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Abstract
The 20th century was a time of remarkable progress
with a steady economic growth, which has been
accompanied by an increase in the use of resources
with an increasing negative impact on the environment.
This also accounts for the building industry, which could
be characterized as a linear model of construction
processes that follows a ‘take-make-dispose’ pattern,
in which the last step, disposal of building products,
leads to the destruction of applied energy and labour,
and the creation of huge amounts of waste, impacting
nature and society. Furthermore, this resulted in resource
scarcity, which states the need of a less intensive way of
material use.
This issue can be solved by creating closed loop material
cycles of building products. Several concepts developed
to close material loops already exist, as well the circular
economy concept of the Ellen MacArthur Foundation,
which is chosen as the starting point of this research. They
set their goal to inspire a generation to re-think, redesign
and build a positive future. Their concept proposes a
non-linear model to weigh against our current way of
consumption by providing a model to close material
loops in an economically attractive way.
Nevertheless, there is a gap between the abstract
circular economy concept of the Ellen MacArthur
Foundation and its applicability in buildings. This makes
it nearly impossible to apply the concept with ease in
buildings. This gap, together with the rising interest in
the application of the circular economy concept in the
building industry, emphasizes the need for a circular
economy framework that clearly addresses buildings,
which provides an accessible level of understanding
and removes the ambiguities. For that reason, the main
research goal was set: “The development of a framework
for buildings according to the circular economy concept,
which will be specified for the design of circular facades”.
To begin with, several issues in the initial model were
identified, this being the first step in the development
of a framework for buildings according to the circular
economy concept, namely the circular building
framework. The framework provides a clear distinction
between the design aspects and the functioning of
buildings according to the circular economy concept.
This is done by the identification of a design domain that
provides guidance in the design of circular buildings
and a construction domain that clearly addresses the
functioning of the circular economy concept in buildings.
Furthermore, the framework consists of a circular building
design vision and circular building definition, which
provides guidance in aligning the focus of architects
and engineers. All in all, the circular building framework
provides a holistic view on all relevant aspects in the
design and functioning of circular buildings.

VI

The proposed circular building design principles:
design for disassembly and design for adaptability
were identified as the most essential features of circular
buildings. The application of these principles will allow
building products to reclaim their embodied value, by
enabling them to enter the re-life options at high quality.
Research of these principles resulted in the development
of specified frameworks, which provides a robust view on
their application.
To specify the circular building framework for the
design of circular facades, a morphological design and
evaluation model has been developed. The model is
built up of different design parameters in which every
parameter contains conceptual design options, ranked
from circular to linear. The model guides the designer
in the development of a circular facade design by
providing a top-down approach. The proposed ranking
within each parameter enables the evaluation of the
conceptual circular facade design. Furthermore, two
different types of conceptual circular facade design
solutions were identified, namely: an adaptable and
a modular solution. These solutions makes the designer
aware about the consequences of certain conceptual
design options.
As a reaction to the main research goal, the circular
building framework and morphological design and
evaluation model were developed, forming a well
defined starting point for further research and further
application in design assignments. The application in
practice could confirm the proposed circular building
framework and validate the applicability and evaluation
of the morphological design and evaluation model.
The developed circular building framework and
morphological design and evaluation model must be
seen as the first step in the transition towards a circular
building industry, in which buildings are built-to-rebuild.

Samenvatting
De twintigste eeuw is gekenmerkt door een forse
economische groei, die gepaard ging met een toename
van grondstoffen en een groeiende negatieve milieu
impact. Dit geldt ook voor de bouwsector, welke het
‘take-make-dispose’ model volgt, waarin grondstoffen
worden gewonnen, bouwproducten worden gemaakt
en uiteindelijk eindigen als afval. De laatste stap
resulteert in de vernietiging van energie en arbeid die
oorspronkelijk in het bouwproduct is verwerkt. Daarnaast
resulteert dit in grote hoeveelheden afval, welke een
negatieve invloed hebben op de natuur en samenleving.
Door deze manier van bouwen worden materialen
steeds schaarser, wat de noodzaak aangeeft om tot
minder materiaal intensieve toepassingen te komen.
Het probleem van materiaal schaarste kan worden
opgelost door het sluiten van materiaal kringlopen.
Op dit moment zijn er al diverse concepten ontwikkeld
welke het sluiten van materiaal kringlopen nastreven. Zo
ook het circulaire economie concept zoals voorgesteld
door de Ellen MacArthur Foundation, wat gekozen is als
startpunt binnen dit onderzoek. Hun doelstelling is het
inspireren van de huidige en toekomstige generaties tot
anders denken, het her-ontwerpen en het realiseren van
een positieve toekomst.
Echter is er nog veel onduidelijkheid hoe het circulaire
economie concept zoals geformuleerd door de Ellen
MacArthur Foundation kan worden toegepast in
gebouwen. Daardoor is het nagenoeg onmogelijk
om met dit concept tot een optimale toepassing in
de bouwsector te kunnen komen. Gezien de vele
onduidelijkheden en de grote belangstelling vanuit de
praktijk, is er behoefte naar een circulaire economie
framework gefocust op de bouwsector. Een dergelijk
framework zal de onduidelijkheden binnen de toepassing
van het circulaire economie concept in gebouwen weg
moeten nemen. Om die redenen is de doelstelling van
dit onderzoek: “Het ontwikkelen van een framework voor
gebouwen volgens het circulaire economie concept en
het bieden van een specificatie voor het ontwikkelen
van een circulaire gevel”.

De principes ‘design for disassembly’ en ‘design for
adaptability’ zijn geïdentificeerd als de meest essentiële
principes in het ontwerpen van een circulaire gebouw.
Om die reden is er diepgaand onderzoek gedaan naar
deze principes, resulterende in specifieke frameworks,
welke handvaten bieden voor een optimale toepassing
van deze principes tijdens het ontwerpen van een
circulair gebouw. Het toepassen van deze principes
streeft tot het behoud van geëmbedde waarde
(embedded materiaal en arbeid) van bouwproducten
en maakt het mogelijk bouwproducten te ontwerpen
welke de gedefinieerde re-life options op een zo
hoogwaardig mogelijke manier kunnen ondergaan.
Voor de ontwikkeling van een cirulaire gevel is
een ‘morphological design and evaluation model’
ontwikkeld. Dit model dient als leidraad gezien te worden
tijdens het ontwerpen en beoordelen van een circulaire
gevel. Het model bestaat uit meerdere parameters,
onderverdeeld in principiële ontwerp opties, waarbij de
principiële ontwerp opties zijn gerangschikt van circulair
naar lineair. Daarnaast zijn er twee type principiële
circulaire gevel ontwerp oplossingen geïdentificeerd,
namelijk een ‘adaptable circular facade solution’ en
‘modular circular facade solution’.
Ter conclusie op de gestelde doelstelling, heeft dit
onderzoek geresulteerd in de ontwikkeling van een
framework voor de toepassing van het circulaire
economie concept in gebouwen en is een specificatie
voor de ontwikkeling van circulaire gevels bereikt middels
het ‘morphological design and evaluation model’. Zowel
het framework als het model vormen een onderbouwd
startpunt voor verder onderzoek en toepassing in
gebouwen. Middels een toepassing in de praktijk
kunnen zij beide gevalideerd en bewezen worden.
Geconcludeerd kan worden dat het gedefinieerde
framework en model de eerste stap vormen in de
transitie naar een circulaire bouwsector, waarin
gebouwen worden gebouwd om te herbouwen.

Allereerst zijn diverse issues in het oorspronkelijke model
geïdentificeerd, wat de eerste stap heeft gevormd in
de ontwikkeling van het zogenoemde ‘circular building
framework’. In het framework is een duidelijk onderscheid
gemaakt hoe circulaire gebouwen ontworpen dienen
te worden (design domain) en hoe zij moeten gaan
functioneren (construction domain). Daarnaast omvat
het framework een definitie van circulaire gebouwen en
een visie voor de ontwikkeling van circulaire gebouwen.
Gesteld kan worden dat het ‘circular building framework’
een holistische benadering biedt waarbij alle relevante
aspecten binnen het ontwerpen en functioneren van
een circulair gebouw zijn geïdentificeerd.
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1.

Introduction of the research

In this first chapter, the background (1.1), starting point (1.2) and problem (1.3) will be defined. The framework of the
project in terms of scope & research objective (1.4) and relevance (1.5) of the research will be underlined. Finally, the
methodology (1.6) will be explained.

1.1. Background
Global
During the last century, prices of natural resources such as
energy, food, water and materials decreased by almost
half as measured in real terms, by the McKinsey Global
Institute’s index (Dobbs et al., 2011). They also state that
this decrease in resource prices was mainly driven by
a combination of industrial and technological progress
and the discovery of, and expansion into, new, low-cost
sources of supply. The industrial and technological
development in combination with global trade resulted in
an global economic output expansion of roughly 20-fold.
All these developments led to an increase of human
welfare, considering the high living standards in
developed countries and the projection, which indicate
that countries like China, Brazil, India, Indonesia are quickly
catching up (Kok et al., 2013). All these developments are
based on exponentially increasing resource consumption,
which can be stated considering the eight-fold increase of
world wide material consumption in the twentieth century
(Krausemann et al., 2009). Furthermore, the median
projections of global population growth that suggests a
rise from 7.2 billion in 2013 to around 9.6 billion in 2050, and
the world middle class population is expected to increase
from 1,85 billion in 2009 to 4,88 billion in 2030 (Boelt, 2013;
Dobbs et al., 2011). This results in a significant increase in
global resource use, which is expected to have tripled by
2050 (UNEP, 2011).
According to the McKinsey Global institute index, all
natural resource price decreases from the last century
have been erased in the last fifteen years (Dobbs et al.,
2011). Considering the increase in resource price and
the projections described before, are the first signs that
indicate that the current practice cannot be sustained
and that resource scarcity is increasingly becoming an
issue impacting price and availability of products (UNEP,
2012, Evans 2011).
Since the Industrial Revolution, our modern economy has
been characterized by a resource consumption model
that follows a ‘take-make-dispose’ pattern and relies on
easily accessible resources and energy. This pattern starts
with the extraction of raw materials, which will go to the
product manufacturer to make products. The products
are then sold to their end consumers. The consumers will
in turn throw these products away when they no longer
function or no longer serve their purposes. All these steps
of the ‘take-make-dispose’ pattern involve resources,
energy and labour with the associated emissions into air,
soil and water. The last step, dispose of materials leads
to destruction of the applied energy and labour, which
in turn creates huge amounts of waste at end of life,
impacting nature and society.

As a result the human footprint exceeds the Earth’s
biocapacity by more than 50 percent, at this moment
(WNF, 2012). The planetary boundaries have been
exceeded for climate change, biodiversity loss and
the human interference with nitrogen cycle. All
previous described issues indicate that there are big
environmental challenges to be overcome.
For the construction sector the Worldwatch Institute
estimates that by the year 2030 the world will have run
out of many raw building materials and we will be reliant
on recycling and mining landfills (Ergun, 2013).
European Union
The European Commission (2011) states:
Previous patterns of growth have brought
increased prosperity, but through intensive
and often inefficient use of resources. The role
of biodiversity, ecosystems and their services
is largely undervalued, the costs of waste are
often not reflected in prices, current markets and
public policies cannot fully deal with competing
demands on strategic resources such as
minerals, land, water and biomass. (p. 23)
This also accounts for the construction sector in the
European Union, which account for about: half of all our
extracted materials; half of all our energy consumption;
a third of our water consumption, a third of the total
waste generation and a third of our greenhouse gas
emissions (EC, 2011).
A roadmap to a resource-efficient Europe highlights
the building sector as one of the three key sectors for
improvements. The European Commission states that
resource efficiency is one of the main challenges that
the building sector faces in the period up to 2020 (EC,
2012), whereby resource efficiency means efficient use
of energy, natural resources and materials in order to
create products and services with lesser resources and
environmental impacts (Ruuska & Häkkinen, 2014).
The Netherlands
The Dutch policy focuses on the stimulation of the
prevention of waste, until now the focus was mainly on
waste recovery. This focus is in line with the roadmap to
a resource-efficient Europe (EC, 2012). The prevention of
waste is an unexploited part for environmental benefits,
(VROM, 2010).
The building industry in the Netherlands is responsible
for 30% of the total resource consumption and 35% of
the total waste generation in 2010 (CE Delft, 2014; Dam
& Oever, 2012). However, 90% of the construction and
demolition waste material is already reused or recycled
(CE Delft, 2014). Merely 11% of the total waste appears
11

to be recycled within the building sector (Mulders, 2013).
Recycling is the recovery of raw materials from products
at the end of life but the quality is often degraded and
the end result is still the same; it still ends as waste. The
current construction and demolition waste shows a low
quality recycling rate (Mulders, 2013). This signifies the
high recycling rate reached in the Netherlands does not
imply that materials are optimal reused.
Until now the resource consumption model that follows
the ‘take-make-dispose’ pattern has prevailed, because
resources were cheap and abundant (Kok et al., 2013).
However in 2008, the prices of many commodities
peaked as a result from continuous search for efficiency
(maximisation of throughput) has resulted in extreme
fragility. Also In the construction sector the demand
is growing for many construction materials due to the
ever-expanding economies and populations of the
world putting enormous pressure on natural resources.
Thus, resources may be far more costly and limited in the
future, and the implications on materials availability and
thus building construction will be significant (Ergun, 2013).
This rises the question; how to ensure the needs of the
present without compromising the ability of future
generations to meet their needs?
Circular economy concept
The Ellen MacArthur Foundation proposed the circular
economy concept, a non-linear model to weigh against
our current way of consumption. “The circular economy
refers to an industrial economy that is restorative by
intention; aims to rely on renewable energy; minimises,
tracks, and eliminates the use of toxic chemicals; and
eradicates waste through careful design” (EMF, 2013b, p.
23).
The circular economy concept requires a radical system
change and aims at decoupling sales revenues from
material input using a restorative industrial economy
by intention and design (EMF, 2013b). In contrast to
the current ‘take-make-dispose’ model, products
are designed for maintenance, reuse, refurbishment,
remanufacturing and/ or recycling. Whereby special
care is put in thinking how to reuse the totality of the
materials and reclaim the embedded value in end-of-life
products. Overall the circular economy concept is
based on system thinking: “the ability to understand
how parts influence one another within a whole, and the
relationship of the whole to the parts, not only in place
but also in time”(EMF, 2013b, p. 23).
Similar concepts
The circular economy concept as proposed by the Ellen
MacArthur Foundation (2013a) is not new. The concept
was already described by Kenneth E. Boulding in 1966
in his essay ‘The economics of the coming spaceship
earth’. In this essay he described the open economy,
which represents the current linear economy. For the
picturesqueness he called the open economy the
‘cowboy economy’. “The cowboy being symbolic of
the illimitable plains and also associated with reckless,
exploitative, romantic and violent behaviour, which
is characteristic of open societies” (Boulding, 1966,
p. 7). Furthermore, he discribed the closed economy
that represents the circular economy concept, which
he similarly called the ‘spacemen economy’. In the
‘spacemen economy’ “the earth has become a single
spaceship, without unlimited reservoirs of anything, either
for extraction or for pollution, and in which, therefore,
man must find his place in a cyclical ecological system
which is capable of continuous reproduction of material
form even though it cannot escape having inputs of
energy” (Boulding, 1966, p. 7-8).
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He described that “the difference between the
two types of economies are the attitudes towards
consumption. In the ‘cowboy economy’, consumption
is regarded as a good thing and production likewise,
whereby the success of the economy is measured by the
amount of the throughput from factors of production”
(Boulding, 1966, p. 8). In contrast to the ‘spaceman
economy’, whereby he states that
“throughput is
by no means a desideratum, and is indeed to be
regarded as something to be minimized rather than
maximized.... In the spaceman economy, what we are
primarily concerned with is stock maintenance, and any
technological change which results in the maintenance
of a given total stock with a lessened throughput (that
is, less production and consumption) is clearly a gain”
(Boulding, 1966, p. 8).
He finally states that: “The essential measure of
the success of the economy is not production and
consumption at all, but the nature, extent, quality, and
complexity of the total capital stock, including in this
the state of the human bodies and minds included in
the system” (Boulding, 1966, p. 8). His philosophy about
“the closed earth as a long-term aim compatible with
economic growth, sustainability and zero waste” is
the same goal as proposed by the Ellen MacArthur
Foundation with the circular economy concept.
The term ‘circular economy’ has been first raised by two
Britain environmental economists Pearce and Turner
(1990), in their book Economics of Natural Resources
and the Environment. In this book they pointed that
traditional economy was developed with no in-build
tendency to recycle and it treated environment as
a reservoir of wastes. To achieve a win-win situation
for economy and environment they proposed a
closed-loop of materials in the economy, which is also
similar to the Ellen MacArthur Foundation.
After the book of Pearce and Turner, the starting point
of circular economy implementation was made in
Germany in 1996, with the law: ‘Closed substance cycle
and wast management act’ (Su et al., 2013). This law
provided for managing waste in a closed cycle and
ensuring environmentally compatible waste disposal.
Also the Japanese government followed in 2000,
who tried to transform the society featured with high
production, high-consumption and high waste into a
‘recycle-oriented society’ (Su et al., 2013). Furthermore,
China followed in 2002, with the introduction of circular
economy as a new development model to help China
leapfrog into a more sustainable economy (Geng and
Doberstein, 2010). In order to implement the circular
economy as a new development model, China came
up with a circular economy policy in the country’s five
year plan (2006-2010). The core guidance principles of
China’s circular economy concept are the 3R principles:
reduce, reuse, and recycle (Su et al., 2013). However,
the circular economy concept is already recognized in
the past and led already to the first small steps towards
a circular economy. This could not shift the world’s
dependence on linear economics into a circular
economy.
The Ellen MacArthur Foundation
The question is: Will the introduction of the circular
economy concept by the Ellen MacArthur Foundation
shift the linear economy into a circular economy? The
circular economy concept as proposed by the Ellen
MacArthur Foundation is in line with the previously
discussed similar concepts. However, their concept
is slightly different. To indicate, in contrast to the 3R
principles (reduce, reuse, and recycle) the Ellen
MacArthur Foundation added the strategies redesign,
repair, refurbish, remanufacturing and cascading.

