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SUMMARY

This graduation report covers the process and outcome of developing and designing novel photovoltaic (PV) products

for architectural and design applications. The project aimed to find innovative solutions for seamlessly integrating
photovoltaics into architecture and design and thus contribute to sustainable building practices. With a hands-on,
material-driven approach novel PV customization methods were developed and showcased with a demonstrator. Four
concepts were proposed based on PV products made with customization methods that were developed during the project.
One of these concepts was worked out into a working prototype. This demonstrated the aesthetic qualities of a novel PV

coloring technology. The outcome of Solar Style formed the basis of the continued development and commercialization of
PV products.
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Figure 1. The prototype showing the outcomes of the project.
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INTRODUCTION

The project was initiated by IPD graduation student Max van Dijken from an interest in Solar Design
and an entrepreneurial ambition. Two parties were involved to support with expertise, prototyping,
and material provision. These parties were the Photovoltaic Materials and Devices Group (PVMD)
from the TU Delft and Van Dijken Glas Beleving B.V. The PVYMD group is specialized in PV
(manufacturing) technology, material development, modeling, and advanced measurements. Van
Dijken Glas Beleving B.V. is a company that processes flat glass. They have a specialization in custom
work and high-end (interior) design applications.

A hands-on approach was taken, heavily influenced by the methods of “Material Driven Design”
and “Design Driven Material Innovation”. The first part of the report introduces the assignment
and provides the context for the project. Secondly, an analysis is provided, looking at the topic from
technological, historical, architectural, and design engineering perspectives. This is followed by an
overview of ideation and conceptualization where the topics of the analysis phase were embodied
in prototypes, sketches, and concepts. Afterwards, a concept was chosen that was developed into
working prototypes. The results were incorporated into a demonstrator that was designed as a
part of this project. Finally, the solar design concepts were validated on a technical level and a
conceptual/design level.

The outcome of the project includes novel methods for customizing solar panels and a
demonstration setup to showcase examples of solar panels made using these methods. This
resulted in a continuation of the development of said innovations.



Back sheet
The protective layer on the back side
of a solar module

BIPV (Building-Integrated
Photovoltaics)

Integration of solar panels into
building elements while maintaining
architectural aesthetics.

Front Sheet
The protective outer layer on the front
side of a solar module.

Insert (lamination)
Additional layers incorporated in the
lamination stack.

NZEB (Nearly Zero Energy Building)
A building with very high energy
efficiency, where the energy
consumed is nearly balanced by the
energy produced on-site, typically
through renewable sources. Also see
ZEB.

Optical loss

Reduction in the efficiency of a solar
module due to factors like reflection,
scattering, or absorption of light
within the module.

Photovoltaics

The technology that converts
sunlight into electricity using
semiconducting materials. Used
interchangably with “solar”.

Solar cell

The basic unit of a photovoltaic
system that converts sunlight into
electricity.

Solar Design

The process of incorporating solar
energy systems into architectural
and object design to optimize
energy efficiency and harness
renewable solar power.

Solar Efficiency

The ratio of electrical output power
to the amount of solar energy input,
typically expressed as a percentage.

Solar Generations

A categorization of solar
technologies based on technological
advancements and materials,
including first generation, second
generation, and third generation
solar technologies.

Solar module / panel

A collection of interconnected solar
cells, encapsulated to form a single
unit, also known as a solar panel.

Substrate
The underlying material that
supports the solar cells in a module.

Yield

The amount of electricity or energy
produced by a solar system over a
given period, typically measured in
kilowatt-hours (kWh).

ZEB (Zero Energy Building)

A building that produces as much
energy as it consumes on an annual
basis, effectively reaching net-zero
energy consumption.



ASSIGNMENT

“To design new photovoltaic (PV) products for architectural and design
applications that are visually appealing, provide design freedom, and are
functional.” Focus on materialization and finding new and creative ways to
make solar panels an aesthetic material to design with.

Within scope Out of scope

Material compositions
Manufacturing

Design research
Design of PV product
Concept development
Market research

|P strategy




There was no assignment from a company since the project was self-initiated. Positive reactions
from solar panel manufacturers, other designers, and architects on earlier PV-related work in
combination with the experience of working with solar panels resulted in the realization that there
were many more possibilities in the field of integrated PV. This formed the start of my motivation to
develop novel PV design solutions. The idea behind the way the assignment was formulated was to

use my graduation project as a runway to develop PV products that could be taken off as a startup
company.

The objective was to design new PV products for architectural applications that are visually
appealing and functional. The assignment required consideration of material development, PV

product design, concept development, and finding business opportunities to create innovative and
marketable products.

The scope of the project can be described in four main categories:

1. The technical aspect of material composition development.

2. The creative aspect of finding the qualities in said material compositions and translating
them to aesthetic design solutions.

3. IP management to deal with the outcomes of the project in a manner that is suiting for my
entrepreneurial ambitions.

4. A network aspect to map relevant stakeholders and see how my project fits into the
ecosystem of the PV industry.

The priority of the project was in the first two topics. The latter two were taken into account but
were given less attention. Finally, some topics were left out of scope such as PV-related electrical
engineering, facade construction, and architectural facade design to name a few. It should be

realized that these are part of the ecosystem of Building Integrated Photovoltaics (BIPV) and they
are entire fields on their own.
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The origin of this graduation project was the result of various societal During the project, glass and access to manufacturing equipment

and personal developments, experiences, and qualities coming were provided by Van Dijken Glas Beleving. BV. They are a

together. These include the energy transition, the techno-creative small-sized company specializing in high-end glass design projects.

nature of the Integrated Product Design (IPD) track | followed, and

my experience with glass as a main ingredient in design from my The other stakeholders included TU Delft and its Photovoltaics

work at a family-owned glass processing company. Materials and Devices (PVMD) group. This group specializes in the
design and fabrication technology of solar cells and other devices

Before starting the IPD master program | was doing a gap year. based on thin semiconductor films. They helped me with processing

During this time, | had been looking for opportunities in the glass results and prototyping. The group is rather technical. With this

industry for my job at Van Dijken Glas Beleving B.V. My search project, | aimed to introduce a designer’'s perspective on their

led me to solar design. In collaboration with a solar module expertise.

manufacturer, we started developing colored PV modules. Working
on this project was my introduction to the field of PV. Starting my
master, | kept working on PV design on the side. The graduation
project seemed the perfect opportunity to take this work to the next
level.

Max van Dijken

N




M ETH 0 DS Material composition choices

Kickoff

Validation with architects

Technical characterization:
yield measurements

Analysing: PV evolution, technology,
current problems &
customization options

Iterative prototyping:
making samples

Defining project scope

Technical validation:
spectrophotometry and PV module testing

Prototyping PV modules

Prototyping demonstrator

Ideation + concept design
for concept demonstrator

Setting up design criteria
for concept demonstrator

Exploring concept demonstrator design

Delivery
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Since the aim of the project was to design solutions for PV materials, an approach was taken where
materials were central in the design process. Elements were taken from the methods “Design Driven
Material Innovation” (DDMI) (Dell’Era et al,, 2016) and “Material Driven Design” (MDD) (Karana et al,, 2015).
These methods were applied to a “standard” design process called the Double Diamond. The double

diamond design process is a framework for approaching design problems that involve four phases: discover,

define, develop, and deliver.

