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DfRem Window Systems

Executive Summary

Context

The “take-make-dispose” linear model has proven to be highly unsustainable during the past
decades. A circular economy has emerged as a model that is restorative by design, and a response
towards the high material and energy intensive linear model. However, a transition to a circular built
environment implies a radical change in design and construction. Remanufacturing is one of the three
product life extension strategies located in the technical cycles from the circular economy. It is an al-
ternative to demolition, and it allows products to be longer in use, with a constant upgrade. However,
for products to be remanufactured, they have to be designed according to certain guidelines, and
supported by the application of circular business models.

Kawneer, an American manufacturer of aluminium architectural systems and products, seeks to
optimize fagade systems to meet the demand for circular building products. This means that the com-
ponents of the systems should be designed with product properties such as disassembly, modularity,
and flexibility, which allows them to be circular. Different (re)life options, such as reuse, remanufactur-
ing, and refurbishment, should also be taken into account from the early design stages. The RT82HI+
window system is one of the most competent products manufactured by Kawneer. However, the only
(re)life option currently available is recycling. Therefore, the product is currently unable to meet the
requirements of a circular building product.

Objective

The objective of the presented research is to evaluate the performance of the existing fagade
components of the RT82HI+ window system in a circular economy, and according to such, redesign
towards remanufacturing and other product-life extension strategies.
This is done, first, through the understanding of the relationship and dependency among the prod-
uct design, development, and product-life extension, especially remanufacturing. Secondly, through
an analysis of the current lifecycle scenarios of the existing components, and identification of their
challenges and potentials in a circular economy. And third, through the ellaboration of three different
circular window systems that react upon the main findings from the analysis.

Main findings

Three different designs are explored. The first one is an optimization of the existing RT 82 HI +,
where only the critical aspects are redesigned. The second and third are hybrid variants that combine
aluminium with wood polymer composite profiles (WPC). These three designs are assessed under the
principles of DfD (Design for Disassembly), DfA (Design for Adaptability), and DfRem (Design for Re-
manufacturing). Additionally, different remanufacturing, reuse, and adaptability scenarios are analysed
to understand the performance of the window system in a circular economy.

On the other hand, four main different types of fagade systems and construction are reviewed to
understand the type of attachment of the window to the construction. This resulted in a critical point
because it could affect the performance of the window in terms of circularity.

The results indicated improvements in different aspects. The key one was ease of assembly and
disassembly, but also in terms of type of connections, and geometry of product edges. Furthermore,
it is discussed how the loop is closed, and the importance of the different stakeholders involved in the
fagade manufacturing and construction area.
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Research Framework

This Chapter introduces the background information on the topic
and states the problem that motivated the research. The objec-
tive(s), research question(s), and design question(s) are stated,
along with the focus and limitations. Furthermore, the three dif-
ferent methods applied to the research are explained, along with
a reading guide that illustrates the content of each chapter of this
report.

List of Figures:

Fig. 1.0 Disposal of windows. Image by colorado.momentumrecycling.com
Fig. 1.1 Triangulation methodology diagram. Image by author.

Fig. 1.2 Reading guide. Image by author.
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1.1 Background

The 20th century was characterised by rapid industrialization and continuous economic growth,
but mostly, by remarkable technological advancements. Consequently, it is not surprising that the
21st century faces some of the most crucial environmental problems. Scarcity of resources, ecological
degradation, pollution, and health issues are only some of the examples. These can be dated back to
the existing, outdated, and linear “extract-produce-use-dump material and energy flow model of the
modern economic system” (Korhonen et al., 2018), which has been proven highly unsustainable.

The European construction industry is responsible for 35% of generated waste, and even more,
a facade system is usually 25-30% of the embodied energy of a building (Michael, 2016). The circular
economy is a response to the resource-intensive linear economic model. It implies the reduction of
waste to a minimum, and a variety of (re)life options for materials and products to maintain their value
and embodied energy. However, in a linear economy, most of the building products are manufactured,
in the best case scenario, by taking into account only one (re)life option: recycling.

1.2 Problem Statement

In a circular economy, the components of a fagade are designed according to different (re)life

options, therefore, there is an alternative to demolition by entering the closed loops.
On the other hand, remanufacturing has been widely recognised as “an important component of a
resource efficient manufacturing industry” (ERN, 2016). However, for a product to be remanufactur-
able, certain principles need to be taken into account during the early design phasesa. Most of the
current products are unable to support the model described above. A demand for a design strategy
for fagade systems taking into account product life extension strategies, especially remanufacturing, of
the components can contribute to sustainable, product life extension scenarios.

Kawneer, an American manufacturer of aluminium architectural systems and products, seeks to
optimize fagade systems to meet the demand for circular building products. This means that the com-
ponents of the systems should be designed with product properties such as disassembly, adaptabil-
ity, and remanufacturability, which allows them to be circular. Different (re)life options, such as reuse,
remanufacturing, and refurbishment, should also be taken into account from the early design stages.

The RT82HI+ window system is one of the most competent products manufactured by Kawneer.
However, the only (re)life option currently available is recycling. Therefore, the product is currently
unable to meet the requirements of a circular building product.

1.3 Objective(s)

Considering the problem definition previously stated, the objective of this research is:

O - To evaluate the performance of the existing facade components of the RT82HI+ window system in
a circular economy, and according to such, redesign towards remanufacturing and other product-life
extension strategies.

From which, the following sub-objectives derive:
SO1 - To understand the relationship and dependency among the product design, development, and
product-life extension, especially remanufacturing.

SO2 - To analyse the current lifecycle scenarios of the existing components, and identify their chal-
lenges and potentials in a circular economy.

SO3 - To elaborate a benefit analysis, from an economic and environmental point of view, of the re-
manufacturing of fagade components as a long-term sustainable strategy for Kawneer.
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1.4 Focus and Limitations

The stated objective will focus on Kawneer’s product, the RT82HI+ aluminium window system,
which is the main case study of this thesis. There were two main reasons for selecting this system for
the presented research. First, it presents a higher level of complexity at a component level, in compar-
ison with curtain wall systems, for example. Additionally to that, window systems are more demanded
in the market than curtain wall systems. Secondly, because the previously reviewed works on circular
facade systems by Kim (2013), and Leising (2017) were based on curtain walls. Therefore, the author
recognised a gap in the field of research towards window systems.

Moreover, the research and redesign is limited towards the frame elements of window systems.
This means that other elements from window systems (for instance, insulating glass units) are not a
part of the scope of this research. Additionally, the redesign is oriented towards three main different
circular design strategies: Design for Disassembly (DfD), Design for Adaptability (DfA), and Design for
Remanufacturing (DfRem). This last one as the main focus of the research.

1.5 Research Question(s)
To be able to reach the previously stated objective, the following research question is at the core
of the investigation:

RQ - How can Kawneer'’s fagade window systems be improved in terms of circular performance, as a
long-term sustainable strategy?

From which, the following sub-research questions derive:

SRQ1 - What are the economic and environmental benefits of implementing product-life-extension
strategies in window systems, such as repair, reuse, and especially remanufacturing?

SRQ2 - What are the available guidelines for DfRem (Design for Remanufacturing) and which are the
circular business models that support it?

SRQ3 - What are the current end-of-life scenarios for the existing elements of the RT 82HI + system,
and which could be the circular (re) life options?

SRQ4 - What is the contribution of improving window and fagade systems by applying circular econo-
my principles to the built environment at a larger scale?

1.6 Design Questions
Additionally to the research questions, the following design question is formulated:
DQ - How can fagade components of the RT 82HI + aluminium window system be redesigned for
scenarios of remanufacturing and circularity?

From which, the following sub-design questions derive:

SDQ1 - Which are the elements and connections that can be redesigned for remanufacturing in a
circular economy?

SDQ2 - What is the impact of DfRem strategies on production processes for fagade components?

SDQ3 - What is the impact of DfRem strategies on the aesthetics of fagade components?
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1.7 Methodology and Approach

A triangulation methodology consisting on three different methods was used to realise the pre-
sented research. This was based on a (1) Literature Review, (2) Interviews, and (3) Making and Testing.
The (1) Literature Review comprises studies on the following topics: Circular Economy, Circular Built
Environment, Remanufacturing, and Window Systems. The literature was reviewed by coding the text
according to its relevance towards the research questions, new and relevant terminology, and under-
standing the diverse approaches of different authors. The coding was synthesized into text, and is
presented in this report: Chapters 1, 2, 3, 4 and 6.

Furthermore, (2) Interviews were carried out in the company, Kawneer, and also with other im-
portant stakeholders, such as a representant from Alkondor Hengelo B.V. (client from Kawneer), and
two representatives from Kingspan (supplier for Kawneer). The interview technique was face to face,
recorded, blind (the interviewed stakeholders were not aware of the questions before), structured
interview, later transcribed into a minute, where the most important findings are written in Chapter 5,
and the complete text can be found in the Appendix Section.

The last method was (3) Making and Testing, which consisted of a physical analysis of the window
system, especially regarding the disassembly potential, and assessments on DD, DfA and DfRem.
The (1) Literature Review and the (2) Interviews served as main input criteria to do a further analysis
and redesign the components. This iterative assessment was aided by an inductive probe, a redesign
discussion with the mentors where notes, CAD models and drawings were presented. This was mostly
documented in Chapters 7 and 8 of the report.

This triangulation of methods allowed to have an integral research and design, in order to have a
more detailed and complete approach of the subjects. Figure 1.1 illustrates the methodology. Figure
1.2 is a reading guide to assist the understanding of the Chapters and their content.

1.8 Relevance
It has been thoroughly proven that the shift from the linear to the circular economy is a radical, yet
necessary transition. Remanufacturing is considered a highly important process in the manufacturing
industry that uses resources efficiently. Additionally, it follows the Ellen MacArthur Foundation key

Compan
inter\f)iew); Face to face
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Technique Multiple
Recorded
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Redesign Closing the loop
Concept Further research
iterative assessment
Circular Economy Not
otes
Research . Inductive Method Drawi
Circular Built Envi + Methodology Analysis (redesign discussion) rawings
ircular Built Environmen CAD Models

Physical Analysis
of Existing Window
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Remanufacturing

Window Systems

Case Study: RT 82 HI +
Figure 1.1 Triangulation methodology diagram. Image by author.



principles of a circular economy (2013): “think in systems”, “design out of waste”, “think in cascades”.
An important objective for the government of the Netherlands is that the country runs in a circular
economy by 2050. Once this is achieved, it is expected that the resource consumption of raw materials
will decrease by 50%.

However, for building products to be part of a circular economy, they have to be designed under
such principles, particularly in the case of remanufacturing. Therefore, this research aspires to under-
stand the current state of the art in window systems, and the way these systems can shift towards

circular design.

Research Questions Intro.

Design Questions

Outcomes

Research Framework

noou

Ch.1

Ch2 |

ch3 | cha | chsl

Research Activity

ch.e ! ch7 |

Ch.8 |

Design Criteria &
Requirements

Discussion of the results

cho |

Assessments

Figure 1.2 Reading guide. Image by author.

17



Circular Economy

This Chapter introduces the first part of the literature review: the
concept of a circular economy. The core of this research was based
on the framework by the Ellen MacArthur Foundation. Section 2.1
explains the five main principles of a circular economy. Section
2.3 explains how the butterfly diagram illustrates the principles
behind a circular economy. Sections 2.4 and 2.5 explain related
principles and schools of thought that might have influenced the
framework of the EMF. Finally, Section 2.6 explains the different
circular business models and strategies.

List of Figures:

Fig. 2.0 Facade of Bloomberg's headquarters. Image by archdaily.com
Fig. 2.1 Hierarchy of value generation. Image by author.

Fig. 2.2 The Butterfly Diagram. Image by EMF (2013).

Fig. 2.3 Types of loops. Image by Bocken et al. (2015)

Fig. 2.4 Design strategies for slowing resource loops. Image by author.
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2.1 What is a Circular Economy?

The concept of a circular economy has been thoroughly discussed by scholars as early as 1996
by Pearce and Turner. Their research proposed a closed loop system, which leads to other studies in
the field and additional interpretations. Further on, the Ellen MacArthur Foundation (EMF) introduced
the concept of a Circular Economy in 2010. Such consists of a model of closed loops. As explained by
Beurskens and Bakx (2015), “this model is based on living systems as these have proved to be adapt-
able and resilient, and model the waste equals food relationship very well. The definition of a circular
economy proposed by the EMF is as follows:

“A circular economy is an industrial system that is restorative or regenerative by intention and
design. It replaces the ‘end-of-life’ concept with restoration, shifts towards the use of renewable
energy, eliminates the use of toxic chemicals, which impair reuse, and aims for the elimination of
waste through the superior design of materials, products, systems and, within this, business mod-
els”. (EMF, 2013)

This definition implies that there is constant conservation of economic and ecological value of
both materials and products. This is due to the different types of closed loops that aim to reuse ma-
terials and components by allowing them to fall back into the different cycles. The EMF recognises
two types of materials in the circular economy: biological and technical. In the first case, the biological
cycle's residuals fall back into the biosphere naturally, transforming into natural capital. This principle is
similar to the “waste equals food” from the Cradle-to-Cradle model. On the other hand, the technical
materials, for instance, fossil fuels, plastics and metals, are finite. The focus is towards the retention of
the value and recovering after residual streams.

2.2 The Principles of a Circular Economy

Five main principles established by the EMF (2013) are at the core of a circular economy, and allow
it to operate. They are synthesised as follows according to (EMF, 2013):

I. Design out of waste: “Waste does not exist when components are seen as nutrients for the bio-
logical or technical material cycles. The product should be designed for remarketing, remanufacture,
disassembly, or repurposing. (...) technical nutrients should be designed to be recoverable, refresha-
ble, and upgradable, minimizing the energy input required and maximizing the retention of value”.
IIl. Build resilience through diversity: “Modularity, versatility and adaptivity are prized features that
need to be prioritised in an uncertain and fast-evolving world. Production systems should be flexible,
able to use many different inputs”.

lll. Shift to renewable energy resources: “Systems should ultimately aim to run on renewable energy,
enabled by the reduced threshold energy levels required by a restorative, circular economy”.

IV. Think in systems: “The ability to understand how parts influence one another within a whole, and
the relation of the whole to the parts, is crucial. Elements are considered in relation to their environ-
mental and social contexts.”

V. Think in cascades: For biological materials, the essence of value creation lies in the opportunity to

extract additional value from products and materials by cascading them through other operations”.

2.3 The Butterfly Diagram

The Butterfly diagram (Figure 2.2) explains the different biological and technical cycles, and their
different loops throughout the economical system. The technical cycles are the core of the presented
research, as the materials from the built environment fall into this category. The initial principle is that
the tighter the loop, the higher the value retained in the material and/or component. This means that



Circular Economy

as the loops expand to the outer circles, the value decreases. The EMF establishes that to retain the
highest value of the product, there is a hierarchy of value generation. This is depicted in Figure 2.1,
and explained as follows: (synthesised from EMF, 2013):

I. Maintenance: Understood as a scheduled regular activity, maintenance is the first and easiest step
to retain the product’s value. Inspection or service tasks, such as cleaning or tuning the components
can even be performed by the user if the manufacturer supplied maintenance instructions.

Il. Repair: A product or component is restored after damage or decay.

lll. Recondition / Refurbishment: Replacing, rebuilding or repairing major failed components, or
close to failure. This activity is a series of constant repairs and maintenance cycles.

IV. Reuse / Redistribution: If a product is in good conditions, without the need for refurbishment,
it can redistributed to a new user. Minimal maintenance and cosmetic cleaning can be a part of this
process.

V. Upgrade: Parts or components from a product are changed to improve the value, quality or per-
formance of the product. This allows it to continue its service life, and prevents it from becoming
obsolete.

VI. Remanufacture: The product is disassembled, cleaned, inspected; and the parts are recondi-
tioned or replenished. The product is then reassembled, and it should return, at least, to its original
performance, and with the warranty that it is equal or better than initially. This process will be further
explained in detail on Chapter 4.

VII. Recycling: A product is disassembled, and the different parts are classified according to their ma-
terials. The materials are recovered and re-introduced as crude feedstock.

VIIl. Energy Recovery: The embodied (or at least a part of it) energy can be retrieved before a product
is dismissed.

IX. Disposal: This is the last resource in the technical materials flow. The other loops should serve as
first options before recurring to the disposal of a product.

S~
X
3.
1
DA
)
A
%
N
N\
openloop ™ m= Recycling closed loop

l

Energy Recovery
Disposal

Figure 2.1 Hierarchy of value generation. Image by author.
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Figure 2.2 The Butterfly Diagram. Image by EMF (2013).

2.4 Related Schools of Thought

Through the last decades, different schools of thought with principles on efficient use of resourc-
es, waste reduction and closed-loops, have established certain foundations related to the circular
economy. The most relevant are briefly explained (synthesised from EMF, 2013, Leising, 2017):

I. Regenerative Design: Developed by John T. Lule in the 1970s, it establishes that all processes with-
in all systems renew or regenerate their own sources of energy and materials that are consumed. The
needs of a society are satisfied within nature’s own limits.

Il. Performance Economy: Product-life extension, long-life gooWds, reconditioning activities, and
waste prevention were some of the principles established by Stahel in his own vision of an economy
that worked in loops. Consumers will buy serviced instead of goods, as they will pay for the perfor-
mance of a product that is delivered. Because ownership is prevented, resources can be used much
more efficiently, and waste production is much more controlled.

lll. Cradle-to-Cradle: Braungart and McDonough published a book in 2002 explaining a model where
materials, in both industrial and commercial cycles, are understood as nutrients. Thus, the entire life-
cycle of the product and its materials are considered since the early design process. Some of the rel-
evant principles from the Cradle-to-Cradle are “waste equals good”, “celebrate diversity”, “use solar
income”, “separate bio-and technocycle”, eco-effectiveness over eco-efficiency”.

IV. Industrial Ecology: Refers to the study of energy and material flows in industrial systems. Produc-
tion processes are understood as living systems where the waste of one might become the input for
another system.

V. Biomimicry: Developed by Janine Benyus, it is an approach where humans and processes seek
solutions in nature’s design. Thus, nature becomes a model (imitation and learning), nature is a meas-
ure (norms), and nature is also a mentor (value). This comes from the three point approach to human



challenges: society, economy and the environment.
VI. Blue Economy: An economic philosophy by Gunter Pauli, it gains knowledge from the way natural
systems are formed, their production, and their consumption. A cascading principle establishes that

one's output is another’s input.

2.5 Related Principles to CE

Additionally, there are other principles that have a close relationship with a circular economy.
Many authors argue that the I-VI principles explained in Section 2.3 are strategies for product life
extension (PLE). Furthermore, Bocken et al (2016) distinguishes between two fundamental strategies

Circular Economy

towards the cycling of resources, as depicted in Figure 2.3:
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Figure 2.3 Types of loops. Image by author,
derived from Bocken et al. (2015)

I. Slowing resource loops: Through the design of long-life goods and product-life extension (i.e.
service loops to extend a product’s life, for instance through repair, remanufacturing), the utilization
period of products is extended and/or intensified, resulting in a slowdown of the flow of resources.

Figure 2.4 depicts the different design strategies for slowing resource loops.

Il. Closing resource loops: Through recycling, the loop between post-use and production is closed,

resulting in a circular flow of resources.
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Figure 2.4 Design strategies for slowing resource loops. Image by author.
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2.6 Circular Business Models and Strategies

Shifting from a linear to a circular economy is one of the most radical changes expected in the
21st century. However, this shift will also impact the way business is made. As technology progresses,
business models do so as well. The author has reviewed the work from Boken et al. (2016) and Bakker
et al. (2014), which follow the approach between slowing resource loops, and closing resource loops,
as it was explained in Section 2.5. For the purpose of the presented research, the focus will be towards
slowing resource loops. Three key business model strategies for slowing resource loops are developed
by the authors: Access and performance model, Extending product value, and Classic long-life model
and encourage sufficiency.

I. Access and performance model: Also known as “Product Service Systems” (PSS), it refers to “a
combination of products and services that seek to provide this capability or functionality for consumers
while reducing environmental impact is often used to refer to this type of business model and “deliv-
er capability rather than ownership” (Boken et al., 2016). This business model focuses on delivering
services instead of the traditional ownership model. The service (cleaning, regular maintenance, and
monitoring) is done by the manufacturer or a retailer. The value is created per unit of service. For in-
stance, a laundrette where the customer will pay per washing instead than for the washing machine
itself. This product is ideal in a circular economy, because the costs for life-extension are covered by
the operating company. They will benefit from this because they can use the product longer. In this
model, the customer is able to reduce costs if they reduce the use of a product, and the manufacturer
have larger profits from durability, energy efficiency, and reparability. This means that the model itself
is able to introduce incentives for slowing resource loops for both the customer and the manufacturer.
By nature, it also reduces the need for appliances and goods.

Il. Extending product value: This is a model “concerned with exploiting the residual value of products”
(Boken et al., 2016). A good example would be when products are recovered at their end-of-service
to remanufacture them. This implies the reduction in consumption of new materials, and only energy
used for transportation and processing. Remanufacturing is usually done by the original manufacturer.
This is highly valuable for the consumer because they are able to purchase affordable products that are
“as good as new”. It is important to establish services that allow the remanufacturers to have access
to the products. Therefore, collection, logistics and labour are important key factors in this process.
However, manufacturers have to develop their products in line with reuse and remanufacturing.

lll. Classic long-life model and encourage sufficiency: This model focuses mainly on designing
long-lasting products. Thus the design is oriented towards durability and high levels of service (main-
tenance, repairness, cleaning, etc). These are often known as “premium” products, because their
costs will cover a prolonged warranty period and long-term service. These costs are absorbed by the
manufacturer. Similarly, encourage sufficiency refers to “solutions that actively seek to reduce end-us-
er consumption, in particular through a non-consumerist approach to promotion and sales” (Boken
et al., 2016). The principle is as simple as: if users have a products that last as long as possible, they
will hold on to them for a longer time. This implies high-levels of service. The approach towards sales
by the company is a non-consumerist approach. There are less sales of high quality products, rather
than massive sales on products that become obsolete quickly. This business model has proven to
encourage an efficient use of resources, promoting a sustainable lifestyle, customer loyalty, as well as
encouraging the service industry.