Furthermore, the recent introduced circular economy
concept builds on and extends other approaches such
as: Industrial Ecology, Regenerative Design, Performance
Economy, Blue Economy, Biomimicry, Permaculture,
Natural Step and Cradle to Cradle (Kok et al., 2013; EMF,
2013b).
The difference compared to the concepts similar to
the Ellen MacArthur Foundation is that the introduction
of the circular economy concept in their first report
‘Towards the circular economy’, in 2012, at the World
Economic Forum in Davos (EMF, 2013a) received a
widespread enthusiasm from all over the world. One of
the reasons for the widespread enthusiasm could be the
timing of the introduction of the concept, since It offers
ingredients for economic reform in a time of financial
crisis. The widespread enthusiasm about the concept
might also derive from the point that the concept is
positively framed, i.e. in terms of economic opportunity
rather than environmental necessity. With its proposed
business opportunity for the circular economy concept
of $380 billion up to $630 billion per year for Europe
alone (EMF, 2013a), which is later on recalculated by
the European Commission (2013) and estimated by an
annual net benefit of improving business efficiency in
the range of € 245 billion to € 604 billion in Europe. This
calculation is also made by TNO for the Dutch economy,
who estimated the overall impact to be € 7.3 billion,
involving the creation of approximately 54.000 jobs.
Therefore, the circular economy concept as introduced
by the Ellen MacArthur Foundation in 2013(b) will be
taken as the starting point for this research.

13

1.2. Starting point

Design out waste. “Waste does not exist when components
are seen as nutrients for the biological or technical
material cycles. The product should be designed for
remarketing, remanufacture, disassembly or repurposing.
Biological nutrients are safely reintroduced into the
biosphere and technical nutrients should be designed to
be recoverable, refreshable and upgradable, minimizing
the energy input required and maximizing the retention
of value” (EMF, 2013b, pp. 26).

In this sub-section, the circular economy concept as
proposed by the Ellen MacArthur Foundation (2013b)
will be introduced and explained. This is done to create
a clear view on the circular economy concept, which
forms the starting point for this research.

1.2.1. The Ellen MacArthur Foundation

To start a short introduction about the Ellen MacArthur
Foundation is given. In 2010, the foundation was
formed “to inspire a generation to re-think, redesign
and build a positive future” (EMF, 2013a, p. 1). The
foundation is supported by a group of founding partners:
B&Q, BT, Cisco, National Grid and Renault. In 2012,
they presented their first report ‘Towards the circular
economy’ (EMF, 2013a), together with the support of
a number of leading academic, industry experts and
organisations, who provided input and expertise. The
following two years they presented two reports more.

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. Diverse systems with many nodes,
connections and scales are more resilient in the face of
external shocks than systems built simply for efficiency,
throughput maximisation, as this results in brittleness”
(EMF, 2013b, pp. 27).
Shift to renewable energy sources. “Systems should
ultimately aim to run on renewable energy, enabled
by the reduced threshold energy levels required by a
restorative, circular economy” (EMF, 2013b, pp. 27).

In the first report, they proposed a model of closing
material loops in an economically attractive way, as
shown in Figure 1. The model is based on living systems
as these have proved to be adaptable and resilient and
model the ‘waste is food’ relationship very well. They also
bring insights around the cascading of materials as a
way of recognizing and capturing as entropy increases.
The Ellen MacArthur Foundation proposed the following
definition of a ‘circular economy’.

Think in systems. “The ability to understand how
parts influence one another within a whole, and the
relationship of the whole to the parts, is crucial. Elements
are considered in relation to their environmental and
social contexts” (EMF, 2013b, pp. 27).

Definition circular economy
“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 models.”
- Ellen MacArthur Foundation, 2013a, p. 7 -

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 applications” (EMF, 2013b,
pp. 28).
In Figure 1, the proposed circular economy model from
the Ellen MacArthur Foundation is presented. This circular
economy model illustrates how technological and
biological nutrient-based products and materials cycle
through the economic system, each with their own set
of characteristics. All leakages to energy recovery and
landfill have to be minimized/ eliminated. All the used
terms will be explained in the grey text box ‘terminology’
at page 15.

1.2.2. Principles

The following principles, which will be explained, are
at the heart of the circular economy concept, as
introduced by the Ellen MacArthur Foundation and
based on several schools of thought, such as: Industrial
Ecology, Regenerative Design, Performance Economy,
Blue Economy, Biomimicry, Permaculture and Cradle to
Cradle (EMF, 2013b).
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Restoration

Parts manufacturer

Technical nutrients
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Recycle
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Figure 1:
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Circular economy model (EMF, 2013a, p. 24).

Terminology
In the circular economy model, materials are
categorized as biological or technical nutrients
according to the system or sphere to which they can
return, rather than by their origins.
Technical nutrients. “They cover all materials that
cannot be processed safely through the biosphere
and are thus to be kept in a technical cycle in
as high a quality and preserving as much of the
embedded energy as possible. Products that
include a mixture of technical and biological
materials are hybrid products. If these two parts
are separable they can be allocated to different
pathways” (EMF, 2013c).
Biological nutrients. “They are defined as materials
that can ultimately safely pass through the biosphere
and have the potential to return natural capital.
Products that include a mixture of technical and
biological materials are hybrid products. If these
two parts are separable they can be allocated to
different pathways” (EMF, 2013c).
Mining/ materials manufacturing. “The input to the
technical materials cycle consists in mining materials
(such as gold or rare earths) or manufacturing them
(e.g., through a chemical process). In a circular
economy, this input of natural resources into the
cycle would be minimized” (EMF, 2013c).
Materials/ parts manufacturer. “The materials/parts
manufacturers are the organizations that use the
basic materials, biological or technical, to turn them
into the parts used to form the product. Examples
include a flour producer, on the biological side, or
an engine manufacturer, on the technical side”
(EMF, 2013c).
Product manufacturer. “The products manufacturers
bring the parts together to build the final product.
These can be for example a baker (using flour,
water, ...) or a car manufacturer (bring together
engine, electronics, ...)” (EMF, 2013c).
Service provider. “Traditionally, the retailer or
service provider is at the interface between the
product manufacturing and the user/consumer.
Examples include a grocery or a car dealer. In a
performance-based economy, this notion has a
wider scope as it encompasses the idea of selling
services rather than goods - for example, selling a
certain number of washes rather than the machine
itself means there is no transfer of ownership of the
object” (EMF, 2013c).
Consumer/ user. “The use or consumption of the
product covers the whole process from purchase
of the products to the stage when it is no longer
needed by its first buyer. ‘Using’ a product means
having the service or performance it provides
without degradation while ‘consuming’ involves
degrading it. In a circular economy implementing
performance models, the proportion of ‘users’
would increase in the durable goods sector with the
generalization of leasing contracts” (EMF, 2013c).
Energy recovery. “The conversion of non-recyclable
waste materials into usable heat, electricity, or fuel
through a variety of waste-to-energy processes”
(EMF, 2013c).

Technological cycles
Maintenance. “The process of keeping a product in
good condition without changing user” (EMF, 2013c).
Reuse/ redistribute. “The reintroduction of a
product for the same purpose and in its original
form, following minimal maintenance and cosmetic
cleaning” (EMF, 2013c).
Refurbish. “The process of returning a product to
good working condition by replacing or repairing
major components that are faulty or close to failure
and making cosmetic changes to update the
appearance of a product” (EMF, 2013c).
Remanufacture. “The process of disassembly and
recovery at the sub-assembly or component
level. Functioning, reusable parts are taken out
of a used product and rebuilt into a new one. This
process includes quality assurance and potential
enhancements or changes to the components”
(EMF, 2013c).
Recycle. “Is the process of recovering materials for
the original purpose or for other purposes, excluding
energy recovery. The materials recovered feed
back into the process as crude feedstock. If this
results in a reduction in quality it is often described
as down-cycling. Processing to improve material
or product quality is described as up-cycling” (EMF,
2013c).
Biological cycles
Cascades. “Cascading components and materials
means putting them into different uses after
end-of-life across different value streams and
extracting, over time, stored energy. Along the
cascade, the material order declines (in other
words, entropy increases)” (EMF, 2013c).
Extraction of biochemical feedstock. “Create
low-volume and high-value chemical products or
low-value and high-volume liquid transport fuel and
thus generating electricity while processing heat
fuels, power and chemicals from biomass” (EMF,
2013c).
Anaerobic digestion. “Process during which
micro-organisms are breaking down organic
materials in absence of oxygen producing
biogas and solid residual (used on land or as soil
amendment)” (EMF, 2013c).
Composting. “A biological process in the presence
of oxygen during which micro-organisms break
down organic materials into a soil-like material
called compost. In-vessel composting (IVC) is an
industrial form of rapid composting under controlled
conditions” (EMF, 2013c).
Biogas. “Is a gas produced by breakdown of
organic matter in the absence of oxygen. It is a type
of biofuel” (EMF, 2013c).
Biosphere. “The global sum of all ecosystems on the
planet, including all life forms and their environment.
This corresponds to a thin layer of the earth and its
atmosphere, extending to about 20km” (EMF, 2013c).
Farming/ collection. “The harvesting by humans of
organisms regenerated in the biosphere, whether
through farming, hunting or fishing” (EMF, 2013c).

Landfill. “The disposal of waste in a site used for the
controlled deposit of solid waste onto or into land”
(EMF, 2013c).
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1.2.3. Circular design

The Ellen MacArthur Foundation provides the following
definition for circular design.
Definition circular design
“i.e., improvements in material selection and
product design (standardisation/ modularisation of
components, purer material flows, and design for
easier disassembly) are at the heart of a circular
economy.”
- Ellen MacArthur Foundation, 2013a, p. 10 -

1.2.4. Sources of value creation

The principles of the circular economy concept
offer not just a description of how it should work as
a whole, but also a guide to where the profit pools
are. The economics and relative attractiveness of
different circular models, vary significantly for different
products and markets. Four value creation models (plus
‘regeneration’ as the heart for the circular economy
concept) are identified by the Ellen MacArthur
foundation (2013a), as described below and shown in
Figure 2. These value creation models should be used as
patterns in creating more value from the materials used
in products. Two overarching fundamentals remain the
same in all cases, which are the following:
• “Retain resource value by converting today’s
‘waste’ streams into by-products, creating new
effective flows within or across value chains” (EMF,
2013b, p. 33).
• “Retain the overall effectiveness of the system, do
not optimize individual parts of a process or design
while neglecting the impact of such changes on the
systems as a whole” (EMF, 2013b, p. 33).

The power of ...

The inner circle

Circling longer

This results in designs that are more durable, which need
fewer operations and are thus more beneficial. Other
options are design for easy and cheap maintenance to
maximize the use phase” (EMF, 2013b, p. 34).
The power of cascaded use. The third model that
creates more value is the power of cascaded use, which
“stimulates the use of discarded materials from one value
chain as by-product, replacing virgin material inflow in
another. This can be done not only in the original sector of
use, but also in other industries. The value is in the fact that
the marginal costs of repurposing the cascading material
are lower than the cost of virgin material (including its
embodied costs and externalities)” (EMF, 2013b, pp. 34).
The power of pure circles. The last model that can be
used to create more value, the power of pure circles,
implies “the material selection, which is essential to
enhance the impact of the first three value creation
sources, by rendering them ‘fit for onward use’. This can
be achieved by building the product of non-toxic and
easy separable materials, to increase preserving the
quality of the technical nutrients and being able to safely
return biologic nutrients into the biosphere” (EMF, 2013b,
pp. 35).

1.2.5. Business models

The circular economy concept requires a shift towards
new business models, wherein performance based
contracts will replace the product sale. This new type
of business model will help closing the material loop
by changing the product ownership from customer
to producer. This will not only stimulate the producer to
make better products with a longer life-cycle, but also
stimulate them to make products that are easily reusable
or recyclable to reclaim the embodied value (embodied
energy and labour) of the product. These models can
provide improved long-term relationships with customers
and thereby making it possible to increase interactions
between the customers and companies during the
lifetime of a product. As Walter Stahel (2006) states,
“moving from selling products to selling performances
is the most profitable and most material-effiicient”.
Furthermore, he argues that:
“Shifting taxation from labour to energy
and material consumption would fast-track
adoption of more circular business models; it
would also make sure that we are putting the
efficiency pressure on the true bottleneck of our
resource-consuming society/ economy (there is
no shortage of labour and (renewable) energy
in the long term)” (EMF, 2013a, p. 23).
This exemplifies the need of these new types of business
models.

Cascaded use
Figure 2:

Pure circles

Sources of value creation in a circular economy
(Ellen MacArthur Foundation, 2013b, pp. 33-35).

The power of the inner circle. The first model that creates
more value is the power of the inner circle, which implies
that “the closer the system gets to direct reuse. I.e., the
perpetuation of its original purpose, the larger the cost
savings will be in terms of material, labour, energy, capita
land the associated externalities, such as greenhouse gas
emissions, water, or toxic substances” (EMF, 2013b, p. 33).
The power of circling longer. The second model that
creates more value is the power of circling longer, which
implies “keeping products, components, and materials
longer in use. This can be achieved by either designing
products and systems that enable more consecutive
cycles or by spending more time within a single cycle.
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The new type of business models are called product
service systems, they are value based on combination
of product and service. Product service systems can be
classified into three types (Barquet et al., 2013; Tukker &
Tischner, 2006):
Product-oriented services. Traditional sales of product,
with maintenance contract and/ or take-back warranty.
Use-oriented services. The product is owned by its
manufacturer, and only sells product use or function by
leasing, sharing or renting.
Result-oriented services. The manufacture sells a result or
competence rather than the product.
The type of business models are not included in the EMF
reports, but are given to provide a better view on the so
called ‘product service systems’.

