 

there is a low risk for hot spots as we are dealing with 

differences in irradiation over many cells rather than 

small shadow on single cells which could cause a 

reverse bias.  It is possible that this uneven irradiance 

could cause a current mismatch, however. 

The optical losses found for reflection are 

lower than one would expect (usually 30%). This 

could point to unrealistic models or other errors in 

setup and calibration. 

Colour was found to have a significant effect 

on the irradiance with changing the colour from clear 

to terracotta and grey reduce irradiance by up to 

50%. However, the implementation of colour into a 

cover was not fully understood and it is uncertain 

whether the colour results are reliable. 

This investigation is meant as a theoretical 

basis to be used in future decision for Slimfit covers. 

It is important to be able to give useful 

recommendations for the shapes and colours, 

however with the anomalies present and 

uncertainties in material properties it is difficult to 

say anything with certainty.  

 

 

 

 

 

Therefore, the recommendations are: 

• Perform realistic testing with light sensors 

• Take measures to avoid current mismatching  

• Further investigate the effect of colours and 

AR coatings for plastic covers 

• No significant difference in irradiation 

between using different shapes were 

observed if we disregard the software 

anomalies 

• Different shapes can be used with low risks of 

hot spots 

• Further investigate the plastic properties for 

future simulations 
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Chapter 7: Appendix 

Figure 58: Glass basic shapes 10 cm tall 

Figure 59: Glass complex shapes 10 cm 
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Figure 60: Trans basic shapes 10 cm 

Figure 61: Trans complex shapes 10 cm 

 

 