The starting point of this design project was “PV material”. In other words: materials that have the property
to generate electricity when light reaches their surface. Strictly taken, PV is a property of a composition

of material layers rather than a material itself. But for me as a designer, this is interpreted as a material. A
fitting definition of the word material was “A relatively homogeneous substance that has no definite form
yet” (Tempelman, 2022). This meaning could be different from the definition a material scientist or engineer
might take. Using this definition of material allowed me to treat it as any other material in a design process
and gave me the possibility of applying methods that allow for a more in-depth understanding of the
material's properties and how they can be utilized in a design.
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Design Driven Materials Innovation (DDMI)

In DDMI, a back and forth between material science and product design result in a synergetic
process that accelerates the speed in which new materials can enter the market in the form of new
products and services. Material scientists use input from designers to determine what characteristics
of a new material should be prioritized. Designers receive new materials of which their unique
properties enable the design of innovative solutions.

Material development Product design

Interlayers

Cell technologies

Qo

Desired
properties

77
/ OOK an ee
/// Look and feel

2

Applications

New materials New product & services

o0

Figure 2. A visualization of the Design Driven Material Innovation process.
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In this project, my role resembled that of the designer in a DDMI-like project. A recurring
phenomenon was that during my research a certain material or production process enabled a
design opportunity. The unique properties were translated into samples to study the effects. In the
next iterations | looked for other forms of said material or production process to improve on the
sample. Other elements from DDMI that were used were using substitute/dummy materials to
imitate and communicate a desired look and feel to save time and costs.

Another design method that was applied to this project was Material Driven Design (MDD) (Karana
et al, 2015). It is similar to DDMI because material properties are central in the process and there is a
focus on fast, iterative, hands-on design cycles. The main difference between the two methods is the
more holistic approach in DDMI| whereas MDD is more design focused. My approach was somewhere
in between the two. The elements taken from MDD were the use of a technical characterization,
creating a material taxonomy, setting up a material vision, and translating this into a design concept.

To summarize: the project largely followed the order of a classical design project using the Double
Diamond framework. In this frammework elements from DDMI and MDD were applied to make it
more hands-on and material oriented.

Working with PV cells hands-on and early on in

the process provided a feeling for the material that
would have been impossible to obtain with literature
research only. Experimenting early ensured I had a
minimal bias, which would not have been the case if

prototyping/ideating started after a literature analysis.
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ANALYSIS

This chapter covers the analysis phase of the project. The
aim of this research was to gain insight in the context of
the project from multiple perspectives. These perspectives
included technical, historic, and architectural points of
view. The findings served as the input to set up the main
drivers for the project. The following topics are discussed
on the following pages:

1. PV technology overview
The pros and cons of the available base materials.

2. Evolution of PV integration
Where do we come from? Where are we going?

3. PV and architecture
How does PV fit into architecture and why is PV
adoption so low?

4. Customization options
What can we do to customize PV panels?

5. Product benchmark
What is already available?

16



PV tech overview

The aim of this research was to explore the available base PV technologies and materials for solar
design. On a superficial level, their manufacturing processes were studied as well. The goal was to
identify the opportunities and limitations of each technology and to consider the potential for future
developments.

A combination of desk research and expert interviews was conducted. Desk research included
reviewing reports from institutions such as, Fraunhofer, NREL, and TNO, as well as papers from the
PV and build environment departments of TU Delft. Additionally, commercially available products
and suppliers were evaluated, with their specifications being reviewed. Interviews were conducted
with experts from Kameleon Solar, Solliance, and Biosphere Solar.

The results of the research provided an overview of the most relevant PV technologies, including
their pros and cons. It is displayed on the next pages. Technical facts and information can be found

in Appendix A. This figure contains an additional overview of technical characteristics and suppliers.
Currently, mono-crystalline technology is the most applicable for most BIPV applications. This is

due to the low cost and high energy yield of this technology. However, second and third-generation
technologies are rapidly developing. This may change crystalline technology’'s dominance in the near
future. Perovskite technology and the possibility of combining different technologies into tandems
are particularly promising, which could make solar panels more efficient, customizable, and flexible.

It is important to note that the availability and accessibility of certain PV technologies are often
underreported in reports about PV technologies. While there are many manufacturers that can
make crystalline PV modules, this is not the case for other PV technologies, making crystalline
technology more accessible for design experimentation.

Overall, this research provided valuable insights into the available base PV technologies and
materials for solar design, highlighting the potential for future developments and the importance of
considering accessibility and availability when designing PV material compositions and products.

17



PV tech overview

1st generation

Crystalline Silicon (C-Si)
Largest market share out of all technologies.
Available as glass-glass or glass-backsheet.

Accessible due to many manufacturers.
Lowest module price.

Highest ROI due to relatively high efficiency.
Long life span (>25 years)

Sensitive to heat and partial shading (hot spots).

Low customizability due to wafer structure.

image credit: Jinko Solar

2nd generation (thin film)

Cadmium Telluride (CdTe)

PV layer is directly applied to glass substrate.

Lowest carbon footprint.

Lowest price per watt.

Variable transparencies + color options.
Functions well in low light.

Toxic materials, recycling programs exist.
Lower efficiency compared to C-Si.
Difficult to customize in shape

image credit: Toledo Solar

Amorphous silicon (A-Si)
PV layer is applied between polymer sheets

Flexible and light weight.
Easy to install and remove.
Non-toxic

Functions well in low light.

Short life span (10-25 years) vs. C-Si
Lower efficiency vs. C-Si.

image credit: HyEt Solar
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2nd generation

3rd generation

Perovskite

CIGS
PV layer is applied between polymer sheets

Flexible and light weight.
Easy to install and remove.
High(er)-efficiency thin film
Non-toxic

Short life span (10-25 years)
Lower efficiency compared to C-Si.

image credit: Amazon

Organic
PV layer is applied between polymer sheets

Flexible and lightweight.

Highly customizable in shape and color.
Easy to install and remove.

Performs well in low light.

Low overall efficiency.
Cleanest technology
Shorter life span compared to other techs.

image credit: ASCA, Infinity PV

Perovskite and tandems.
Considered the future of PV.

Abundant and cheap materials.
Potential for high efficiencies.

Flexible and lightweight.

Highly customizable in shape and color.
Easy to install and remove.

Clean technology

Low TRL.
Less scalable due because less mature.
image credit: TNO, Eike Kéhnen/HZB
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Evolution of Photovoltaics

Aptera solar vehicle
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A brief history of PV integration

This section explores a broader perspective on PV technology in
general by displaying its evolution from discovery to the current
state of the industry. Understanding the evolution of PV technology
is important because it provided insight into the logical next

steps in the industry. This knowledge also provided insight into
how science, engineering, design, and societal developments

will continue to influence the evolution of PV technology and its
applications.

An Evolution in Design (Eger & Ehlhardt, 2017) inspired framework
was used to analyze the evolution of PV technology on four levels:
a scientific level, an engineering level, a design level, and a societal
level. Information was found through desk research using reports
(Corti et al,, 2020), (Rode & Crassard, 2007), and books about solar
design (Van Aubel, 2022). The price per Watt and total installed
capacity were found in (Solar (photovoltaic) panel prices, z.d.) and
(Installed solar energy capacity, z.d.) respectively.

The design of standard PV panels has almost stayed the same since
the first one was made in 1854. This was because the design allows
for the most efficient energy yield. However, integration happened
from an early point, which can be seen in the solar gadgets from
the 1960s and the first building-integrated photovoltaic (BIPV)
applications in the 1980s. As the cost of PV technology dropped
and its capacity increased, so did the variety of integration

options. In the last decade, the cost per watt turned low enough

to give in on energy yield efficiency to increase aesthetic value.

PV manufacturing, especially with Si cells, has become more
accessible, making experimentation easier.

As the installed capacity increased so did the public resistance against
them. This included complaints about large fields full of solar panels
(Geurts & Heeringa, 2023). Opposition pleaded for using solar panels
on places where energy is being consumed as opposed to using
agricultural land and transporting it (Hansen, 2021). As a response
projects with smaller, more aesthetically pleasing PV panels have
increased, and manufacturers have started producing panelsin a
variety of sizes, colors, and shapes.