1.3. Problem definition

The circular economy concept as proposed by the Ellen
MacArthur Foundation (2013b) forms the starting point of
this research. The circular economy concept proposes
a non-linear model to weigh against our current way of
consumption. As stated by the European Commission
(2011), the building industry is a high material intensive
industry, which accounts for 50 percent of the material
usage in Europe. The implementation of the circular
economy concept in the building industry promises to
have high potential.
In the Netherlands there are already several examples
of buildings, which are claimed to be ‘circular’ or
‘semi-circular’. For example, the director of sustainability
at BAM Construct, who described that the first steps
towards a building according to the circular economy
concept are made in their construction project the
Brummen Town Hall in the Netherlands, and describes
their project as a ‘semi-circular’ building (Magdani,
2014). It is unclear when a building can be considered
as ‘semi-circular’ or even as a ‘circular’ building. At this
moment there are no scientific articles available about
evaluating the degree of circularity in buildings. This
emphasises the need for a circular economy concept
evaluation model.
Furthermore, at this moment it is unclear how to apply
the circular economy concept in buildings. This can
be clarified by the initial idea, as the Ellen MacArthur
Foundation developed the proposed circular economy
concept (section 1.2). The initial idea addresses the
entire economy. Thus it forms a gap between the
abstract circular economy model and principles, and its
applicability in buildings. This makes it nearly impossible
to apply them with ease in buildings. This gap should be
taken away for a better understanding and application
of the circular economy concept in buildings. This gap
is also observed at circular economy conferences and
congresses for the building sector and interviews with
experts in the building sector (an overview of all external
support during this research is presented in section 1.6).
The following five main issues can be identified, which
complicate the application of the circular economy
concept as proposed by the Ellen MacArthur Foundation
in buildings.
1. No clear distinction between the design aspects and
functioning of buildings according to the circular
economy concept;
2. Lack of focus to buildings in the circular economy
model and circular economy principles;
3. Highly abstract principles with a lack of guidance in
their application;
4. Circular design definition lacks from the building
design perspective, and;
5. Building designers have multiple interpretations
about the circular economy concept.
To exemplify the issues, the so called ‘semi-circular’
project Town Hall Brummen will be used, which is
explained in the grey text box ‘Town Hall Brummen’.
However, the interventions made in this project can be
considered as the first steps towards a circular building,
this example raises the following questions: why are
the interventions as described in the grey text box
made? Based on what principles are these interventions
identified to create the so called ‘semi-circular’ or even
‘circular’ building?

Town Hall Brummen
This construction project is the result of a design
competition by the municipality of Brummen, who
asked for a temporary facility with a service life of 20
years. The winning design from RAU Architects was a
design that covers the circular economy concept,
whereby the architect Thomas Rau conceptualized
the project as a ‘raw material depot’(Turntoo, 2013).
The following examples of interventions are made in
the design, which made them claim the project to
be ‘semi-circular’ (Hoorntje, 2013):
•
The building structure is made from wood in
prefabricated components, which are designed
several centimetres thicker to ensure reusability;
•
The front desk is made of reused carton from a
local carton factory;
•
The concrete structure of the former
municipality office is crushed into concrete
pieces that are reused in reinforced steel cages
as exterior parapet elements on the ground
floor, and;
•
A resource passport is created, which is
a document that contains all necessary
information about the used materials of the
building in order to simplify the reusability of
building products and materials.
In other words, a specific and detailed framework
focused to buildings that provides an accessible level of
understanding is required. This framework should clearly
identify the distinction between the design aspects
and functioning of buildings according to the circular
economy concept. The highly abstract principles should
be transformed into principles that provide guidance to
the building designer in their application. Furthermore,
the circular design definition needs to be aligned with
the building design perspective, which should take
away multiple interpretations and underlying ambiguities
about the circular economy concept.

1.4. Scope & research objective

Considering the problem definition, first a framework for
buildings according to the circular economy concept
should be developed. Furthermore, to allow an in depth
research, there is chosen to focus on the circular facade
design. Therefore, the aim of this research is:
“The development of a framework for buildings
according to the circular economy concept, which
will be specified for the design of circular facades”
To be able to reach the aim of the research, the
following sub-research questions have been formulated:
S-RQ 1. How to clearly address building design &
construction in a circular building framework?
S-RQ 2. How to provide guidance in the application of
the circular building design principles?
S-RQ 3. What are the design requirements for a circular
facade?
Based on the examination of the defined
frameworks of the circular building design
principles ‘design for disassembly’ and ‘design
for adaptability’ at the technical facade of
municipality office Venlo.

S-RQ 4. How to provide guidance in the design and
evaluation of a circular facade?

With an integral approach to the determined
design requirements.

These questions and previously described issues in the
proposed circular economy concept emphasises the
need of a general framework for buildings according to
the this concept.
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1.5. Relevance

The 20th century was a time of remarkable progress of
a steady increase in economic growth, which has been
accompanied by an increase in the use of resources
and an increasing negative impact on the environment
(UNEP, 2011). This also accounts for the construction
sector, in which the global construction minerals
extraction has grown by a factor 34, from 667 million tons
in 1900 to 22931 million tons in 2005 (Krausmann, 2009).
For that reason, it seems somewhat strange to suggest a
system change which will reduce the increasing resource
consumption. Namely, since the Industrial Revolution, our
modern economy has been characterized by a resource
consumption model that follows a ‘take-make-dispose’
pattern, which primarily relies on easily accessible
resources and energy.
However, due to this ‘take-make-dispose’ pattern,
the building industry in the Netherlands is responsible
for 30% of the total resource consumption and 35%
of the total waste generation in 2010 (CE Delft, 2014;
Dam & Oever, 2012). Furthermore, resource scarcity is
increasingly becoming an issue impacting price and
availability of products (UNEP, 2012, Evans 2011). Thereby
also observed the following facts (as mentioned in the
background, section 1.1):
• Global population growth suggests a rise from 7.2
billion in 2013 to around 9.6 billion in 2050 (Boelt,
2013; Dobbs et al., 2011).
• The Worldwatch Institute estimates that by the
year 2030 the world will have run out of many raw
building materials and we will be reliant on recycling
and mining landfills (Ergun, 2013).
• Within the Netherlands, 90% of the construction
and demolition waste material is already reused or
recycled (CE Delft, 2014).
• Of the construction and demolition waste in the
Netherlands, merely 11% of the total waste appears
to be recycled within the building sector, which
means a low quality recycling rate (Mulders, 2013).
These facts states the need to run down the current
‘take-make-dispose’ pattern and come up with a
less material intensive way of material use. This could
be realized by the application of a more cyclical
material use and system, one of the options to reach
this goal is the application of the circular economy
concept. As stated in the background, the circular
economy concept is in contrast to the current
‘take-make-dispose’ model, in which products are
designed for maintenance, reuse, refurbishment,
remanufacturing and/ or recycling. Considering “the
current state of recycling, repair and reuse of a wide
range of products in the Netherlands gives good reason
to assume that there is further potential to make the
transition to a more circular economy” (Bastein et al.,
2013, p. 10).
The circular economy concept is gaining increasingly
more attention from business all around the world,
seen already 90 companies are involved in the
Circular Economy 100, including construction oriented
companies such as BAM, Turntoo, Arup, Autodesk,
Desso, Steelcase and WRAP (EMF, n.d.). This global
platform brings together leading companies, emerging
innovators and regions to accelerate the transition to a
circular economy. Furthermore, in the Netherlands, a lot
of attention is given to the circular economy concept.
For example, the green deal circular buildings, which is
launched in October 2014 with already more than 60
organisations of government and industry, which will
stimulate the transition of the circular economy concept
in buildings (CFP, 2015).
18

At this moment there are many ‘sustainability tools for
buildings’ available, such as BREEAM, GPR-Gebouw and
CASBEE. Which rises the question: How do they assess
‘sustainability’ if there is no further overarching guidance
on how to reach a sustainable building (or what a
sustainable building is at all)? Many researchers have
compared such tools: do they see them as a truth? It is
unclear what the goal of these tools are: is it profit-driven
in stead of sustainability driven? Related to this research,
the question might be: is there a (partly) circular
economy approximation presented in these tools? This
final question could not be answered without identifying
specific underlying principles for the application of
the circular economy concept in buildings. For that
reason, this research focuses on the development of
a framework for buildings according to the circular
economy concept, and there will be no further attention
given to any sustainability tool.
Five main issues that complicate the application of the
circular economy concept as proposed by the Ellen
MacArthur Foundation in buildings. These issues, together
with the rising interest in the application of the circular
economy concept in the building industry, emphasises
the need for a circular economy model that clearly
addresses buildings and provides an accessible level of
understanding, to take away the ambiguities. For that
reason, the main research goal is “The development
of a framework for buildings according to the circular
economy concept, which will be specified for the design
of circular facades”.
To provide a more in depth research, which results in a
more specific design approach, more focus than the
entire building is required. For that reason, the focus on
the building system skin and in particularly the facade is
chosen, seen the complexity of this building system. This
can be stated, considering the facade separates the
interior from the exterior and has to serve with multiple
functions, such as: waterproofing, insulating, ventilating,
self-weight, push and pull forces from wind loads, views
to the inside and outside and the appearance of the
building (Knaack et al., 2007). Furthermore, Deniz &
Dogan (2014) stated that the skin can be seen as one
of the most critical restructured and demolished part
of the building, when looking at the whole lifespan of a
building system, the skin has a weak link to the building
and can be considered as one of the main resources
in waste generation. For that reason, a more in depth
research to the design of a circular facade should lead
to a reduction in waste generation, as reaction to the
defined problem definition of this research.
This will also lead to a scientific based analysis of the
‘circularity’ of buildings (specifically to the facade), to
provide insights in what extend it react to the defined
underlying principles. The removal of the defined issues
will provides a well defined starting point for further
research and clear guidance for the building designer
in the application of the circular economy concept
(referring only to the circular building design principles of
‘design for disassembly’ and ‘design for adaptability’) in
buildings (referring specifically to the facade).

1.6. Methodology

This section provides insights in the research
methodology of the conducted research. This section
is build up out of four different parts: starting with the
applied types of research, secondly the research model
will be presented, following with a reading guide and
lastly the division of task during this research will be
provided.
Types of research
This research is mainly based on qualitative research.
There is made use of descriptive research, using an
extensive literature study, observations and interviews.
Which has resulted in the problem definition and
‘circular building framework’ including all different parts.
Furthermore, there is made use of designing research, in
which literature studies and interviews were conducted.
This resulted in the development of the ‘morphological
design and evaluation model’.
During this research, there has been many support from
practice by building experts, conferences, congresses,
project visits and some additional activities. Below an
overview of all these support (next to the feedback from
the graduation commission) is presented.
Expert interviews
23-09-2014 Mr. Lauteslager; Alduurzaam; Amsterdam
15-01-2015 Mr. Jarmo; Building the CE; Eindhoven
23-01-2015 Mr. Veerman; VMRG; Nieuwegein
27-01-2015 Mr. Zonneveld; BREEAM-NL Assessor; Wijchen
30-01-2015 Mr. V.d. Westerlo & Mrs. Starmans; C2C
ExpoLAB; Venlo
30-01-2015 Mr. Kirkels; TU Eindhoven; Eindhoven
10-02-2015 Mr. Goverde; Kraaijvanger Urbis; Rotterdam
16-03-2015 Mr. Anink; W/E adviseurs; Utrecht
08-06-2015 Mr. Azcarate; TU Delf; Eindhoven
10-06-2015 Mr. Beukers & Mr. V. Bennekom;
Scheldebouw; Middelburg
16-06-2015 Mr. Roos; Vogt Metaalbouw; Eindhoven
14-09-2015 Mr. Azcarate; TU Delf; Eindhoven
15-09-2015 Mr. Olthaar; GB4All; Eindhoven
Conferences and congresses
24-09-2014 ECO Bouw; Jaarbeurs Utrecht
25-09-2014 ECO Bouw; Jaarbeurs Utrecht
01-10-2014 Slimbouwen excursie; Brummen
18-10-2014 DDW Circulaire Economie Hotspot (18-26
okt.); Eindhoven
03-02-2015 Duurzaam gebouwd op locatie; DHV
Amersfoort
09-02-2015 Gevelbeurs; Jaarbeurs Utrecht
12-03-2015 Shifting perspectives; TU Eindhoven
01-04-2015 Building Holland; Amsterdam RAI
01-07-2015 Circular building symposium; TU Delft
Project visits
01-10-2014 Brummen Town Hall
30-01-2015 Municipality office Venlo (construction site)
18-05-2015 Municipality office Venlo (construction site)
Additional activities
17-09-2014 MAXergy tool college; TU Eindhoven
18-02-2015 Building the CE – Introduction meeting; TU
Delft
01-06-2015 Presenting a guest lecture for bachelor
students; TU Eindhoven
Research model
The research model presents the different chapters,
with its related subjects and how the different parts are
related to each other and identifies in which chapter
what sub-research questions is answered, as presented in
3.1.1. The research model will be further explained in the
‘reading guide’.

Figure 3:

Research model.

Reading guide
Chapter 1. Chapter one forms the introduction of this
research. As a starting point of this research, the circular
economy concept according to the Ellen MacArthur
Foundation, is presented. Furthermore, the problem and
research objective are defined.
Chapter 2. Chapter two answers sub-research question
1: ‘How to clearly address building design & construction
in a circular building framework?’. A clear division
is made in the ‘design domain’ and ‘construction
domain’. Within the ‘design domain’ the ‘circular
building product levels’ and ‘circular building design
principles’ are defined. The ‘construction domain’
defined the ‘circular building construction model’.
The ‘circular building definition’ and ‘circular building
design vision’, which together with the defined ‘design
domain’ and ‘construction domain’ forms the ‘circular
building framework’. The ‘circular building framework’
forms the reaction to the first part of the defined
research objective: “The development of a framework
for buildings according to the circular economy
concept, which will be specified for the design of circular
facades”.
Chapter 3. To provide more guidance to the defined
‘circular building design principles’ in the ‘circular
building framework’, more in depth research is required
to the ‘circular building design principles’. Therefore, the
scope of this research is limited to three ‘circular building
design principles’, which are selected for a more in
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depth investigation in chapter three. However, seen
the complexity of the ‘circular building design principle’
of ‘design with sustainable materials’, which goes far
behind the overall research goal, the scope is limited
further. For that reason, the ‘circular building design
principles’ of ‘design for disassembly’ and ‘design for
adaptability’ are only investigated further in more detail.
Both ‘circular building design principles’ resulted in the
development of their own framework, which is based
on an extensive literature study, whereby adaptations
are conducted. These frameworks should provide clear
guidance to the building designer in the application of
‘design for disassembly’ and ‘design for adaptability’
in practice. The defined frameworks forms the answer
to sub-research question 2: ‘How to provide guidance
in the application of the circular building design
principles?’, which for tat reason is only completely
answered on the ‘circular building design principles’ of
‘design for disassembly’ and ‘design for adaptability’.
Chapter 4. To analyse and improve the application in
practice of the ‘circular building design principles’ of
‘design for adaptability’ and ‘design for disassembly’, a
case study is conducted, which is presented in chapter
four. The selected case study project is the municipality
office Venlo, to which the analysis is done at the
technical facade. To start the case study, a ‘state of
the art - unitised & stick facade systems’ is presented.
Furthermore, the ‘circular building product levels’ are
defined for the building system ‘skin’ (especially for
the facade) in the ‘circular building product levels specified for skin’, which identifies the different levels
to which the analysis is done. This case study provides
building designers guidance in how to analyse a facade
design on the ‘circular building design principles’ of
‘design for disassembly’ and ‘design for adaptability’.
The case study resulted in ‘design requirements’ in order
to design a circular facade. To conclude this chapter,
an integral analysis is conducted to determine the
‘design requirements’ for a circular facade, related to
the ‘circular building design principles’ of ‘design for
disassembly’ and ‘design for adaptability’. The ‘design
requirements’ forms the answer to sub-research question
3: ‘What are the design requirements for a circular
facade?’. These design requirements could be seen
as an important aspect in reaction to the second part
of the defined research objective: “The development
of a framework for buildings according to the circular
economy concept, which will be specified for the design
of circular facades”.
Chapter 5. This chapter answers the sub-research
question 4: ‘How to provide guidance in the design
and evaluation of a circular facade?’. This will be done
with the ‘morphological design and evaluation model’,
which is developed to provide additional guidance in
the development of a circular facade and proposes
a model to evaluate a circular facade design. This
‘morphological design and evaluation model’ is
developed, based on the proposed ‘circular building
product levels - specified for skin’, ‘circular building
design principles’ ‘design for disassembly’ and ‘design
for adaptability’, and the ‘design requirements’ that
are specified for a circular facade. To conclude, two
different conceptual circular facade design solutions
were identified in the morphological design and
evaluation model.
Chapter 6. To complete this research, chapter 6 provides
the conclusion, in which the aim of the research “The
development of a framework for buildings according to
the circular economy concept, which will be specified
for the design of circular facades” will be reflected.
Furthermore, a discussion will be given that describes the
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delimitations of the research, and recommendations will
be given for possible improvement of the research and
future research in the field of circular buildings.
Division of tasks
This research is done by Pieter Beurskens and René Bakx.
There is no clear distinction in the division of tasks, seen
the research is entirely cohesive. Which means, each
part of the research has several relations with other parts
of the research. This cohesion makes a division of tasks
difficult, in order to prevent free-standing research parts.
For that reason, this collaboration enhanced each other
through continuous feedback and a critical attitude
towards each other.
A slightly division could be found in chapter 3 ‘Circular
building design principles’, in which the circular building
design principle ‘design for disassembly’ is done by René
and ‘design for adaptability’ is done by Pieter.