2.7 Conclusions on Chapter 2

The current linear economy model, based on “extract-produce-use-dump” (Korhonen et al,,
2018) has proven to be highly unsustainable. The core of this argument lies on the fact that resources
are finite, and thus it is unable to meet the environmental challenges of the 21st century. A circular
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economy model is based on a cyclical flow mode, restorative by design. Energy, labour, and materials
are retained through the extension of a product’s life, and the principle of treating all materials and
components as a valuable source minimize the creation of waste. The framework established by the
EMF is at the core of the research, enriched by studies in the similar field that contribute strategic
guidelines on the concept.

The five different principles that make the circular economy functional were also explained: design

out of waste, build resilience through diversity, shift to renewable energy sources, think in systems and
think in cascades. Additionally, the butterfly diagram that makes a distinction between the biological
and the technical was analysed. Particular attention was given to the technical cycles because the ma-
jority of the materials from the built environment fall into such category. From such, eight different pro-
cessed are explained: maintenance, repair, refurbishment, reuse, upgrade, remanufacture, recycling,
energy recovery, disposal. These different processes can also be classified into two different types of
loops in a Circular Economy: slowing resource loops, and closing resource loops.
Moreover, the related schools of thought to the circular economy are briefly explained: regenerative
design, performance economy, Cradle-to-Cradle, industrial ecology, biomimicry, and blue economy
have all served as initial examples where resource efficiency, waste reduction, and closed loops are
the main principles.
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This Chapter explains the second part of the literature review, the
concept of a Circular Built Environment (CBE). The first Section
introduces the theory of levels from Brand (1994). Section 3.2 and
3.4 explain the hierarchical range of industrial building products
and material building levels. Furthermore, Section 3.4 discusses
the different building product levels, and Section 3.5 explains the
main circular building design principles. From this, Section 2.6
and Section 3.7 derive, explaining the principles of Design for
Disassembly (DfD) and Design for Adaptability (DfA). Additional-
ly, Section 3.8 explains the circular construction domain.

List of Figures:

Figure 3.0 Fagade of Valletta City Gate. Image by designboom.com

Fig. 3.1 CBE Diagram. Image by tudelft.nl
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Fig. 3.3 Hierarchy of building products. Image by Beurskens et Bakx (2015)

Fig. 3.4 Design domain - circular building design principles. Image by Beurskens et Bakx (2015).

Fig. 3.5 Circular building construction model by Beurskens et Bakx (2015), based on the butterfly
diagram by the EMF (2013).
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3.1 The theory of levels
A Circular Built Environment (CBE) can be understood as a series of different levels: from materi-
als, to components, buildings, and cities; circular design is present on all of these, integrating through
technology, flows and resources, society and stakeholders, economy, and management. Figure 3.1 il-
lustrates these relationships. More importantly, a CBE understands that design has another dimension

that is not taken into account in a linear economy: time.
/ e \

POy
¥

BUILDINGS

\ S /

Stakeholders

Figure 3.1 CBE Diagram. Image by https://www.tudelft.nl/bk/onderzoek/
onderzoeksthemas/circular-built-environment/

A continuous problem seen in the built environment is that buildings are designed as static enti-
ties. However, buildings should be able to have a long-term adaptability to the different time frames,
changing environmental conditions, and consider the needs of new users. Thus, a building should
be understood as “a series of different buildings over time"” (Beurskens et Bakx, 2015). However, this
conception is not new. Stewart Brand (1994) attempted to integrate time into design, and aspired
to define a framework where the built environment can evolve and age gracefully. He identified six
different layers of change: site (eternal), structure (30-300 years), skin (20 years), service (7-15 years),
space plan (3-30 years), and stuff (daily). His conception of these different layers that are in constant
change through time are an important tool for designers to understand the different life-cycles of each
layers, and to design them to be independent from each other. Figure 3.2 depicts the shearing layers
of change according to Brand (1994).

LIFESPAN

SPACE PLAN mssss

SERVICES I

B STRUCTURE I
SKIN ]
SITE

| | | | |
0 20 30 60 300 years

Figure 3.2 Shearing layers of change. Image by author, derived from Nederland Circulair (2019).
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3.2 Hierarchical Range of Industrial Building Products
The hierarchical range of industrial building products was developed by Eekhout (2008), further
studied by Klein (2013) and adapted to the facade discipline. Figure 3.3 depicts the hierarchical range
of industrial building products. Such framework consists of a range that starts with “raw materials”
and finished with “building complex”. A “range” is a set of items with a defined lowest and highest
boundary. The different steps required in the range recieve the name of “product levels”. Klein (2013),
based on Eekhout (2008) classified the following product levels:

* A “material” is understood as the base ingredient that does not require any further production
process. Examples include glass or steel. Composite materials can also fall into this category.

e A "standard material” is defined as an intermediate good, accessible in standardised forms. For
instance, |-beams, tubes, coils, or bricks.

* A “commercial material” is the one shaped with a particular purpose of product or project. Ex-
amples include extruded aluminium profiles, or rubber gaskets. Both are specifically designed for
a particular purpose

e "“Elements” are understood as different commercial materials. For instance, an insulated glass
consists of glass panes, aluminium spacers and silicone.

* A "sub-component” refers to a closed assembly of elements with single functional purposes. Ex-
amples include window frames, sun-shading devices, etc.

* A"component” is described as “an independent functioning building unit, built up from a number
of composing elements. Components are assembled off-site, and transported to the site” (Klein,
2013). A good example will be a unitised fagcade panel.

* A "building part” is a collection of elements and components that have the same technical prima-
ry function. For instance, a curtain wall, or the primary structure of a building.

Description Processes
Raw material
Refining
Material D

Mixing
Composite material >
> Form shaping

Rough shaping

> Final shaping

) Finishing off

> Sub assembling

) Assembling

> Super assembling
Transport/ installing

Commercial material

Sub element
Element

Super element
Sub component
Component
Super component

Product

Building part

Building segment Seiing

o Adding
Building
Building complex > Adding

Figure 3.3 Hierarchy of building products. Image
by Beurskens et Bakx (2015)

3.3 Hierarchical Range of Material Building Levels
Similar to the previously explained hierarchy from Eekhout (2008), Durmisevic developed an ad-
ditional framework to understand the technical and physical levels from a building, aside from the
functional ones. A deconstructable building structure should be conceived by the designer if there is a
full understanding of the hierarchy of such sub-assemblies. This hierarchy of material levels is divided
as follows:

e Building level: Refers to the group of systems that carry out the main functions of the building,
such as enclosure, partitioning, load-bearing, etc.

e System level: Refers to the components that carry the system functions. For instance, insulation,
finishing, distributing, etc.

e Component level: Refers to the assembly of component functions. These are designated through
the elements and materials at the lowest level of building assembly.
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For instance, in the case of a fagade, and according to Brand, its average life-cycle is 20 years, yet
the fagade consists of different components with different life-cycles. This means that the relationship
between the components and materials should be independent from each other to allow easy decon-
struction and maintenance. Durmisevic (2006) might be a simpler guide throughout these processes,
and it also contains less levels than in Eekhout's (2008) hierarchy.

3.4 Circular Building Product Levels

However, as the analysis and approaches developed by the previous authors (Brand, 1994; Eekhout,
2008; Klein, 2013; Durmisevic, 2006) have proven to be important principles for circular building de-
sign, Beurskens et Bakx (2015) recognized the need for an even more specific framework, referred to
as “circular building product levels”. Such study is also based in three of the previously mentioned au-
thors (Brand, 1994; Eekhout, 2008; and Durmisevic 2006). This approach is also parallel to the “think
in systems” principle from the EMF. The “circular building product levels are derived as follows (from
top to bottom), derived from (Beurskens et Bakx, 2015):

The building is the assembly of all building systems. From such the following levels derive:
“Building Level” (B.): One building divided into building systems. Such systems are strongly linked to
the layers of change approach developed by Brand (1994). The four layers of structure, skin, service
and space plan are conceived as building systems, and the main systems to be considered in a design
of circular building. The “system Level” (S.): derives from the selection of a building level. This system
is further on divided on “sub-system level” (SS.). Such system is divided in “component level (C.)",
which is then divided into “element level (E.)”, and last, the “material level (M.)".

This approach was developed as a guide for designers to understand the different systems of a
layer, and to understand their relationship towards change over time and functions. It aims to solve the
gap between the abstract principles of the circular economy by the EMF, and applying them towards
circular building design.

3.5 Circular Building Design Principles

However, as many designers are familiar with the circular principles described in Chapter 1, there
seems to be a gap between these abstract concepts and their applications in the built environment. As
a reaction to such, Beurskens et Bakx (2015) established five circular building design principles that are
closely related to the circular economy principles from the EMF (2013): be self-sustaining with renew-
able energy, stimulate diversity, design with sustainable materials, design for disassembly, and design
for adaptability, depicted in Figure 3.4. The principles of “Design for Disassembly”(DfD) and “Design
for Adaptability” (DfA) are at the core of this research framework, and thus they will be explained in
detail, in a separate Section.

I. Be self-sustaining with renewable energy: Such guideline is parallel to the Ellen MacArthur Foun-
dation (2013) principle of “shift to renewable energy sources”, along with the Cradle to Cradle “use
current solar income” (McDonough et Braungart 2002). By following this principle, buildings do not
deplete non-renewable energy sources and reduce the greenhouse gas emissions in the operational
phase.

Il. Stimulate diversity: This guideline follows also the circular economy principle from the Ellen
MacArthur Foundation (2013) “build resilience through diversity”, and also the “celebrate diversity”
guideline from the Cradle to Cradle framework built by McDonough et Braungart (2002). This guide-
line consists of two main concepts: biodiversity and conceptual diversity. The first refers to supporting
species diversity before development; whereas the latter is regarding the contribution of buildings to
the well-being of occupants and their surroundings. Thus, stating that circular buildings should have a
positive impact on the environment and the involved stakeholders.
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Ill. Design with sustainable materials: Resource scarcity is one of the most critical problems faced
during the 21st century. Availability of materials for construction is an issue that can be addressed since
the early design phase. Durable materials that can be reused or recycled is one of the few examples
that follow this principle. However, the definition of “sustainable materials” is still a term that has not
yet reached a global definition. Yet, it can be strongly linked with the circular economy principles “de-
sign out of waste”, “think in cascades” and it might also involve “think in systems”. It is also parallel to
the “waste equals food” principle established by McDonough et Braungart (2002).
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Figure 3.4 Design domain - circular building design principles. Image by Beurskens et Bakx (2015).
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3.6 Design for Disassembly (DfD)

Design for Disassembly (DfD) Is a concept where products and buildings are carefully designed for
material recovery, value retention, and a meaningful next use. Building components would be able to
reach their end-of-service without compromising their end-of-life This means that by disassembling
the components, the embodied value is retained and the component can have multiple re(life) op-
tions, and by consequence, decreasing the building’s industry waste generation. Nevertheless, one
of the main barriers towards this type of approach is that components and products are not designed
to be easily dismantled, deconstructed, or disassembled. DD is an approach that “enables products,
systems, and components to be carefully and methodically decomposed to recover as many parts as
possible” (Deniz and Dogan, 2017).

3.6.1 Available guidelines for Design for Disassembly

Being such a broad topic that can be applied to different disciplines, and also due to its design
nature, there is not a single, straight answer. Nevertheless, there are available guidelines that can serve
as an initial basis for DfD.The author has synthesised the DfD principles according to the literature re-
view of Deniz and Dogan (2017), Mule (2012), and Durmisevic (2006). As in the framework established
by Mule (2012), the summary comprises three different categories: Material selection, Fasteners and
connections, and Product structure and component design, as shown in Table 3.1:

e Use as few different materials as possible

Materials that minimize pollution during extraction, processing, deployment, and recy-
cling should be selected

Make inseparable subassemblies from the same material

Avoid secondary finishes, adhesives, and coatings

Material types should have a standard identification

Materials should have a high degree of durability to guarantee that they can withstand
the disassembly and have different (re)life options.

Lightweight materials will make both the disassembling, and the transportation easier.

Material Selection

Should enable easy and quick disassembly

Use mechanical connections rather than chemical ones

Use joint systems that are used in the standard building practice

Use a minimum number of different types of connections and fasteners
Joints and connections should be able to withstand repeated use
They should be compatible with common hand tools for disassembly.
Specialist technologies should be avoided.

Reduced fastener count and diversity

Fasteners and Connections

Overall simplification and standardization of all components through modular, prefabri-

cated systems with a structural grid.

Minimum number of components and connections

Parallel deconstruction should be possible

Open building systems where parts are interchangeable

Assembly methods and sequences should be standard

The system should be designed under a hierarchy of disassembly related to the overall

life span of the parts.

e All the information on the building manufacturing, along with the assembly and disas-
sembly sequence, should be provided

e Selection of components should combine durability and weather control with adapta-
tion and reusability for facades. They should be able to resist the impact of weather.

e Trapped building services within the skin should be avoided at all costs.

* Inseparable components from the same material will avoid contamination by other ma-

terials

Product Structure and
Component Design

Table 3.1 Synthesis of the found guidelines on Design for Disassembly based on Deniz and Dogan (2017), Mule (2012), and
Durmisevic (2006)

3.6.2 The Impact of DD in the Built Environment
DfD in the built environment implies that buildings are understood as a series of independent
subsystems, parallel to Brand’s (1994) approach. Thus, the skin of the building has a high potential for



Circular Built Environment 33

disassembling, as, according to his theory, it has one of the shortest life cycles, and it can also repre-
sent up to 30% of the total embodied energy of the building. Disassembling a fagade to recover the
different materials and components must be considered as one of the main resources in waste man-
agement.

Beurskens and Baxk (2015) recognised DfD under the circular building design principles as “the
concept of designing buildings in such a way to facilitate future dismantling, thereby reducing the
generation of waste by guarantee of the possibility, of all circular building product levels to undergo
different (re)life options in a hierarchical way, achieved by implementation of disassembly determining
factors in building design”. Framing upon such definition, and according to Deniz and Dogan (2017),
DfD will potentially increase resource and economic performance, it will reduce the ecological foot-
print, and will provide different scenarios for reuse, remanufacturing, and recycling. Guy and Shell
(2002) described that a continuous practice of DfD in the Built Environment will transform buildings
into material banks, which will later on serve as primary sources, instead of mining and harvesting vir-
gin feedstock.

A fagade can be structured according to a pattern of functional decomposition, and then into
different sub-functions that allow it to perform correctly against weather conditions. There also other
subfunctions, such as support, control and finishing. The assembly and disassembly sequences of a
facade might cause dependencies between its components, and they might affect their ability to be
dismantled. Plain, mechanical joints and connections might improve the disassembly potential, along
with other simple guidelines related to material selection, and product structure and component de-
sign. A facade that is designed for disassembly, where carefully and methodically system parts are
recovered as much as possible, is an alternative to demolition. They can enter other (re)life options
such as reuse, remanufacturing, and recycling. Because DfD is also an strategy that helps to retain the
embodied energy of the components, reuse and remanufacturing are the most desired scenarios. It
allows to construct competent recovery methods. It is also one of the most powerful tools towards
prevention of material waste.

3.7 Design for Adaptability (DfA)

The guideline is a response towards the constant change in buildings. These should respond as
adaptable and resilient as living systems. Thus, this design principle reacts upon changing demands
and user requirements. Like the previously explained principle of DfD, DfA is much more efficient if
taken into account during the design stage. DfA is also a design principle parallel to the “build resil-
ience through diversity”, and taken into account by “think in systems” (Ellen MacArthur Foundation
2013).

As stated by Beurskens and Bakx (2015), “adaptability starts with the understanding of time in
architecture”. The definition of such principle, applied to a CBE is “the concept of designing buildings
with the capacity to accommodate effectively the evolving demands of its context, in which its building
products are designed to maximize reusability in initial- and other buildings, to minimize value destruc-
tion and thus maximize value through life” (Beurskens and Bakx, 2015). Time needs to be considered
as a characteristic in design. To do so, architects and designers need to locate buildings and building
products in a context, along with the different changing scenarios it might face throughout its life.

3.7.1 Available Guidelines for DfA
Gereadsts et al. (2014) establishes that adaptability comprises three different categories of flexibil-
ity, which are:

I. Organizational flexibility: The potential an organization, or a group of users, have to respond to-
wards the changing demands of the built environment.
Il. Process flexibility: The ability to react upon dynamic conditions, wishes, or demands throughout
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the different phases of building: conceptual phase, design phase, and construction phase.
ll. Product flexibility: The capability of a building product to react upon changing conditions, wishes,
or demands during the use phase of a building.

Additional to the research of Gereadts et al. (2014), Schmidt (2014) reviews six different adapt-

ability strategies. Beurskens and Bakx (2015) added to Schmidt's (2014) framework a new adaptability
strategy: reusable. These strategies are presented in Table 3.2.

The building should be capable of changing its tasks. Non-fixed objects, detachable connections,

Adj | i
djustable and operable elements are some examples of this.
. The ability of a building to change the space. For instance, moveable walls, different room sizes,
Versatile .
and frame construction
Refitable The capability of a building to change its performance. It includes standard shapes, dry connec-

tions, access points, among other similar examples.

The building should be able to change its function. For instance, loose floors, simple designs, and

Convertible . .
multifunctional spaces.

The ability of a building to change its size. Modularity, divadable rooms, and common product

Scalable :
platforms are some of the main examples.

Movable The capability of a building to change its location. Deconstructable structures, easy connections,
or deployability are some of the key aspects.

Reusable Refers to the ability of building products to change their use to maximize the potential of reusing

and minimize value destruction.

Table 3.2 Synthesis of the found guidelines on Design for Adaptability based on Schmidt (2014) and Beurskens and Bakx
(2015).

3.7.2 The Impact of DfA in the Built Environment

The need for adaptable buildings has been thoroughly discussed in the past decades, especially
in terms of functional and technical performance. The value of DfA applied to a CBE relies on its capa-
bility to accommodate future changes that offer high flexibility and economical solutions, different (re)
life options when a component or product reaches its end-of-service, and the prevention of discarding
building or products because they become obsolete (de Hollander, 2018), (Beurskens and Bakx, 2015).
Adaptability is also an important value that will provide a product-life extension principle, because a
product or building is able to adapt to change, and overcome it, its value is retained for longer, to-
gether with the embodied energy within it. For instance, changing regulations have been one of the
main reasons fagades have to be replaced. However, if a fagcade is designed for adaptability, without
anticipating the future, but through the use of a modular design, or through convertible assets, the
facade can easily be upgraded. This is a huge alternative for demolition or replacement of an existing
facade.

If during the early design stages, adaptability is taken into account, the product is able to face
obsolescence and enter other (re)life options, which will prevent it from being discarded. Additional to
this, adaptability is seen as a key characteristic to the ever changing built environment. However, there
are several possible drawbacks. The first one, and most relevant, is the lack of demand for a building
to be adaptable. In a linear economy, adaptability is not seen as an important aspect of a product;
on the contrary, if a product is required to be constantly replaced, it stimulates the linear flow of such
economy. It is also difficult to understand why someone would invest in a fagcade that can be adaptable
if such transformations might come in ten, fifteen, or twenty years. There is no scientific data that en-
ables predicting when a facade will go under a transformation. There is still a long way to go to apply
DfA in the area of fagade design, especially if a transition towards a CE is to be achieved. The second
one is that adaptability might require over dimensioning of components and buildings, which could
be translated to a building industry more material intensive. However, this might be justified because
products and buildings would be longer in use.
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3.8 Circular Construction Domain

The “circular construction domain” aims to demonstrate the functions of a building in a circular
economy. Beurskens et Bakx (2015) established a “circular building construction model” which inte-
grates different circular construction principles from the previously stated approach in “circular design
domain”.

The following principles are at the core of the circular construction domain, and also the most
relevant. Some of these were already discussed in Chapter 2. The rest have been synthesised based
on Beurskens et Bakx (2015).

I. Material Manufacturer: Is in charge of the transformation of the virgin feedstock into technical or
biological materials.

Il. Product Manufacturer: Uses the (either technical or biological) materials from the material man-
ufacturer to transform them into building products. Ideally, these should be easy to assemble and to
transport to the construction site.

lll. Service provider: The service provider is the link between the product manufacturer and the
end-user. In a circular economy, it would be ideal that the service provider is connected with the (re)
assembler. The service provider is familiar with the principle of selling a product-service system, not a
final product where the user retains the ownership.

IV. (Re) Assembler: The service provider will serve to the (re) assembler. This stakeholder is in charge
of the disassembly and reassembly of the building systems, and ensuring that they will perform cor-
rectly. Constant communication and coordination among architects, engineers and product manu-
facturers. The reusability and adaptability of all building products should be ensured on all circular
building levels.

V. (Re)life Options: In a circular economy, all products and materials have different end-of-life options
where their value is retained. These (re)life options run hierarchically from the inner to the outer loops,
following the premise that the tighter the loop, the higher the value is retained. Thus, service, recon-
dition, reuse, remanufacture, recycle, cascades and biosphere.

Disassembly: One of the earliest steps in the (re)life options (also known as product-life extension). The
disassembly needs to be carried out as neatly as possible to keep the highest value in the building
products, components and materials.

VI. Service: This principle consists of different tasks that might be performed to keep building prod-
ucts in an operable condition. The following tasks are part the service premise: monitoring, mainte-
nance, repair, and upgrade. These were previously explained in Chapter 1.

VII. Cascades: This is applied to the biological materials. They will fall into either two types of loops.
The first is an open loop, where they will be placed into different use in other sectors. And the second
is a closed loop, where they are put into different use, but on the same Section. Closed loop cascading
is preferred because it is better to track the material and secure an optimal cascading. The material will
eventually return to nature, but to do so, it should be free of any chemical or toxic substances.

Thus, these principles are at the core of the circular building construction model, as seen on
Figure. By applying these principles and the processes in the previously described order, the circular
construction domain is able to operate correctly. This is a more assertive application of the circular
economy in the built environment because it makes important distinctions throughout the processes,
materials and it is linked with the circular design phase. Figure 3.5 depicts the circular construction
domain, based on the butterfly diagram by the EMF.
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Figure 3.5 Circular building construction model by Beurskens et Bakx (2015), based on
the butterfly diagram by the EMF (2013).