All'in all the evolution in solar design had a significant impact on solar
design, particularly in the area of building-integrated photovoltaics
(BIPV). BIPV systems integrate PV panels into building facades, roofs,
and windows, creating a seamless and aesthetically pleasing design.
The availability of smaller and more flexible PV panels has made it
easier to integrate them into building designs without compromising
on aesthetic appeal. If the other PV technologies make the same
progress as crystalline technology in terms of price reduction and
efficiency increase, more integration opportunities will emerge.

Despite all the criticism of solar panels and the recent developments
in aesthetic solar design, BIPV only accounts for about 2-3% of all

installed solar capacity. The next chapter report on why this is the case.
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PV and architecture

BIPV currently makes up only 2-3% of the total installed PV capacity. Why is adoption in facades so low? And what can we do
about it? This chapter covers the question of why the worlds of solar design and architectural design do not have the desired
synergy that is necessary to make the zero-energy architecture ambition a reality. Firstly, the issue is covered by the current
state of architects’ attitudes towards BIPV. Secondly, facades and aesthetics in architecture are discussed in a more general
manner. The chapter ends with a discussion of how these two topics come together and how solar design can bridge the gap
between PV technology and architectural design.

20
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BIPV currently makes up only 2-3% of the total installed PV capacity.
Why is adoption in facades so low? And what can we do about it?
This chapter covers the question of why the worlds of solar design
and architectural design do not have the desired synergy that is
necessary to make the zero-energy architecture ambition a reality.
Firstly, the issue is covered by the current state of architects’ attitudes
towards BIPV. Secondly, facades and aesthetics in architecture

are discussed in a more general manner. The chapter ends with a
discussion of how these two topics come together and how solar
design can bridge the gap between PV technology and architectural
design.

To gain insight into why BIPV adoption is lacking, two main sources
were consulted: Haghighi et al. (2021) and Prieto et al. (2017). Both of
these papers turned to build environment experts to research their
attitudes towards BIPV and found barriers that need to be overcome
to make BIPV a commercial success.

To analyze the current state of architectural design with a focus

on aesthetics in facades, two architectural views were studied. The
minimalist movement and a contemporary counter-reaction to said
movement.

When Prieto et al. (2017) surveyed architects and engineers about
their perceived barriers to BIPV adoption they responded with the
answers displayed in Figure 3. The key aspects to overcome are
noted below. It shows that “performance” seems to be the most
important issue based on the total amount of mentions. However,
“aesthetics” comes second and was mentioned first by most
participants. Remarks about the aesthetics of current products
regarded the lack of customization in design and promoting

a variety of terms shape, colors, size, texture, and transparency.
“Technical complexity” and “durability” followed and were about the
need for “plug and play"” systems and the issue of taking care of the
panels respectively. The latter is described as a “knowledge gap” by
the author. Finally, the issue of availability was addressed. Here the
participants complained about a lack of products to choose from in
the market.

Haghighi et al. largely agreed with the results described by Prieto

et. al. However, in this paper, the context of architects applying BIPV
to their design process was taken into consideration. Their findings
suggest that there was a direct link between the moment when PV
was introduced to the design process, the type of PV product, and

the surface used for the application of PV. Introducing PV late into

the design process often makes it difficult to blend it as a part of

the architecture. Another interesting finding from this paper was a
division in vision on PV in architecture. There seemed to be two main
attitudes regarding integration. The first is that PV materials should be
displayed in full vision. The other is that PV materials should be hidden
and seamlessly blend in with the building.

Whatever the building style, integration is about being a part of the
concept of a building. Modern architecture is often characterized by its
minimalistic appearance. Going even as far as associating the use of
ornament with crime (Loos, 1997). As a result, modernist buildings were
often composed of pure forms and were justified by their economic
practicality and utilitarian qualities. There is a counter-movement

on the rise though. Among them is architecture professor Nikos
Salingaros. He suggests that details and ornamentation in
architectural design play an important role in establishing a human
connection to geometric structures such as buildings. Our brains are
naturally wired to quickly identify patterns and areas of high contrast,
and an appropriate level of ornamentation can help to stimulate the
brain. Instead of making everything smooth and blank, we should
strive for “ordered complexity” (Complexity & Order | rootedinnature,
z.d.). Therefore, incorporating ornamentation in architectural design
can not only enhance the aesthetic appeal of buildings but also
contribute to the overall wellbeing of individuals interacting with the
built environment.

The current challenge to increase BIPV adoption mainly comprises of
improving aesthetics while minimizing performance loss and aiding
architects in the design process. | am of the belief that this can go
hand in hand with the return of ornament in architecture since PV
material has the ability to make ornaments functional additions to a
building rather than a “mere” decorative element which ornaments
are currently criticized for.
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PV customization options
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Figure 4: Material taxonomy
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The customization of BIPV materials is a crucial aspect of solar
design. As mentioned in the methods section of this report, solar
cells were interpreted as a material. They are the base ingredient and
this material taxonomy provides an overview of the processes and
steps that can be undertaken to tailor PV products to the vision of an
architect or a designer.

The material taxonomy was developed through a combination of
literature reviews, interviews and experiencing the process of making
solar modules. Sources included commercial BIPV manufacturer's
websites (Kameleon Solar | Home, 2023.), and webinars on PV
customization (Mass Customization Archives - Solliance, z.d.).
Interviews with manufacturers of BIPV products (Reddy, 2022). The
taxonomy was developed by classifying PV materials according to
their shape, substrate types, coloring methods, and ways to integrate
PV materials into buildings.

No specific PV technology was chosen as the base for the taxonomy.
Most options are applicable to all PV technologies. There are some
exceptions though so one will always need to check whether it
makes sense to use a certain operation with the base technology of
choice.

Coloring:

The main three coloring methods are interference coatings,
laminated inserts, and ceramic prints. Interference coatings provide
a uniform color by selectively reflecting one wavelength of color
(Lizcano et al,, 2021). Laminated inserts are colored films, laminated
in the PV panel stack. These can be used for opague or transparent
applications (Onyx Solar, z.d.). Lastly, there are dot prints. Here a
dotted pattern is applied to a sheet of glass to color a PV module
(Kameleon Solar | Home, 2023). Depending on the desired effect
and the nature of the process, color can be applied behind the front
sheet or on top of the front sheet to reduce glare.

Substrates:

There are several possibilities when it comes to substrate types,
including glass, plastic, and composites. Glass is a common choice
due to its high transparency, durability, and weather resistance. Plastic
substrates are tough and lightweight, making them ideal for use in
BIPV and BAPV applications. If the base technology allows it plastic
substrates can also be used to make flexible solar panels. Composite
substrates are lightweight, flexible, and can bbe molded into different
shapes, making them suitable for curved or irregular surfaces.

Integration:

The appearance of a building can be enhanced by various ways of
integrating BIPV products into it. One of the most common ways is to
use PV panels as a building envelope. A frequently used method is the
use of solar shingles. Another approach is to use solar roofing, which
either replaces traditional roof tiles or provides shading while allowing
for natural light to pass through. Lastly, there are the other more
experimental forms of integration such as solar windows (Home -
Ubiquitous Energy, 2023) and solar-wind combinations (Hernieuwbare
Energieoplossing PowerNEST - IBIS Power, z.d.).

Shape:

A standard, mass-produced shape of a solar panel is a rectangle of
about 1x1.em. For BIPV applications custom sizes are often desired.
Basically, any shape can be made as the base unit of your technology
of choice can fit into the panel. This is not always the most practical
approach and often filler panels are used that are not PV active.