Sub-research question 1
‘How to clearly address building design & construction in a circular building framework?’

2.

Framing circular building

This chapter consist of three different sections. Starting with the ‘design domain’(section 2.1), consisting of ‘circular building
product levels’ and ‘circular building design principles’, secondly the ‘construction domain’ (section 2.2), consisting of
‘circular building construction model’ and finally the ‘circular building framework’ (section 2.3), will be presented. This
chapter concludes with a reflection to sub-research question 1, by reflecting to which extend all defined issues have been
taken away.

2.1. Design domain

The ‘circular building framework’ provides a clear
distinction in the design aspects and the functioning of
buildings according to the circular economy concept.
This is done by the identification of a design domain
and construction domain, which is in reaction to issue
1: ‘No clear distinction between the design aspects
and functioning of buildings according to the circular
economy concept’.
In this section the design domain will be defined. This
domain provides the building designer guidance in
how to design a circular building, using circular building
product levels (sub-section 2.1.1) and circular building
design principles (sub-section 2.1.2). This section is
in reaction to issue 2: ‘Lack of focus to buildings in
the circular economy model and circular economy
principles’, and issue 3: ‘Highly abstract principles with a
lack of guidance in their application’.

2.1.1. Circular building product levels

One of the circular economy principles of the Ellen
MacArthur Foundation (2013b) is ‘think in systems’.
Which is defined as: “The ability to understand how
parts influence one another within a whole, and the
relationship of the whole to the parts” (Ellen MacArthur
Foundation, 2013b, p. 28). By analysing this definition, it
is unclear how to see a building as a system and it could
be seen as a highly abstract principle with a lack of
guidance in their application (as mentioned in issue 2 en
3, section 1.3 ‘Problem definition’). For that reason there
is a need to come up with a more specified approach
to clearly identify how to apply the principle ‘think in
systems’ in complex dynamic structures of buildings.
For that reason, within this sub-section different methods
to analyse a building not as a complete entity, but as
a assembly of different building segments (building
products), will be presented, resulting in the circular
building product levels. For that reason, first the
conception of a building has to be clear. The notion of a
building as a whole object is still very much the dominant
way of thinking about buildings. They are conceived,
designed, constructed, and used as complete entities.
However, in the longer time frame the buildings are
constantly changing in response to changing user
demands and changing environmental conditions. There
is in fact not ‘a’ building at all but a series of different
buildings over time (Crowther, 2002). This means that
buildings must be seen as dynamic structures that are
constantly changing over time in response to changing
user demands and changing environmental conditions.
This concept of designing buildings as dynamic structures
is one of the primary needs to design a circular building.

Which will guarantee the possibility of the proposed
re-life options in a hierarchical way, and accommodates
effectively the evolving demands of its context.
Theory of levels
In order to understand the dynamic structure of a
building, the theory of levels was introduced. Professor
Habraken was first who recognized the theory of levels of
change in 1961 in his book ‘De dragers en de mensen’,
in which he came up with a system approach to housing
design. He derives an abstract model composed of
support and infill, whereby for example the support
remains constant during an interior renovation and the
infill configuration transforms more easily. This ability to
change according to the levels of control broadens
the building’s capacity to adapt to user’s future
requirements.
After Habraken the theory of levels of change is further
researched by many researchers, such as: Brand (1994);
Slaughter (2001); Rush (1986); Duffy (1990) and Leupen
(2005). They all defined functional levels within a building
in order to identify functions with different changing
rates in a building. Brand (1994) proclaims the intent of
his work is, ‘to examine buildings as a whole – not just
a whole in space, but whole in time.’ Seen “Time is the
essence of the real design problem” (Brand, 1994), the
most suitable building layers are the sharing layers of
change (Figure 4) from Steward Brand (1994) (Schmidt
et al., 2011). He identified the following layers and
changing rates: site (eternal); structure (30-300 years);
skin (20 years); service (7-15 years); space plan (3-30
years) and stuff (daily- monthly). This theory of layers
allows the designer to consider buildings as a collection
of functional layers, each with a different use life that
should be designed independent from each other.

Figure 4:

Sharing layers of change (Brand,
(http://www.adaptablefutures.com).

1994),
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It might be clear that such an approach, of dividing
a building in different building layers, should help the
designer by designing a building with independent
assemblies. Seen the need to design a circular building
as a dynamic structure, implementing the sharing layers
of change from Brand (1994) could provide guidance
by designing a circular building. However, the sharing
layers of change from Brand (1994) left much to interpret
by the designer, seen there is no further guidance how
to design each layer on its own. For that reason, more
specific identification of underlying assemblies within the
sharing layers of change from Brand (1994) is required.
Hierarchy of building products
In contrast to Brand (1994), Eekhout (1997) proposed
the ‘hierarchy of building products’, which goes from
raw materials to building complex, as presented in
Figure 5. He defined this hierarchy of building products
to stimulate a transformation
of ‘production’ into
‘co-engineering & production’. He states there is a
gap between architects and structural engineers and
an even larger gap between architects, technical
designers on the one hand and co-engineers, producers,
co-makers, sub-contractors and builders on the other
hand. Furthermore, he adds that this is mainly due to the,
greater or lesser degree of, complex spatial architectural
schemes. The increasing complex spatial architectural
schemes requires complicated geometrical surveying,
both in the design and engineering phase as well as in
the phase of the productions of building parts and in the
composition and integration of these on the building site
(Eekhout, 2006). For that reason, he states: “it is of great
importance to keep the hierarchy of building products
in mind... that materials and commercial materials are
not confused with elements and components” (Eekhout,
2006, p. 75).
Eekhout (1997) states input materials for the construction
industry are only ‘materials’ and ‘commercial materials’,
and for that reason, the term ‘building product’ is
incorrect. He states, each notion which is partly called
‘product’, states the properties of the specific character
of the product. Eekhout (1997) concludes with defining
the domain of ‘products’, which is not the complete
hierarchy. Seen the upper part (from ‘raw material’ to
‘commercial material’) and the lower part (‘building
‘and ‘building complex’) are both incorporated in the
hierarchy of building products, in which a large level of
abstraction exists. For that reason, the steps between
‘commercial materials’ and ‘building’ are defined as
‘product’ domain. The terms within the hierarchy of
building products are not defined separately, which
could be found in the research of Eekhout (1997).
Raw material
Material
Composite material
Commercial material
Sub element
Element
Super element
Sub component
Component
Super component
Building part
Building segment
Building

Hierarchy of material levels
Seen the foregoing synthesis of the ‘hierarchy of building
products’ from Eekhout (1997), the ‘hierarchy of material
levels’ from Durmisevic (2006) is presented. She defined
their hierarchy to consider the technical/ physical levels
of a building, besides the functional levels. Considering
the technical/ physical levels of a building, should
help the designer in the design of decomposable
building structures, when the building should be seen
as a hierarchy of sub-assemblies using the ‘hierarchy
of material levels’. This in contrast to traditional building
structures which could be seen as a hierarchy of
elements (Durmisevic & Brouwer, 2002).
From a technical/ physical point of view, the building
should be seen as a hierarchy of material levels, which
should be described at any level of abstraction,
whereby the higher levels will dominate the lower levels
of technical composition. The hierarchy of material levels
(Figure 6) should be divided into three levels (Durmisevic,
2003, pp. 87-88), namely:
• Building level. Represents the composition of
systems, which are carriers of main building functions
(load-bearing, enclosure, partitioning, servicing);
• System level. Represents the composition of
components, which are carriers of the system
functions (bearing, finishing, insulation, reflecting,
distributing etc.);
• Component level. Represents the layered or frame
assembly of component functions, which are
allocated through the elements and materials at the
lowest level of building assembly.

Building level
System level
Component level
Material level

Processes
Figure 6:

Refining
Mixing
Form shaping
Rough shaping
Final shaping
Finishing off
Sub assembling
Assembling
Super assembling
Transport/ installing
Joining

Product

Description

The proposed ‘hierarchy of building products’ of Eekhout
(2006), provides more identified product levels. He
states the need for a more precise domain of ‘products’
within the hierarchy, to become more precise and
less abstract. However, this large amount of steps in his
hierarchy could also be confusing. For example, it is
unclear where to ‘place’ the sharing layers of change
in the hierarchy of building products, is it a ‘building’
or a ‘building segment’ (inside or outside the product
domain)?

Adding

Adding
Building complex
Figure 5:
Hierarchy of building products (Eekhout, 1997,
as cited in Eekhout, 2006).
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Hierarchy of material levels (Durmisevic, 2006).

For example a facade can have a use life cycle of
20 years, while its components parts have different
technical life cycles, which may vary between 10-100
years (Durmisevic, 2006). This implies that the facade
composition has to be independent on functional level
from the other functional levels and the arrangement
of components and materials within the facade
system itself should also be seen as independent parts
of the system, to enable required transformations on
component and material level. The consideration of
the independency of functional levels and technical/
physical levels are from paramount importance in
designing a building in according to the circular
economy concept.
Durmisevic (2006) has defined the ‘hierarchy of material
levels’ to guide designers in the design of decomposable
building structures, which could be seen as the same

Circular building product levels
Seen the issues of the proposed methods of Brand
(1994), Eekhout (1997) and Durmisevic (2006), there is
a need to come up with a more specified hierarchy to
design circular buildings. Seen the synthesis at the end
of each method, it could be stated that each of the
presented three methods have their own strong and
weak points.
The specified hierarchy to design circular buildings
is called the ‘circular building product levels’. This
terminology is chosen, considering this description states
the focus on ‘circular building’, reflects back to the
‘hierarchy of building products’ of Eekhout (1997) and
the term ‘levels’ reflects back to the method of Brand
(1994) and Durmisevic (2006).
The defined hierarchy in the circular building product
levels, will be introduced by comparing the ‘circular
building product levels’ to the ‘hierarchy of building
products’ (Eekhout, 2006), and to the ‘hierarchy of
material levels’ (Durmisevic, 2006), as presented in
Figure 7. The sharing layers of change are left out in this
comparison, seen these defined layers could not be
seen as a hierarchy but as a subdivision of the building
in different building layers. For that reason, these sharing
layers of change should be incorporated in one of the
levels of the defined ‘circular building product levels’.
Figure 7 represents the defined hierarchy of ‘circular
building product levels’, which consists out of six levels
from ‘building level’ to ‘material level’. The figure reveals
how these six defined levels are related to the different
defined steps of the ‘hierarchy of building products’
(Eekhout, 2006) and the ‘hierarchy of material levels’
(Durmisevic, 2006).
The method of Durmisevic (2006) uses different
design domains, which is also incorporated in the
‘circular building product levels’, by defining levels. In
accordance with the synthesis of the method of Eekhout
(1997), is chosen for a smaller amount of levels. The
‘circular building product levels’ consist out of six levels,
this is in contrast to Durmisevic (2006), who defined
four different levels. In her method, there is a large
gap between component level and material level, in
comparison with the method of Eekhout (2006).
The higher levels of the ‘circular building product levels’
will dominate the lower levels, which is similar to the
‘hierarchy of material levels’. Furthermore, this should
help the designer in the design of sub-assemblies, which
is preferred to come up with decomposable building
structures (Durmisevic, 2006). Implementing the sharing
layers of Brand (1994), which is possible at ‘building
level’, prevents separate models with the same purpose.
In that case, selecting one of the sharing layers of Brand

Hierarchy of
building products
Eekhout (2006) *
Description
Raw material
Material
Composite material
Commercial material
Sub element
Element
Super element
Sub component
Component
Super component
Building part
Building segment
Building
Building complex

Circular building
product levels

Processes

Hierarchy of
material levels
Durmisevic (2006)

Building

Refining

Building level (B.)

Mixing

Consisting of one building dividable in building systems

Form shaping

Building systems

Building level

Rough shaping
Final shaping
Finishing off
Sub assembling
Assembling
Super assembling
Transport/ installing
Joining

Product

goal in the design of circular buildings. She proposed
one method which contains the technical/ physical
levels of a building, besides the functional levels. Which
is in contrast to Eekhout (1997), whose ‘hierarchy of
building products’ is about the terminology of products
and the related production processes, which belongs to
the physical properties of a building. Seen the method
of Durmisevic (2006) contains different design domains
of designing buildings, it examines a broader range of
related design aspects. However, there could be seen
a link to the sharing layers of change from Brand (1994),
which are strongly related to the main building functions
of building level. However, the proposed functions are
not specified for each building system. Which leaves
again much space to be interpret by the designer, seen
there is no further guidance of functions within each
level.

Adding
Adding

Site

Structure

Skin

Service

ce plan

System level

Stuff

System level (S.)
Consisting of one system dividable in sub-systems

Component level

Sub-systems
Sub-system level (SS.)
Consisting of one sub-system dividable in component

Material level

Components
Component level (C.)
Consisting of one component dividable in elements
Elements
Element level (E.)
Consisting of one element dividable in materials
Materials
Material level (M.)
Consisting of one material dividable in raw materials

Building complex

Raw materials

Building

Building level

Building level

Building segment

System level

System level

Building part

Sub-system level

Super component
Component

Component level

Component level

Sub component
Super element
Element

Element level

Sub element
Commercial material
Composite material
Material

Material level

Material level

Raw material

Figure 7:

Comparison of the defined ‘circular building
product levels’ with the ‘hierarchy of building
products’ (Eekhout, 2006) and the ‘hierarchy of
material levels’ (Durmisevic, 2006) (* in reverse
order).