3.9 Conclusions on Chapter 3

This Chapter explained how circularity is applied to the built environment. The first three Sections
of this Chapter explained how a circular built environment is understood: through a series of levels.
Weather this is from a general approach of the CBE, from materials, to components, to buildings, to
cities; or from the shearing levels of change from Brand (1994); to the levels of industrial building prod-
ucts (Eekhout, 2008); to material building levels (Durmisevic, 2006). These three different approaches
allow to add another dimension to the built environment that will allow them to adapt. The consider-
ation of how a building, or a component evolves through time allows to integrate circular design.

Additionally, the different circular building product levels, based on the theories from Brand,
Eekhout and Durmisevic, were explained. From these levels, the circular building design principles
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derive: be self-sustaining with renewable energy, stimulate diversity, design with sustainable materials,
design for disassembly, and design for adaptability. The principles of Design for Disassembly (DfD)
and Design for Adaptability (DfA) are at the core of the presented research, and they were further in-
vestigated. Design guidelines for DfD and DfA were explained, along with the impact of each design
strategy in the built environment. Last, the circular construction domain based on Beurskens & Bakx
(2015) was explained, along with the important concepts that will be further applied in this research.
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This Chapter explains the third part of the literature review: re-
manufacturing. The first Section of this Chapter introduces the
topic, and explains how it has evolved through the years. Section
4.2 describes the process of remanufacturing mechanical systems,
and Section 4.3 the barriers towards remanufacturing. Section 4.4
explains the different types of remanufacturing companies, and
Section 4.5 the sources to retrieve the cores. Section 4.6 and 4.7
focus on the tools for designers, ‘DfX’, from which DfRem (Design
for Remanufacturing) derives. The available guidelines on DfRem
are further explained, along with their impact in the built environ-
ment.
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Fig. 4.1 Remanufacturing process for mechanical systems according to ERN (2016), Steinhilper (199).
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Fig. 4.5 lllustrated synthesis of the three business models reviewed in Section 2.6, related to the find-
ings from Sections 4.4 and 4.5. Image by author.
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4.1 Background

Since the Second World War, remanufacturing processes became a common industrial activity.
Nevertheless, it gained academic interest in the 1980s with the studies of Robert Lund (1983). He de-
fined it as:

“... an industrial process in which worn-out products are restored to like-new condlition. Through
a series of industrial processes in a factory environment, a discarded product is completely dis-
assembled, useable parts are cleaned, refurbished, and put into inventory. Then the product is
reassembled from the old parts (and where necessary, new parts) to produce a unit fully equivalent
and sometimes superior in performance and expected lifetime to the original new product” (Lund
1983).

However, as this was one of the earliest definitions in the field, it presents certain disadvantages,
as it is not specific enough. Boorsma (2016) established a more precise and updated definition of the
term:

“The process of returning a used product to at least OEM original performance specification from
the customers’ perspective (ljomah et al., 2014) by performing “a series of manufacturing steps act-
ing on an end-of-life part or product (Parker, D., Butler, P, 2007), “and giving the resultant product a
warranty that is at least equal to that of a newly manufactured equivalent “(liomah et al., 2014) after
which the product receives a serial number” (Boorsma, 2016).

Thus, it is understood by this last definition that the product is upgraded after its end-of-service.
Indeed, this is the crucial aspect that is found on remanufacturing: the product value increases, and
the embodied energy is conserved. Dr. Nabil Nsar from the Rochester Institute of Technology estab-
lished that “remanufacturing is the ultimate rebuilding” (Introduction to a Circular Economy, 2018). He
explains the main difference between remanufacturing and other slowing-resource loops processes as:

“...rebuilding, overhaul and refurbishment, those are basically bringing the product back to a work-
ing condition and ensuring that it will function. But it is not like a new condition, like what we do with
remanufacturing. Remanufacturing requires to bring the product back to like new condition, from
operational specification to life cycle to performance. Basically, you have a rebirth of the product”
(Introduction to a Circular Economy, 2018).

4.2 The Process Behind Remanufacturing

According to the European Remanufacturing Network (ERN, 2016), the number and the sequence
of the steps in a remanufacturing process depend directly on the type and function of the product.
Because there is a limited knowledge in the case of building products, a general approach towards
mechanical products will be applied in this research. The ERN (2016), based on Steinhilper (1999) es-
tablishes that there are five steps for remanufacturing mechanical systems:

I. Complete disassembly: In this first step, the cores are disassembled completely. The parts that
cannot be repaired or reused are left out. This process is also done manually with as much delicacy as
possible, since it is important to preserve the quality of the parts.

Il. Thorough Cleaning: Degreasing, deoiling, derusting, and deep cleaning of all parts according to
their current state. Depending on the type and level of contaminants, diverse technologies might ap-
ply to complete this step.

lll. Inspection and Sorting: After the previous steps are completed, the parts are sorted out accord-
ing to their remanufacturing or reconditioning potentials. All parts are inspected to ensure their final
quality, parallel to how it is in the new production of components and products. The classification is
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according to:
a. Reusable without reconditioning
b. Reusable after reconditioning
c. Not reusable / needs to be exchanged.

IV. Reconditioning and/or Replenishment: Worn out parts are reconditioned through metal treat-
ment processes (examples include drilling, milling, turning, grinding, honing, among others). The parts
that are not suitable for reconditioning are exchanged for new parts.

V. Product Reassembly: The last step in the remanufacturing process is the reassembly of parts. This
can be done through assembly lines that work with the same tools for small batches. Similar to how it
is in manufacturing new products, the remanufactured product is tested to assure its quality. Reman-
ufactured products should have the same, or higher quality of a new product. Figure 4.1 shows the
diagram with the steps towards remanufacturing, where quality assurance runs transversal across all
of them.

2. Complete 4. Inspection & 6. Product
Disassembly sorting of parts Reassembly
Final
1. Entrance 3. Thorough 5. Reconditioning/ testing
Diagnosis cleaning of parts replenishment of parts

Figure 4.1 Remanufacturing process for mechanical systems according to ERN (2016), Steinhilper (199). Image by author.

4.3 Barriers Towards Remanufacturing
Karvonen et al (2017), organised the barriers towards remanufacturing in three main different
groups: business model, DfRem, and process, as depicted in Figure 4.2. This study was conducted
after the publication of ERN (2016) in the remanufacturing market study. The author has enriched the
approach from Karvonen et al (2017) with the findings from ljomah et al. (2007), Sundin (2004), Lind-
kvist et al (2016) in Table 4.1:

Capital investment

Defining remanufacturing

Intellectual property restrictions

Consumer awareness and perception

Institutional barriers

Liability, regulations, legislation, standards
Remanufactured product cost vs new product cost
Market size

Business Model

Demand for remanufactured products

Investment from the OEM in remanufacturing
Knowledge of DfRem principles

Product design does not integrate end-of-life thinking

DfRem

Availability and quality of the cores

Poor control over core availability and collection
Reverse logistics

Elevated technological complexity

Available infrastructure

Process efficiency

Process

Table 4.1 Research results on barriers towards remanufacturing
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1. Business Model 3. Process
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2. DfRem

Figure 4.2 Barriers towards remanufacturing. Image by author.

Regarding the first group, business models, Dr. Nabil Nasr explained (Introduction to a Circular Econ-
omy, 2018) that the most crucial barriers are related to perception, where the consumer sees reman-
ufactured products as inferior to a new product. This is a contradiction, and is closely related to lack
of awareness of the definition of remanufacturing, as this clearly states that a remanufactured product
is “fully equivalent and sometimes superior in performance and expected lifetime to the original new
product” (Lund 1983).

Yet, it is important to understand that even if the barriers are organised in three different groups,
there is a strong relationship between them. For instance, it has been proven that legislations and reg-
ulations have a significant role towards promoting remanufacturing in the industry, and stimulating the
market, which falls under the “business model” group. However, this might also interact with some of
the other barriers on the list. The “process” barriers are strongly related to an open market access. For
instance, constraints towards transporting the cores in between countries might affect the availability
of the cores overall.

Additionally, the DfRem group seems to have a shorter list of barriers, but this is because the
concept of Design for Remanufacturing is relatively new; and also because it is as simple as if product
design does not integrate remanufacturing, this will not be carried out. While it might sound simple,
it seems to be one of the most crucial technical barriers, especially because design problems seem to
be highly severe in the case of independent remanufacturers. If there is lack of knowledge of DfRem
in a product, it is impossible to perform reverse logistics or engineering to remanufacture it.

The lack of application of DfRem principles is mostly reflected in a combination between design
and manufacturing, for instance: poor disassembly, and a selection of non-durable materials. Disas-
sembly is one of the key remanufacturing activities, so if a product is not designed for disassembly, is
hardly possible that it might be suitable for remanufacturing. Such is because after disassembly, the
products can be cleaned, inspected and rectified. Additionally, the linear-economy model has fostered
the manufacturing of products that have a short, single life, meaning that they are usually designed
with less-durable materials, but with a lower price, thus preferred by consumers (“business model
group” and “DfRem”). Furthermore, insufficient integration, or usually, none at all, of end-of-life, or (re)
life strategies into the product design. Equally important, the 21st century has been characterised by
its increasing technological complexity (“process”). In an era where technology progresses incredibly
fast, it is common to find products that become obsolete even before they reach their end-of-life.

4.4 Types of Remanufacturing Companies

The companies that perform remanufacturing can be classified according to their relationship
to the product manufacturer, also known by some authors as the Original Equipment Manufacturer
(OEM). The ERN (2016), in addition to Lund (1983), Sundin (2004) recognises three types of remanu-
facturers:
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I. Original Equipment Manufacturer/Remanufacturers (OEM/OERs): These companies remanufac-
ture their own products. The cores are retrieved from service centres, trade-ins, or contracts that end-
ed their leasing period.

Il. Contracted Remanufacturers (CR): These companies are contracted to remanufacture products
from other companies. The OEM might be the owner of the product, but it might outsource the re-
manufacturing service to offer the products at a lower price. The CR can receive support from the OEM
in replacement of parts, design, and testing.

lll. Independent Remanufacturers (IR): These remanufacturers might have few or no contact at all
with the OEM. They retrieve the cores on their own, and might be compensated by the end-user to
source products that have reached their end-of-service. In some cases, a company can act as an IR/
CR, which means that for some companies they might collaborate with the OEM, but not in all cases.

4.5 Sources to Retrieve Cores
Many of the current remanufacturers have different sources to retrieve the cores. According to the
ERN (2016), based on (Ostlin et al, 2008), there are seven main strategies to do this, also depicted on
Figure 4.3:

I. Ownership-based: The manufacturer owns the products and the customer operates it. For instance,
rental, leasing, or a product-service system.

Il. Service contract: A contract that includes remanufacturing is based between a buyer and a manu-
facturer when the product is purchased.

lll. Direct-order: If a remanufacturing operation is possible, the customer will return the product to the
remanufacturer, and then sent back.

IV. Deposit-based: A customer purchases a remanufactured product, but they have the obligation of
returning a similar one. Therefore, they become a supplier for the remanufacturer.

V. Credit-based: The customer receives a number of credits when they return a product. The credits
can be later on used to purchase a remanufactured product.

VI. Buy-back: The remanufacturer buys the wanted used products from a supplier. The latter can either
be the end-user, a scrap yard or similar, or a core dealer.

VII. Voluntary-based: The supplier gives the used products to the remanufacturer. The supplier does
not necessarily needs to be a customer.

1. Ownership-based

2. ' Service contract

3. I?&j\ Direct-order
4. zéé Deposit-based

5. =N Credit-based

6. g Buy-back

7. Hll'”w H Voluntary-based

Figure 4.3 Sources to retrieve the cores according to ERN (2016), Ostlin et al. (2008).
Image by author.
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Some of these might present higher advantages in the relationship that is established between the
user and the remanufacturing/manufacturing company. For instance, in the case of “ownership-based”
and “direct-order”, there is a high control on the core supply since there is a contract involved. Where-
as in the case of the voluntary-based, the control on the core supply is quite limited, since the company
will receive what the user is willing to give. The “ownership-based” and “service contract” also provide
a long-term relationship that can integrate a product and a service, which can assure remanufacturing
as a (re)life option. In the case of the “deposit-based” and the “voluntary-based”, the relationship
focus is lower, because it depends on the customer’s operations. The ERN (2016) described that the
most common sources to retrieve cores were buy-back, ownership-based, and voluntary based.

4.6 DfX

Additionally, DfRem has been explained by other authors (Charter and Gray, 2008) (Hatcher et
al, 2011) as part of the DfX family, where the ‘X" stands for different concepts: Design for Adaptability
(DfA), Design for Disassembly (DfD), Design for Recycling (DfR), etc. The DfX family has the aim of
guiding designers towards a certain goal. However, other authors such as Zwolinski et al. (2006) argue
that the DfX principles assume that the entire design process is thoroughly known. Thus, is it important
to understand that the DfX activities are mere guidelines and that it is required to consider individual
aspects for all processes. Design for disassembly (DfD) and Design for Adaptability (DfA) were already
explained in Sections 3.6 and 3.7. However, because of the purpose of this research, Design for Re-
manufacturing (DfRem) will be thoroughly explained.

4.7 Design for Remanufacturing (DfRem)

As it was established on Section 4.3 Barriers towards remanufacturing, DfRem is one of the key
challenges to integrate such process into products. Design for Remanufacturing (DfRem) is a design
technique that arises from the recognition that several technical barriers that can be traced back to
how the product was designed. But what does DfRem means? Certainly, the goal is to improve the
manufacturing potentials. The following definition is constructed based on (Nasr and Thurston, 2006),
(Charter and Gray, 2008), (Hatcher et al, 2011):

“A combination of design processes whereby an item is designed to facilitate the different steps
involved in remanufacturing, considering the product strategy, and the detail engineering of the
products in terms of the entire remanufacturing process”.

However, the answer to “how to design for remanufacturing?” is largely broad and vague by
nature. Nevertheless, similar to DfD and DfA, there are certain product properties that fall inside the
DfRem principles, and that can serve as general guidelines for designers. It is important to note that
these product properties are related to the steps required in the remanufacturing process (at least in
the generic one).

4.7.1 Remanufacturing Product Properties

Several authors have constructed different approaches towards the desirable properties a product
should have for it to be suitable for remanufacturing. One of the most important is the RemPro-matrix,
a tool developed by Sundin (2004), and further on reviewed by other authors (Hatcher, 2011), (Lind-
kvist et al, 2016). Figure 4.4 shows the RemPro-matrix by Sundin (2004).

Different factors that are present in the RemPro-matrix are related to effective product design.
Which according to Hatcher (2011), it suggests that the DfRem guidelines are not a “single homog-
enous task, but actually a collection of many tasks or considerations whose prioritisation will differ
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Figure 4.4 RemPro-matrix based on Sundin (2004). Image by author.

depending on the process of the product”. Another benefit from the RemPro-matrix is that it allows
the designer to have the whole remanufacturing process in mind. According to the studies conducted
by Sundin (2004), the most crucial steps in the remanufacturing process are inspection, cleaning and
reprocessing. Therefore, the product properties from the RemPro-matrix are described hierarchically:
ease of access and wear resistance are closely related to the previously mentioned steps. In addition,
the following properties are prioritized: ease of identification, ease of verification, ease of handling
and ease of separation. The reason these are not a first priority is because they do not have a crucial
weight on the most delicate steps of the remanufacturing process. Nevertheless, this does not make
them less important.

Yet, while the RemPro-matrix is a successful tool when providing guidance and prioritisation of
issues, some authors have commented (Hatcher, 2011) that it might be highly-conceptual to apply it to
the industry. Probably because the product properties are remarkable subjective, and do not provide
a technical application in the field. This is because the RemPro-matrix itself was developed to be a
generic tool. Thus, in fact, it aims to be only of general guidance.

Consequently, and based on the studies from Sundin (2004), ljomah et al. (2007) developed a
much detailed approach towards DfRem guidelines. His work focused on developing, among many,
two tools that are at the core of his research: first, the identification of design features that affect prod-
uct remanufacturability; and secondly, detailed examples of high-level remanufacturing guidelines.

On the first tool, ljomah et al. (2007) maps the different design features: assembly type, product
complexity, materials, and design cycle. Along with this, different problems according to each feature
are identified, for instance the presence of numerous components, coatings, or internal component
arrangements, among others. The design features are graded from 1 - 4, where 4 is the highest impact
on affecting product remanufacturability. Table 4.2 explains his approach.

On the second tool by ljomah et al. (2007), his approach is similar to Sundin’s (2004) RemPro-ma-
trix, where the design characteristics are linked to the steps taken in remanufacturing. However, in
this case, there is a highly detailed description on each process activity, and a further explanation for
each step regarding material properties, assembly technique, and the product structure. This highly
detailed approach can also serve as a technical guidance in the design of components and building
products. It has been also highly used, and reviewed by other scholars from the field (Hatcher, 2011),
(Lindkvist et Sundin, 2016). Because the key purpose of ljomah’s et al. (2007) approach is to provide
guidance, it should be applied during the concept generation of the products. This tool is also a ref-
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Severity of

Design features = Problems identified .
impact

Comments: e.g. reasons, explanation, etc
Assembly type might hinder disassembly, an essential
1-4 and initial activity to the point that remanufacture is im-
possible.

Time consuming but generally would not make remanu-

Screws 1 facturing impossible.

Assembly type Time consuming, but generally would not make remanu-

Rivets 2 facturing impossible.

Difficult/impossible to disassemble depending on weld-

Welding 3-4 ing type.

Strong (e.g. epoxy

adhesive) 3 Very strong adhesive can prohibit disassembly.

Product complexity may necessitate increased complex-
ity, may require more types of testing, more expensive
testing, thus increasing resources used in terms of skills
and time.

Numerous Numerous components require more resources for test-
components ing and remanufacturing

Size and weight of product can be detrimental e.g. by

Product dimension 2 making access to damaged components difficult

Product
complexity May lead to wear because of friction between parts. May
make remanufacturing more complex and expensive be-
2-3 cause of difficulty in accessing damaged parts. Caused
by ineffective communication between end-user, reman-

ufacturer, manufacturers and designers.

Internal component
arrangement

Unnecessary and ineffective coatings can inhibit reman-
ufacturing and may even be detrimental in the long run,
e.g. flaking teflon coating might leave debris that might
damage components.

Coatings

Non-durable materials cannot be remanufactured.

Materials 4 .
Banned materials deters remanufacture.

Design cycle 3 Resource expected to keep pace with modernity.

Scale showing severity of problem’s impact on remanufacturing
S

4
1 low impact 2 3 4 4 very high impact
Table 4.2 Design features affecting product remanufacturability according to ljomah et al. (2007).

erence, qualitative tool based on a collection of different simple principles. The table by ljomah et al.
(2007) with the high-level remanufacturing guidelines can be found in the Appendix.

However, the question also remains for the products that are not in the concept development
stage. Are these also suitable for remanufacturing? Can remanufacturing be retroactive? Although this
is not recommended, since remanufacturing should be taken into account since the early design stag-
es, the shift towards a circular economy will require to test if existing products can be remanufactured.
Vogtldnder et al (2017) established an eight-point criteria to determine such:

|. The product is durable

Il. The product functionality can be recovered

[Il. The product design is standardised and modular

IV. The value at the EOL is high enough to prevent discarding

V. The cost to obtain the core is low if compared with the potential intrinsic value

VI. The product’s basic hardware technology is relatively stable over a period of time that exceeds the
product lifetime



Remanufacturing

VII. The consumer should be informed about the opportunity to return the core and about the availa-
bility of remanufactured products in order to create an adequate supply and demand
VIII. The product is DfD

This eight-point criteria can also serve as a series of guidelines for remanufacturers/manufacturers
and designers in the case of an existing product, or even during the concept development stage (al-
though the previously mentioned tools might be a better, highly detailed example).

4.7.2 The Impact of DfRem in the Built Environment

If DfRem is applied as a regular practice to all building components, its impact in the built envi-
ronment will most likely be related to the input in raw material, labour and energy. This can later on
translate to the economy. A reduction in the input of raw materials into the chain will also mean that
we will keep products longer in use, and companies will most likely shift towards business models
focused on providing a service instead than a product. However, there could be possible drawbacks
on this. For instance, if companies now rely on making profit from remanufacturing activity, “the par-
adox of circling faster” might come into place. This means that the product might be designed to be
remanufactured earlier than necessary with the purpose of demanding a service that will create value
for companies.

Additionally, the process of remanufacturing, and DfRem has a high focus on design for disas-
sembly. This might also mean that the industry might become highly labour intensive, which can be
translated into the creation of new highly skilled jobs.

Another “possible” drawback might be that keeping a product in use might block innovation.
However, this is not entirely true, because as it is explained in Section 4.7.1, the product’s technology
should be stable for it to be remanufactured.

Overall, the building industry will become more material efficient, products that are suitable for
remanufacturing will be kept longer into place, allowing them to have different (re)life options. Con-
sumers would be able to have low-cost remanufactured building products with a warranty equal or
higher than new ones. This would build a strong relationship between the OEM and remanufacturing
companies, where a service is continuously provided.

4.8 Conclusions on Chapter 4

This Chapter aimed to answer SRQ2: “What are the available guidelines for DfRem (Design for
Remanufacturing) and which are the circular business models that support it?”. A short literature re-
view on the field was analysed, describing the approaches by the different authors, their key purpose,
and more importantly, at which stage they should be applied. In the case of the RemPro-matrix, de-
veloped by Sundin et al. (2004), there is a cross-relationship between the product properties and the
remanufacturing process. This is one of the key aspects of this tool, since many of the technical barriers
are related to the concept development phase. The RemPro-matrix focuses on nine crucial product
properties: ease of identification, verification, access, handling, separation, securing, alignment and
stacking; along with wear resistance. These are later on cross-related towards seven remanufacturing
steps recognised by Sundin (2004): inspection, cleaning, disassembly, storage, reprocess, reassembly,
and testing. This qualitative tool provides guidance, but more importantly, a prioritisation of issues
that might be presented during the remanufacturing process. It also has the advantages of being sim-
ple, and easy to apply during the early design stages. However, due to the same, it can present the
disadvantages of being too broad, and highly subjective.