The material taxonomy provides a framework for designing
customized BIPV products by showing the selection of shapes,
substrate types, coloring methods, and integration approaches.

For each process, it is important to check whether it is compatible
with other desired options. Considering these complex underlying
conditions it is wise to start with either the architect's/designers’ vision
or with another important criterion such as the PV technology that will
be used and work from there.
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Benchmark

Interference coatings (Si)
Image: Kromatix

Laminated color films
Image: Solaxess

Ceramic prints
Image: Kameleon Solar

design freedom

Figure 5: Benchmark map

CdTe with colored PVB
Image: PV Magazine

Arﬁorhoﬁs silicio
Image: Onyx Solar

efficiency

n skylight

Laminated print films
Image: Team Harmony

OPV film
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A product benchmark was performed to find products with
commercial and technical success. The aim of this section was to
find patterns in what makes a successful BIPV product and to draw
inspiration from what is already on the market. It also served as an
overview to compare the outcomes of this project.

The benchmarking was conducted by selecting seven BIPV design
products that are representative of the current market. The selected
products were:

1. Interference coatings: Kromatix colors are produced by
manipulating light waves that interfere with each other, resulting in
vibrant colors. Kromatix provides a relatively low design freedom for
the only customizable factor is the color. The decrease in PV efficiency
is minimal though, as the coating only reduces the efficiency by
about 2-4%.

2. Colored films: Solaxess provides a range of colored films that

can be applied to solar modules. The films are laminated on top of
the cells, providing a degree of design freedom, as the material of
substrate can be chosen by the designer. However, the decrease in
PV efficiency is higher than interference coatings, as the films reduce
the efficiency by up to 10%.

3. Amorphous silicon skylight (Onyx Solar): Onyx Solar offers an
amorphous silicon skylight that can be customized in terms of size
and shape, color, and grade of transparency. This provides a high
degree of design. The decrease in PV efficiency is moderate because
of the nature of A-Si technology.

4. Semi-transparent CdTe modules offer a medium because the
transparency degree can be customized. However, it is more difficult
to customize the shape. The low amount of suppliers also makes the
threshold rather high for experimentation. Monochrome interlayers
can be added though to customize the color of the modules.

5. Ceramic printed modules (Kameleon Solar): Kameleon Solar offers
a range of ceramic printed modules that can display any graphic. The
modules provide a high degree of design freedom, as they can be
printed in a range of colors and patterns. However, the decrease in PV

efficiency is significant, as the printing process reduces the efficiency
from 20% up to 40% depending on the coverage rate of the print.

6. Laminated graphic films: Powergraphic offers a range of laminated
graphic films that can be customized according to the building’s
architecture. The films provide a high degree of design freedom, as
they can be printed with high-resolution images and highly vibrant
colors. However, the decrease in PV efficiency is high, as this process
reduces the efficiency by about 40 to 50%.

7. Organic PV film: ASCA offers an organic PV film that can be
applied to a range of surfaces. The film provides a high degree of
design freedom, as it can be customized according to the building'’s
architecture. However, the efficiency is rather low compared to other
products.

The criteria to rate the design freedom included the nature of coloring
technigues, whether a product could be combined with different
types of substrates, freedom in shape and size flexibility in curvature,
and other characteristics specific to a certain product. The efficiency of
the products was found in spec sheets or online.

The first thing that the benchmark showed was that the amount of
design freedom negatively relates to the efficiency of a product for
commercially available products. Even products having a reduction
in efficiency of up to 50% have a right to exist as long as they offer
aesthetic value, design freedom, or another key advantage. The
success of a BIPV product seems to depend on striking a balance
between design freedom and PV efficiency.
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Analysis - discussion

This analysis provided a wide range of insights about the important topics in solar design on a
technical, design, architectural, and historical/societal level. By simultaneously analyzing the theoretical
aspects of solar design and working hands-on and iteratively on prototypes both a practical feeling and
a theoretical expertise on PV materials was gained.

The low adoption of BIPV products in architecture has several reasons. Firstly, BIPV is still a relatively
new technology, and the market is still developing. Secondly, BIPV systems are often more expensive
than traditional rooftop solar systems, which can be a barrier for many building owners and developers.
However, as seen in the historic analysis, improving technology in combination with stimulating
policies and regulations could change rather quickly.

Moreover, there may also be a lack of awareness among architects and designers about the benefits of
BIPV (Prieto et al., 2017), such as energy savings and aesthetic potential, which is there as seen by the
various ways PV materials can be customized on a cell, module, and integration level.

With the increasing focus on sustainable building practices, the need to reduce carbon emissions,
increasing energy prices, and political incentives to become more energy-independent, BIPV is
expected to grow in popularity in the coming years. The challenge in designing a successful product
lies in striking a balance between design freedom, aesthetic effect, and maximizing yield efficiency.
More design freedom often means less module efficiency. However, less design freedom does not
necessarily mean less aesthetic value. Making clever use of the available customization technologies
can combine efficiency with a highly aesthetic look and feel.
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Material vision

There are currently two options when BIPV is used in architecture. The first option is that PV panels
are added later in on in the design process. It is then difficult to integrate as part of the architectural
concept and budget wise there will be problems. It will most likely look like an add-on than a seamless
part of the building. The second option is that the architect knows BIPV will be part of the concept and
they can take it into account from the start. The options are fairly limited though and the threshold to
use the products seems rather high.

| envision a future where architects choosing PV materials in their designs is the rule rather than the
exception. A wide range of products will be available with unigque and distinct looks and feels. BIPV
products should be aesthetic and desired materials for their appearance in the first place and their
ability to generate electricity should almost be taken for granted. | draw inspiration from the way
exclusive car brands present the electrification of their vehicles. First and foremost they offer a car that
provides the same luxurious feel as their customers love them for. Secondly, it is electric so it is cleaner,
pulls up fast, and is more sustainable. The fact that it is a little less economical is of nobody's concern.

For this vision to become reality there is still a lot that needs to happen. The range of available products
will greatly need to increase, the threshold for working with PV materials should lower and regulations
and policies will need to continue to be implemented. | believe the first step in this transition is to show
the beauty and diversity that can be achieved with PV materials as the basis.
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MAIN DRIVERS

Main Drivers for material design:

Aesthetics and design: the outcome of the project should provide a high amount of design freedom for
architects and designers to let them create aesthetic buildings and objects.

Performance needs to be maximized and rival or outperform current comparable commercially available
solutions.

A Technology readiness level of 4 should be achieved: lab-scale working prototypes are the goal.

The material developments should be Future proof by taking emerging PV technologies and design
opportunities into account.

The material concepts should be Integratable. Meaning the outcomes can be a seamless part of
architectural and/or design concepts.

Main Drivers for material design:

The demonstrator should communicate the broad range of possibilities of solar design.
Display the aesthetic value of the prototypes and catch the attention of people that pass by.
It needs to show the PV functionalities of the panels without the need for signs saying “I am a solar panel”.

It should also be easily rearranged and adjustable to different settings.
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Ideation

This chapter covers the ideation phase of the project. It was conducted partly before and partly simultaneously
with the analysis phase. If there was no deadline on this project it would have continued to this day.

The process of ideation consisted of an alternation between exploring the aesthetic and technical characteristics
of light transmissive materials, implementing information from the analysis phase in prototypes and pre-concept
ideas, and getting inspiration from architecture and design examples.

Aesthetic qualities were explored firstly on a material look and feel basis. Coloring possibilities, surface structures,
and various treatments of different materials such as glass, plastics, and wood were explored. Often various
iterations were needed to get to the desired effect. Most PV materials are black because that absorbs the highest
amount of light. Therefore, solutions needed to be applied to a black background. This was easily replicated using
black paper, black spray paint, or other black materials that were easily accessible.