(1994) on the highest level, will dominate the lower levels.
This will guarantee sufficient attention to each different
sharing layer, which prevents the lack of focus on more
specified product levels (within the lower levels).
Figure 8 presents a complete overview of the ‘circular
building product levels’, and allows a systemic approach
to buildings, to be in accordance with the circular
economy principle ‘think in systems’. The ‘circular
building product levels’ will now be explained from top
to bottom. The circular building product levels, contains
technical/ physical descriptions (in the grey coloured
horizontal lines) and also functional descriptions (above
and below the grey coloured horizontal lines). The
circular building product levels starts with the ‘building’,
which represents the building as an assembly of all
building systems.
Then follows the ‘building level (B.)’, which consist of
one building dividable in building systems. Whereby
the building systems could be seen as the technical/
physical representation of building systems, which are
related to the sharing layers of change from Brand
(1994). In this case, the layers structure, skin, service and
space plan, are defined as building systems. These four
systems indicates the main building layers, which should
be seen as the primary systems in the design of a circular
building. The dashed lines out of ‘building’ divides the
building in different building systems, from where the
dashed lines go further downwards. These dashed lines
provide guidance to the designer, in which the circular
building product levels have to be determined for all four
building systems.
After selecting a building system within the building
level, the designer could go further to the system
level (S.), which consist of one system dividable in
sub-systems. ‘Sub-systems’ in this case, refers to the
possible technical/ physical representation of different
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This sub-section is built up of four different parts. Starting
with an analysis to the applicability of the proposed
Ellen MacArthur Foundation principles in the design of
circular buildings. Secondly the ‘circular building design
principles’ will be proposed. Thirdly the ‘linking model’,
which related the ‘circular building principles’ to the
‘circular economy principles from the Ellen MacArthur
Foundation (2013b)’, will be presented. Finally, an
explanation of the ‘designing a circular building’ will
be provided by relating the ‘circular building design
principles’ to the ‘circular building product levels’.

Building
Building

Building level (B.)
Consisting of one building dividable in building systems
Building systems

Site

Structure

Skin

Service

ce plan

Stuff

System level (S.)
Consisting of one system dividable in sub-systems
Sub-systems
Sub-system level (SS.)
Consisting of one sub-system dividable in component
Components
Component level (C.)
Consisting of one component dividable in elements
Elements
Element level (E.)
Consisting of one element dividable in materials
Materials
Material level (M.)
Consisting of one material dividable in raw materials
Raw materials

Figure 8:

Circular building product levels.

sub-systems. These sub-systems are not defined within the
‘circular building product levels’, seen this should lead
to an unusable scheme with a large amount of options
within each building system. For that reason, a more
detailed investigation of sub-systems within the defined
levels is required. Within this research, the layer skin will
be determined and specified for the facade (section
4.3 ‘Circular building product levels - specified for skin’).
Following the grey coloured horizontal lines downwards,
each level could be divided in different products, which
all have to be specified for their own building system.
To conclude this sub-section, the defined ‘circular
building product levels’ will be reflected to the Ellen
MacArthur Foundation. The Ellen MacArthur Foundation
(2013b), states the need for the principle ‘think in
systems’. The developed ‘circular building product
levels’ are completely in line with this principle of the
Ellen MacArthur Foundation, by providing a systematic
approach to design a circular building according to
different circular building products levels.

2.1.2. Circular building design principles

Within this sub-section the ‘circular building design
principles’ will be defined. The ‘circular building design
principles’ are principles that provide the building design
guidance in order to design a circular building. At this
moment it is unclear how to define a ‘circular building’,
which will be defined in section 2.3. Defining the ‘circular
building design principles’ and the ‘circular building
definition’ could be seen as an iterative process which
has taken place.
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Applicability principles of the Ellen MacArthur Foundation
principles in building design
To provide a clear view on the applicability of the
principles from the Ellen MacArthur Foundation, two
principles will be analysed. Starting with ‘design out
waste’. This principle stimulates the reuse of components
(“components are seen as nutrients”), however, it
is unclear how to reach this goal seen there is no
further guidance presented by the Ellen MacArthur
Foundation. Furthermore, there are placed several
abstract underlying principles, such as: design for
remarketing, remanufacture, disassembly or repurposing.
Seen there is no further meaning of these different
underlying principles, the application of them is nearly
impossible. This principle directs the designer to design
products on a specified way (“product should be
designed for remarketing, remanufacture, disassembly
or repurposing”) and they also proposed to design
biological and technical nutrients on a specified way
(“Biological nutrients are safely reintroduced into the
biosphere and technical nutrients should be designed
to be recoverable, refreshable and upgradable,
minimizing the energy input required and maximizing
the retention of value”). This possible leads to confusion
for a designer when designing according to the circular
economy concept, seen products are built up out of
biological and/ or technical nutrients, so which goal
has to be reached, or should they reach all defined
goals? The large amount of terms within this principle
is also discussable, for example: ‘what is the difference
between ‘remanufacture’, ‘repurposing’, ‘recoverable’,
‘refreshable’ and ‘upgradable’? Seen there is no further
guidance in how to apply this principle in practice, it
could be stated that it is impossible to design according
to this principle without defining an own interpretation of
what is meant by it.
Secondly, the principle ‘think in cascades’ will be
analysed. This principle focuses only on the cascaded
use of biological materials. However, the application
of cascades is only one option in case of continuing
material life cycles. Which makes cascaded use is not
always the preferred option in continuing material life
cycles. Furthermore, the building industry makes use of
different technical materials, which makes it unclear only
focussing on biological materials.
Although there are only two principles analysed,
the synthesis might be clear. There could be stated
that those principles are not focused to buildings.
Furthermore, they could be seen as highly abstract
principles with a lack of guidance in their application.
For that reason, defining the ‘circular building design
principles’ have to react to issue 2: ‘Lack of focus to
buildings in the circular economy model and circular
economy principles’, and issue 3: ‘Highly abstract
principles with a lack of guidance in their application’.
The previously described issues can be clarified by
the initial idea, as the Ellen MacArthur Foundation
developed the proposed circular economy concept.

The initial idea addresses the entire economy, thus it
forms a rift between the abstract circular economy
principles, and its applicability in buildings. This makes it
nearly impossible to apply them with ease in buildings.
For that reason, ‘circular building design principles’ have
to be determined, which are focused on the design of
circular buildings. In reaction to the linked issues, they
should provide an accessible level of understanding.
Furthermore, the highly abstract principles of the Ellen
MacArthur Foundation should be transformed into
‘circular building design principles’, without losing the
underlying ambition of the initial principles. Lastly, the
‘circular building design principles’ should provide
guidance to the building designer in their application.
Circular building design principles
In reaction to the previous issues, five ‘circular building
design principles’ are defined through an iterative
process, namely:
• Be self-sustaining with renewable energy;
• Stimulate diversity;
• Design for disassembly;
• Design for adaptability, and;
• Design with sustainable materials.
Sequentially, they will be introduced on their own. These
introductions states the necessity of all these principles, a
description of what is meant by the principles, and the
gap which have to be solved to apply these principles
within the circular building framework. Furthermore,
they are related to the initial principles. At this moment,
the ‘circular building design principles’ will only be
introduced. In Chapter 3 an in-depth research will be
executed to several ‘circular building design principles’,
to provide guidance in the application of those
principles.
Be self-sustaining with renewable energy. Energy plays
an important role in our lives. Energy is for example
required for: transport and mobility, to heat and cool our
homes, and keep our factories, farms and offices running.
Knowing that above 90% of the energy consumption in
the Netherlands is fossil fuel based (coal, oil petroleum
and natural gas products), according to The World
Bank (2012). Furthermore, the energy consumption of
households, in the Netherlands, has increased between
1990 and 2013 with an annual average of 1,7% (CBS et
al., 2014). With the fact that fossil fuels are finite resources
(Perez & Perez, 2009), which will soon be exhausted if
the present consumption levels are maintained (CIA
World Factbook, 2015). Furthermore, fossil fuels account
for a large portion to the greenhouse gas emissions, and
thereby contribute to the global warming. This raises the
need for renewable energy sources and the decrease of
energy use from non-renewable energy sources, which
have adverse effects on the greenhouse gas emissions.
Renewable energy sources that have a big potential
are: solar, wind, geothermal, biomass (as long it has no
adverse effect on the foods supply) and hydro-power
based energy sources (Perez & Perez, 2009). In order
to have a positive impact on the environment, circular
buildings should be designed according to the first
circular building principle: ‘be self-sustaining with
renewable energy’. This principle ensures that buildings
do not deplete non-renewable energy sources and
reduce the greenhouse gas emissions in the operational
phase. Furthermore, this principle is in accordance
with the circular economy principle ‘shift to renewable
energy sources’ and takes in account ‘think in systems’
from the Ellen MacArthur Foundation (2013b) and the
Cradle to Cradle principle ‘use current solar income’
from McDonough & Braungart (2002).

Stimulate diversity. The natural environment has been
transformed by humans, for example by the construction
of buildings, whereby returning it to an earlier ‘natural’
state might be impractical. This results in the decrease
of diversity, which makes the ecosystem becomes
less stable. Furthermore, diversity means strength and
monoculture weakness. Diversity means a healthy
and healing environment (McDonough & Braungart,
2002; Douglas & Braungart, 2010). Therefore, the
circular building principle: ‘Stimulate diversity’ should
be incorporated in buildings. This principle consists out
of two aspects, biodiversity and conceptual diversity.
The biodiversity point of view means that buildings in
according to the circular economy concept should
support more species diversity than before development.
And the conceptual diversity point of view means that
circular buildings should contribute to the well being of
occupant and the environment (Westerlo et al., 2012).
Circular buildings that are designed based on this
principle should have positive impacts on its surroundings
and stakeholders. This principle is in accordance with
the circular economy principle ‘build resilience through
diversity’ and takes in account ‘think in systems’ from the
Ellen MacArthur Foundation (2013b) and the Cradle to
Cradle principle ‘celebrate diversity’ from McDonough &
Braungart (2002).
Design for disassembly. The construction industry is mainly
focused on the improvement of assembly techniques,
and little attention is given to ease the disassembly
processes. For that reason, most transformations within
a building ends up with demolition and waste disposal
(Durmisevic, 2002). Disassembly of existing buildings would
be much easier if disassembly had been considered
at the design stage (Tingley, 2012), with the effect that
building components would get a chance to have
multiple lives, and would drastically extend the life cycle
of building components (Durmisevic & Brouwer, 2002).
In order to allow building components to have multiple
lives and decrease the building waste generation the
circular building principle ‘design for disassembly’ should
be incorporated in the building design. This principle
enhances the applicability of the different re-life
options from the circular economy model. In general,
disassembly needs to be non-destructive to reuse
the (sub-) systems, components or elements without
destroying the embodied value (embodied energy and
labour) in the materials. In case of recycling, disassembly
may take place in a destructive way in order to reuse
materials.
There are historic examples of buildings which are
specifically designed for disassembly and after its
useful life successfully disassembled (Crowther, 2005).
A well-known example is London’s crystal palace
(1851), which is successfully assembled, disassembled,
relocated and then re-assembled. However, it is not yet
standardized in building practice. For that reason more
guidance is required on how to implement ‘design for
disassembly’ within building designs. Furthermore, this
principle is in accordance with the circular economy
principle ‘design out waste’ from the Ellen MacArthur
Foundation (2013b)
Design for adaptability. Change is a reliable constant,
as the Greek philosopher Heraclitus said: “The only thing
that is constant is change”. Constant change calls for
appropriate strategies and adaptability. Architecture
must also rise to this challenge. The architect Richard
Buckminster Fuller claimed: “a room should not be fixed,
should not create a static mood, but should lend itself to
change so that its occupants may play upon it as they
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would play upon a piano” (Krausse & Lichtenstein, 2001).
Therefore, building should be as adaptable as living
systems, as these have proved to be adaptable and
resilient (EMF, 2013b, p. 26). Caused by the high structural
vacancy of buildings, economic crises and the increased
awareness of- and interest in sustainability issues has
increased the interest in adaptable buildings.
In order to make it possible to make buildings as
adaptable and resilient as living systems, the circular
building principle ‘design for adaptability’ should be
incorporated in the building design. With appropriate
strategies, the designer should be able to design
buildings that can react to changing demands and user
requirements.
However, the subject adaptable building is already
for decades on the agenda of the construction
sector (Gereadts et al., 2014). It is still difficult to apply
appropriate strategies to design adaptable buildings.
What future changes might occur and how adaptable
should the building be? For that reason more guidance
is required on how to implement the principle ‘design for
adaptability’ within building designs. Furthermore, this
principle is in accordance with the circular economy
principle ‘build resilience through diversity’ and takes
in account ‘think in systems’ from the Ellen MacArthur
Foundation (2013b).
Design with sustainable materials. As stated in the
problem definition, the building industry in the Netherlands
is responsible for 30% of the total resource consumption
and 35% of the total waste generation in 2010 (CE Delft,
2014; Dam & Oever, 2012; Lichtenberg, 2006). Resources
may be far more costly and limited in the future, and the
implications on materials availability and thus building
construction will be significant (Gorgolewski & Ergun,
2013). At this moment construction and demolition waste
shows a low quality recycling rate (Mulders, 2013). When
materials could undergo a more preferred re-life options,
the resource consumption and waste generation within
the building industry should decrease. For this reason, it is
important to come up with a less material intensive way
of construction.
In order to come up with a less material intensive
way of construction, the fifth circular building design
principle ‘design with sustainable materials’, should
be incorporated in the building design. This principle is
related to the element- and material level of the circular
building product levels, which enhances the applicability
of different materials in circular buildings. This circular
building design principle will answer the question: how to
apply materials in accordance to the circular economy

Figure 9:

26

concept, to allow re-life options? Which means, enabling
re-life options will be the primary goal, within the overall
goal of ‘design with sustainable materials’.
It is unclear which aspects influences the ‘sustainability’
of materials and how to assess these different aspects.
Furthermore, it is not standard in the construction sector
to select materials based on possibilities for future
re-use. For that reason, more guidance is required on
how to implement ‘design with sustainable materials’
within building designs. Furthermore, this principle is in
accordance with the circular economy principle ‘design
out waste’, ‘think in cascades’ and takes in account
‘think in systems’ from the Ellen MacArthur Foundation
(2013b) and the Cradle to Cradle principle ‘waste
equals food’ from McDonough & Braungart (2002).
Linking model
A linking model, which relates the ‘circular building
principles’ to the ‘circular economy principles from
the Ellen MacArthur Foundation (2013b), is presented
in Figure 9. The indicated relations are in line with the
foregoing introduction of the defined ‘circular building
product levels’, is presented to provide a clear overview.
As can be noticed, every ‘circular building design
principle’ is related to the principle ‘think in systems’.
Seen the circular economy concept is based on systems
thinking approach, every circular building principle
should be applied with taking the systems thinking
approach in account. For that reason, the principle
‘think in systems’ is not a separate circular building
principle, but an overarching method to realize buildings
according to the circular economy concept.
Designing a circular building
The foregoing ‘circular building design principles’
and ‘circular building product levels’ are combined
together in the ‘design domain’, as presented in Figure
10. This ‘design domain’ should provide an accessible
level of understanding of all incorporated parts and
should provide guidance to the building designer to
design a circular building. Furthermore, it should provide
an overview of how the different ‘circular building
product levels’ related to each ‘circular building design
principle’, which is crucial in the design approach to
design a circular building.
The ‘circular building design principles’ are related to
the ‘circular building product levels’. This should provide
guidance in the design of a circular building, namely
the ‘design domain’ should be seen as a top-down
approach, according to the ‘circular building products
levels’ and should apply the defined ‘circular building
design principles’ which are related to specific circular

Linking model: ‘circular economy principles from the Ellen MacArthur Foundation (2013b) ’related to the ‘circular
building design principles’.

building product levels. This top-down approach is
indicated by a large arrow in the ‘design domain’
(Figure 10 on the right side). This top-down approach of
the ‘circular building products’, goes from ‘building level’
(the entire building) wide to ‘material level’ (one specific
raw-material) small. This arrow should provide a better
readability of the figure.

are related to the corresponding ‘circular building
product levels’ (on the right side of the ‘design domain’).
These three different fragments will now be explained
from top to bottom, in line with the top-down approach
to design circular buildings.
The ‘circular building design principles’ ‘be self-sustaining
with renewable energy’ and ‘stimulate diversity’, are
linked to the highest level of the ‘circular building
product levels’. Which could be explained, seen these
principles have to be fulfilled for the entire building.