Based on the RemPro-matrix by Sundin (2004), ljomah et al.(2007) developed a robust set of
DfRem guidelines. His initial approach is towards identifying design features that affect product re-
manufacturability. He identifies them through four main design features: assembly type, product com-
plexity, materials, and design cycle. A scale showing the level of impact on remanufacturing, where 1 is
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the lowest, and 4 is the highest, is used to prioritise the product properties. Additionally, he comments
on the impact of such, and elaborates on the factors that cause the problem. From the identification
of such problems, he develops a second tool: high-level remanufacturing guidelines where he links
three product properties: material, assembly technique and product structure; with the three reman-
ufacturing process activities, product disassembly, cleaning, and remanufacturing (includes testing).
Similar to the RemPro-matrix, such qualitative approach, a set of guidelines, are to be applied during
the early design stages. It presents the advantages of being simple, yet more technical and precise.
However, Hatcher (2011) commented on it as still presenting the problem of being subjective, like its
predecessor, RemPro-matrix. Another important disadvantage is that it does not take into account
lifecycle thinking, and it is unknown if it has been applied to the industry.

Additionally, the eight-point criteria established by Vogtlander et al (2017) serves also as a general
guideline, especially in the case where remanufacturing is applied retroactively. Similar to the other
two tools previously reviewed, this approach can also serve as general guidance for the designers,
manufacturers, and remanufacturers. This approach is the only of the three reviewed that takes into
account lifecycle thinking, and the consumer’s experience. However, similar to the other two tools, it
can seen as subjective and too general.

This Chapter can strongly relate back to Section 2.5, where, as it was explained, remanufacturing
is considered as one of the “slowing resource loops”. Additionally, Section 2.6 also stated three of
the circular business models for slowing resource loops. These models are directly related to Sections
4.4 and 4.5 in this Chapter, as they have a strong relationship with the business models previously ex-
plained. Figure 4.5 depicts a small synthesis of the business models reviewed in Chapter 2, and how
these relate the contents described in this Chapter, taking into account the type of remanufacturing
company, and the sources to retrieve the cores.
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Figure 4.5 lllustrated synthesis of the three business models reviewed in Section 2.6, related to the findings from Sections 4.4 and
4.5. Image by author.



Analysing Kawneer
Nederland B.V.

This Chapter analyses the company Kawneer Nederland B.V.
in different aspects. The first Section explains the vision of the
company, and its role in the facade industry. Section 5.2 explains
the selected case study for the research: the RT 82 HI + system.
The technical information, key properties, and competitors of
the product are analysed. Furthermore, Section 5.3 explains the
current business model through the tool of the business model
canvas. Section 5.4 explains the current life cycle of Kawneer’s
products. Finally, Section 5.5 summarises the outcome of a circu-
larity interview and brainstorming session held with three impor-
tant stakeholders.
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Fig. 5.0 View of Kawneer Nederland B.V. headquarters in Harderwijk. Image by stedebouwarchitectuur.
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Fig. 5.1 Scheme of the relationship of stakeholders. Image by Klein (2013).

Fig. 5.2 RT 82 HI + Window system. Image by Kawneer (2018)

Fig. 5.3 Top view of the RT 82 HI +. Image by Kawneer (2018).

Fig. 5.4 Benchmark of high insulating aluminium windows. Image by author.

Fig. 5.5 Business Model Canvas according to the current linear business model from Kawneer Neder-
land. Image by author.

Fig. 5.6 Diagram of the current life cycle of products from Kawneer. Image by author.
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5.1 About the Company

Kawneer is an American manufacturer, leader of architectural aluminium products and systems. It
is part of the Arconic’s Building and Construction Systems (BCS) business. High-thermal performance,
hurricane resistance and blast mitigation are some of the key innovations developed by Kawneer in
the past years. The company has an extensive range of products: curtain walls, framing systems, doors
and windows.

Klein (2013) explains that in the fagade building industry, the project phases have different stake-
holders related to it. The processes of each stakeholder is also separated, which makes the supply
chain even more complex. Kawneer can be understood as a ‘system supplier’, according to the sep-
arated stakeholder process analysed by Klein (2013), as seen on Figure 5.1. In other words, it can be
understood as a ‘system integrator’, meaning that they specialize in bringing together different ele-
ments to create components or systems.
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Figure 5.1 Scheme of the relationship of stakeholders. Image by Klein (2013).
5.2 RT 82 HI + system

The RT 82 HI + aluminium system is characterised by having high insulation values. It is also cer-
tified Passive House phB, and it is manufactured in eight different variations. Highly attractive for the
market, the system has a U-value of 0.79 W/m2, mostly due to the AlcoaTherm insulation material.
Because the system is modular, it is possible to have different variations on the same according to the
architectural demand. The outer shell of the system can be adjusted according to the required design,
without affecting the functional properties. Double glazing and triple glazing can also be adjusted
according to the thermal insulation requirements

The RT 82 HI + system (Figure 5.2) is part of the modular series of window systems. The RT 52,
RT 62, and RT 72 have the same product architecture, where the main difference is the width of the
thermal break. As the series goes up (from 52 to 82), the thermal break becomes wider, making the RT
82 HI + series the one with the widest thermal break (44 mm).

Additionally, it is important to mention that Kawneer is not the direct builder of the window sys-
tem. They supply the different elements of the window, door, or curtain wall components, and their
clients, a fagade builder, will manufacture the fagade and its components, including the full window
assembly, according to each project.
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Figure 5.2 RT 82 HI + Window system. Image by Kawneer (2018)

5.2.1 Technical information:
Kawneer (2018) establishes the following:

System features

- Material: Aluminum extrusion profile

- Alloy: EN AW 6060 T 66 according to EN 573 anodising quality

- Construction: Symmetrical 3 chamber system

- Frame depth: 82 mm, variable, depending on required strength

- Wing depth: 90 mm

- Insulator: 45 mm plastic thermal break with patented AlcoaTherm filling
- Glazing capacity: Up to 66/74 mm

System options

- Water drainage: Concealed / visible water drainage

- Glazing: Indoor and exterior glazing

- Seals: Continuous vulcanised corners and / or frames

Model characteristics

- Design: Standard surface, concealed wing, renovation and / or custom made

- Windows: Straight vent or softline for internal and external turning

- Hinges and locks: System-related with Euro- utility and A-line handles

- Accessories: System-specific accessories as per regulation Kawneer

- Surface treatment: Anodising (20 or 25 micron), powder coating, pre-treatment 6-fold chromate, 60
micron with gloss level 30 or 70%. Other combinations on request
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5.2.2 Manufacturing and logistics

Alcoa, the mining company, extracts the aluminium from America, and transforms it into the 6060
alloy through the addition of chromium, copper, iron, magnesium, and other chemical elements (AEC,
2018). This makes the 6060 alloy part of the wrought aluminium-magnesium-silicon family (6000 se-
ries). This alloy is further on processed into billets, which later on go through the extrusion process by
heating the 6060 alloy to 300 - 600 °C. After the profiles have been created through extrusion, they
are sent to Kawneer’s factory in Harderwijk. There, they are assembled into the full window or curtain
wall frame, by adding a polyamide thermal break. This process is done with a knurling machine where
the aluminium profiles (called at this point ‘baby profiles’, Figure 5.3) are rolled with the polyamide
thermal break. After they have been assembled, they can no longer be separated without breaking
the elements. The assembled profile is then tested to ensure quality and building regulations. This last
process of assembling the baby profiles with the thermal break is the only one taking place at Harder-
wijk. The profiles, along with the hardware, and other accessories, are then packed and shipped to the
client.

Aluminium

baby profiles
rolled into thermal
break.

Figure 5.3 Top view of the RT 82 HI +. Image by Kawneer (2018).

5.2.3 Key Properties

Some of the key properties are derived from the material and production process, and others are
attributed to the product design itself.
Material and production process properties: Aluminium, along with aluminium extrusion process pres-
ent different advantages to designers and consumers. These are synthesised as follows from the Alu-
minum Extruders Council (AEC, 2018)

(a) Material Advantages:

* Recyclable

e Lightweight

e Strong

e High strength-to-weight ratio
® Resilient

e Corrosion resistant

(b) Extrusion Process advantages:
e Wide range of finished

e Virtually seamless

¢ Complex integral shapes

* Fastening and assembly

e Joinable
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e Cost-effective
e  Short lead times

These key properties attributed to aluminium window systems will be further discussed on Chap-
ter 6 Window Systems, where different Window Systems and materials are compared

(c) Product Design Properties: Additionally, the window design of the RT 82 HI + attributes other key
properties that are important to discuss. According to van Manen (2019), Sustainability and CE expert
at Kawneer (and guest supervisor), the RT 82 HI + system has the lowest U-value in the market, with the
slimmest frame, and with a Passive House certification to phB level. In conclusion, the product design
properties focus on a high thermal insulation, but with a very slim frame. This allows the client to have
large glazing surfaces with high thermal insulation.

5.2.4 Competitors

The main competitors for Kawneer, and the RT 82 HI + in particular, are Reynaers Aluminum (Bel-
gium), and Schiico International (Germany). These two companies manufacture aluminium products (in
the case of Schiico they also use other materials), and have similar products that compete against the
RT 82 HI + (Figure 5.4). These products, which are highly insulated aluminium window systems with a
Passive House certification are:

e CS 104 HI by Reynaers
e AWS 90 SI + by Schiico
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RT 82 HI + Aluminium Triple Glazed CS 104 HI Aluminium Triple Glazed AWS 90 SI + Aluminium Triple Glazed
Window Frame - Window Frame - Window Frame -
Kawneer Reynaers Schiico

Figure 5.4 Benchmark of high insulating aluminium windows. Image by author.
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Their product properties, technical performance, and key properties are thoroughly explained in
Chapter 6 Window Systems.

5.3 Current Business Model
It is not surprising that Kawneer, as most of the companies in the world, operates under a linear econo-
my system. However, before analysing the many different opportunities that a circular business model
could provide, it is important to understand the current business model of the company first. The tool
used to analyse this is the Business Model Canvas (as depicted in Figure 5.5), and it will be explained
as follows:

I. Value proposition:
(a) Product: reliable aluminium systems with high thermal insulation and performance. Ser-
vice: Technical support, advice during project development, and technical guidance.
(b) Customer Segments: Facade manufacturers, architectural firms, and consultants.
(c) Customer Relationships: Long term relationships built through dedicated personal as-
sistance.
(d) Value for Customer: They receive high quality individual window elements that are as-
sembled by the facade manufacturers (main client).

Il. Value creation and delivery:
(a) Key Activities: product design, product integration, purchasing of hardware and other
accessories/elements, assembling elements into products, product testing, packaging and
shipping.
(b) Key Resources: technical an d product design knowledge, distribution network, storage
facility, testing facility, software, website.
(c) Distribution channels: trade fairs, office fairs (OE), advertisement, e-commerce.
(d) Key Partners: Suppliers (hardware, insulation, accessories, etc), Alcoa and Arconic (par-
ent company), facade builders, Universities (TU Delft, BK).

lll. Value Capture
(a) Cost Structure: Fixed costs (overhead), variable costs (procurement).
(b) Revenue Streams: creation of value through a single sales of products

5.4 Current End-of-Life Scenarios

According to Wijnand van Manen (sustainability and circularity expert for Kawneer, and guest su-
pervisor), and Jeroen Boersma (team leader of European Product Development), it was informed that
currently, only 3-4% of the products by Kawneer are directly reused, and there is no current activity
by the company on remanufacturing. However, there is a high recycling rate on the 6060 aluminium
profiles. Figure 5.6 illustrates the current end-of-life scenarios of the products, along with the involved
stakeholders (blue), and their role in the process (green).

The current life cycle of Kawneer's products can be divided into four different stages by the au-
thor: sourcing, production, use, and end-of-life. The first stage, sourcing, takes place in the American
continent, where aluminium is extracted as virgin feedstock by Alcoa. After this, the virgin materials
are transformed into processed materials by a material manufacturer. During this process, the alumin-
ium profiles are extruded from billets. Afterwards, they are sent to Kawneer, the system supplier, who
assembles the aluminium “baby” profiles with polyamide thermal breaks, and the hardware pieces
and accessories are assembled in the factory, as explained in Section 5.1.2 Manufacturing and Logis-
tics. Next, fagade builders, receive the different components, and assemble them to manufacture a
complete facade system. The final product is then delivered to the user/owner, who is responsible for
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Figure 5.5 Business Model Canvas according to the current linear business model from Kawneer Nederland. Image by author.
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maintenance. When the product reaches its end-of-life, there is an alternative to demolition: recycling.

There is a collection and separation of the materials to group the 6060 aluminium products that
have the potential to be recycled. HKS is the recycling company in charge of this. The products are
then melted into aluminium billets in the Netherlands. After that, they are shipped to Belgium where
the aluminium profiles are extruded, and then supplied again to Kawneer. While this is a much better
option than waste or demolition, the products have a much larger potential to have other (re)life op-
tions that just recycling. As it was stated in Chapter 2, recycling is the last option in the diagram for a
circular economy. It should be further studied which would be the other possible end-of-life/end-of-
service scenarios for Kawneer products, and find a long-term sustainable solution.

5.5 Circularity Interview and Brainstorming Session

On the 27th of February, an interview and brainstorming session was held at Kawneer Nederland
B.V. headquarters in Harderwijk, Netherlands, with Wijnand van Manen (sustainability and circularity
expert for Kawneer, and guest supervisor), Andre Smit (project manager for Kawneer), and Martijn
Veerman (specialist on circular fagades at Alkondor Hengelo B.V.). The aim of this meeting was to
interview these three different stakeholders that have expertise on circular fagades. The full transcript
of the interview can be found at the Appendix. The following were some of the key remarks from this
interview and brainstorming session:

“Nowadays we see maintenance as ‘corrective maintenance’, which means that we do something
when it’s too late. There is a linear way of thinking if you do it like this. It is very expensive to come
everytime back when the product is not working anymore [...] So this pushed us to move forward to

‘oredictive maintenance’”. - M. Veerman
[

[talking about market demand for remanufactured windows] “But then an important point is who
is our potential client for the second-use fagcade? Maybe it is not an architect, but it is a real-estate

owner.” - M. Veerman

[talking about disassembly] “Sorry, but on the other hand you throw away money. And this is also
one of the principles of the CE: to keep the value as it is. So first, you want to keep the materials
of course, but then someone from Alkondor took the time in making that corner connection. And
if you take the parts apart to make a new one, then you throw away the effort put into creating this
existing corner connection. That is why it is really interesting that if you are able to use the first op-
tion of the complete window. That is the way we throw away the least.” - A. Smit

“So then it is important to be as flexible as possible, easy to upgrade the system, but also the val-
ue of this element. Everything is about the money. And when it is the price in this 15-30 years or
45 years, when the price is totally less than on the way as we work in this time, then it is easier to
sell it. Because the materials are not so expensive, but the working hours of the people, these are

expensive.” - W. van Manen

“A circular fagade is a service which is delivered as a sub-solution of building as a service, in which
it is more about the function and the performance, than the product itself. A circular facade is deliv-
ered to the large cycle of the building, or the function of the building, and it follows a series of loops

in a chain where it always comes back, not as waste, but as raw material.” - M. Veerman, Alkondor

“A circular fagcade is designed carefully, along with the building products in it. It should be cheap,
conscientiously used, constantly maintained, and not damaged; so it can live for as long as possible.
If the facade is no longer in use, it should be given to a new user. It should be reused for as long as

possible”. - A. Smit, Kawneer.
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Figure 5.6 Diagram of the current life cycle of products from Kawneer. Image by author.
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The feedback given by these three important stakeholders served as important input for the de-
sign process, which will be further explained in Chapter 8 Designing a Circular Window System.

5.6 Conclusions on Chapter 5

In this Chapter, different aspects from the company were analyzed. First, the company’s vision and
strategy that at the moment, aims to shift from a linear to a circular model. Then, the RT 82 HI + was
described, along with its relationship with the other window series from Kawneer, like the 52, 62, and
72. The RT 82 HI + stands out from the rest of the series because it has the higher level of insulation,
and it also holds a Passive House certificate, and with an extremely slim frame. The current manufac-
turing and logistics of the company was also analysed through understanding it into four different
segments: sourcing, production, use and end-of-life. During the sourcing, the raw material is extracted
by the parent company, Alcoa. The production process starts when the raw material is processed into
billets, and then extruded into profiles, which are sent to Kawneer. The aluminium profiles are rolled
with the thermal breaks at Kawneer's factory, and then sold to facade manufacturers disassembled.

According to the fagade design, the client assembled the profiles, hardware and other accesso-
ries, and the fagade system is installed. During the use phase, it receives service through a mainte-
nance company. Once the product reaches its end of life, the only (re) life option is recycling. This is
done by HKS, a recycling company, that collects the 6060 aluminium alloy, and then in remelted by
Emax, a melting company. The 6060 alloy is then reintroduced into the chain as virgin feedstock, and
the product process restarts from this point.

The current business model was analysed by applying a Business Model Canvas, where it was
found that the current business model is linear, and there is room for improvement towards a circular
business model, already reviewed on Chapters 2 - 4.

The analysis presented in this Chapter will also serve as important input towards the redesign of
the system, as well as the development of a business model that supports remanufacturing. This will
be further explained in Chapter 8 Designing a Circular Window System.
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Window Systems

This Chapter is the fifth part of the literature review: window
systems. An overview and evolution on windows is presented in
the first two Sections. Section 6.3 explains the different types of
hardware, while Section 6.4 describes how glass is fitted through
seals, aided by Section 6.5, window installation. Section 6.6 ex-
plains five different types of window typologies. Section 6.7 ex-
plains thoroughly the different types of window systems by ma-
terial: wood, steel, aluminium, uPVC, GRP, and two hybrid types
(aluminium/wood and aluminium/uPVC). Section 6.8 compares
the findings on each window system by material through a Harris
Profiles matrix. Section 6.9 is a state-of-the-art on window sys-
tems by material, similar to Section 6.7, but by presenting specif-
ic products from different providers. Section 6.10 concludes the

findings through the elaboration of an element-function matrix.
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6.1 Overview: Openings

A space is defined by floor, walls and ceilings, but also by the position and type of its opening.
The location of such openings in a facade is also closely related to the height and width of a room. Ad-
ditionally, the type and location of openings are also closely related to human activities such as resting,
walking, standing still (French windows, for instance), sitting, and working (longitudinal windows). The
type of user is also important, for example, in a Kindergarten, windows might be lower for the kids.
The design of components such as the height of a parapet and lintel is highly crucial to understand
in the design of a window. Rebates, or the reveals of an angle are other important factors that might
affect the quality of outlook and light influx (Hochberg et al, 2009).

The function of a building also determines specific requirements for a fagade, and thus, its open-
ings. Residential buildings, for instance, might have different requirements for each area (living room,
bedroom, etc), depending on the legislation, level of privacy, and climate conditions. Office workspac-
es have a high demand for illumination and glare protection at the same time. Industrial buildings have
a high demand for lighting but no outside views. These type of requirements for each opening also
give each building a different character.

Figure 6.1 Internal view of facade from Notre Dame du Haut in Ronchamp, France, by Le Corbusier. Image by
archdaily.com

6.2 Evolution

According to Hochberg et al. (2009), the opening has evolved from the archetypal hole or slit to a
complex architectural component: the window. This complex change is integral with the rapid changes
in technology, construction, new materials and production processes. “The history of Architecture is
the history of the window”, Le Corbusier (Figure 6.1) declared in the 20th century (Hochberg et al.,
2009). Innovations in steel, glass, and reinforced concrete in the 19th century lead to a greater spatial
freedom.

Structural frames liberated the envelope from the load bearing structure, and the level of trans-
parency in facades increased dramatically. The window transformed into a wall, or rather the wall into
a window. The transparent wall with glass separating wild nature and domesticity provided safety
and protection, while still creating a connection with the outdoor environment. Panoramic windows,
strip windows, bay windows and glass walls are new elements that add a new spatial dimension. The
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improvements in glass manufacturing also became a turning point, as float-glass technology lead to-
wards larger glazing surfaces. The liberation of the facade from the structural functions of the building
also allowed to treat openings as a design concept considering its construction, proportion, and pro-
tection; along with other architectural qualities such as patterns and composition of a fagade.

Openings lead to a series of negative and positive spaces that interplay between solid and void
surfaces. Therefore, windows become part of a living concept that “unites personal living space, with
the outside world, and bringing sight of the environment into the living spaces” (Hochberg et al.,
2009). Today, the design possibilities of windows seem limitless. There are windows for different func-
tions, climates, made out of different materials, and they might have a high importance in the charac-
ter of the building.

During the last decades, higher water and air tightness barriers have been incorporated to win-
dow design. Air infiltration in the opening has been considerably reduced by adding rubber-based
seals held in place through aluminium clips. They can easily be replaced when the seals are worn out.
Watertightness has also been highly improved with the addition of pressure equalised rebates in the
window Section. This way, when the water enters the profiles at the sides, it will be drained away from
the cavity, but without being drawn into the inner seal, between the inside and outside frame (Watts,
2014). The outer seal will prevent the excess infiltration of water, and the inner seal also has an acoustic
barrier function.

6.3 Hardware

Window hardware refers to the collection of parts that allow the window system to operate. This
means, it allows it to open, close, lock, or hold together certain pieces. Knaack et al. (2007), states that
“fittings such as hinges and stays are the connection between the element and the facade construc-
tion, and are used at the exterior interface between secondary structure and infill elements”. Hardware
components are usually available in standard solutions, and they should be coordinated with the struc-
ture of the selected facade system.

Hinges (as seen in Figure 6.2) are the moving connection among the sash and the window frame.
Commonly, hinges are composed of two parts, and they can either be called ‘drill-in hinges’, ‘surface
hinges’ (screwed or nailed in place), or a ‘mortise hinge’ (butt hinge), or ‘lift-off hinge” (notched in). The
selection of the hinge type depends on the weight of the frame and glass that needs to be supported.
They can also have more than one part, if the load is too high. Hinged fittings are also commonly man-
ufactured in steel or aluminium, and the fixing method might depend on the material of the frame. For
instance, in the case of wood, they are drilled, mortised or routed; where in the case of plastic, drilled
or screwed. Additionally, in the case of aluminium, they can be either clamped, or welded in place, but
also screwed.