Each layer that was put in front of PV cells reduced the yield to a certain amount. To get an idea of the power
vield, technical specifications from suppliers were used. If this was not available, the materials were placed above
a functioning PV cell illuminated by a solar simulator. The IV curves were measured. From this, an estimation of
power reduction was estimated. The measurement results and calculations can be found in the Appendix B.

Other technical properties besides light transmission of additional layers were used as input for ideation as well.
The characteristics on a cell technology level were taken into account. Some PV technologies offer characteristics
such as flexibility or lightweight. This offered interesting opportunities on multiple levels such as the ability
adapt to the shape of different substrates. Another example was the transparency of PV cell technology. This
characteristic was used as a starting point and from experience with coloring and structuring glass, interesting
customizations could be made.

Figure 6:

This image shows a PERC silicon (Si) cell. This is one of the various
types of Si cells. For most PV design applications this will be the
main ingredient. It is up to the designer to either show or hide

this key component. In the case of the former, the challenge lies in
creatively making use of its basic appearance. In the case of the latter,
there is a trade-off between energy efficiency and aesthetics. A good
understanding of the reflection and transmission of the layers in front
of the cell is essential in the design of the composition.
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Technical characterization

Dichroic structures
155 Wp/m?
technology: C-Si
Glass - glass
Opague

Colors: 8 base colors

N

Figure 7A:
Technical characterization part 1

Other options: structured glass

Stained solar glass
56 Wp/m?
technology: CdTe
Glass - glass
Translucent
Digital print
Structured glass

Color flex

60 Wp/m?2
Technology: CIGS
Plastic laminate
Opagque

Digital print

Solar fades

172 Wp/m? (no power loss in active area)
technology: C-Si

Glass - glass

Opaque to transparent

Black
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Technical characterization

Solar mirror

125 Wp/m?

technology: C-Si

Glass - glass

Opague

Digtial print

Other options: structured glass

N

E F

/

Ceramic solar
146 Wp/m?
technology: C-Si
Glass - glass
Opaqgue

Base colors

Figure 7B: Other options: structures
Technical characterization part 2

Solar wood

107 Wp/m?
technology: C-Si
Wood - glass
Opagque

Light wood

N

Solar channels

25 Wp/m?2
technology: thin film
GClass

translucent
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Ideas were also taken from manufacturing methods that were both researched in the analysis phase
and experienced by making samples. For instance, the method for applying a coating greatly affected
the types of substrates it could be applied on. This offered surface finishes that impacted the look

and feel of a prototype and whether glare would be an issue or not, to name an example. Producing
many samples also resulted in a cross-pollination of ideas. An example was the idea to use the coloring
technology of sample E with a flexible substrate so it could be applied to sample C which was colored

using another method. An illustration of the ideation approach can be found in on the following pages.

Inspiration was found in architectural solutions and design items that are currently being applied. An
example was the facade of the Depot Booijmans van Beuningen. It contains mirrors that fade from
reflective to transparent. This raised the question of how solar panels could be made such that they
fade from opaque PV materials to transparent windows.

The ideation phase resulted in 8 final samples with a total of 17 variations of the main principles.
Estimations of power yield of the most promissing samples were made from the technical
characterization. The samples served as input for the concept phase following this chapter.

Overall the ideation phase provided the basis from which the concept phase took off. Furthermore, the
experience of handling the material provided a feeling for PV materials in general.
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the tangible input for the concept phase.
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This chapter covers the conceptualization phase of the project. The results of the ideation phase were
used as input for the concepts described on the next pages. A total of four concepts were explored
and a selection was chosen to further develop into a prototype. The four concepts all have different
underlying technologies on either a cell level, a coloring level, a substrate level, or a combination
thereof The visualizations display one of the possibilities with the specific underlying technology
that was applied. The concepts functioned as examples of the unique opportunities that were made
possible by the different technologies. The goal was mainly to communicate the possibilities to
potential clients to gain insights into their attitudes towards the matter.

What follows is a presentation of each concept including an architectural visualization, a summary of
the key characteristics in terms of design possibilities, and an estimation of the power yield in Watt

peak per m? The yearly energy yield estimation was calculated using a method by (Broersma, 2023).
Calculations can be found in Appendix C.

Based on the feedback of architects and designers in combination with an evaluation of the main
drivers, one concept was chosen to further develop into a functioning prototype.
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Module type:
Colour options:

Other options:

Power:
Yield:

Ceramic solar

Glass-glass with custom coating
Base colours

Custom front structure

146 Wp/m?2
120 kWh/year*m?2

“Ceramic Solar” technology provides a unique aesthetic with a texture
and appearance similar to ceramic sheet materials. The technology
offers a range of base colors to choose from, with darker colors
resulting in higher module efficiencies. Standard shapes are available,
but custom dimensions can also be accommodated. Additionally,
various surface structures are available to further enhance the visual
appeal of the modules.

Yearly energy yield estimation per m? of a facade per orientation:

60 kWh / year - m?

103 kWh / year- m? 103 kWh / year m?

120 kWh / year - m?
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Image credit:
La Defense Offices
UNStudio

Dichroic structures

Module type: glass-glass
Colour options: base colours
Other options: custom front structures

Power: 155 Wp/m2
Yield: 128 kWh/year*m?2

“Dichroic structures” are PV modules that offer a captivating visual
effect. By combining structured glass with this module, you can
achieve an iridescent look that changes color depending on the angle
it is viewed from. One can choose from eight different base colors to
suit the vision of the designer. Dichroic structures can add a bold look
to the facade of a building.

Yearly energy yield estimation per m? of a facade per orientation:

64 kWh / year - m?

109 kWh / year- m?

109 kWh / year m?

128 kWh / year - m?
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Solar mirror

Module type:
Colour options:
Other options:

Power:
Yield:

Glass-Glass
Digital print upon base color
Custom front structure

125 Wp/m2
103 kWh/year*m?2 (south facing)

“Solar Mirror” consists of PV modules that have the appearance of

a colored mirror. On this mirror colors can be applied using digital
printing-like technology, offering a high degree of graphic freedom.
Depending on the color density, the modules work more or less
efficiently. The structure of the front of the module can be customized
with different structures to create unique effects.

Yearly energy yield estimation per m? of a facade per orientation:
51 kWh / year - m?

88 kWh / year- m? 88 kWh / year m?

103 kWh / year - m?
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Module type:
Colour options:
Other options:

Power:
Yield:

Solar channels

Channel glass integrated
Base colours or digital print
Adjustable transparency

50 Wp/m?2 (40% transparent)
41 kWh/year*m?2

“Solar Channels” is the solarfication of an iconic architectural material.
Channel glass is often applied when natural light is desired without

a completely transparent look. The density of the PV layer can be
selected from a range of 10% to 80% transparency. Advantages include
a relatively low investment and an easy replacement of the PV layer at
the end of its life.

Yearly energy yield estimation per m? of a facade per orientation:

21 kWh /year - m?

35 kWh / year- m? 35 kWh / year m?

41 kWh / year - m?
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Material concept choice

The concept choice was divided into two parts. Firstly, the choice of which material composition
to develop further into a working prototype. Secondly, a concept to present the developments
of this project was chosen.

The main drivers served as the criteria in a Harris Profile. The score assigned for each main driver
is explained on the following page.