As could be seen in Figure 10, the ‘design domain’ is
divided in three different fragments by the horizontal
dashed lines. In these fragments, the ‘circular building
design principles’ (the left side of the ‘design domain’)

Design domain
Circular building product levels

Circular building design principles
Be self-sustainaing with
renewable energy
• Solar energy
• Wind energy
• Geothermal energy
• Bio energy
• Hydro energy

Stimulate diversity
• Biodiversity
• Conceptual diversity

Building

Building

Building level (B.)
Consisting of one building dividable in building systems

Building systems

Functional decomposition
• Functional independence
• Clustering/ systematisation
Technical decomposition
• Base element specification
• Life cycle coordination
• Open versus closed hierarchy
Physical decomposition
• Assembly sequences
• Interface geometry
• Type of connection

Site

Structure

Skin

Service

ce plan

System level (S.)
Consisting of one system dividable in sub-systems

Sub-systems

Design for adaptability
• Adjustable
• Versatile
• Refitable
• Convertible
• Scalable
• Movable
• Reusable

Change of task
Change of space
Change of performance
Change of function
Change of size
Change of location
Change of use

Sub-system level (SS.)
Consisting of one sub-system dividable in component

Stuff

Circular building product levels

Design for disassembly

Components

Component level (C.)
Consisting of one component dividable in elements

Elements

Element level (E.)

Design with sustainable materials
• Environmental impact
• Life cycle cost
• Resource efficiency
• Waste minimization
• Performance capability
• Social benefit

Consisting of one element dividable in materials

Materials

Materials

Material level (M.)
Consisting of one material dividable in raw materials
Raw materials

Figure 10:

Design domain - Circular building design principles related to the circular building product levels.
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These two principles will influence the further elaboration
of the lower levels of the ‘circular building product
levels’.
As can be seen in Figure 10, the largest fragment of
the ‘circular building product levels’ (from ‘building
level’ to ‘element’) is related to the ‘circular building
design principles’ ‘design for disassembly’ and ‘design
for adaptability’. Which can be explained seen the
composition of different product assemblies will influence
the degree of adaptability and ease of disassembly.
For that reason, all these levels should be designed
according to those principles.
‘Element level’ and ‘material level’ are no further
related to the principles ‘design for disassembly’ and
‘design for adaptability’, seen these levels do not refer to
product assemblies but to one element and its materials
on their own. For that reason, these levels are linked
to the ‘circular building design principle’ ‘design with
sustainable materials’, which focuses on the product
properties of each different element and material.
The ‘design domain’ forms a part of the entire ‘circular
building framework’, which will therefore be reflected
in its totality in sub-section 2.3.2 ‘Circular building
framework’.
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2.2. Construction domain

The ‘construction domain’ shows how buildings should
function in a circular economy. This domain is primarily
in reaction to issue 2 ‘Lack of focus to buildings in
the circular economy model and circular economy
principles’, in which this section will specifically react to
the lack of focus to buildings in the circular economy
model. The lack of focus will first be specifically
addressed, in sub-section 2.2.1, in which the issue and its
underlying ambiguities will be explained. This explanation
will also include the required improvements to be made
in the model. In sub-section 2.2.2, the resulting ‘circular
building construction model’ will be shown and clarified.
Finally, in sub-section 2.2.3, the functioning of the
‘circular building construction model’ will be explained.

2.2.1. Issue and underlying ambiguities

The lack of focus to buildings in the initial circular
economy model complicates the understanding of
and the functioning of buildings, resulting in multiple
ambiguities. This issue, together with the rising interest
in the application of the circular economy concept in
the building industry, emphasises the need for a circular
economy model that clearly addresses buildings and
provides an accessible level of understanding, to take
away the ambiguities. To come up with the required
improvements for the circular building construction
model, the ambiguities of the initial circular economy
model will be addressed.
Use phase. The Ellen MacArthur Foundation makes
a clear distinction in the use phase between a
‘consumer’ that uses ‘consumables’ and a ‘user’ that
uses ‘durables’. Wherein the ‘consumables’ should
enter the biological cycles and ‘durables’ should enter
the technological cycles. Buildings could be identified
as durables, which would imply, according to the Ellen
MacArthur Foundation, that building systems, sub-systems
components and elements cannot be made from
biological materials and could lead to discarding them
too quickly. To indicate, building systems, sub-systems,
components and elements can be made from biological
materials and could just as well enter the technological
cycles: maintain, reuse/ redistribute and refurbish/
remanufacture, except for the loop recycling, which can
be seen as cascading for biological materials and finally
re-entering the biosphere are different. Therefore, in
order to clearly address buildings in the circular economy
model, the distinction in ‘consumables’ and ‘durables’
should be taken away.
Addressing buildings. In order to clearly address
buildings in the circular economy model, the model
should incorporate buildings. To incorporate buildings
in the model, the proposed ‘circular building product
levels ‘could be used, as described in section 2.1.1.
Furthermore, the identified processes and participants
should be directly related to the processes and
participants of the building industry, in contrast to the
currently shown processes and participants. To give an
example, the processes as shown in the biological cycles,
such as: extraction of biochemical feedstock, anaerobic
digestion/ composting, biogas and soil restoration, are
not relevant in this model and raises ambiguities. Same
as all recycling processes that were already not shown in
the circular economy model, these biological processes
could be left out to take away these ambiguities.
Another example is the process step ‘maintain’, which is
multi-interpretable, considering that ‘maintain’ can be
seen as multiple actions, such as: repainting, replacing
or adjusting of a door. Whereby repainting can also be
considered as refurbishing of the door. This makes the term
‘maintain’ ambiguous. Furthermore, the term ‘maintain’

encompasses, keeping the same performance. While
the performance can also be improved. Therefore, the
term ‘maintain’ should be replaced by a term that suits
the scope and is not ambiguous. Furthermore, the term
‘refurbish’ should be left out.

2.2.2. Circular building construction model

The previously described recommendations are used to
come up with the following improvements, resulting in the
circular building construction model, as shown in Figure
11. In this sub-section, the improvements will be clarified.
Use phase. As can be seen in Figure 11, the distinction
in the use phase in ‘consumables’ and ‘durables’ is left
out and replaced with ‘(re) use’ in one circle, wherein the
composition of the sharing layers of change from Brand
(1994) represent the ‘circular building product level’,
‘building level’. This representation also indicates that the
composition of the building should be in respect to the
different changing rates of the building systems. Hereby,
the circular building product levels, as recommended to
clearly address buildings in the model are incorporated in
the circular building construction model.
Building systems. The sharing layers of change from Brand
(1994) identifies the four main ‘building systems’ (structure,
skin, service and space plan) in buildings, similarly as
introduced in the ‘circular building product levels’ in
sub-section 2.1.1. With the four main ‘building systems’
buildings are clearly addressed in the circular building
construction model. The identified ‘building systems’ play
a major role in the circular building construction model, in
which every separate building system will go through the
identified participants and process steps, directed to the
building industry, as shown in Figure 11.
Processes & participants
In order to clearly address buildings in the circular
economy model, the following changes are made to
the identified processes and participants in the model.
(Re) Assembler. In contrast to the initial circular economy
model, the step ‘(re) assembler’ is added to direct the
model to the building industry. This step directly indicates
the type of construction process in a circular economy,
which will be done by the assembly of building products.
This step will result in the previously described use phase
of a circular building.
Biological cycle. The biological cycle with its processes
is simplified and placed next to the recycling circle. All
processes related to biological materials, which were
identified as not relevant, are left out. Only the process
steps cascades and biosphere are kept, whereby
cascades can be separated in open loop and closed
loop.
Service. The process step ‘maintain’ is replaced by the
term ‘service’ considering the term ‘maintain’ was
ambiguous and the related scope was not broad
enough, seen the improvement of performances was
not incorporated. The term ‘service’ is a general term
that encompasses all actions performed to all building
products in order to keep them in an operable condition,
including the improvements of performances.
Reconfiguration. To clearly address the processes buildings
could go through in a circular economy, the process step
‘reconfiguration’ is added. This step is required in order
to make maximal use of the circular building products in
the initial building. This process step is represented with
an icon that shows a point that can be moved into four
directions or even rotated, as a schematic representation
of the rearrangement of circular building products.
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Disassembly. Considering the type of construction
process in a circular economy, which will be done by
the assembly and disassembly of building products. The
process step disassembly is added in the circular building
construction model, in the beginning of every loop. This
process step is an essential feature of circular building
to reclaim the embodied value of all building products,
which will allow them to enter the re-life options at high
quality. Disassembly is represented with an icon that
shows two parts that are disconnected.

The icons for the building process steps: service,
remanufacture and recycle, are kept almost the same.
The icons which are kept the same, together with the
improved and newly added icons, should provide an
accessible level of understanding of the proposed
‘circular building construction model’, due to their
explanatory icons.

2.2.3. Functioning of the circular building
construction model

In this sub-section, the functioning of the entire circular
building construction model will be explained, in order to
provide a clear understanding.

Redistribution. The initial process step reuse/ redistribute
is changed into redistribution. Considering reuse can
be seen at every circular building product level, which
makes the process ambiguous with the other process
steps. Therefore, the term reuse is left out. This process
step is represented with a truck that moves circular
building products from point A to point B, which represent
the reuse of circular building products in other buildings.

Construction domain

Linear line
The
linear
line
downwards
represents
the
take-make-dispose principle of the linear economy,
which dominates the current economy. The difference
between the initial circular economy model and the

Circular building construction model
Building systems

Technical
Materials
Site

Structure

Skin

Service

Space plan

Biological
Materials

Stuff
Use of raw biological resources

Materials
Farming/
collection

Resource extraction
(to be minimized)

Cascades
Open loop

Reuse of biological materials

Biosphere

Material manufacturer
Reuse of materials

Reuse of building products

Circular building product levels

Product manufacturer

Recycle
Cascades
closed loop closed loop

Reuse of building products
in other buildings

Service provider
Reuse of building products
within the building

Remanufacture

(Re) Assembler
Reuse of building products
within the building

Redistribution

Reconfiguration

Building

(Re) Use

Service

Linear
construction processes
Disassembly

Energy recovery

Re-life options
End-of-life options
Leakage (to be minimized)

Landfill

Figure 11:

30

Construction domain - Circular building construction model.

Recycle
open loop

circular building construction model are the amount
of lines downwards. There are four differently coloured
lines downwards, in which every colour represents a
different sharing layer of change from Brand (1994).
Only the building layers structure, skin, service and
space plan have lines downwards, since these are
the main ‘building layers’ that represent a building.
These four building layers should be seen at all three
levels (functional, technical and physical) and should
be called ‘building systems’, in accordance with the
circular building product levels. All four building systems
are presented as independent systems, which all
have their own process. This will not only allow them to
have different changing use cycles, but also simplify
the building process as promoted by Slimbouwen
(Lichtenberg, 2006). The process every building system
undergoes is as follows;
Resource extraction. Technical raw resources get
extracted and purified into raw technical materials,
which will then be brought to the material manufacturer.
The input of non-renewable resources should be
minimized.
Farming/ collection. Biological raw resources get
harvested by humans through farming, hunting or
fishing and can either be sent directly to the material
manufacturer or after a purification process. The
harvesting should always be done without loss of habitat
or biodiversity.
Material manufacturer. The material manufacturer
transforms the raw biological and/ or technical materials
into pure materials, which are brought into the correct
composition and quantities, for the specified product
manufacturers.
Product manufacturer. The product manufacturer uses
the pure biological and technical materials from the
material manufacturer to produce building products
(elements, components, sub-systems and systems)
that are compatible with other building products. The
building products should be easy to transport and easy
to be assembled and disassembled at the construction
site.
Service provider. Traditionally, the service provider
(contractor) is at the interface between the product
manufacturer and the end-user. In a circular economy
the service providers of the four main building systems
will get connected through the (re) assembler (building
expert). The service provider has a wider scope in the
circular economy as it encompasses the idea of selling
services rather than products. For example, the service
provider of the building system ‘skin’ will provide the
facade as a performance with a product-service system,
as described in paragraph 2.1.2.
(Re) Assembler. This is a new step in the process, in
contrast to the initial model. The service providers
will provide their systems to the (re) assembler, who
coordinates the assembly and disassembly process,
to make sure that all building systems are matched
correctly and (re) assembled properly. The (re)
assembler can be seen as an overall building expert,
that knows how the building systems should be
assembled into a building. In order to match the building
systems properly, modular coordination agreements
should be made between the architects, engineers and
product manufacturers. This should ensure the reusability
and adaptability of all building products, at every
circular building level.