However, the finishing of the material is also important, because the hinges are usually visible for
the user, and they affect the general aesthetics of the window. The different finishes currently availa-
ble in the market are matt-nickel plated, chromium plated, stainless steel, and standard color plastic
coatings. However, while the finish might be important due to the aesthetic qualities, it is also related
to the durability of the hinge, which might be even more important. The hinges should be corrosion
resistant, like anodised aluminium, or stainless steel.

Hochberg et al. (2009) classifies the different hinges types in the following four categories:

I. Mortise hinges: They have two plates that are mortised to the frame. The bottom one with the pintle
on the window frame, and the top one with a gudgeon on the sash. A routing machine makes slots
on the frame, and then the mortise hinge is introduced. Metal pins are inserted through the frame to
fix the hinge in place. Screws can also be used. Mortise hinges are only used with rebated windows.
II. Drill-in hinges: These hinges are fixed with the use of drill-in studs. These are drilled into the win-
dow frame through jigs or templates. The drill-in hinge has a leave which is attached by screws to the
frames.
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Figure 6.2 Window hinge. Image by eraeverywhere.com

lll. Pivot hinges: This type of hinge allows the designer to create hidden openings. Angle hinges and/
or corner hinges might be used to attach a sash, and also to strengthen it.

IV. Strap and snake hinges: These have different variations in geometry, from an ‘S’ shape or a round-
ed shovel. They follow the same principle as angle corner hinges.

6.3.1 Functional Hardware

If the window is required to perform a movement more complex than pivoting of the sash, then
functional hardware is required. Hochberg et al. (2009) classifies functional hardware in six different
types: rooflight fittings, tilt-turn, horizontally pivoting, sliding window, vertically pivoting, and intrusion
resistant fittings (mushroom-head locking points).

Tilt-turn fittings were popularized in Germany by post-war buildings, and then introduced by the
DIN 68121 in 1968. This hardware design allows window sashes to be operated through a handle and
brought into a pivoted position; or, through a scissor mechanism, into a tilted setting. If the user de-
sires limited ventilation, the window is opened by tilting the sash. This position can be held for long
through the use of a simple side-hung casement window, and there is a special hook and eye fitting.
This is an easy way to ventilate the space without completely opening the window, called ‘gap venti-
lation’. After a long period of time, gap ventilation can be as effective as cross ventilation.

The most popular functional window hardware element is the turning handle. There are differ-
ent functions that can be performed with the simple movement: opening, closing, and tilting. Single
armed levers were introduced recently as a new form of window lock, and they allow the user to apply
a stronger force when the inner mechanism is moved, and it also gives a visual indicator if the sash is
locked. This type of hardware is fixed by using simple elements, such as bolts (drawn or slid into posi-
tion), a quarter-turn sash fastener, or a single or double armed (clamped by friction to a wire stirrup at
the top of the side). Other types of window locks are wing hooks, pivoting bolts, drop latches, turning
bolts or espagnolettes, and lever bolts.

6.4 Fitting Glass

The connexion between the glazing or fitting panels strengthens the sash of a window. The weight
of the glass should be transferred equally through support packers. The bottom sash hinge carries
the weight of the glass, and when the glass is inserted into the frame, it is important that no part of
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Figure 6.3 Window seal. Image by feldcocedarrapids.com

the pane is in direct contact with the frame. The previously mentioned support packers, which are
the element responsible for carrying evenly the weight of the glass pane, should be positioned in a
way that the frame of the sash is not damaged. Support packers are commonly found in the market in
forms of hardwood or plastic (usually polypropylene). The forces from the glass panes are transferred
through compression to the support packers. Additionally to the support packers, the space packers
in the glass pane serve as spacers that maintain an even distance between the glass and the frame.
The packers also serve the important function of providing ‘restraint free support’, which ensures that
the inevitable movements of the elements in a window system occur evenly without damaging the
fragile glass panes, especially in cases of thermal expansion or moisture. A glazing bead can be fixed
by nailing or screwing in place the inner face of the window. This will press the glass panes against a
rebate, which keeps the elements in place.

6.4.1 Window Seals

Previously, the seal for the glazing and the frame was done with stiff putty. However, over the
years putty might dry out, creating cracks along its surface and cause damage. Modern construction
has followed the sequence of attaching a glazing bead against a glazing strip with a wet seal (usually
silicone, acrylate, polysulfide and polyurethane sealant), or in other cases, a dry seal. Dry seal systems
can be understood as prefabricated gaskets, extruded with complex profiles from synthetic rubber, as
seen in Figure 6.3. Nevertheless, over time, gaskets can also shrink and create gaps at the joints, which
allows water to penetrate.

6.4.2 Seals

The seals in a window are important because they ensure air-and-water tightness, so they must
be flexible to fulfill this function. For example, the joint between the sash and the window frame is a
functional joint called ‘rebate seal’. Another important seal in a window is the wind stop, which must
be easily replaceable, continuous peripheral, and it should not be displaced.

Seals are usually found in the form of PVC or rubber gaskets. The type of shape is closely related
to the material they are being used on: wood, plastic or metal. These type of shapes allow the seal to
deform, and go back to its original form, allowing flexibility. Seals need to be cleaned regularly and
maintained, and therefore, installed in a way that they are easy to remove. Other types of seals are:
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sash rebate seals, projecting seals, window frame seals, and double rebate seals.

6.5 Window Installation

The degree of thermal and acoustic insulation a window can provide is also highly determined by
the way it is attached to the construction. The fixing method and connections depend directly on the
material of the window and the wall is connected to. Window openings might have an internal rebate,
external rebate, or in other cases, none at all. The window frame should be attached to the construc-
tion in 80 cm intervals, with a rigid connection that allows movement. These connections, aside from
holding the window in place, also have the function of transferring the forces safely into the building. A
secondary frame, or a window case can also be used to allow easy replacement of a window. Dowels,
straps, fishtails and angles, which are the common fixing elements, are able to carry horizontal forces.
Screws, and other fixing elements that are installed should also be corrosion resistant.

The joint between the window and the wall should be carefully designed. This joint is formed with
a flexible sealant that allows movement. Two seals are placed in the wall: one on the inside and one
on the outside. On the inside, the sealant should be continuous and against water vapour. On the
outside, it must protect against the climate, especially water penetration. It is common to use foam in
situ to provide insulation for the joint. This material adjusts easily and fills uneven connection surfaces
(i.e. brickwork). However, it is important to understand that a foam is not a sealant, and it is also not
able to carry load.

6.5.1 Installation with Window Cases

A mounting window case is described by Hochberg et al. (2009) as “an auxiliary construction that
separates the formation of the window joint from the main processes of building, and permits easy
removal of the window when it requires replacement”. This element has two important functions: it
fixes the window to the construction, and it transfers the load from it. The window cases are usually
installed during the “finishing’ phase of the building’s construction. The cases should be designed and
installed to ensure that the sealing fulfills all requirements, so for example, thermal expansion or floor
deflections should be taken into account. Additionally, the case should not reduce the thermal insu-
lation of the window frame, so it should be taken into account when doing thermal calculations. The
window case simplifies the building processes, saves time and makes the replacement more precise.

6.6 Window Typologies

Hochberg et al. (2009) classifies window typologies into five according to their design form, ar-
chitectural characteristics, and the type of construction needed to install them: punched windows,
window strips, french windows, window-wall, and curtain wall. Figure 6.4 depicts the five typologies.

I. Punched windows: constructed with a lintel at the top, a window sill at the bottom, and with reveals
on the sides. The area of the wall is commonly significantly larger than the opening area.

Il. Window strips: consists of a series of window elements (usually punched windows) aligned horizon-
tally next to each other on the same floor. They are used when sill panels are not compulsory due to
architectural or structural reasons. They also allow a more flexible distribution of space. The ‘tongue-
and-groove’ principle is commonly used as a joining method to the window frame and its sides. The
sides of the frames are also joined to other parts of the building (like partition walls). Top and bottom
connections are like standard punched windows.

lll. French window: also called “window-door” is an opening component that starts at a floor level,
and is also used as a door.

IV. Window-wall: A window wall system is a room high element consisting of different windows and
doors combined together. The DIN 18056 states that it includes a windowed area built with frames,
mullions, rails, filling panels (glazing or opaque), with minimum measurements of 9.00 m long and 2.00
m high.
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Figure 6.4 Collection of images of window typologies. Top left: Punched windows. Top right: Window Strip. Center left:
French window. Center right: Window - wall. Bottom: Curtain wall. Images by: pixabay.com; france-voyage.com; balconette.
co.uk; remi.com; designingbuildings.co.uk

V. Curtain wall: external wall construction, usually for framed buildings. The curtain wall is placed in
front of the construction, commonly anchored at the floor slabs. It usually consists of storey-high com-
ponents, or a single load-bearing structure with vertical and horizontal rails. Solid panels and glazing
are then fixed to this construction.
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6.7 Window Systems by Material

Window systems can also be analysed according to their frame material. This analysis might be
more complete than Hochberg et al. (2009) five typologies because it will allow the understanding
of each material’s properties that affect the window design. In the following Section, five different
window materials are analysed (wood, steel, aluminium, uPVC, and GRP) along with case studies of
each. Window systems that combine two of the five analysed materials are also presented (aluminium
and wood, and aluminium and uPVC). For each window system, their manufacturing process, material
properties, and the advantages and disadvantages of each, will be discussed.

6.7.1 Wooden Windows

Wooden windows are probably one of the oldest systems used in facade construction. There is a
large range of design variations available in the market, and they have a high-aesthetic value. Wood-
en Sections form the full structural support of the glazing, which is then later on secured with glazing
beads (Watts, 2014). Figure 6.5 provides a 3D view of a wooden window in a brick cavity wall.

(a) Manufacturing Process: The frames and sashes of a wooden window can be made from solid
wood, laminated wood, and other materials. Common wood types are pine, spruce, teak, afrormosia,
agba, redwood, sipo, etc (Hochberg et al., 2009). The wood is then milled into the profile shape that
it is required by the manufacturer or client. Later on, the profiles will require to be impregnated with
a wood preservative. This will protect it from mold and insect infestation. These surfaces will further
on require regular maintenance and recoating. Detailing is highly important when designing wooden
windows, because water should be drained immediately. However, if the window is well maintained, it
can last for a really long time (Knaack et al, 2007).

(b) Material Properties: Wooden frames have great thermal insulation values. They do not require
a thermal break in the profile, and they can reach a U-value from 0.3 to 0.5 W/m2K. Careful design
should be taken into consideration, because if the wood profiles are not tied together, they can twist
or warp when they are exposed to outside elements. Even if the surface is treated with paint or varnish,
any movement related to moisture can crack the outer finish and provoke further movement inside
(Watts,2014). They also require high maintenance.

(c) Advantages:

o |f well maintained, durable

* High thermal performance

e Wood is a highly available material

e Easily customized

e Variety in finishes

e Low embodied energy

e Renewable resource (if there is a certification that ensures sustainable cultivation)
* Easily repaired

* Low production cost

(d) Disadvantages:

e High maintenance (for example, regular painting every 3-5 years, and complete repaint every 10)
¢ If the maintenance is not properly done, it can rot, break, or warp

e |Low weather resistance

e Low fire resistance

e |t cannot be recycled, but only downcycled.
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Figure 6.5 3D view of a wooden window in a brick cavity wall. Image by Watts (2014).
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6.7.2 Steel Windows

(a) Manufacturing process: With the technological innovation of the 19th century, cast iron became
a popular material. By the mid-twentieth century, stainless steel frames had acquired a high popu-
larity, and thus, slender steel frames became an important characteristic of Modernism. Steel frames
are commonly manufactured by combining recycled steel and virgin feedstock. They can also be
produced from stainless steel, steel alloys or corten steel. The steel profiles are produced by folding
metal sheets, resulting in cold-rolled hollow Sections in T-, Z-, |-, or L- shapes. Because of the nature
of this production process, it is not possible to manufacture profiles with too much detail, contrary to
the case of aluminium. However, in terms of accuracy, it will remain high, “with close tolerances and
recesses for weather-strip rubber seals, glazing, and thermal breaks” (Watts, 2014). Figure 6.6 shows
a double glazed steel frame.

(b) Material Properties: Steel windows are commonly used when fire-resistant properties are impor-
tant. They provide structural integrity during a fire. However, it will not give thermal insulation to coun-
ter the heat generated by the fire (Watts, 2014). Steel frames will provide a high structural strength and
stiffness, so they are ideal to cover large spans. However, steel profiles require to be thermally broken,
since steel has a high thermal conductivity. The frame is divided in two parts, inner and outer, and con-
nected through an insulating material that acts as a thermal break. The high thermal conductivity also
causes water condensation in the profiles, which can be solved by detailing water collection channels
in the internal window sills. Steel is also one of the heaviest materials, so this should be considered
when selecting this type of frame. Additionally, it can corrode. However, if treated properly against
corrosion, it can last for a long time with hardly any maintenance.

(c) Advantages

e High strength and stiffness

e Highly durable

* Low maintenance

e Slim-line frames

e FEasyto clean

e |f designed correctly, it can be reused or recycled
* Fire resistant

(d) Disadvantages

e High thermal conductivity, therefore, thermal breaks are necessary
e Poor resistance to condensation

e Risk of corrosion

e Heavy material
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Figure 6.6 Double glazed steel frame. Image by Watts (2014).
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6.7.3 Aluminium Windows

(a) Manufacturing process: Aluminium is one of the most recyclable materials in the built environ-
ment. The aluminium scrapes, along with virgin feedstock, are both melted to form billets. The billets
then go through an extrusion process, which allows the frame to be highly detailed and with complex
shapes. The profiles can later on be finished through anodising, coating, or painting. To form the ther-
mal break, polyamide strips and the aluminium profiles go inside a knurling machine to form the full
thermally-broken frame. Unfinished aluminium can oxidise, and therefore, the profiles are treated with
methods such as grinding, brushing, polishing or electrochemical process such as anodising. Powder
coated processes are also applied, and these might be baked in a special oven at a temperature of 180
°C. The aluminium profiles are then connected together to form the complete frames with screwed or
bolted joints.

(b) Material Properties: Aluminium frames are lightweight, strong, and stiff. It is also corrosion resist-
ant and highly durable, thus, the frames require very little maintenance. However, aluminium has a
high thermal conductivity, and that is the reason the design of the thermal breaks is highly important,
as it reduces the heat from the inside to the outside. The thermal break also contributes highly to
the reduction of the U-vale, from 2.0 (non-thermally broken) to 1.0, or even 0.5 W/m2K. This might
increase the cost and the width of the window. Contrary to wood and steel, aluminium combines low
weight with a high construction accuracy, but it might also expand more than other materials due to
its high thermal conductivity. Tolerances of 1-1.5 mm/m length should be considered when designing
the profiles. Figure 6.7 shows different window frames by Kawneer, where the bottom image shows a
series of windows there the thermal break increases 10 mm for each series (RT 52/62/72/82).

(c) Advantages:

e Lightweight

e High strength and stiffness

* Durability (up to 70 years)

e Low maintenance

e Water and corrosion resistance
e FEasyto clean

® Low cost

e Highly recyclable

e High manufacturing accuracy
e FEasy to install

(d) Disadvantages

e High thermal conductivity, thus, thermal breaks are necessary
e Low condensation resistance

* High primary embodied energy
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Figure 6.7 Collection of images of Kawneer's aluminium window frames. : Top: Exploded axonometry of the
RT 82 HI + Aluminium Window System. Bottom: Front view of the RT 52/62/72/82.
Image by Kawneer Nederland (2018)
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6.7.4 uPVC Windows

(a) Manufacturing Process: The materials needed are unplasticized polyvinyl chloride, which is heated
up, and then extruded to form a shape. The profiles of a uPVC frame are hollow, and might require
stiffening steel or aluminium Sections to increase the stability and load bearing capacity. The stiffeners
are either riveted or screwed into the profile, but they might also increase the thermal conductivity.
Because the profiles are extruded, it is possible to manufacture complex shapes and high details.

(b) Material Properties: PVC profiles have a lower stiffness, and are not recommended for large spans.
They are also easy to handle during the installation and assembly, mostly due to its lightweight. They
have a great thermal performance because uPVC has a low thermal conductivity, so there is no need to
add a thermal break. The inside of a uPVC profile might have chambers to improve the thermal perfor-
mance, and such chambers can also be filled with insulation, resulting in an even higher performance
than wooden frames. The colour and texture are given to the frame during the production process,
which means that the frame will require hardly any maintenance or extra finishing coating. Plastic can
also creep under constant loads, which can lead to deformation if the profile is not properly reinforced.
Figure 6.8 depicts two different types of uPVC frames.

(c) Advantages:

e High thermal insulation

e Lightweight

e |Low maintenance

e Resistant to corrosion

e Easy to install

e |ower cost

* Complex shapes / high detail
e |ow cost

(d) Disadvantages:

* Low stiffness

* High environmental impact

* Reinforcement might be required

* High thermal expansion

* Low fire resistance

* Low radiation exposure resistance

e With low or high temperatures, there can be loss of mechanical properties
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Figure 6.8 Collection of images of uPVC frames. Top: Isometric view, image
by archiexpo.com ; bottom: origin-global.com
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6.7.5 GRP Windows

(a) Manufacturing Process: Glass Reinforced Polymer (GRP) is pultruded to create profiles for the
frames. Due to the nature of its production process, the frames can be highly detailed and complex
shapes are possible. This is a relatively new material in the construction sector, but it offers endless
possibilities in means of shapes and colours. It has been called by many as “the future material in the
facade sector” (Fradelou, 2013). Colours are added during the production process, which means the
frame does not require any further finishing. However, this production process is highly expensive and
time consuming. Customization, while is possible due to the production process, is highly costly. This
makes the final product very expensive

(b) Material Properties: GRP frames are highly stiff and strong, due to the nature of the glass rein-
forcement. Similar to other composite materials, they do not decay, and have low maintenance re-
quirements. GRP frames are durable, have high corrosion resistance, and low thermal conductivity and
thermal expansion. Therefore, it does not require a thermal break. Additionally, the air cavities inside
the frame can be filled in with insulation. However, GRP frames are not easily repaired. They are highly
fragile and should be carefully transported and installed. Figure 6.9 depicts different GRP frames.

(c) Advantages

e Superior thermal insulation

e Lightweight

e Durable

e High stiffness

* Low maintenance

* Water and corrosion resistance
e FEasy to clean

* Available in complex shapes

* Smaller profiles in comparison to other materials
* Low thermal expansion

e Low thermal conductivity

(d) Disadvantages

e Not reusable

* High production cost

* Low fire resistance

e Difficult to repair

* Fragile product

* Limited availability by producers
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Figure 6.9 Collection of images of GRP frames. Top image: installation of a GRP window.
Bottom: GRP profiles. Image by fiberline.com

79



80

Graduation Report

6.7.6 Aluminium/Wooden Windows
(a) Manufacturing process: The system consists of a wooden load bearing frame, produced like nor-
mal wooden profiles, which is then covered with an aluminium weatherboard.

(b) System Properties: The combination of wood and aluminium have created a new type of frame
that benefits from a double material solution. The aluminium weatherboard protects the wooden
frame from the weather, increasing the durability of the product. Maintenance requirements are also
lower in this case, due to the high durability of the aluminium protecting the wood. The thermal
performance of the window remains relatively high, as wood has a low thermal conductivity, and the
aluminium cover does not affect this. The aesthetic quality of a wooden window is preserved on the
inside. However, some of the possible drawbacks are that the wooden frames might contract and ex-
pand during changes in temperature, which means that the gap in between the two materials should
allow for this tolerance. Additionally, because of the combination of these two materials, the thermal
performance might decrease if the detailing is not accurate. The cost of this system is also higher
compared to normal window frames, particularly because of the aluminium. Figure 6.10 depicts an
aluminium/wooden window.

(c) Advantages:

e High durability (especially compared to full wooden frames)

e High thermal performance

e Easy to customise

* Recyclable and reusable (if properly designed and disassembled)

* Low embodied energy (especially if compared to full aluminium windows)
e FEasy to repair

* Low maintenance

* Impact and scratch resistance

(c) Disadvantages:

* Low fire resistance

e Higher cost

e |Ifitis not properly detailed and maintained, it can swell, rot or warp
* Required stain or paint every 5 years approximately
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Figure 6.10 Collection of images of an Aluminium/Wooden window. Image by: pinus-window.com
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6.7.7 Aluminium/uPVC Windows
(a) Manufacturing Process: Similar to Aluminium/Wooden windows, uPVC/Aluminium window sys-
tems consist of a combination of a uPVC profile that is covered with an aluminium weatherboard. The
profiles are extruded from uPVC, as well as the aluminium covers, which are then placed covering the
profile to create the hybrid system.

(b) System Properties: The combination of uPVC and aluminium allows the system be light-weight,
stiff and strong. The external aluminium cover allows the uPVC profile to have higher durability and
weather protection, making it easier to maintain. However, the combination of these two materials also
has possible drawbacks. For instance, the thermal expansion of aluminium is different to the one for
uPVC which can cause uneven movements. Figure 6.11 depicts two different aluminium/uPVC frames.

(c) Advantages:

e High thermal insulation

e Lightweight

e High durability

* Low maintenance

® Resistant to corrosion

* Resistance to warping and sticking

(d) Disadvantages:

* Not possible to reuse
e Low fire resistance

e Low stiffness
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Figure 6.11 Collection of images of two different Aluminium/uPVC windows. Top image by
archiproducts.com bottom image by cdn.finstral.com
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6.8 Comparison Method on Window Systems: Harris Profiles Matrix

The characteristics of each window system will be assessed through a quantitative comparison: a
weighted average that will determine the most suitable material for a circular window system. Different
characteristics are considered, however, they are not equally weighted (from 1 - 5, 1 being the less
important, and 5 the most important). This is because some properties might have higher importance
than others in terms of circularity. Further explanation for the characteristics with the highest weighted
values are provided as follows:

* Cyclability: The material/product is able to circulate hierarchically between the loops for product
life-extension of repair, reuse, and remanufacture.