Ceramic solar Solar channels Dichroic structures Solar mirror
Aesthetics & design + - + +
Performance ++ - 4+ +
Technology readiness ++ - + +
Future proof + ++ + 4+
Integratable ++ 4 + et
score 8 4 o 8

Figure 10: Harris profile of the material concepts.
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Aesthetics & design

The score for aesthetics and design was assessed by a combination
of my own aesthetic preference, the amount of design freedom |

see in the customization options, and the input from architects and
designers from interviews. To read more about the interviews, see the
chapter |, architect & designer validation.

Ceramic Solar looks like a clean ceramic sheet material. It provides a
moderate level of design freedom because a selection of colors and
surface structures can be chosen. Although most architects indicated
they were most likely to work with this concept, they did not mention
it as the most aesthetic one.

Solar channels are a “solarfied” take on a conventional architectural
material. It is not a remarkable material but a popular one
nonetheless. This option is more about functionality and blending in
rather than standing out.

Dichroic structures provide a unique and bold effect. Design freedom
is moderate because base colors can be chosen and the structure can
be picked. However, there is always an iridescent effect that makes

it a less versatile option. This was also mentioned by the architects:
something that you would use one time otherwise it becomes too
much.

Solar Mirror was rated the highest in aesthetics and design because
it was mentioned as the most aesthetic sample in all interviews. It
provides a high amount of design freedom since graphic design can
be applied and glass structures can be chosen.

Performance*

Ceramic solar and Dichroic structures score the highest on
performance with an estimated 155 Wp/m2 and 146 Wp/m2
respectively. Solar mirror comes in second with an estimated yield of
127 Wp/m?2. Solar channels score the lowest with 25 Wp/m2. However,
it should be taken into account that natural light still passes through
and the channels provide building insulation as well.

* Performance was estimated by comparison to a reference mono-si PV module under standard
testing conditions (STC).

Technology readiness

Ceramic solar scores highest on technology readiness because it

is a drop-in replacement for a currently used technology. Dichroic
structures and Solar mirrors score lower because the coloring
technologies are both available in a small size and need to be
upscaled. Solar channels score the lowest because they rely on thin
film technology that is still in the testing phase and is difficult to
obtain commercially.

Future proof

Second and third-generation technologies are expected to be the
future of PV. Therefore the concepts should be compatible with these
technologies. A key characteristic of these technologies is flexibility.
Because solar mirror technology is compatible with flexibility, it

was given the highest score. Solar channels score high as well
because they provide the needed protection against the elements
for third-generation technology without the need for lamination
between glass sheets.

Integratable

Integratable was defined as how well the material can be used as a
part of an architectural concept (see main drivers). Ceramic solar and
Solar channels score high because they already have the appearance
of conventional architectural materials. Solar mirrors score high
because of their versatility. Dichroic structures score lower because of
their distinctive nature which is more difficult to widely apply.

The decision was made to further develop the Solar Mirror concept
into a working prototype. Although it scores tied with Ceramic Solar,
the aesthetic qualities are unique and provide more opportunities
to create distinctive designs. Prototypes of the other concepts

will be included in the demonstrator as well to communicate the
possibilities.
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Solar satallites

Demonstrator concepts & choice A playful take on satellites

Display board

A portable board that can
be configured with various
samples. It communicates
its power-generating
function with analog
meters connected to the PV
prototypes.

that make use of solar power.
Instead of the black PV
modules that are normally
used, the prototypes would be
used. The construction would
resemble a space satellite and
also function as storage for
other samples.

TNFo
"D‘IZS‘PLA\(
&

ARcUTIVIS

Seampla

Electromcs
( Seled eras

b-.bbua, A )

Spees A-\p\-a,

Sf-ﬁ'\p b s kna\

Glass cart

A conventional glass cart used in factories is
converted to a prototype display.

A monitor is attached to a handle to provide
information.
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Communicate the broad range of possibilities of solar design.
The display board scores the highest because it was the most versatile option. It makes it easy to
show prototypes of different dimensions. It is also possible to backlight transparent prototypes.

Show aesthetic value and catch attention.

Again, the display board wins because it displays the prototypes vertically and at eye level. Although
the satellite prototype itself is more playful and unique, the display would be more suitable for
displaying prototypes because it does not move the attention to the display medium.

Show the functional properties.
All demonstrators would showcase the functional aspect of solar panels by means of power or volt
meters in combination with practical use for the harnessed energy.

Easily rearranged/adjustable

Because of the reconfigurable nature of the display board, this concept was most suitable. Material
combinations can also be easily evaluated. Other benefits include the fact that objects besides
panels can be attached to them as well rather easily.

The display board was chosen to demonstrate the PV material prototypes. It did need some changes
though to take it to the next level. These are elaborated on in the next chapter.
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EMBODIMENT

Solar Mirror demonstrator with
structured glass & abstract image

Stained Solar Glass

i

Channel glass integrated PV.

Structured glass samples to show
possibilities

PV management board to display
PV activity

Poster with information

Solar Mirror demonstrator with
clear glass & print

Ceramic Solar sample
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Demonstrator design

The display board consists of a tempered glass sheet with slots that can be used to attach PV panels
and other objects. The glass sheet is supported by two stainless steel legs on wheels to make it
mobile. The slots afford reconfigurability: objects of different sizes can be positioned both vertically
and horizontally. This offers flexibility to showcase various prototypes.

Four types of PV products were displayed on the demonstrator, the most prominent being the

two Solar Mirror prototypes. These were produced as working prototypes. One is made using a
custom graphic in combination with structured glass. The other one is made with “regular” low iron
glass in combination with a crop from a high-resolution image of the sun made by the European
Space Agency (The Sun in high resolution, z.d.). The PV functionality of the working prototypes was
communicated by hooking them up to a PV power management board and attaching that to a
mini fridge containing a beer can. A voltmeter was added as well as an extra means to show electric
properties.

The other prototypes are non-working but for display impressions only. They include a small Ceramic
Solar, a Solar Channel, and a semi-transparent Stained Solar Glass sample.

To quickly and easily show the visual effect of using different types of front glass, a container with
various sorts of structured glass was added as well.

Finally, a poster board was included to show additional visuals, process photos or other relevant
information.
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PV module design

The working Solar Mirrors were made using Interdigitated Back Contact (IBC) cells. These
cells are highly efficient, with an average efficiency of 27% of the sunlight being converted to
electricity. Another advantage is the black appearance of the cells. This enabled the panels to
have a homogeneously black background to build color upon. Each panel contained 12 cells in
total (three times a string of four cells).

The PV modules served to demonstrate the appearance of the coloring technology and to
validate the effect on the power loss. Therefore the decision was made to use a plastic back
sheet rather than a glass back sheet. This required fewer materials and it simplified the
lamination process.

Low iron front glass

Solar Mirror layer

A

g

IBC cells

Black backsheet

Junction box

Figure 11, Exploded view of Solar Mirror prototypes.



Before making the panels, the coloring technology needed to be validated. This was done by
performing transmission measurements with a spectrophotometer. With the measurements as
input, a model was used to predict the loss in power output. The power loss varied with different
colors and averaged around 25%. More about this can be found in the chapter “Technical validation”.

The other prototypes that were displayed on the demonstrator setup were the Solar Channels,

a Stained Solar Glass, and a Ceramic Solar prototype. All these were dummy prototypes and had

no functioning PV elements. They did imitate the look and feel of the potential product though,

and yield estimations could be made with information from suppliers. The PV layer in the Solar
Channels was imitated by adding a printed film on the backside of the front glass. The Stained Solar
Glass sample was made using an actual CdTe glass sample and laminating it with a custom-colored
insert. Finally, the Ceramic Solar dummy was made by applying a metallic coating on the structured
glass that was laminated against a black-coated back glass.

Figure 12, the IBC cells used in the Solar Mirrors.
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ESA sun image.