(Re) Use. In this phase the user will start using the circular
building, which is technologically able to constantly
adapt to changing user demands and environmental
conditions. This will ensure a long building use, optimal
user satisfaction and optimal material effectiveness.
Energy recovery. According to the linear construction
processes the end-of-life treatment of materials is mostly
energy recovery: the conversion of non-recyclable
waste materials into usable heat, electricity, or fuel
through a variety of waste-to-energy processes. In a
circular economy this process should be eliminated.
Landfill. Another option for the end-of-life treatment,
according to the linear construction processes, is landfill:
the disposal of waste in a site used for the controlled
deposit of solid waste onto or into land. In a circular
economy this process should also be eliminated.
Re-life options
A circular building should be designed according to
the design domain. A circular building will no longer
have the usual end-of-life options: energy recovery and
landfill. In a circular economy the end-of-life options
should be replaced by re-life options, as represented
in the circular building construction model (Figure 11).
The re-life options should be realized hierarchically, from
the inner circle to the outer circles, namely: service;
reconfiguration; redistribution; remanufacture; recycle;
cascades and biosphere. The re-life options enable the
most preferred reuse, from the highest circular building
level (building level) to the lowest circular building level
(material level). It can be possible that the proposed
hierarchy is not the most preferable way, however in
most occasions the proposed hierarchy of re-life options
should be taken into account. Furthermore, a circular
building should be designed with an integrated life
cycle approach, which means that the building should
be designed with all re-life options in mind, to achieve
optimal material effectiveness. In order to provide a
better understanding of the proposed re-life options,
they will be explained following the hierarchical order:
Disassembly. This is the first step in most re-life options
performed to the building products, in order to either
extend its life-cycle or to give them a new life. In general,
disassembly needs to be non-destructive to reuse the
building products without destroying the embodied
value (embodied energy and labour) of the building
products. In case of recycling, disassembly may take
place in a destructive way in order to reuse materials.
Service. This step consists of all actions performed to the
building products, in order to keep them in an operable
condition. This re-life option includes the following
actions:
• Monitoring: measures to determine and assess the
current condition of the building products, including
the determination of the reasons for obsolescence,
and the derivation of the consequences for future
use;
• Maintenance: by preservation of serviceability
through simple and regular measures;
• Repairing: measures to return the building products
to a functionally viable state, to prolong the use;
• Upgrade: an improvement to ensure the operational
reliability of building products without altering its
required function.
Reconfiguration. This is the process of reusing building
products in the same building, in the manner of
rearranging them. This should be done in order to
meet changing user demands and environmental
conditions. To be clear, no new building products will be
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added to the building system in this loop. In the case of
rearrangement to enlarge the building, a combination
of reconfiguration and consecutive re-life options will be
applied in a hierarchical manner.
Redistribution. This is the process of reusing building
products from the initial building in other buildings, and
visa versa, by the redistribution of them. This will always
be done in reaction to changing user demands and
environmental conditions of the initial building user, in
order to prolong the service life of the initial building,
and visa versa, with other buildings. The necessity input
to meet the new user requirements of the initial building,
can be reached by:
• The reuse of building products from other buildings,
which is the most preferred action or;
• The application of consecutive re-life options.
The service provider will play a central role in taking care
that sufficient building products will be reused in other
buildings, and insufficient building products will enter the
next loop, remanufacture.
Remanufacture. In this loop, the used building products
reached a state of aging or obsolescence, in which
they lost their value and cannot be reused in other
buildings in this state. The loss of value can embrace
a large number of reasons: functional obsolescence;
physical
obsolescence;
technical
obsolescence;
legal obsolescence; economic obsolescence or
style obsolescence (Ashby, 2013; Kohler et al., 2010),
which should be determined in order to be able
to react to this. In addition to this, loss of value can
arise through: overuse; inadequate maintenance;
premature replacement; consequence of delayed
replacement (Kohler et al., 2010), which should be
avoided or prevented. In order to reclaim the most
embodied value (embodied energy and labour) from
the building products, the product manufacturer will
reuse the sufficient building products to create new
building products. The building products that are left with
insufficient value will enter the next loop recycling.
Recycling. The term recycling would ideally describe a
process in which raw materials achieve an endless useful
life. Each conversion for reuse of the material would
have future reuse possibilities designed in. In which, the
goal is to maximize the usefulness of virgin materials
and minimize the necessity to extract them (Chini, 2007;
Calkins 2009). The following loops can be defined:
• Open loop: in this loop materials will be converted
into new materials that will enter a different sector.
• Closed loop: in this loop materials will be converted
into new materials that will enter the same sector
(building sector).
Closed loop recycling is theoretically the most beneficial
solution, since it is possible to keep track of the materials
and prevent them from reducing quality. Currently, the
recycling of materials frequently does not allow for future
use of the material after the initial conversion. In order to
be clear about the understanding of the different types
of processes, the following terms and definitions are
introduced (Chini, 2007; Calkins 2009):
• Recycling: this term is used for products that
undergo a transformation process, for subsequent
use involving similar purposes, thus maintaining the
properties of the previously life cycle;
• Down-cycling: this term refers to those products
derived from a recycling process where the
products’ quality, durability and economic value
have been reduced, and;
• Up-cycling: this term refers to those products whose
quality, durability and economic value have been
increased.
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Cascades. This is a process that should be applied to the
biological building products. It means, gradually putting
them into different uses after end-of-life. This process can
also divided into two types of loops:
• Open loop: in this loop biological materials will be
put into different use across different sectors.
• Closed loop: in this loop biological materials will be
put into different use within the same sector.
Cascading in closed loop might not be the most
beneficial solution in terms of taking optimal benefit
of the stored energy, but in order to keep track of the
material and secure optimal material cascades, closed
loop cascading is preferred. Along the cascades, the
material order declines and will finally be returned to
nature, to have the potential to rebuild natural capital.
In order to safely return the resulting cascaded material
into nature, it should not contain any chemical or toxic
compounds that could affect nature.
Biosphere. This encompasses the last step described in
the process cascades. The return of biological materials
into nature, to rebuild natural capital.
Circular building product levels. In order to clarify how
the ‘circular building product levels’ are incorporated in
the ‘circular building construction model’, a large arrow
is represented on the left side in the ‘circular building
construction model’ (Figure 11). This arrow indicates
that the ‘circular building construction model’ starts with
‘resource extraction’ at material level and ends with
‘(re)use’ at ‘building level’, which is in contrast to the
top-down approach in the ‘design domain’. Therefore,
this difference is made obvious, in order to provide a
better readability of the figure.
The ‘construction domain’ forms a part of the entire
‘circular building framework’, which will therefore be
reflected in its totality in sub-section 2.3.2 ‘Circular
building framework’.

2.3. Circular building framework

In this section the ‘circular building definition’ and
‘circular building design vision’ will be defined
(sub-section 2.3.1), to form together with the ‘design
domain’ and the ‘construction domain’ the resulting
‘circular building framework’ (sub-section 2.3.2). The
‘circular building definition’ and ‘circular building
design vision’ are placed after the ‘design domain’ and
‘construction domain’, considering these domains are
used as input in defining them. Furthermore, the ‘circular
building definition’ and ‘circular building design vision’
are defined as a reaction to issue 4 ‘Circular design
definition lacks from the building design perspective’
and issue 5 ‘Building designers have multiple
interpretations about the circular economy concept’.
Finally, this section will answer sub-research question 1:
‘How to clearly address building design & construction in
a circular building framework?’

2.3.1. Circular building design definition and
circular building design vision

As stated in issue 4 & 5, the initial circular design
definition lacks from the building design perspective.
And as observed, there are multiple interpretations
about the circular economy concept, which
complicates the application of the circular economy
concept in buildings.
In order to take these issues away, the ‘circular building
definition’ needs to be aligned with the building
design perspective and should also provide a uniform
interpretation of the circular economy concept in
buildings. Furthermore, a ‘circular building design vision’
is formed to provide help in aligning the focus of the
architects and engineers, which will strengthen the
uniform interpretations of the circular economy concept
in buildings and take away underlying ambiguities during
the design process of buildings.
Circular building definition
To start, the initial circular design definition, will be
analysed. The circular design definition is not clearly
related to the loops, puts the emphasis on the outer
circle first (material selection), uses materials twice
(material selection and pure material flow) and lacks the
relation to the principles.
To come up with a ‘circular building definition’, several
attention points have to be taken into account to
become fully applicable to building design and provide
a uniform interpretation of the circular economy
concept in buildings. The ‘circular building definition’
should therefore, clearly identify the ‘re-life options’,
provide a clear relation to the proposed ‘circular
building design principles’ and specify the conception of
a building with the proposed ‘circular building product
levels’. This resulted in the following definition, as shown in
the grey text box ‘circular building definition’.
Circular building definition
A circular building is a type of building that is
self-sustaining with renewable energy and stimulates
diversity. Whereby the building is built up of the
circular building product levels that are designed
for disassembly and adaptability, to guarantee
the possibility of the proposed re-life options in a
hierarchical way, and accommodates effectively
the evolving demands of its context. The selection
of sustainable materials should enable re-life
options.
Circular building design vision
Next to the circular building definition, a ‘circular building
design vision’ is formed, to put emphasises on the key
points of designing buildings in accordance to the

circular economy concept. Which are the ‘circular
building design principles’, ‘circular building product
levels’ and the ‘re-life options’. These key points should
always be kept in mind during the design phase of
circular buildings. The ‘circular building design vision’
provides guidance in aligning the focus of the architects
and engineers in the same direction, which will take
away underlying ambiguities during the design process.
The ‘circular building design vision’ is shown in the grey
text box ‘circular building design vision’.
Circular building design vision
A circular building is built up of the circular building
product levels,
Realizes re-life options hierarchically,
•
Using a design for adaptability
•
That is designed for disassembly
•
With the application of sustainable materials
Is self-sustaining with renewable energy, and
stimulates diversity.

2.3.2. Circular building framework

The circular building framework, as represented in
Figure 12, forms the answer of sub-research question 1:
‘How to clearly address building design & construction
in a ‘circular building framework’?’. This answer is
primarily based on the proposed solutions, in the ‘design
domain’, ‘construction domain’, ‘circular building design
definition’ and ‘circular building vision’. In order to take
away all identified issues. All issues are in majority taken
away with the proposed ‘circular building framework’.
In order to verify this statement, all issues will be clarified
shortly with the use of all defined parts in the ‘circular
building framework’.
‘Design domain’ and ‘construction domain’. In order to
take away issue 1, a clear distinction is made between
the design aspects and the functioning of buildings,
in accordance with the circular economy concept.
In which the ‘design domain’ clarifies how to design
in accordance to the circular economy concept and
the ‘construction domain’ clarifies the functioning of
buildings according to the circular economy concept.
Both domains are focused to buildings in order to take
away the lack of focus to buildings (issue 2).
Design domain. The ‘design domain’ consists of two
parts, ‘circular building product levels’ and ‘circular
building design principles’. These parts are formed to
take away issue 2 and 3. In which, the ‘circular building
product levels’ clearly addresses how the conception
of a building in a circular economy should be and
provides guidance in the application of the highly
abstract principle ‘think in systems’ in buildings. Next to
the incorporation of the principle ‘think in systems’, the
other highly abstract principles ‘design out waste’, ‘build
resilience through diversity’, ‘shift to renewable energy
sources’ and ‘think in cascades’ are transformed into
‘circular building design principles’, which are specifically
directed to buildings. The ‘circular building design
principles’ are: ‘be self-sustaining with renewable energy’,
‘stimulate diversity’, ‘design for disassembly’, ‘design for
adaptability’, and ‘design with sustainable materials’. The
defined ‘circular building design principles’ provide the
required focus to buildings. However, the second part of
issue 3 ‘lack of guidance in their application’ is not taken
away. Therefore, sub-research question 2 is formulated:
‘How to provide guidance in the application of the
circular building design principles?’
Construction domain. The ‘construction domain’ consists
of the ‘circular building construction model’, which
is formed in reaction to the first part of issue 2 ‘lack
of focus to buildings in the circular economy model’.
The proposed ‘circular building construction model’
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Circular Building Framework
Circular building design vision
A circular building is bult up of the circular building product levels,
Realizes re-life options hierarchically,
• Using a design for adaptability
• That is designed for disassembly
• With the application of sustainable materials
Is self-sustaining with renewable energy, and
stimulates diversity.

Design domain
Circular building product levels

Circular building design principles
Be self-sustainaing with
renewable energy
• Solar energy
• Wind energy
• Geothermal energy
• Bio energy
• Hydro energy

Stimulate diversity
• Biodiversity
• Conceptual diversity

Building

Building

Building level (B.)
Consisting of one building dividable in building systems

Building systems

Functional decomposition
• Functional independence
• Clustering/ systematisation
Technical decomposition
• Base element specification
• Life cycle coordination
• Open versus closed hierarchy
Physical decomposition
• Assembly sequences
• Interface geometry
• Type of connection

Site

Structure

Skin

Service

ce plan

System level (S.)
Consisting of one system dividable in sub-systems

Sub-systems

Design for adaptability
• Adjustable
• Versatile
• Refitable
• Convertible
• Scalable
• Movable
• Reusable

Change of task
Change of space
Change of performance
Change of function
Change of size
Change of location
Change of use

Sub-system level (SS.)
Consisting of one sub-system dividable in component

Stuff

Circular building product levels

Design for disassembly

Components

Component level (C.)
Consisting of one component dividable in elements

Elements

Element level (E.)

Design with sustainable materials
• Environmental impact
• Life cycle cost
• Resource efficiency
• Waste minimization
• Performance capability
• Social benefit

Consisting of one element dividable in materials

Materials

Material level (M.)
Consisting of one material dividable in raw materials
Raw materials
R
t i l

Figure 12:
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Circular building framework.

Materials

Circular building definition
A circular building is a type of building that is self-sustaining with
renewable energy and stimulates diversity. Whereby the building is
built up of the circular building product levels that are designed for
disassembly and adaptability, to guarantee the possibility of the
proposed re-life options in a hierarchical way, and accommodates
effectively the evolving demands of its context. The selection of
sustainable materials should enable re-life options.

Construction domain

Circular building construction model
Building systems

Technical
Materials
Site

Structure

Skin

Service

Space plan

Biological
Materials

Stuff
Use of raw biological resources

Materials
Farming/
collection

Resource
e extraction
(to be minimized)
i

Cascades
Open loop

Reuse of biological materials

Biosphere

Material manufacturer
Reuse of materials

Reuse of building products

Circular building product levels

Product manufacturer

Recycle
C
Cascades
closed loop clo
osed loop

Reuse of building products
in other buildings

Service provider
Reuse of building products
within the building

Recycle
open loop

Remanufacture

(Re) Assembler
Reuse of building products
within the building

Redistribution

Reconfiguration

Building

(Re) Use

Service

Linear
construction processes
Disassembly

Energy recovery

Re-life options
End-of-life options
Leakage (to be minimized)

Landfill

Sources

Based on or adapted from:
1. Perez, R., & Perez, M. (2009). A fundamental look at energy reserves for the planet. The IEA SHC Solar Update, 50, 2-3.
2. Douglas, M., & Braungart, M. (2010). Cradle to Cradle® Criteria for the built environment. Rotterdam, The Netherlands: Erasmus University, Cradle to Cradle chair at DRIFT.
3. Durmisevic, E. (2006). Transformable building structures - Design for Disassembly as a way to introduce sustainable engineering to a building design and construction. Delft, Netherlands: Cedris M&CC.
4. Schmidt, R. I. (2014). Designing for Adaptability in Architecture. Loughborough, England: Loughborough University, School of Civil and Building Engineering.
5. Akadiri, P. O., & Olomolaiye, P. O. (2012). Development of sustainable assessment criteria for building materials selection. Engineering, Construction and Architectural Management, 19(6), 666-687.
6. Eekhout, M. (1997). POPO - Of Ontwerpmethoden voor Bouwproducten en Bouwcomponenten. Delft, The Netherlands: Delft University Press.
7. Ellen MacArthur Foundation. (2013b). Towards the circular economy - Opportunities for the consumer goods sector - Vol. 2. Retrieved February 20, 2014, from http://www.ellenmacarthurfoundation.org/business/reports/ce2013
8. Brand, S. (1994). How Buildings Learn - What happens after they're built. New York, United States of America: Penguin.
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6.
8.
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is specifically directed towards buildings, with the
incorporation of the ‘circular building product levels’ and
specific building processes and participant in the model.
The resulting ‘circular building construction model’
provides an accessible level of understanding about the
functioning of buildings in accordance to the circular
economy concept and simplifies the application.
Circular building definition & circular building design
vision. In reaction to issue 4 and 5, the ‘circular building
definition’ and ‘circular building design vision’ are
formed. The ‘circular building definition’ provides a robust
view on circular buildings, which takes away multiple
interpretations and underlying ambiguities about the
application of the circular economy concept in buildings.
Furthermore, the ‘circular building design vision’ provides
guidance in aligning the focus of the architects and
engineers in the same direction, which will take away
underlying ambiguities during the design process.
Therefore, the resulting ‘circular building framework’,
clearly addresses building design & construction and
forms thus the answer to sub-research question 1.
As stated earlier, guidance in the application of the
‘circular building design principles’ is required, which
will be provided in chapter 3, in order to answer
sub-research question 2: ‘How to provide guidance
in the application of the circular building design
principles?’
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Sub-research question 2
‘How to provide guidance in the application of the circular building design principles?’

3.

Circular building design principles

In this chapter, the circular building design principles will be investigated in more detail, in order to answer sub-research
question 2. Considering the broad scope of these principles, the research is limited to three principles, as shown in Figure
13 with the grey surface. Considering the composition of different product assemblies (from building level to material
level) will focus on the specific detailing of a design, which is of major importance in the design of circular buildings.
Therefore the principles, ‘design for disassembly’, ‘design for adaptability’, and ‘design with sustainable materials’, will be
investigated in sequence, in section 3.1, 3.2, and 3.3. The investigations will result in frameworks that provide specific
guidance in the application of the principles and form the answer to sub-research question 2.

Circular building design principles

Circular building product levels

Be self-sustainaing with
renewable energy

Stimulate diversity

Building
Building

Building

Building systems

RESEARCH SCOPE

Design for disassembly

Site

Structure

Skin

Service

System level (S.)

Design for adaptability

Sub-systems

Space plan

Stuff

Circular building product levels

Building level (B.)

Sub-system level (SS.)
Components
Component level (C)
Elements
Element level (E.)

Design with sustainable materials

Materials

Materials

Material level (M.)
Raw material

Figure 13:

Scope of the ‘circular building design principles’ identified, in the simplified representation of the ‘design domain’, with
the grey surface.