* Low maintenance: The product/material is easy to maintain through regular service checks, clean-
ing, and small repairs.

* Low primary embodied energy: Primary embodied energy refers to the total sum of all the energy
required to produce any product or service, from manufacturing to transportation. This is one of
the many ways the environmental impact can be measured.

* Recyclable: When the product reaches its end-of-life, the materials can be broken down, pro-
cessed, and new materials can be created out from it.

* Ease of repairness: The product can be easily repaired to return it to working conditions

The matrix shows that Aluminium/Wood, Aluminium, and Steel have the highest weighted aver-
age, while U-PVC and GRP systems seem to have the lowest. Wood also scores quite high on its own,
along with Aluminium/uPVC window systems. However, looking closer at the table, GRP scores higher
than uPVC systems. Mostly because of the stiffness, low thermal conductivity, and low maintenance.
It is important to understand that while GRP has high score for many of the properties evaluated, but
in those that are weighted higher because they are related to circularity, it scores lower (except in low
maintenance). This is also one of the reasons the difference between each material is so low.

While this Harris Profile Matrix is a rough approach to a quantitative method for measuring the
performance of each system, it is important to understand that a limitation to this assessment might
be that the score given to each property and material can be subjective, as it is focused on circularity.
Perhaps for other scenarios, the materials would have a higher score. For instance, cyclability refers to
the material to be able to circulate hierarchically in the loops of product life extension; while durability
means that the material should last for as long as possible. However, the cyclability has a higher weight
than durability. This is because durability does not ensure that the product is able to circulate. By look-
ing closely at the table, it can be seen that in the case of GRP, the material is extremely durable, but it
cannot be repaired, and if it is not installed properly, it can break, making it less suitable for a circular
project, and scoring considerably low in the cyclability aspect.

The assessment weighted average matrix for each window system, where weight is: 1-2-3-4-5 ;
very unimportant - unimportant - neutral - important - very important.

Materials’ score is: 1-2-3-4-5-6-7 ; very unsatisfactory - unsatisfactory - slightly unsatisfactory - neu-
tral - slightly satisfactory - very satisfactory.

The matrix shows that the best system is the hybrid variation of Aluminium/Wood, followed by
aluminium window systems. Also, according to this matrix, u-PVC and GRP seem to be the worst ma-
terials, particularly because they are not able to circulate hierarchically. This will be taken further into
consideration in Chapter 8. Designing a Circular Window System.
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4.27
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7
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Window Systems
Al/Wood Al/PVC

5 6
7

7 4
6 7
7 7
7 4
5 4
3 6
5 4
7 4
6 4
O O

5.96 5.17

Table 6.1 Harris Profiles Matrix on the eight different window systems analysed.
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6.9 State-of-the-Art: Comparison by Materials
For a further understanding of the different types of window frames and their properties, a state-of-
the-art that analyses existing frames in the market was realised. The selected frames are:

|. RT 82 HI + Aluminium Triple Glazed Window Frame - Kawneer

[l. CS 104 HI Aluminium Triple Glazed Window Frame - Reynaers

lIl. AWS 90 SI + Aluminium Triple Glazed Window Frame - Schiico

IV. Opificium TABS Steel Triple Glazed Window Frame - Palladio

V. PVC Triple Glazed Prestige Window Frame - Inoutic

VI. Titan AluminiumWooden Triple Glazed Window Frame - Josko

VII. GRP Triple Glazed Window Frame - Ecliptica

VIII. Safir Plus PVC/Aluminium/GRP Triple Glazed Window Frame - Josko

6.9.1 RT 82 HI + Aluminium Triple Glazed Window Frame - Kawneer

(a) System Description: This thermally broken aluminium window frame is the most innovative and
modular system from Kawneer (2018). This window frame is the most slender in the market with the
highest insulation value due to the Alcoatherm insulation technology. It also holds a Passive House
phB certificate. It is possible to connect different systems of Kawneer with the RT 82 HI + due to its
modular nature. In conclusion, this system offers a large variety of designs, the highest insulation value,
and flexibility. Figure 6.12 is an analysis of the system.

(b) System Characteristics:

Material: Aluminium extruded profile

Alloy: EN AW 6060 T 66 (according to EN 573 anodising quality)

Construction: Symmetrical 3 chamber system

Frame depth: 82 mm (it can vary depending on the strength)

Insulation: 45mm plastic thermal break filled with AlcoaTherm insulation

Glazing capacity: Maximum 66/74 mm

Surface treatment: Anodizing (20-25 microns), powder coating, pre-treatment of 6-fold chromate, 60
microns with a gloss level of 30 or 70%.

(c) System Performance:

Insulation value: Uf = 0.79 W/m2k (according to EN 10077-2)
Certification: Passive House phB certificate

Airtightness: Class 4 (according to EN 12207)

Water resistance: 9A (according to EN 12208)
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Figure 6.12 Analysis on the RT 82 HI + window frame. Image by author
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6.9.2 CS 104 HI Aluminium Triple Glazed Window Frame - Reynaers

(a) System Description: The CS 104 HI aluminium frame is the solution by Reynaers for passive build-
ings. With the aid of a patented insulation technology which is introduced inside the thermal break, the
system achieves a high thermal insulation value. Gaskets were especially redesigned for this system
to achieve a higher level of wind and water tightness. The built-in depth of the profiles also provides
higher strength and stability. This gives the architectural freedom of building large glazed surfaces.
In conclusion, this system provides a high thermal insulation, a strong system, and high values for air,
wind and water tightness. Figure 6.13 depicts the system, and Figure 6.14 is an analysis of the system.

(b) System Characteristics:

Material: Extruded aluminium

Alloy: EN AW 6060 (according to EN 573 anodising quality)
Construction: Symmetrical 3 chamber system

Frame depth: 95 mm

Insulation: 59 mm fibreglass reinforced polyamide strips
Glazing capacity: 65 mm

Surface treatment: Anodized or powder coated.

(c) System Performance:

Insulation value: Uf = 0.88 W/m2K (depending on the frame/vent combination)
Certification = None

Airtightness = 4 (600Pa) (EN 1027; EN 12208)

Watertightness: E900 (900 Pa) (EN12211; EN 12210)

Wind load resistance: 5

Figure 6.13 View of the CS 104 HI window system. Image by Renaers (2019).
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Figure 6.14 Analysis on the CS 104 HI window frame. Image by author.



90

Graduation Report

6.9.3 AWS 90 Sl + Aluminium Triple Glazed Window Frame - Schiico

(a) System Description: This frame system offers a modular solution with high thermal insulation val-
ues. Referred to as a "block system”, the slender frames can be customisable between single and dou-
ble-vent designs. If the frame is designed carefully, it is possible to achieve a passive house standard.
A variation in this system is available, AWS 90 SI + Green, which uses castor oil instead of polyamide
thermal breaks. In conclusion this system offers flexibility, ease of customisation, and innovative sus-
tainable solutions. Figure 6.15 depicts the system, and Figure 6.16 is an analysis of the system.

(b) System Characteristics:

Material: Extruded aluminium

Alloy: EN AW 6060 (according to EN 573 anodising quality)

Construction: Symmetrical 3 chamber system

Frame depth: 77 mm

Insulation: 62 mm fibreglass reinforced polyamide strips (possible castor oil if upgraded to AWS 90 SI
+ Green)

Glazing capacity: 68 mm

Surface treatment: Powder coated, anodised, painted, duraflon, colour ranges

(c) System Performance:

Insulation value: Uf = 0.8 W/m2K (depending on the frame/vent combination), average Uf value = 1.0
W/m2K

Certification = Passive House

Airtightness = 4 (600Pa) (EN 1027; EN 12208)

Watertightness: 9A

Wind load resistance: C4/B4

Figure 6.15 View of the AWS 90 SI + Window System. Image by Shiico (2019).
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6.9.4 Opificium TABS Steel Triple Glazed Window Frame - Palladio

(a) System Description: This system proposes a new type of architecture: a steel frame with a venti-
lated thermal break. The profiles have slots along their entire surface, and their shape and size allow
the circulation of air needed to stop heat and cold transmission from one side of the profile to other.
Studies showed that because of this ventilated thermal break, the dispersion of heat is limited. Be-
cause the slots in the frame allow the circulation of air, the convective movement stops or disperses
the heat/cold coming from the outside. The movement of air also keeps glasses and frames dry, pre-
venting corrosion, oxidation and moulds. The system is available in stainless steel and steel, and it is
possible to combine it with further finishes, for instance, the addition of a wooden cover for the inside,
extra insulation on the outside (thermal shield), or even a ballistic system. The frame becomes “a body
shell, a dummy which dress can be changed according to the needs and taste of the moment” (Pal-
ladio, 2019). In conclusion, this is an innovative system which offers different possibilities to customise
the frame, through a new innovative way of providing insulation. Figure 6.17 depicts the system, and
Figure 6.18 is an analysis of the system.

(b) System Characteristics:

Material: Rolled steel/stainless steel

Construction: L-, T-, and Z- profiles with 20 mm thickness.

Frame depth: 60 mm (average)

Insulation: ventilated thermal break

Glazing capacity: 62 mm

Surface treatment: painted steel, pickled or mirrored steel, corten, copper, brass. Possible to add
wood, artificial marble, leather, and even fabric as a cover.

(c) System Performance:

Insulation value: Lowest possible is Uf = 1.9 W/m2K (depending on the frame/vent combination, and
glass thickness), average Uf value = 3.6 W/m2K

Certification = None

Airtightness = 4 (EN 102601)

Watertightness: E1500 (higher than the maximum 9A); (UNI EN 1027/01)

Wind load resistance: C5 (UNI EN 12211/01)

Figure 6.17 Axonometric view of the Opificium TABS window
system. Image by Palladio (2019)
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6.9.5 uPVC Triple Glazed Prestige Window Frame - Inoutic

(a) System Description: This system offers the combination of being slender and highly insulating in
terms of acoustic and thermal. This is achieved through a six-chamber design and a profile depth of 76
mm. This product also satisfies the latest requirements for the Energy Saving Regulation (ENEV 2014).
The window profile is available in four different design variants, different colours, and even aluminium
cappings. It can also be reinforced for extra stiffness in case the glazing surfaces need to be larger.
In conclusion, this system offers a high insulation, with different customisation options and finishes.
Figure 6.19 depicts the system, and Figure 6.20 is an analysis of the system.

(b) System Characteristics:

* Material: Extruded PVC profiles

e Construction: Six chamber, 2.8 mm thick

* Frame depth: 76 mm

® Insulation: Six chamber technology

* Glazing capacity: 44 mm

e Surface treatment: 40 different laminated foil colours

(c) System Performance:
* Insulation value: Lowest possible is Uf = 1.1 W/m2K (depending on the frame/vent combination,
and glass thickness)

Figure 6.19 Image by uPVC Triple Glazed Prestige Window Frame. Image by Inoutic
(2019).
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6.9.6 Titan Aluminium/Wooden Triple Glazed Window Frame

(a) System Description:

This product was designed to fit passive house standards, while still manufacturing sustainably. The
frame is composed of two parts, a wooden frame made, which is then covered with an aluminium
weatherboard. In between these two materials, there is an insulation foam. In conclusion, because
this system combines the properties of two materials, it achieves a very low insulation value, while
still maintaining a slender frame, which has the aesthetic qualities of wood. Figure 6.21 depicts the
system, and Figure 6.22 is an analysis of the system.

(b) System Properties:

* Material: Spruce or oak, covered frame with aluminium weatherboard

e Construction: Solid wooden asymmetrical frame

e Frame depth: 103 mm (where 32 mm is highly efficient thermofoam)

e |nsulation: Thermofoam, 32 mm

* Glazing capacity: 60 mm

e Surface treatment: Varnished wood covered with aluminium weatherboard

(c) System Performance:
* Insulation value: Lowest possible is Uf = 0.67 W/m2K
e Certification: Passive House-certified, PH Institute Darmstadt, Germany
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Figure 6.21 View of the Titan Aluminium/Wooden Triple Glazed Window Frame.
Image by Josko (2019).
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6.9.7 GRP Triple Glazed Window Frame - Ecliptica

(a) System Description: This system is a new type of architecture that combines a strong, durable
material with a very good thermal insulation, 700 times better than aluminium, and 4 times stronger
than wood. What is even more attractive is that the window frame is much more slender, making the
glazing area bigger and much more attractive. The product also follows a waste recycling concept
called "CompoCycle”, where full material and energy recovery are assured, according to the Europe-
an Waste Directive. In conclusion, this system provides a new approach to window manufacturing, with
an innovative material, with superior thermal insulation and stiffness. Figure 6.23 depicts the system,
and Figure 6.24 is an analysis of the system.

(b) System Properties:

Material: Pultruded GRP profile

Construction: Asymmetrical frame

Frame depth: 45 mm

Insulation: GRP is an insulating material by itself
Glazing capacity: 60 mm

(c) System Performance:

Figure 6.23 View of the GRP Triple Glazed Window Frame.
Image by Ecliptica (2019).
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6.8.8 Safir Plus PVC/Aluminium/GRP Triple Glazed Window Frame - Josko

(a) System Description: The combination of these materials result in a window frame with high ther-
mal insulation, strong, and slim at the same time. Because of the PVC construction, this frame is much
lighter, but because the frame is covered in an aluminium weatherboard, it is also durable and easy
to maintain. The window sash is made of GRP, which makes it more secure, lighter, and less prone to
distortion. In conclusion, this frame benefits from the different properties of three materials: thermal
insulation provided by PVC and GRP, stiffness (GRP), and durability (Aluminium weatherboard). Figure
6.25 depicts the system, and Figure 6.26 is an analysis of the system.

(b) System Properties:

Material: Extruded PVC profile covered with aluminium weatherboard, GRP window sash
Construction: Six chambers

Frame depth: 100 mm

Insulation: Six chamber technology. The main chamber can also be filled with thermal insulation.
Glazing capacity: 60 mm

(c) System Performance:
Insulation value: Lowest possible is Uw = 0.67 W/m2K
Certification: None

Figure 6.25 View of the Safir Plus PVC/Aluminium/GRP Triple Glazed Window Frame.
Image by Josko (2019).
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6.10 Conclusions on Chapter 6

This Chapter discussed the different types of window systems, along with the different available
materials in the market: wood, aluminium, steel, PVC, and GRP. Hybrid variants were two or even more
of these materials are included were also discussed: aluminium/wooden frames, and aluminium/PVC
frames. Additional to the analysis of each system, a specific product was selected to do a further analy-
sis and comparison. The following function-element matrix (Figure 6.27) was done with the purpose of
analysing how each element interacted with five of the different window functions: thermal insulation,
drainage, stiffness, sound insulation, and adjustable glazing width.

(a) Thermal insulation: As it can be seen, in the case of the three aluminium windows, the thermal
insulation is provided through a thermal break, because these materials have a high thermal conduc-
tivity. On the other side, PVC, GRP, and wooden frames do not require any thermal break, due to their
low conductivity. In the case of the steel window, because of this particular product, the insulation is
created through convective movements around the profile. The slots in the profile allow for convec-
tion, and thus the profile itself is the element that fulfills this function. PVC frames insulate the window
system through chambers, the higher the number of these chambers, the better the insulation value.
GRP and aluminium do not require an additional element to insulate.

(b) Drainage: Aluminium frames have a small hole for drainage in the profile. They also have small
‘noses’ in the inner part of the profile to stop the water from coming in. The case is similar to PVC, steel
and GRP. The gaskets are also an important element for this function.

(c) Stiffness: Aluminium and steel frames provide structural strength due to their material properties.
Same is the case with GRP and wood. However, PVC needs strengthening through the addition of
steel bars, placed on the inside.

(d) Sound Insulation: In almost all cases, sound insulation is provided by the outer weather gaskets,
and the inner chambers (for aluminium and PVC). GRP and wooden frames have their fulfill their insu-
lating functions through the frame itself.

(e) Adjustable glazing width: For the case of aluminium and PVC frames, the glazing beads can
be removed and replaced to adjust the glazing width. This is also the case for some of the wooden
frames. For the analysed steel system it is unclear how the glazing width can be adjusted, since it had
no glazing beads.
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Figure 6.27 Matrix on the analysis of the different element-functions of the eight window systems. Image by author.
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Analysis of

Existing Design

This Chapter analyses the RT 82 HI + according to an established
reference project. A function analysis according to the facade
function tree is analysed to understand the different facade re-
quirements. Then, the current end-of-life scenarios for the ele-
ments of the RT 82 HI + are analysed. Assessments for DD, DfA,
and DfRem are done through the use of three different meth-
odologies found through the literature review. Each of the three
methodologies are then applied to the RT 82 HI + to understand
its challenges and potentials. The disassembly process of a phys-
ical prototype is also explained in this Chapter.
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Fig. 6.21 View of the Titan Aluminium/Wooden Triple Glazed Window Frame.
Image by Josko (2019).

Fig. 6.22 Analysis of the Titan Wooden/Aluminium Triple Glazed Window
Frame. Image by author, based on Fradelou (2013).

Fig. 6.23 View of the GRP Triple Glazed Window Frame. Image by Ecliptica
(2019).

Fig. 6.24 View of the GRP Triple Glazed Window Frame by Ecliptica (2019).
Image by author, based on Fradelou (2013).

Fig. 6.25 View of the Safir Plus PVC/Aluminium/GRP Triple Glazed Window
Frame. Image by Josko (2019).

Fig. 6.26 Analysis of the Safir Plus PVC/Aluminium/GRP Triple Glazed Win-
dow Frame. Image by author based on Fradelou (2013).

Fig. 6.27 Matrix on the analysis of the different element-functions of the eight
window systems. Image by author.
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7.1 Establishing a Reference Project
To design and assess a circular window system, it is important to establish a reference project. The
current market for the RT HT 82 HI + is 100% residential in the Netherlands. Therefore, a brick cavity
wall was taken as the construction system, which is the common system for residential buildings. This
reference project was drawn according to standard details for Dutch construction, depicted in Figure
7.1. The analysed fagade segment will measure 3.00 m x 3.00 m, with an aluminium window of 1.20 m
x 1.20 m. This reference project will be further analysed in the following Sections.

N S

Figure 7.1 Detail of the reference project, brick cavity wall with the RT 82 HI +. Image by author.
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7.2 Function Analysis

The main function a fagade fulfills is to separate the “usable interior space from the outside world”
(Knaack et al., 2007). Architecturally speaking, the facade states the aesthetic of a building, its identity,
it provides views to the exterior, is resistant to wind loads, and carries its own weight. Fagades also
provide sun protection, while still allowing light to illuminate the building. It also provides thermal and
acoustic insulation, and resists rain and humidity. These functional requirements should be taken into
account since the early conceptual stages to the final construction.

According to Knaack et al. (2007), a fagade has three main construction areas: primary structure,
secondary structure, and infill elements. The functions are distributed along the different components
of these three categories. They are depicted in Figure 7.2, and described as follows:

* Primary structure: The main load bearing function component, which transfers the loads from the
facade system to the foundation of the building.

* Secondary structure: It encompasses the load bearing functions of the fagade, transferring them
to the primary structure. This structure also connects the elements between different levels.

* Infill elements: Elements such as glazing or panels are mounted in the fagade. These have com-
plex functions, such as providing outside views, protect from the water, provide sound and thermal
insulation, etc.

Primary structure
Secondary structure

Infill elements

Interface to interior

Interface to exterior

Figure 7.2 Main areas of construction of a facade. Image by Knaack et al. (2007).
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However, with the incredibly fast technological improvements, the functions a fagade can fulfill
have become even more complex. Herzog et al. (2004) describe in the “Fagade Construction Manual”
a brief representation of the different facade functions, divided mostly between outside functions, in-
side functions, but also the functions of separating components. To fulfill the requirements of a fagade,
Herzog et al. (2004) assign to the different fagade components protective and regulatory functions, as
seen on Figure 7.3.

Another important approach towards the function analysis of a facade is the "“Fagade Function
Tree"” developed by Klein (2013), depicted in Figure 7.4. This approach starts with a five category divi-
sion from which the level of detail increases gradually: main function, primary and secondary function,
supporting functions, and detailed supporting functions. The first three illustrate a general function
description. The overall function derives from Herzog et al. (2004) approach: “Separate and filter
between nature and interior spaces”. However, Klein (2013) recognises that the functions of a facade
might be multifaceted, and thus the primary functions are derived. Klein (2013) based this on Vitruvius'’

"o

concept that a building should be durable (“durable construction”, “reasonable building methods”,
“handling of sustainability”), convenience (“comfortable interior climate”, “use of the building”), and
beauty (“spatial formation of fagcade”). As the tree goes on, it can be observed how these supporting
functions enable primary and secondary functions, with a higher detailed listing. At the end of the
tree, the detailed definition of supporting functions is found, which can serve as a guide to design
the physical components. This function tree is also not exhaustive, but an approach towards a general

overview of the different requirements and functions.

7.2.1 Function Analysis for Reference Project

The fagade established as a reference project will be analysed according to Klein’s (2013) fagade
function tree. This will serve as a guide to redesign the components in Chapter 8 Designing a Circular
Window system, along with other important criteria.

Because the reference project is a relatively simple facade system, the functions that can be de-
rived from it are simplified from the original three. There are three main primary functions (“create a
durable construction”, “provide a comfortable interior climate”, and “support use of the building”).
From these, the secondary functions, supporting functions, and detailed functions derive, giving infor-
mation about the functions and requirements for each component. To understand these relationships
in a more detailed way, another map was created where secondary/supporting functions are matched
to every component of the fagade. There are eleven main components that comprise the fagade:
external brickwork, cavity, insulation layer, internal blockwork, window aluminium frame, triple IGU
(Insulating Glazing Unit), sun shading, lintel, metal clad flashing, window brackets, and the waterproof
layer. These main eleven components were matched to the functions identified previously according
to Klein (2013) fagade function tree. Figure 7.5 illustrates the function tree for the reference project,
and Figure 7.6 depicts the element - function analysis.

From the element - function analysis, it is clear the amount of functions the aluminium frame has
to fulfill. The redesign of the circular fagade should achieve this functions, along with circular and aes-
thetic requirements (further explained in Chapter 8).