Flgure 14 A mini frldge powered by the
prototypes via a solar controller. A Volt meter
shows the functionallity of the modules.
Behind the fridge is a container with
structured glass samples.

P M SR

Flgure 17, Close up photo Stalned Solar prototype

Figufe 15, Close up photo of the Solar Mirror with the Figure 16, Close up photo of the

Solar Channel prototype.

Figure 18, Close up photo of the fluted Solar Mirror prototype.
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Design concept validation

Figure 19, Interview with a designer

To validate the desirability of the material design
concepts, four architects and one designer were
interviewed.

The aims of the interviews were to get an overall
picture of the way the architects and designers
work and how their decisions processes go. | also
wanted to understand their attitudes towards
BIPV and solar panels in general. And of course,
get to know their opinions about the prototypes
and design concepts.

Three of the architects had specific
specializations: designing schools, libraries,

or private homes. One architect was more all
allround. The designer worked in high-end
sculptures and interior objects and was moving
towards designing public installations.

The interviews were semi-structured. Firstly,

their general approaches to sustainable design
were asked about, followed by questions about
how material decisions were made. Then the
interview moved toward the use of solar panels
and the participants’ attitudes toward the options
that are currently available. Finally, the samples
were revealed along with conceptual visuals

of the materials integrated into buildings. The
participants were asked to evaluate the materials
and concepts and to think out loud while doing
SO.

More information about the setup of the
interviews can be found in Appendix I.
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Two architects mentioned they were already actively trying to
comply with “Zero Energy Building" (ZEB) requirements rather

than the currently obliged “Near Zero Energy Building (NZEB)".

The reason for this was to make buildings more future-proof since

at some point in time they had to comply with these regulations
anyway. All architects mentioned that complying with NZEB was

no particularly big challenge. The requirements could be met by
designing well-insulated buildings, being clever with light irradiation,
and adding solar panels on rooftops. However, ZEB building was only
possible when there was space on the roof available to place enough
solar panels to provide for the energy consumption of the building.
When asked about working with PV, three architects indicated

that they were of the opinion that they were ugly but necessary.

One architect mentioned that the appearance of PV panels did not
matter: “we need them and people will get used to how they look.”
He did acknowledge that PV panels could cause discrepancies in the
appearance of (old) buildings. All architects had not considered BIPV
solutions yet because there was no urgency in doing so to comply
with regulations. Therefore they were unfamiliar with the solution
that is currently available.

When introduced to the samyples and concept visualizations the
main reaction was surprise that PV panels could look like that. It was
interesting to see the skepticism of applying PV panels to facades
shift towards enthusiasm for the materials. This was characterized
by one of the architects saying: “It is an added value because now
you are working with a material and not with a solar panel”. The
most popular samples were that Solar Mirror with fluted glass and
Ceramic Solar which were associated with ornaments.

Ceramic solar: All participants immediately mentioned a
resemblance to ceramics, despite not having seen the name yet.
One architect mentioned that you could play with the orientation of
the structure for a nice effect. Another architect mentioned that it
could be a suitable application for any facade that would otherwise
use tiles.

Solar mirror (fluted): All architects mentioned the high-end
appearance of the sample. The high-end feeling came from its play

on light and the depth caused by the structures and the colored
reflections. Possible applications were suggested for large-scale utility
buildings such as offices or banks on one side, another association was
expensive apartments in Milan.

Dichroic structures were perceived as more niche, something you
would only use once or twice. Some architects did not find it suited for
European buildings but associated it with “Emirate style”.

The solar channels received less attention, probably because none of
the architects had used them in exterior applications before.

Financial issues were mentioned by all architects but not by the
designer. Three architects mentioned that they expected the solutions
would cause budget issues. Even though the investments would
eventually pay back. The other architect did not see the problem for
the budget end and expected early adopters would pay the price.

Other remarks were made about how the panels would be integrated.
The desire for “blind fixation” was mentioned as well as the need to
make facades feel solid rather than “panels slapped onto a wall”.

All'in all the architects and designers were positive about the
appearance and expected energy yield of the solutions. Two even
showed interest in applying the products in projects. Furthermore
were interesting points of concern raised to take into account in
further development.
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Technical validation

Figure 21, electroluminicence (EL) phototgraphy of module 1.

0

Figure 22, IV curve measurement with a sun simulato nts outside
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A technical validation was performed to test the feasibility of the
proposed coloring technology and module design. The first test
was done before making the modules and consisted of using
transmission measurements to estimate the loss of power. After
promising results, two modules were made using said color filters.
Two reference panels without color filters were also fabricated

to compare the results. To measure the power output, IV curves
were measured under a sun simulator. Additionally, temperature
measurements were done to see the effect of the coloring
technology on the temperature of the modules (cell efficiency
decreases with higher temperatures).

A total of four modules were made:

module 1: with color filters and with low iron glass front.
module 2: without color filters and with low iron glass front.
module 3: with color filters and with fluted glass front.
module 4: without color filters and with a fluted glass front.

The modules without color filters served as references to compare
the effect of the color filters.

Transmission measurements and power loss model
Transmission measurements were conducted using a Lambda 1050
spectrophotometer to determine the transmission percentage

of wavelengths from 300 to 1200 nm for cyan, magenta, yellow,

and black filters. The relative power loss was estimated using the
solar cell's external quantum efficiency (EQE), the AM1.5g Photon
spectrum, and the transmittance measurements. To provide a
reference for comparison, the transmission percentage of extra clear
(low iron) glass was also measured using the same method. The
outcomes of the color filters were compared to the transmission of
the extra clear glass since nearly all PV modules are built with glass
front sheets.

The relative power loss varied depending on the color filter used,
ranging from 24% to 31%. The black filter resulted in the highest
power loss of 49%. More information about this experiment can be
found in Appendix D.

Electrolumenecense (EL) photography

Solar cells work in reverse as well, when applying a current to them,
they emit light in the infrared (IR) spectrum. By capturing this light
with an IR-sensitive camera, defects in the cells can be found. No
defects were found in the modules 1and 2. Some defects were
found in module 3 and many in module 4 as a result of errors in the
lamination process. Therefore there was no use in Mmeasuring its

IV curve under STC to estimate the power loss. The images can be
found in Appendix E.

IV curve measurement

The IV (current-voltage) curve of modules 1-3 was measured. It
showed how the current output changed with varying sunlight
intensity, revealing that as sunlight increases, the module produces
more current but at a lower voltage. This curve helped determine
the module's maximum power point (MPP). The IV measurements
showed that the colored module generated about 80% of the power
of the reference module without color. The fluted module without
color delivered around 95% of the power of the reference module.
Read more about this experiment in Appendix F

Temperature measurement

The modules were equipped with thermocouples and the
temperatures were logged until they reached a stable level. No
significant differences between colored and non-colored modules
were found. Extra information about the setup can be found in
Appendix G. The results mean that the coloring technology has no
negative effect on module efficiency that could be caused by light
absorption and that optical loss is the sole cause of power loss.