7.2.2 Hierarchy Definition

To analyse in detail the functions of the RT 82 HI + aluminium frame component, the methodol-
ogy for Hierarchical Range of Industrial Building Products developed by Eekhout (2008), explained in
Section 3.1.2, is applied.

From this, the different elements from the frame component can be understood better. This
breakdown of the hierarchy definition goes from building-system-subsystem-component-subcompo-
nent-element-material. Figure 7.7 illustrates the analysis according to this methodology, focusing on
the aluminium frames of the window system.
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Facade Requirements

Inside

- Comfortable temperature/humidity range
- Amount & quality of light

- Air exchange rate

- Comfortable air velocity

- Comfortable sound level

Facade

- Visual relationship with external surroundings
- Differentiation of private & public areas

- Mechanical damage protection

- Fire protection

- Limitation of toxic loads

Protective Functions

- Insulation/Attenuation
- Seals & barriers
- Fitters
- Storage
- Redirection
- Physical barriers

Regulatory Functions

- Controlling/regulating
- Responding / Changing

Facades w. Integral
Services

- Integral air/water collection
- Solar walls

- Media transport distribution
- Heat recovery systems

Supplementary functions with

a direct effect

- Glare protection

- Privacy provision

- Redirection of daylight
-Storing/releasing energy for heating &
cooling

Supplementary building services

- Convectors/radiators

- Artificial lighting

- Air conditioning (centralised/decentralised)

Figure 7.3 Functions of a facade. Image by author, derived from Herzog et al. (2004).
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[ Deviate wind loads | Create stiffness perpendicular to surface |

Bear structural loads

[ Carryselfweight |

[
[
| Deviate impact loads || Fix to primary structure of building
[
\

Integrate joints to allow movement |

- Handle loads from
K terials and Allow damage free movement
Create a €€p maternials anc structural and thermal
durable components in working expansion
ura - condition P
construction Secure an air and vapour‘ [ Allow vapor tight connection of parts |
Enable water and vapour

tight construction ‘

management in
construction

Secure rain and water |
tightness |

‘ Control daylight ‘

Incorporate water sealing system
Absorb radiation

radiation Ventilate excessive heat
Create a comfortable ‘ Control air temperature ‘ Heat air
temperature ‘ Prevent energy losses ‘ Cool Air

Prevent surface tempera- Maintain air tightness

ture differences

Provide thermal insulation

. humidity level - -
between exterior comfortable y Filter air
and interior space interior climate . ‘ Provide light ‘ Create transparent facade areas
Create visual comfort

Provide sun shading

‘ Allow visual contact ‘

Allow natural daylight

Redirect daylight

Reduce glare

\ \

\ \

\ \

\ \

\ \

\ \

1 \

Separate and filter Provide a Create a comfortable (Control air exchange rate] \ Provide enough fresh air |
\ |

\ \

\ \

\ \

\ |

Add mechanical building } }

Keep climate within a Provide mechanically controlled ventilation

N services

given range

Provide a safe ‘ Protect against fire ‘ ‘ Provide fire barriers ‘

environment : - - — -

Support use of ‘ Prevent falling out ‘ ‘ Provide barriers at minimum height ‘
the building
Meintain a comfortable | Monitor performance |- Control performance

climate

Figure 7.5 Facade function tree for reference project. Image by author, based on Klein (2013).
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Figure 7.6 Function - element analysis. Image by author.
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Figure 7.7 Hierarchy definition of the RT 82 HI +. Image by author.

7.3 Current End-of-life Scenarios for RT 82 HI +
After the reference project is established and analysed, the next step is to understand the differ-

ent elements and their functions on the RT 82 HI +. While an initial analysis was elaborated on Section
6.8.1, a further analysis on circularity will be done according to the framework established in Chapter

2 and 3. Three main assessments will be done, one for each design guideline that was established as
part of the methodology: Design for Disassembly (DfD), Design for Adaptability (DfA), and Design for
Remanufacturing (DfRem). These assessments will serve as design criteria for the circular redesign of

the RT 82 HI +.

However, before establishing each analysis, it is important to understand the current end-of-life
scenarios of the elements. This information is the starting point for the further assessments. These are
synthesised in Table 7.1.

Element

1. Extruded profiles

2. Glazing beads

3. Corner Brackets

4. Thermal Break

5. Thermal insulation
foam

6. Sleeve for thermal
insulation

7. Gaskets
8. Pre-sealant

9. Pins

Acrylonitrile butadiene

Material

6060 Aluminium
(Powder coated or
anodised)

6060 Aluminium
(Powder coated or
anodised)

Aluminium

ABS with 30% glass
fibre

Phenolic foam with
gas filled cells

styrene (ABS)
EPDM
Polyurethane kit

Stainless steel

Expected lifetime

75 years

75 years

30 - 50 years

Unknown
(approx. 40 years)

Unknown
(approx. 40 years)

Unknown
(approx. 40 years)

25 - 30 years
30 years
30 - 50 years

Type of connection

Pinned

Snapped

Pinned/Pressed

Rolled

Fitted

Fitted

Pushed
Glued
Pinned

Table 7.1 Current end-of-life scenarios for the RT 82 HI +.

Recycled

Recycled

Recycled

Incinerated

Incinerated

Recycled

Incinerated
Incinerated

Recycled

Current EOL scenario



114

Graduation Report

7.4 Assessment on Design for Disassembly (DfD)

In conventional structures, design approaches are towards functional, technical and physical com-
position. Contrary to this, in the case of transformable structures, the approach is towards functional,
technical, and physical decomposition. Such approach enables structures to become transformable.

7.4.1 Transformation Capacity Methodology

Durmisevic (2006) framed a transformation capacity methodology to analyse the disassembly po-
tential of a building system. She states that for a structure to be transformable, all building products
should be independent and their interface should be designed for exchangeability. In this framework,
the independence of building products is determined by the functional design domain, at a material
level. Exchangeability, on the other hand, is determined by technical and physical design domains.
These determine a hierarchy of the design according to the type of assembly, and the physical integra-
tion. The assessment will be carried under the Transformation Capacity Scheme by Durmisevic (2006),

depicted in Figure 7.8, will be shortly reviewed to realise the DfD assessment.

Design

domains

Functional decomposition

Technical decomposition

Physical decomposition

Material levels

Hierarchy

Interfaces

Performance criteria
for transformation

L 4
Independence

A

h 4
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Disassembly aspects of building
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Clustering/systematisation

- [
.00 H

00

Base element specification

! EX;*K -

Life cycle coordination

ol ed
& =
-3

Te

- o

> b;

Open versus closed
hierarchy
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!

Assembly sequences

vy b
= LA ]
000 pO+=0+D —?L
Interface geometry
.
Type of connection iﬁ
T e T - -
-»> -»

Disassembly Determining Factors
(D.D.F.)

» 1. Functional separation

» 2. Functional dependence

» 3. Structure of material levels

» 4. Clustering

» 5. Base element specification

» 6. Use life cycle/ coordination
7. Technical life cycle/
coordination
8. Lifecycle of components

» and elements in relation to
size

» 9. Type of relational pattern

10. Assembly direction based
on assembly type

11. Assembly sequences
regarding material levels

12. Geometry of product
edge

13. Standardization of
product edge

15. Accessibility to fixings and
intermediary
» 14. Tolerance

» 17. Morphology of joints

Figure 7.8 Transformatio Capacity Scheme. Image by Durmisevic (2006).
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I. Functional decomposition
It refers to the functionality of the assembly, particularly, the decomposition of the functions. An impor-
tant input of this domain is the specification of requirements. A transformable configuration will start
with the design of a functional decomposition, and clustering/systematization.

(a) Functional independence: Refers to the dissociation of functions within a single configuration.
The importance of this aspect relies on the possibility to disassemble an element that needs to be
replaced (for instance, because it becomes obsolete).

(b) Clustering/Systematization: Elements are systemized in clusters. The premise derives from
the fact that is there are as minimum building parts integrated into a single component, the physical
connections needed on the site are much less.

Il. Technical decomposition

This domain is centered in the composition of the different elements of the structure, and functional
decomposition is an input. The technical decomposition is oriented towards the definition of technol-
ogies and methods that specify principle solutions for composition of structures.

(c) Base element specification: Different clusters form a configuration that might be coordinated
through: use lifecycle/coordination, technical lifecycle/coordination, and life-cycle of components and
elements in relation to size.

(d) Life cycle coordination: Materials are integrated and selected according to their life cycle.
The sequence of assembly and disassembly. Materials with the longest life cycle are assembled first,
and will have a more dependant role in a cluster, compared to elements with a shorter life cycle.

(e) Open/closed hierarchy: It refers to the number of relations and the relational pattern, and
how these might affect the disassembly potential of structures. Clusters and base elements, if applied
correctly, might be able to form open systems. In this case, materials are kept independent from each
other. This disassembly aspect can be aided through a study of the type of relational pattern.

lll. Physical decomposition

Because of a description of elements in a cluster, and their relationship, this domain fulfils the perfor-
mance of the configuration. A strong link with manufacturing and construction of clusters, based on
the previous technical and functional decomposition.

(f) Assembly sequence: The disassembling capacity is the key aspect of a transformable struc-
ture. The disassembly should be possible without destructing or damaging the elements, and without
producing waste. The assembly sequence could create a dependence between different building
components, for instance, if they are locked together. This aspect can be aided through the assembly
direction based on the assembly type, and the assembly sequence at a material level.

(9) Interface geometry: Is associated with the type of connection, such as the geometry of the
product edges. This characteristic determines its disassembly possibilities, if it is either with an open or
an interpenetrating geometry. In the last case, this is less suitable for disassembly, because it only ena-
bles to do so in one direction, or by a partial destruction/demolition of the elements. The geometry of
the product edge, along with the standardization of the product edge can enable further investigation
of this aspect.

(h) Type of connection: It determines the degree of freedom among product levels. Connections
can be classified in three different types: filled (based on chemical material), direct (dependent on the
geometry of product edge), and indirect (an independent part is added as a connection). This aspect
can be further researched with the aid of types of connection, accessibility to fixings and intermediary,
tolerances, and the morphology of joints.

Each aspect previously mentioned will be scored in the following scale: 1-2-3-4-5-6 ; very unsatisfacto-
ry - unsatisfactory - slightly unsatisfactory - neutral - slightly satisfactory - very satisfactory.
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7.4.2 Application of Transformation Capacity Methodology

The methodology described in Section 7.4.1 is applied to understand the disassembly potential
of the RT 82 HI +. This assessment was aided both by the application of the previously explained
methodology, but also by disassembling a physical prototype of the RT 72 provided by Kawneer (seen
in Figure 7.9). The prototype has the exact same composition as the RT 82 HI +, except for the width
of the thermal break. Each disassembly aspect of the disassembly of the prototype is explained as
follows:

(a) Functional Independence: The configuration of the system presents a level of separation that is
described as “integrated”. This means that each element has different functions (as it was seen on the
comparison matrix from Section 6.9), and other functions, are fulfilled by the combination of different
elements. Score: 2/6

(b) Clustering/Systematization: The window system is composed by three different clusters: (1) alu-
minium baby profiles rolled into thermal break, (2) glazing beads, (3) thermal insulation. Each cluster
serves a different function, but there is some small overlapping. Score: 4/6

Figure 7.9 View of the RT 72 prototype. Image by author.



Analysis of Existing Design

(c) Base Element Specification: In the case of clusters (1) and (2) there are base elements that inte-
grate the cluster, and connects it to the others. For (1) is aluminium baby profiles; (2) glazing beads. In
the case of cluster (3) there is not a base element. Score: 4/6

(d) Life Cycle Coordination: The aluminium profiles, glazing beads and have the same service life (75
years). The EPDM gaskets and the pre-sealant, along with the corner brackets have a lower service
life (30 years in the case of the first two, and up to 50 in the case of the last one). The EPDM gaskets
and the pre-sealant are easily replaced. If the corner brackets are screwed, they can be fixed relatively
easily. What is still a bit unclear is the service life of the thermal break and the insulation, as there is
not exact information on the durability of these elements, but it can be approximated that they last 40
years. Score: 5/6.

(e) Open/Close Hierarchy: This is different for each cluster. In the case of (1) and (2), they are closed
integral geometries. This can also be analysed through the (h) type of connection. Cluster (3) is open.
The type of relational pattern can also give further information on this aspect. In the case of this win-
dow system, it has vertical and horizontal relationships. This makes the pattern dynamic. Score: 3/6
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Figure 7.10 Relational patterns and clusters from the RT 82 HI +. Image by author.
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Figure 7.11 Left: Types of connections. Image by Beurskens and Bakx (2015). Right: Interface geometry. Image by Beurskens
and Bakx (2015

(f) Assembly Sequence: The window system is manufactured through sequential assembly, a process
with linear dependency along each element. Every element that is added is attached through the
assembly of a new element, since replacing one element requires dismantling others that should be
kept in place. This is not the best solution if the product is intended to be disassembled efficiently.
Score: 3/6

(9) Interface Geometry: This aspect can be further investigated through the “geometry of product
edges”, as it can indicate the disassembly potential through the relationship of an open or interpene-
trating geometry, where an open one is the most suitable for DfD, and closed the least suitable. In the
case of this window system, closed geometries integral on both sides are predominant. Probably the
best example is the connection between the baby aluminium profiles and the thermal break, which
is closed - integral on two sides (Number 6 as seen on figure 7.6). Other types of edges that seem to
be a little bit better than the closed ones are the glazing beads, which are overlapping on one side
(Number 3 as seen on figure 7.6). On the other side, the best geometry of product edge might be the
glazing and the insulation and its sleeve, which are fitted through an open linear geometry (Number 1
as seen on figure 7.6). Because most of the edges are closed, this is not an optimum solution for DfD.
Score: 2/6.

(h) Type of Connection: Cluster (1) is connected to cluster (2) through direct connections (based on
the geometry of the product edge), Cluster (1) and (3) are connected through an indirect part (thermal
insulation sleeve). However, inside the clusters the three different types of connection are found. Filled
(based on chemical material) between the glazing bead and the pre-sealant, direct (thermal break
knurled into the aluminium baby profiles), and indirect (EPDM gaskets to IGU and glazing beads),
which is the optimal type of connection. The complexity of these types of connections makes the dis-
assembly longer and more difficult. Score: 2/6

Figure 7.13 shows the results of the assessment. The total score is 54%.
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Figure 7.12 Results of the DD assessment of the RT 82 HI +. Image by author.

7.4.3 Notes From the Disassembly of the Prototype

On the 31st of May, 2019, a prototype of the RT 72 (provided by Kawneer) was disassembled with
the help of Dr.Ing. Marcel Bilow. As mentioned before, the element configuration of the RT 72 and
RT 82 HI + are exactly the same, with the difference that the RT 72 has a thermal break that is 10 mm
slimmer. In principle, the process of disassemblying the RT 72 and RT 82 HI + is the same.

The entire disassembly process was recorded on video, and a full transcript of it can be found in
the Appendix. The following were some of the key remarks from the disassembly session:

00:14:50
[Talking about glued EPDM gaskets] Tany: But then if you want to make it more circular what do you
do if you have to glue them?

00:14:56

Marcel: In principle you have to. I've seen lots companies who vulcanize them. Yes, they do this
together like the tire. Yeah. If you have a puncture tire and then there are vulcanize that sort of glue.
I do not think that is so harmful. It's more like material to material.

[Talking about corner brackets] Tany: So, if you would like to make it circular you can use the same
elements but by riveting.

00:18:45
[Talking about the corner joint of a window] Marcel: And my experience is that all | know from expe-
rience that the quality of a window frame is determined by the closeness of the gaps.

00:20:34

[Talking about the most challenging parts] Marcel: Precisely, so therefore | think within circularity,
that part, the corner brackets and how to assemble them is the most difficult part because these
elements would never be as perfect as this. So that’s a little bit tricky, | think.
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7.4.4 Steps taken to disassemble the RT 72 Prototype
The following steps (depicted in Figure 7.14) were taken to disassemble the RT 72 prototype:

1. External gaskets are removed by hand by being pulled (if they are glued, heat might be needed)
2. The glazing beads are stressed by squeezing them at the bottom, then removed (they are snapped)
3. Removal of the glass. In practice, the glass is taken out with a suction cup.

4. Glass supports are taken out from the inside frame with the help of a small screwdriver, as they are
snapped.

5. The moving part of the window is demounted by unscrewing the fixed points.

6. The insulation rubber foam is removed (depending on the type of glue, heat might be needed)

7. Inner gaskets are removed by hand by being pulled (if they are glued, heat might be needed).

8. The brackets for the T joint are removed by drilling out the riveted connection, and pushing the
bottom frame with a hammer (if glue is applied to the bottom of the bracket, heat might be needed).
9. An attempt to remove the hardware was done by trying to snap out the handle, or removing the
bolts from the inner mechanism. However, it was unsuccessful.

10. The corner bracket is removed by drilling out in the riveted connection. The bracket needed fur-
ther force applied to it to be completely removed. In the case of this prototype, a part of the corner
bracket was not completely removed from the inside of the frame.

Figure 7.13 Initial set-up of the RT 72 prototype
for disassembly.

7.4.5 Conclusions on DfD Assessment

According to the disassembly assessment, there is room for improvement the following aspects: “as-
sembly sequence”, “interface geometry”, “type of connection”, and “functional independence”. It
is clear that many of the different product edges, and the different types of connections have a great
influence on the disassembly potential of the window system. Furthermore, the assembly sequence is
highly related to the construction method, which is developed under a linear economy. Improvements
on the different product edges towards open connections, along with connections that are indirect are
some of the initial strategies that can be implemented to improve the design. With open geometries
and indirect connections, it is expected to see an improvement in the sequence of assembly. On the
other hand, “life-cycle coordination” and “base element specification” are aspects which score quite
strong in the disassembly potential, mostly because of the selection of materials. This is to be kept into
consideration during the design phase, as there are strong aspects from the product.

From disassemblying the prototype, it was also learned that the corner connection is one of the
most critical parts of the design, as it is not designed to be taken appart. Further investigation on
disassemblying the hardware should also be taken into consideration, as it was not possible to disas-
semble it from the prototype. Additionally, the type of tools required to disassemble the window can
be optimized. This will probably be related to using as few tools as possible, and trying to standarize
the type of connections as much as possible.
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Figure 7.14 Disassembly process step by step for the RT 72 prototype. Images derived from the video footage by M.
Bilow (2019).
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Figure 7.15 RT 72 prototype disassembled into 50 parts. The tools



Analysis of Existing Design 123

FESTOOL
DRC 10/4 Li-ion

used for the disdssembly are shown on the right. Image by M. Bilow (2019).
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7.5 Assessment on Design for Adaptability (DfA)
One of the cores found at the framework on circular economy by the Ellen MacArthur Foundation
states that “insights from living systems (...) have proved to be adaptable and resilient” (EMF, 2013).
Adaptable buildings, along with adaptable fagades are concepts that are not new for the built envi-
ronment. However, in the last decades, the continuous technological advancements, along with an
increasing demand for buildings due to population growth have been some of the key factors for the
demand of adaptable buildings

7.5.1 Methodology to Assess DfA

Section 3.7 explained the importance of DfA and its impact on the built environment. To assess
DfA, Schmidt (2014) recognises six different adaptability strategies, and one more is added in the work
developed by Beurskens and Bakx (2015), who also developed a clear methodology to assess DfA in a
Circular Fagade framework. The methodology is based on reviewing the six adaptability strategies by
Schmidt (2014), while establishing a relationship between these and circular facades. The base for this
analysis is explained in Chapter 3, where the different Circular building product levels specified for the
skin were explained, along with other important concepts. The review of each adaptability strategy will
provide feedback on adaptability design options, and could even investigate possible future scenarios
of change.

I. Versatile: Buildings are able to change space and configuration of systems. In the fagcade framework,
this adaptability strategy recalls the possibility to include changes in configuration at a sub-system,
component, and element level. These reconfigurations might require different types of measures that
are to be taken into account.

Il. Refitable: At a building level, it implies that buildings should be able to adjust their performance.
In the case of facades, it can be explained as “the replacement, addition, removal or upgrade of func-
tions” (Beurskens and Bakx, 2015). This implies that a fagade might be able to derive other functions:
biodiversity, climate regulation, aesthetical functions, and addition of active technology.

lll. Convertible: This strategy implies that buildings should be able to change their function. Analysing
a change in building functions might derive other convertible possibilities for fagades, such as change
of fagade requirements (for instance, an office building that is transformed into housing), which might
be related to the capacity to change the window area of a fagade.

IV. Scaleable: This strategy established that buildings should be able to change their size. This can be
translated into three different transformation scenarios: increase the building size, decrease the build-
ing size, or the addition of an outside space. In the case of facades, these three different scenarios
can derive on increasing or decreasing the facade area, the addition or removal of a storey, and the
creation of balconies or loggias.

V. Movable: This strategy refers to the ability of buildings to change their location. This adaptability
strategy is related to the capacity of moving the systems from a building. In the case of a facade, the
possibility to relocate it.

VI. Reusable: The strategy implies that buildings should be able to change their use, or that their
building products might be reused in other buildings. However, this strategy is different from the rest
as it implies changes in other buildings, while the others are focused on the initial building. In the
case of facades, it can be translated to the reuse of a full fagade system, sub-systems, components or
elements. It is suggested that to overcome different dimensions between different buildings, the Built
Environment would need to switch to designing fagade products according to a modular grid that will
determine standard sized. The second option would be to design fagade products that can be easily
adjusted (for instance, through a sliding system). If they require to be shorter or longer, the product
can adjust itself. There are certain limitations to this, like a maximum span, and this solution can also
be seen as highly material intensive.

This methodology analyses different adaptability strategies for fagades, which can be applied
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at a system, sub-system, component and element level. However, for the purpose of the presented
research, the assessment is applied to a component and element level. Figure 7.16 illustrates the dif-
ferent adaptability strategies, with their adaptability options for fagade. From the adaptability options
for fagade, the ones related to a component and element level are highlighted, as only these are taken
into account for the assessment. Each strategy, and the adaptability options for facade will be analysed
for the RT 82 HI + frame, and a score between 1-2-3-4-5-6; very unsatisfactory - unsatisfactory - slightly
unsatisfactory - neutral - slightly satisfactory - very satisfactory.
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Figure 7.16 Adaptability strategies for facades. Image derived from Beurskens and Bakx (2015).
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7.5.2 Application of Methodology for DfA
(a) Versatile:
i. Reconfiguration at a component level
- Change of facade element configuration: At the moment, it is only possible to change the glazing
beads, but the configuration of the elements cannot be altered. Score: 3/6.

(b) Refitable:

i. Biodiversity

- Green facade elements: In the current system, it might be possible to add green fagade elements
(if taking as a reference project the Fagade Leasing concept which uses the RT 72 frames with a foam
green facade infill). Score: 5/6.

- Green fagade components: In the current system, it might be possible to add green facade compo-
nents (if taking as a reference project the Facade Leasing concept which uses the RT 72 frames with a
foam green facade infill). Score: 5/6.

ii. Climate regulating:

- Climate fagade components: The current system does not include them, but if they are included in a
new infill that is adjusted to the frames of the building, it might be possible to add them. Score: 5/6.
- Natural/Mechanical ventilation: The system is able to provide natural ventilation because it incorpo-
rates moveable frames. Mechanical ventilation components can also be added if designed carefully
and fitted into the frames. Score: 6/6

- Inside sunscreen or sunscreen between glazing: if the sunscreen if fitted inside the IGU, it is possible
to integrate it. Score: 5/6.

- Outside sunscreen: The frames support outside sunscreen, and this a regular application. Score: 6/6.

iii. Aesthetics:

- Change of aesthetics: The system offers a variety of finishings and outer frames that can be selected
before building the window. However, once the window is built, it is not easy to change this. Score:
2/6.

iv. Active Technology:

- Media fagcade on components/elements: Media components can be added as long as they can fit on
the frame, like for example, outdoor LED display boards. Score: 4/6

- Solar Panel components/elements: As long as they are building integrated photovoltaics, and they
can be fitted into the frame, they can be added. Score: 5/6.

- Dynamic fagade components/elements: This might refer to dynamic sunscreen or other types of com-
ponents/elements that might respond to climate conditions. The strengthening of the frame might be
able to support them to certain extent, and probably additional hardware would need to fit inside. In
theory, it should be possible, but because this is a 100% residential product, it has never been taken
into action. Score: 4/6.

(c) Convertible:

i. Change the facade to new user requirements

- Change of window area: At the moment, this is not really possible. If the window area is to be de-
creased, the profiles should be cut and new connections can be done. On the contrary, if the window
area is to be increased, a new frame should be manufactured. Score: 2/6.

(d) Moveable

i. Move building

- Move all systems: Currently, if the frame is to be relocated, in theory it should be possible as long
as the new building requires the same measurements. The aluminium frame system does not present
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a problem with this adaptability strategy, but rather the connections of the construction. Score: 4/6.

(e) Reusable

l. Reuse of fagade components or elements

Reuse of fagade components: In a life span of 75 years, full frame component can be reused. Special
care should be taken to the connection with these and the building. Score: 4/6.

Reuse of facade elements: Not all the elements are easy to dismantle to be reused in the future. At the
moment, there can be direct reuse of the aluminium frame as elements, but the rest of the elements
seems unclear if they can be reused. Further analysis on this is required. Score: 3/6.

Figure 7.17 synthesises the adaptability potential of the RT 82 HI + system, according to the previous
methodology. The total score is 69.52%.
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Figure 7.17 Results on the DfA assessment for the RT 82 HI +. Image by author.

7.5.3 Conclusions on DfA Assessment

The assessment shows that in the five different analysed strategies, the highest score is for the “Refit-
table” strategy, where biodiversity, climate regulating, aesthetics and active technology are evaluated.
This is because the frames can adapt to different types of infill. However, in the case of “aesthetics”, it
scores very low, and there might be room for further improvement. The second highest score is for the
“Reusable” strategy. However, in this case is by taking into account a direct reuse of the components.
If the elements are to be directly reused, it becomes complex, as the disassembly of the elements is
not completely easy, especially in the case of permanent connections with the aluminium profiles and
thermal breaks. The next strategy with the highest score is “Moveable”, referring to the capacity of
moving the frames to another building. In principle, the window system can be moved, as long as the
connection to the construction allow it. This has room for further improvement. The next adaptability
strategy is “Versatile”, which refers to the facade element configuration. The element configuration
cannot be easily changed, however, it is still to be proven if this is a required quality for the redesign,
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which will be further discussed afterwards. The last adaptability strategy, and the one with the lowest
score, is the “Convertible”. This one is directly related to the change of window area, which is not
currently supported, and there might be room for improvement in the redesign.

In conclusion, there is room for improvement in the following aspects: Refittable > Aesthetics, Con-
vertible > Window Area, Move Building > Move Fagcade Systems, and Reusable > Reuse of facade
elements. In the case of Versatile > Change of Facade Element Configuration this shall be further
analysed to understand if the configuration of the elements needs to reach such a high level of adapt-
ability.

7.6 Assessment on Design for Remanufacturing (DfRem)

As it was thoroughly reviewed in Chapter 4, DfRem is a series of guidelines that prepare the
product to be remanufactured. Different product properties are to be matched to the remanufacturing
process, as it can be seen in the RemPro-matrix (Section 4.7.1) developed by Sundin (2004). However,
before designing for remanufacturing, first it should be determined if a product is suitable for reman-
ufacturing.

7.6.1 Methodology to Assess DfRem

The methodology used to assess the remanufacturing potential of a product was developed by
Boorsma et al. (2018), and it has been implemented in different workshops with companies, as part
of EU projects. It has proven to be simple, yet effective at demonstrating if a product is suitable for
remanufacturing, as well as identifying points for improvement This methodology is also based in the
eight-point criteria developed by Vogtlander et al. (2017), but with slight modifications, as follows:

|. The product is very durable

Il. Functional considerations are decisive in discarding

lIl. The product is standardized and the parts are interchangeable
IV. The remaining value is high

V. The price to obtain the cores is affordable

VI. The product technology is stable

VII. The consumer is accepting remanufactured products

VIII. Access to spare parts is guaranteed for 5-10 years

A score to each criteria is given, from 1 -2 - 3 - 4 - 5; strongly disagree - slightly disagree - undecided
- slightly agree - strongly agree.

7.6.2 Application of Methodology for DfRem

I. The product is very durable: According to Kawneer, the RT 82 HI + window system has a service life
of 75 years, as long as it receives proper maintenance. According to this, the product is very durable.
Score: 5/5.

Il. Functional considerations are decisive in discarding: The window system might be discarded if
it stops performing properly. For instance, if the legislation on insulation becomes even more strict, it
is not possible to upgrade the system, and at the moment, it might be completely replaced by a new
window. Score: 4/5.

lll. The product is standardized and the parts are interchangeable: The product is highly modular,
as it is constructed almost like the 52/62/72 window series, but the width of the thermal break chang-
es. However, while the parts of the product are standardized, they are not designed to be interchange-
able. Score: 3/5.

IV. The remaining value is high: This is debatable, as at the moment it is unknown what is the depre-
ciation rate of a window. However, it is true that the aluminium will retain its value, which is quite high.
Score: 4/5.
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V. The price to obtain the core is affordable: The price to obtain the aluminium frames might remain
stable over the years. Score: 5/5.

VI. The product technology is stable: This window system has already one of the highest thermal
insulation values of the market. This type of technology is not expected to change much, at least in
the following 50 years. The acoustic insulation, air and water tightness are also really good, but in this
case, the legislation could require slightly higher values. Score: 4/5.

VII. The consumer is accepting remanufactured products: This is not currently available in the market,
however, according to Circularity Interview and Brainstorming Session (Section 5.4), there is a future in
the market for remanufacturing products. M. Veerman even brought to the attention that Real Estate
developers might be the most suitable potential client for remanufactured fagades. Score: 3/5.

VIII. Access to spare parts is guaranteed for 5-10 years: This is guaranteed, especially because the
parts have been manufactured under the same process and type of architecture for the past 10 years.
It is not expected to change. Score: 5/5.

Figure 7.18 shows the results of the assessment. The total score is 82.5%.
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Figure 7.18 Results on the DfRem assessment for the RT 82 HI +. Image by author.

7.6.3 Conclusions of DfRem Assessment

The assessment shows that there is a very high potential for the product to be remanufactured.
There seems to be a lot of potential in the “standardization and interchangeability” of parts, as at the
moment they are not completely interchangeable because it is not easy to dismantle them. The "high
remaining value” and “consumer acceptance” also seems unclear, since at the moment there is re-
manufacturing in the market of fagades. However, at it was stated before, many experts expect this to
change over the years if the product is in good condition, and at an affordable price, cheaper than a
new product. However, as it was thoroughly reviewed in Section 3, if remanufacturing business models
are developed correctly, there can be high revenues while reducing the environmental impact, as well
as creating new jobs. This will be further studied in Chapter 8 Designing a Circular Window System.

In addition, “Product functionality can be recovered” is a parameter that can be improved through
the guidelines of DfRem, and DfD, since the dismantling of the elements can allow their upgrade. Ad-
ditionally, the parameters of “Affordable cores”, “Durability” and “Access to spare parts” seem to be
the strongest aspects of the design. These are related to the product being manufactured through
aluminium extrusion, and indirectly related to the stable product technology. In conclusion, the prod-
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uct has very strong aspects that make it highly suitable for remanufacturing. There are some areas for
improvement, but these can be tackled through the implementation of the DfRem guidelines.

7.7 Conclusions on Chapter 7

In this Chapter, a reference project was established: a brick cavity wall fagade of 3.00 m by 3.00
high with a window of 1.20 m by 1.20. This reference project established the base to elaborate a
function analysis, mostly based on Klein (2013) Fagade Function Tree. This function analysis provid-
ed input on the complex functions and requirements a fagade must fulfill, which was later applied to
the reference project. In the case of this fagade system, there are three main primary functions to be
fulfilled: “create a durable construction”, “provide a comfortable interior climate”, and “support use
of the building.” These functions were further analysed by the secondary functions, supporting func-
tions, and the detailed supporting functions. After this function analysis, the RT 82 HI + was analysed
according to the Hierarchical Range of Industrial Building Products developed by Eekhout (2008).
This allowed to understand the different levels: from material, element, sub-component, component,
sub-system, system and building.

After this initial function and product level analysis was elaborated, three different assessment
methods were analysed and applied to the existing window system, RT 82 HI +. The assessments were
based on the principles of Design for Disassembly (DfD), Design for Adaptability (DfA), and Design for
Remanufacturing (DfR). To obtain quantitative results, each assessment integrated a scoring system,
depending on the methodology. This allows to have a numerical result on each assessment, and com-
pare it to the new designs in Chapter 8.

The assessment on DfD, based on Durmisevic (2006) Transformation Capacity methodology, gave
input on the different types of connections, the interface of each geometry, the sequence of assem-
bly of the product, the life cycle coordination, the base element specification, systematization, and
last but not least, the functional independence of the elements. The results of this assessment show
that there is a high potential for improvement in the different types of connections—from closed to
open—and the geometry of the product’s edges. These two design properties affect the sequence of
assembly and the systematization, improving the disassembly potential of the product. The total score
for the DfD assessment is 54%.

The assessment on DfA was based on the methodology developed by Beurskens and Bakx (2015),
based on Schmidt (2014), by analysing six different types of adaptability strategies applied to fagade
design: versatile, refitable, convertible, scaleable, moveable, and reusable. The results of the assess-
ment show that the design of the system shows improvement potential on the aspects of “versatile”,
“moveable”, and “convertible”. The aspect of “refittable” scored already quite high, which is also one
of the reasons the product overall has a high value. The total score for the DfA assessment is 69.52%.

The assessment on DfRem was realised under the methodology developed by Boorsma et al.
(2018), based on Vogtlander et al. (2017), also previously applied in workshops with companies. The
methodology is based on an eight point criteria, synthesised as follows: durability, product function-
ality can be recovered, standardization and interchangeability, high remaining value, affordable cores,
stable product technology, consumer acceptance, and guaranteed access to spare parts (5-10 years).
The assessment based on this eight-point criteria shows that there is room for improvement in “stand-
ardization and interchangeability”, and “consumer acceptance”. Compared to the assessments on
DfD and DfA, the score was quite high, giving the total score for the DfRem assessment 82.5%.

The output from this Chapter is highly important for the design criteria of Chapter 8, as it determines
which are the important aspects to be improved, and which ones should remain similar to the original
system.
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Designing a Circular Window

System

This Chapter discusses and proposed the design of a circular
window system through proposing three different variants. Sec-
tion 8.1 establishes the initial design requirements. Section 8.2
explains the different design concepts. Section 8.3 explains im-
provements in the different materials that are selected for the
new variants, and Section 8.4 the improvements on hardware and
other elements. Sections 8.5 - 8.7 analyse the different reuse,
remanufacturing, and adaptability scenarios. Section 8.8 briefly
explains the maintenance and warranty of a remanufactured win-
dow system, and Section 8.9 is an analysis on the thermal trans-
mittance of the proposed variants.
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8.1 Establishing Design Requirements

The conclusions from the literature review from Chapters 2-4, along with the analysis on the
company (Chapter 5), Window Systems (Chapter 6), and the extensive analysis on the existing design
(Chapter 7), have served as input to determine the different design requirements. According to the
conclusions from the previous Chapters, along with the discussions held with the different stakehold-
ers involved in fagade engineering, a circular fagade can be defined as follows:

“A system that is designed for disassembly and for adaptability, able to circulate hierarchically

between the technical cycles of reuse, remanufacturing, and recycling. Is built with sustainable

materials that reduce the demand for virgin feedstock input, prevents valuable material losses,

and reduces or offsets carbon emissions. The fagcade system, sub-system, and components should

function in the same way or better than a traditional linear facade, as the performance of it is more

important than the product itself”.

This definition allows to set the initial base for the design requirements for the circular window
system. These design requirements can also be divided into three different categories: functional, aes-
thetical, and circular. Concluded from the extensive analysis from previous Chapters, they have been

synthesised in Figure 8.2.
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Circular

1. Is able to circulate hierarchically

between the technical cycles of re-

use, remanufacture, and recycling.

2. Is designed for disassembly, for

adaptability

3. It reduces natural resources input

and uses sustainable materials.

4. It measures the reduction of emis-

sion levels.

5. It measures the reduction of valu-

able material losses.

e .

Aesthetical

1. Provides ease of change in

finishings

2. Provides ease of change in frame

form

3. Allows for slender construction

4. The aesthetic quality is not

inferior to a non-circular product

Figure 8.2 Overview of the different design requirements: functional, circular and aesthetical. Based on (Klein, 2013),
(Beurskens & Bakx, 2015), (Henry, 2015), (Leising, 2017), (Cortés Vargas, 2019).
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8.2 Design Concepts

Section 6.8 Comparison Method on Window Systems: Harris Profiles Matrix gave input about the
different materials, along with their properties. The output from the matrix established that the best
materials for a circular window system, according to the established criteria, were the hybrid variant of
Aluminium/Window systems, and Aluminium.

However, in order to do a deeper exploration in the circularity of the material, and to explore new
forms of wooden systems, it was decided to work with Wood Composite Polymer (WPC), instead of
the regular wooden frames. This material has been recognised as one of the main examples of cycla-
bility (Teuber et al., 2015; Carus et al. 2014). The composition and properties of this material will be
explained in Section 8.3 Improvements through Material Selection.

(a) Problem statement: As it was shown in the DfD assessment, the geometry of the product edges,
and the types of connections fell into the ‘closed’ category. This is not an optimal solution for DD,
as it makes the assembly sequence more complicated. The most predominant closed geometry/con-
nection is the polyamide thermal break - aluminium profiles. Another problem is that because of the
current type of architecture, the frame has a lot of different elements, which is translated into many
different types of connections and assemblies. In the aspect of DfA, there seem to be limited options
for aesthetics, crucial to one of the Design Questions from this research. It is not easy to change the
finishing of the frames, or to change the form over time. The optimization of the existing design, along
with the hybrid system variants aim to tackle this problem by giving different solutions for each aspect.
They will be discussed in Section 8.2 Design Concepts.

8.2.1 Optimization of RT 82 HI +
(a) Objective: To optimize the existing RT 82 HI + through small changes that can lead towards a more
circular design.

(b) Initial ideas and references: The DfD analysis showed that some of the parts have glue in it, and
they require many different tools for disassembling it. The corner cleats (in the prototype) were riveted,
and there was glue in the gaskets. The aluminium profiles are also permanently attached to the ther-
mal break, as they are rolled in the factory. Neither of these are optimal solutions for circularity. The
redesign will be based on giving suggestions on how this can be improved.

(c) Concept description: Through the different discussions with Wijnand van Manen, it was advised to
have a removable thermal break. This works under the principle of having snap in connections where
the thermal break is slidded in. If the thermal break needs to be removed, it will have to be stressed,
and then slid outwards.

In the case of the gaskets, instead of gluing them, they can be vulcanized. This way the material
is being joined through itself, without having another material, as stated by the principles of a circular
economy.

Additionally, the corner cleats of the window can be joined through the use of a standard bolt.
This allows for an easy disassembly, while still taking into account the precision required for manufac-
turing a window.

On the other hand, the AlcoaTherm insulation can have a different form. The current foam bars
that are slid into the window systems have a small possibility of being reused. Having the same materi-
al, but in a different form might have a positive impact, for instance, in the form of beads, so that it can
be easily removed and reused. The insulation and other material improvements are further discussed
in Section 8.3 Improvements through Material Selection.
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Figure 8.3 Early sketch for Optimization of RT 82 HI + .
Image by author.
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Figure 8.4 Side view of the profile for Optimization for RT 82 HI +. Image by author.
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(d) Assessment: The only type of connection that is dramatically improved is the thermal break with
the aluminium profiles. As this was changed to a permanent direct connection between two pre-made
components to a non-permanent direct connection between two pre-made components. This is not
a dramatic change in the DfD assessment, as it only changed the parameters of “interface geometry”
and “type of connection”. In the case of DfA, the improvement was mostly in “versatile”, change of
facade element configuration, and “convertible”, change the fagade to new user requirements. Even
more, in the case of DfRem, the only improvement is seen in “standardization and interchangeability”.
The following graphs show the optimization’s improvement against the original product.

The total scores are: DfD 60.41%, DfA 71%, DfRem 85%.
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Figure 8.5 DID, DfA, and DfRem assessments for Optimization for
RT 82 HI + compared to the original RT 82 HI +. Image by author.
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(e) Conclusions on Optimization of RT 82 HI +: While this optimization shows a small improvement in
terms of DD, DfA, and DfRem, it is constrained to the limitations of the product architecture of alumin-
ium window systems. This product architecture is highly complex by nature, especially because of the
thermal conductivity and low condensation resistance of the aluminium. This, along with many other
factors, demand for the product architecture to have many different pieces that are connected to each
other through integral closed geometries. This is the main reason the next two variants explore the
use of a different material with higher insulating properties, that might deliver a new type of simplified
product architecture.

8.2.1 Hybrid System Variant A
(a) Objective: An overall simplification of the architecture system of the frame. Exploration into the ge-
ometry of the product edges towards open connections, and possibilities for aesthetical adaptability.

(b) Initial ideas and references: Based on the analysis from Chapter 6. Window Systems, GRP window
systems provide a different type of architecture that is much more simple, has less connections, and
is easier to assemble. Even though the material scored low on Section 6.8, the type of architecture of
this window system seem to be an example for this redesign. The question is, however, if the selected
materials could be designed according to this type of architecture.

(c) Concept Description: By taking as a reference the XFrame, an asymmetrical window profile with
three main extruded elements profiles. This simplification is important, as it replaces the original with
five extruded profiles, which is assembled through closed geometries and connections. In this case,
the bottom frame is made of aluminium, similar to the current manufacturing process. However, the
main difference is that the polyamide thermal break is connected to the aluminium profile through me-
chanical fasteners. Bolts make less noise than pins, and are also more flexible, thus they are selected to
connect the thermal break and the aluminium profile. The shape of the baby aluminium profiles adapts
to accommodate four different bolts that are not in contact with each other, avoiding a thermal bridge.
The aluminium frame also covers the upper frame, which is made of a different material. During the
early design stages, it was thoroughly discussed which material would suit the upper frame, as another
thermal break had to be avoided at all costs. After an extensive analysis and much more research on
materials for window systems, it was selected to work with Wood Polymer Composites (WPC). This se-
lection and how it improves the system will be further discussed in Section 8.3 Material Improvement.

Additionally to this, the lower aluminium frame has a protective outer profile that covers the WPC
upper profile. This enhances the durability of the overall product, as well as providing a uniform view
from the outside, since the frame has an asymmetrical nature. This outer profile also accommodates
snapping connections to add a weatherboard, similar to the cover cap principle of a curtain wall. This
can allow for different aesthetical finishings and even changing the form of the window. This type of
connection is direct between two pre-made components due to the nature of the snap connections,
but it does not require disassembly of another element.

Figure 8.6 GRP Window System XFrame. Image by Michael (2015).



Designing a Circular Window System 139

Figure 8.7 Early sketch for Hybrid System Variant A. Image by author.
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Figure 8.8 Side view of the profile for Hybrid System Variant A. Image by author.
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Figure 8.9 Isometric view of the Hybrid System Variant A. Image by author.
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Figure 8.10 Exploded isometric view of the Hybrid System Variant A. Image by author.
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(d) Assessment: According to the DfD principles, the type of connections in this new system fall
into the more flexible spectrum from Durmisevic's (2006) hierarchy. The thermal break’s connection
improved from direct connection between two pre-made components to direct connection with addi-
tional fixing devices. The connection between the frames improved by being also direct connections
between pre-made components by being indirect connections via independent third elements, as
they are snapped through each other with gaskets that allow for movement.

In terms of DfA, this system can accommodate different “element configuration” (“Versatile”), as
it allows to remove the thermal break. This can translate into the need to achieve a higher U-value if
the future legislation requires it. In the strategy of “Refitable”, the system shows different possibilities
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for “aesthetics”. This comes from the cover caps that accommodate different types of finishing and
forms, which can adapt in case the window is to be directly reused.

In terms of DfRem, the aspect of “functional considerations are decisive in discarding” was im-
proved through the possibility of removing other components to be updated (i.e. thermal break). The
“interc