From the technical validation can be concluded that the coloring
technology and the combination with structured glass front sheets
are valid methods to customize PV modules. Furthermore, the
technical validation provided a learning experience about the key
metrics to assess a PV module's performance and quality. It should
be noted though that more extensive testing with larger modules
and more colors is necessary to be more certain about the results.
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Validation evaluation

In this section the results of the project are evaluated. The main drivers, Integratable
as setup after the analysis phase were used to test the outcomes of the Since the prototypes resemble conventional architectural materials

designs. Also, desirability, viability and feasibility were evaluated. while offering something new and versatile the outcomes can be
considered integratable. However, there remains a challenge in

Aesthetics and design: incorporating the modules in the facade seamlessly because of the

The different modules integrated in the demonstrator provide need for fitting panels and blind fixation.

architects and designers with various product options and

customization options within the different products. Different colors, Desirability

textures, transparencies, and shapes were offered. Surface structures One architect and the designer showed concrete interest to work

and matt/shiny finishing options were made possible as well. with the Ceramic Solar and Solar Mirror respectively. Next to that,
the PVMD group indicated that they would like to continue with the

The architects and designer all mentioned that they had a positive development of the technology in the future.

impression on the overall look and feel of the prototypes and

concept visualizations. Associations were made ranging from luxury Viability

apartments to high end utility buildings. The shift towards renewable energy and the expected growth of the
BIPV sector in combination with the current complaints about ugly

Performance solar panels and need for local energy production show a promising

The measured power loss of the Solar Mirror prototypes and the case for viability. High investment costs remain an issue though.

expected power loss of Ceramic Solar and Dichroic Structures all

ranged from 10 to 30 percent. Depending on the colors this is either Feasibility

comparable to, or outperforms current products that are commercially The main challenge in moving up in TRL level for the Solar Mirror

available. concept is getting the lamination process under control. The first
prototypes showed potential but more iterations are needed to get

Technology readiness level 4 it right. Ceramic solar modules are expected to not cause major

Two lab scale modules of the Solar mirror concept have been made manufacturing issues.

and were tested in a lab setting, which constitutes to TRL 4. However,

the manufacturing process needs more attention to improve the Demonstrator validation

appearance. The other concepts were not that far. These reached TRL1, The demonstrator communicates a broad range of PV design

2 or 3. possibilities by showing three different PV products with various
colors, structures and transparencies. It showed the PV functionalities

Future proof of the panels by means of a Volt meter and mini fridge connected to

The customization methods used for the designs should be the panels. Finally, it can be rearranged with different products the

compatible with second and third generation solar technologies. Both same way as mirrors can be installed to wall, making it easy to swap

the method for applying the Ceramic Solar coating and the flexible panels or reposition them.

nature of Solar mirror color filters are compatible with flexible and

curved surfaces offered by future PV technologies. They would also All'in all the main drivers were met successfully in spite of some

be compatible with Perovskite-Silicon tandems, which show a lot of challenges that still remain present.

potential to become widely used.



CONCLUSIONS

To make conclusions about the project, the outcome was compared
with the assignment. This is done by a short description of how each
topic of this report and the design results have contributed to the
execution of the assignment.

The assignment was “To design new photovoltaic (PV) products for
architectural and design applications that are visually appealing,
provide design freedom, and are functional.” Focus on materialization
and finding new and creative ways to make solar panels an aesthetic
material to design with.

An unexpected addition to this assignment was the design and
fabrication of a demonstrator setup to showcase the outcomes of the
PV product/material design concepts.

During the analysis phase, the topic of solar design was researched
from a technological, historical, architectural, and product design
engineering perspective. The analyses led to the conclusion that a
series of products were preferred to provide design freedom rather
than a single product that tries to offer as much design freedom as
possible. Furthermore, it provided an overview of the context of PV
integration and the opportunities for designing with PV materials. This
led to the vision that BIPV products should be aesthetic and desired
materials for their appearance in the first place and their ability to
generate electricity should almost be taken for granted.

The ideation phase in combination with technical characterizations
provided a practical understanding of working with PV materials,
building color upon a black background while keeping high light
transmission, and a realization that the game of solar design is about
finding a balance between aesthetic appearance and maintaining a
high module efficiency. Material properties, manufacturing processes,
design objects, and buildings served as input. The results were

8 different PV material combinations, four of which were further
developed into concepts.

With these concepts, four architects and a designer were asked
about their attitudes toward them. A combination of architectural
visualizations, material samples, and yield calculations were

used to convey the concepts. Reactions about appearance and
performance were positive. Two participants indicated a desire to
use the products in future projects, validating the desirability of the
concepts. Furthermore, some important issues were found for future
development.

A demonstrator was designed that showed 4 different PV products
that were developed in this project. One of them was worked out into
two functional prototype variations: the Solar Mirrors. Feasibility was
validated using technical tests including transmission measurements,
IV curve measurements, and temperature measurements. The results
were positive and showed a power reduction from the customization
methods of 20% to 25% compared to regular solar panels.

To conclude: the results were visually appealing, as validated by
architects and a designer. Design freedom was provided by offering
different colors, structures, transparencies, and finishes in different
products. The means to realize this was based on novel material
combinations and manufacturing methods. Therefore the assignment
can be considered successfully fulfilled.

59



RECOMMENDATIONS

The following recommmendations are made to turn the developments
of this project into a success.

Continue with the development of the Ceramic Solar and Solar Mirror
concepts. These received the most positive feedback on appearance
and had a relatively low power loss. Besides that, the base
technologies are probably compatible with future PV developments.
For Solar Mirror: iterate on the lamination process. The working
principle has been validated. Now more research about power loss
prediction from different colors is needed on a larger scale. Besides
that, more design studies need to be conducted to explore color
and glass combinations. Another challenge is to design a stable
process that neatly laminates all layers into a stack. Also, focus on
making glass-glass modules rather than glass-back sheet modules.
This eliminates the need for aluminum frames and increases the
durability of the modules.

To further develop the concepts, the correct partners will need to

be found. Firstly, agreements with the correct manufacturers and
suppliers will need to be made. Secondly, pilot projects need to be
arranged with architects and designers. Then the other stakeholders
such as contractors and project developers can be approached. Other
stakeholders should be taken into account as well. For a full overview
of relevant stakeholders and their connection to the project see
Appendix H.

Before reaching out to partners and other parties, an intellectual
property (IP) strategy needs to be worked out. An IP attorney was
consulted to find IP related matters that need attention. There

is potential for patents in some of the concepts. An important
consideration is where to file the patent, choosing more countries
covers the IP more extensively but comes at a hefty price tag. Other
IP considerations include the setup of entities that own intellectual
property (IP) another one that does the actual work. Finally,
non-disclosure agreements (NDAs) and non-use agreements (NUAS)
will need to be set up when discussing projects with clients and
(potential) partners.
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REFLECTION

| started this project with the feeling that there were many opportunities in the field
of solar design. And after completing the project, | know this for a fact.

My expectation was to find one or two ways to customize solar panels and work that
out to show different possibilities with these methods. In reality, | just scratched the
surface of what PV integration really means. | have already seen even more options
in other potential PV products while the results of the project have not even been
fully worked out. Luckily | now know what it takes to go from idea to design from a
technical perspective thanks to the help from the PVMD group. Special thanks go
out to Olindo Isabella and Juan Lizcano for their technical expertise and assistance.
Now | have the know-how to continue development, have insight into what tests to
do myself, and when to get a certain expert involved.

broader sense but | struggled to do this in a structured manner. The lesson was to
envision an outcome, work towards it and only start something new when it can )
be crossed off the list. It will probably take a couple more projects to really master 2
this though. Thanks to Erik Tempelman and lanus Keller for the lessons about thi-s——-—-i
process and also for the other lessons that have yet to sink in.

Furthermore, | learned what it takes to go from a PV material to a product in a /

Finally, I'd like to thank Van Dijken Glas Beleving B.V. for providing know-how in
conventional and innovative glass processing and having me witness top-level
designers and architects at work. This had me develop an eye for a different
type of design than what is taught in the IPD program. This background
in combination with an education that provided technical skills as well as
different disciplines of a social, business, and scientific nature allowed
me to have a unigue position in solar design and design in general. |
believe this is how | differentiate myself from other designers and
that the result of this project is an embodiment of that.

Figure 24, reflections in a cleanroom while making a solar panel
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