3.1. Design for disassembly

This section is built up of four parts. Starting with defining
disassembly, based on literature (3.1.1). Secondly, a
better understanding of disassembly will be given with
an indication of the complexity of disassembly (3.1.2).
Followed by framing the ‘circular building design
principle’ ‘design for disassembly’ in which the theory of
Crowther (2005) and Durmisevic (2006) will be presented
and reflected according to the circular building
framework (3.1.3). The fourth sub-section, will conclude
this section by providing the ‘design for disassembly’
framework (3.1.4).

3.1.1. Defining disassembly

Five different disassembly definitions are presented in the
grey text box ‘Five disassembly definitions from literature’,
which illustrate different ways of defining disassembly.
To frame this principle in its context, the definition of
Public Works and Government Services Canada is
assumed. The definition is the most comprehensive
definition of ‘design for disassembly’, and it is distinctive
in the attention towards the individual materials and
assemblies within the original building. Which means
‘design for disassembly’ does not focus on continuing the
life-cycle of the entire building, but its building products
and assemblies. Another outstanding property of the
definition of Public Works and Government Services
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Canada is the prevention of leakage, by ‘reducing the
generation of waste’ and ‘diverting them from landfill’.
The circular building framework, focusses on continues
material cycles and states that material leakage to
energy recovery and landfill should be minimized, this
overarching goal is completely in line with the definition.
Five disassembly definitions from literature
The dismantling of a building in such a manner that
its component parts can be re-used.
- SEDA, 2005 (p. 7) –
To manage the process of design for disassembly
three broad themes of a model for environmentally
sustainable construction, time related building
layers, and a recycling hierarchy, are important,
and to answer the question of how to design for
disassembly a number of design principles or design
guidelines are required.
- Crowther, 2005 (p. 5) The concept of designing construction and
renovation projects in such a way as to facilitate
future renovation and deconstruction, thereby
reducing the generation of wastes by allowing for
individual materials and entire assemblies to be
reused in new projects or products, or recycled
continuing their life-cycle(s) by diverting them from
landfill.
- Public Works and Government Services Canada,
2002 (p. 4) –
Design for Disassembly can contribute to finding
better solutions at the end of life of a building and
facilitate the reuse and recycling of materials.
- Fabrício & Mattaraia, 2013 (p. 6) –
Disassembly potential is defined as the ability of a
building’s structure to be selectively taken apart with
the intention of reusing and up-cycling some (or all)
of its constituent parts.
- Durmisevic, 2003 (p. 1) -

3.1.2. Understanding disassembly

The disassembly definition from Public Works and
Government Services Canada raises the question: what
is the difficulty of implementing such an approach in
designing buildings? To illustrate this several barriers
and guidelines will follow, to indicate the complexity of
disassembly.
Disassembly barriers
Nowadays, demolition is the most common practice,
so disassembly of buildings to facilitate the reuse of
materials and components is not usual in the construction
industry (Crowther, 2005). Only a few projects exist in
which the concept has been put into practice (Deniz &
Dogan, 2014). Which could be explained by a number
of disassembly barriers. Some examples are shown in
text-box ‘five disassembly barriers from literature’.
The barriers would possibly hinder the application of
the circular economy concept in buildings. However,
as stated by Tingley (2012), the barriers are not
insurmountable, explained by:
Education and the raising of awareness plays
a major role in encouraging individuals to
design differently. But there must be a reason
for a change in approach; if the benefits were
outlined and demonstrated then there is a
tangible reason to adopt this strategy. If people
could quantify a benefit to their project, it gives
a reason to incorporate a new approach. Then
once a new tactic becomes tried and tested
and is seen to be successful more people will
follow. (p. 29)
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For that reason, designers should not fed to be held
back by implementing ‘design for disassembly’ within
their design approach. To come up with a method
to implement ‘design for disassembly’, a further
investigation will be done.
Five disassembly barriers from literature
Additional design cost.
- Addis & Schouten, 2004 Design codes of practice generally encourage
specification of new materials.
- Addis & Schouten, 2004 Lack of reused materials market.
- Dolan et al., 1999; Hurley et al., 2002;
Storey & Pederson, 2003For existing structures, the type of jointing used &
inaccessibility of joints.
- Guy & Ciarimboli, 2006; Hurley et al., 2002;
Storey & Pederson, 2003 Perception that design for disassembly will
compromise value, aesthetics & safety.
- Guy & Ciarimboli, 2006 Presented are five of the total 24 barriers which are
identified by Tingley (2012), gathered from other
resources.
Disassembly guidelines
According to Otto & Wood, critical factors in design for
disassembly are the number of tasks, number of tools,
and the time or degree of difficulty of the tasks (Otto
& Wood, 2001). Guy & Shell (2002), describes how this
statement of Otto & Wood (2001) may be converted in
the following determining factor:
Time is the single most important factor for
building disassembly, unless the entire building
can be removed to a separate location for
disassembly, but this relocation can cost as
much or more than the entire deconstruction.
Time is a factor of the number of tasks, and
difficulty of tasks. Difficulty includes the number
of tools, height, safety precautions, etc. (p.13)
Such a statement provides the designer points of
attention, on influential factors for the principle ‘design
for disassembly’. However, there are a number of other
guidelines which are all points of attention to implement
‘design for disassembly’ within the design stage of a
building. To give an impression of them, five different
guidelines are presented in the text box ‘Five different
disassembly guidelines from literature’.
There are also several guidelines which are related to
the design processes, such as: educate contractors,
allow extra time for incorporation design for disassembly
and plan service routes. These guidelines indicate
that ‘design for disassembly’ requires not only design
strategies, but also process changes. More important to
note is the generality of most of the guidelines, which
leaves to much space to the interpretation of the
designer. To give an example, ‘Use connections that
can be easily removed’ (as shown in the text-box about
guidelines), raises the question: When is a connection
easily removable?
Schmidt (2014) has also studied guidelines, inter alia,
related to disassembly, and indicates that: “while many
congruencies could be found within the literature, there
were also contradictions, inconsistent terminology,
abstract or very general suggestions and in some cases
incomprehensible references” (p. 87).
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Five different disassembly guidelines from literature
Design building so elements are layered according
to anticipated lifespan
- Chini & Balachandram, 2002; Guy & Ciarimboli,
2006; SEDA, 2005; Crowther, 2002;
Webster & Costello, 2005 -

Design components and joints to be durable, so that
they can be reused
- Addis & Schouten, 2004; Guy & Ciarimboli, 2006;
SEDA, 2005; Crowther, 2002 Design for maximum flexibility - to preserve the
building as a whole
- Chini & Balachandram, 2002; SEDA, 2005;
Crowther, 2002 Establish targets for the percentage of the building
that can be reused
- Guy & Ciarimboli, 2006; SEDA, 2005 Presented are five of the total 32 guidelines which
are identified by Tingley (2012), gathered from other
resources.

3.1.3. Framing design for disassembly

In this section the principle ‘design for disassembly’ will
be framed in an understandable and usable context,
in order to make it possible to apply disassembly. Seen
the abstractness of- and placed side notes to the
disassembly guidelines, there is a need to come up with
more specified disassembly characteristics, which will
tackle the generality of the design related disassembly
barriers. Framing design for disassembly is mainly based
on the research of Crowther (2005) and Durmisevic
(2006).
This section will start with three broad themes that
significantly impact on the decision making process of
designing a building for future disassembly, according
to Crowther (2005). Those three broad themes address
the issues of ‘why’, ‘what’, ‘where’ and ‘when’
to disassemble. Secondly, the question ‘how’ to
disassemble will be framed in a transformation capacity
scheme, according to Durmisevic (2006). Both theories
will be reflected to the ‘circular building framework’,
resulting in the basis for the principle.
Theme 1: Holistic view of strategies, life cycle stages and
resources in construction
Crowther (2005) states the first broad theme as:
‘A holistic model of environmentally sustainable
construction’. This rises the following questions: ‘what is
sustainable construction?’ and ‘what is the difference
between sustainable construction and circular building
design?’. Seen the limited scope of this research with
the focus on design aspects for buildings in accordance
to the circular economy concept, the first theme is
renamed to: ‘Holistic view of strategies, life cycle stages
and resources in construction’. In that way, knowing the
consequences of choices, within a wider picture.

Energy
Water
M
Materials
Land

Use connections that can be easily removed
- Addis & Schouten, 2004;Chini & Balachandram,
2002; Guy & Ciarimboli, 2006; SEDA, 2005;
Crowther, 2002 -
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Guidelines would help the designer in their design,
by providing a complete overview of attention/
consideration points. However, much space is left to
interpret by designer themselves, which makes it very
difficult to evaluate the design on the principle ‘design
for disassembly’. For that reason, a more in depth
study is needed to underlying principles of ‘design for
disassembly’.
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Figure 14:
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Holistic view of strategies, life cycle stages and
resources in construction; highlighting the main
area of concern for design for disassembly (Kibert,
1994; as cited in Crowther, 2005).

To illustrate in Figure 14, a three dimensional matrix,
based on Kibert (1994), as cited in Crowther (2005), is
presented. The three dimensional matrix has three axes:
resources, life cycle stages, and strategies. The three
axes illustrate the large number of subjects which could
be influenced in the decision making process during a
construction project.
This model provides the designer understanding of- and
makes the designer aware of possible conflicts that may
occur with other issues when designing for disassembly.
To illustrate, several conflicts are possible, such as the
desire to recycle materials to reduce waste creation,
but the energy involved in the recycling process may
actually be greater. Another example is a design for
future reuse to reduce material waste, which potentially
lead to greater initial material consumption due to their
improved durability.
As presented in Figure 14, ‘design for disassembly’ could
be highlighted as a main area in the life cycle stage of
‘design’, in the strategy of ‘reuse’, and in resources of
‘materials’. In this way it illustrates the place and role
of design for disassembly within the overall picture of
construction.
This firstly broad theme assists the designer in an
understanding of ‘why’ to design for disassembly. The
model would help the designer by providing insights
of their place and role of design for disassembly in the
design process of building design.
Theme 2: Circular building product levels
This second theme ‘circular building product levels’ is
in contrast to Crowther (2005), who named his second
broad theme ‘time related building layers’. Within his
second theme, he refers to the sharing layers of change
from Brand (1994), with its corresponding changing rates.
Although, there is also a significant relevance in these
time related building layers to design for disassembly.
Seen it is at the junctions of layers that disassembly will
need to occur (Crowther, 2005). For that reason these
junctions need to be designed to facilitate appropriate
disassembly, in which it is required between components
with different life cycle expectancy.
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The reason why this second theme is renamed to
‘circular building product levels’, is the different levels in
which disassembly is needed. In this, the sharing layers
of change from Brand (1994) could all be placed at
building level. Seen disassembly is dependent from the
junctions of layers, according to Crowther (2005), it is
recommended to divide the building layers in smaller
levels. In this way disassembly could not only be seen
from building level, but on all defined ‘circular building
product levels’.
Crowther (2005) refers to the life span of building layers
according to Brand (1994), however the question is
should these life span of materials be the same in a
circular economy? Another question is how this life span
could be defined without identifying the corresponding
life cycle of underlying product levels of the different
building layers? Those questions are unclear at this
moment and for that reason it is impossible to answer
the question ‘when’ disassembly need to take place.
However, the renamed second theme, will answer the
‘where’ question, designing in ‘circular building product
levels’ to make disassembly possible for each level, at
the moment when it is required.
Theme 3: Hierarchy of re-life options
Crowther (2005) named his third broad theme
‘hierarchies of recycling’, this is remarkable seen
recycling implies the reuse on material level, which is the
lowest level in the presented ‘circular building product
levels’. For that reason, this third theme is renamed in
‘hierarchy of re-life options’, which is related to the
presented circular building framework.
Figure 15 presents the re-life options with corresponding
‘circular building product levels’, both are presented
in a hierarchical way. The figure illustrates which re-life
options are related to the different ‘circular building
product levels’, in which the options in the upper left
corner could be seen as the most preferable options.
Options towards the lower right corner are less desirable.
An understanding of a hierarchy of re-life options
offers guidance of ‘what’ to disassemble for any given
re-life scenario. Such an hierarchy may not always
be preferable on this hierarchical way. It could be
possible that there are lower options in the hierarchy

System level

Sub-system level

Element level

x

x

Component level

x

x

x

Reconfiguration

x

x
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x

Redistribution
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x
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+

Hierarchy of re-life options*
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Remanufacture

x

Recycling closed loop
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x

Cascades closed loop

x
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x

x

Biosphere
* With few exceptions.
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Material level

Building level

Circular building product levels

Least preferred option

Re-life options with corresponding
building product levels.

-

circular

which outweigh the benefits of a design for disassembly
strategy. For that reason all three presented themes are
required to guide a decision making process to choose
the most preferred options for the specified situation.
Transformation capacity scheme
Unlike conventional structures in which design deals
with functional, technical, and physical composition,
the design of transformable structures focuses on
functional, technical, and physical decomposition.
This would lead to transformable structures, which
should be designed according to the transformation
capacity scheme (Durmisevic, 2006). To realize a
transformable configuration, Durmisevic states that all
building products need to be independent and their
interfaces need to be designed for exchangeability.
Wherein, independence and exchangeable could be
seen as two key performance criteria for transformable
structures. In which, independence of products is
primarily determined by the functional design domain,
which determines the ‘what’ of the design by form and
function (material levels). Exchangeability of products
is predominantly determined by the technical and
physical design domains, which determines the ‘how’
of the design by type of assembly (hierarchy) and its
physical integration (interfaces). The transformation
capacity scheme (Durmisevic, 2006), as shown in Figure
16, will now be explained in more detail.
Functional decomposition
Functional domain is about functionality of an
assembly. In which, in case of disassembly, it comprises
decomposition of functions. Within this domain the
specification of requirements is an important input.
Designing transformable configurations starts with
functional decomposition and its allocation through
different components. For that reason the disassembly
aspects of ‘functional independence’ and ‘clustering
and systematization’ are linked to the functional domain.
• Functional independence. Separation of functions
within one configuration. In case of functional
obsolescence, it is possible to disassemble the
responsible element, if each element has its own
function. This will prevent unnecessary re-life options
for elements which are partly functional obsolete.
This disassembly aspect need to be investigated by
the following disassembly determining factors:
1. Functional separation.
2. Functional dependence.
• Clustering/ systematization. Systematization of single
elements in clusters, which acts as an independent
building section, in production, exploitation, and
assembly/ disassembly. The greater the number of
building parts integrated into one component, the
fewer are the physical connections needed on site.
This disassembly aspect need to be investigated by
the following disassembly determining factors:
3. Structure and material levels.
4. Clustering
Technical decomposition
The technical domain focuses on composition of the
different elements, which uses the functional domain
as an input. This domain is responsible for defining
technologies and methods to specify principle solutions
for composition of structures. Within this domain, the
different elements will be defined in sophisticated order,
regarding technical decomposition. For that reason the
disassembly aspects of ‘base element specification’, ‘life
cycle coordination’, and ‘open versus closed hierarchy’
are linked to the technical domain.
• Base element specification. This disassembly aspect
is strongly related to the foregoing disassembly
aspect of ‘clustering/ systematization’. Namely,
a configuration is divided in different clusters, on

•

different product levels. In which each cluster could
be seen as a collection of different elements with
separated functions. To provide independence of
elements within one cluster and independence
between clusters, each cluster should define its base
element, which integrates all surrounded elements
of that cluster. This disassembly aspect need to
be investigated by the following disassembly
determining factor:
5. Base element specification.
Life cycle coordination. This aspect deals with
integration of materials with respect to their life
cycle. Seen each element has their own life cycle,
it is required to consider the assembly sequences of
materials, according to their life cycles. Materials
with a long life cycle need to be assembled first
and fulfil a more dependent role in a cluster than
elements with shorter life cycles. This disassembly

Figure 16:

•

aspect need to be investigated by the following
disassembly determining factors:
6. Use life cycle/ coordination.
7. Technical life cycle/ coordination.
8. Life-cycle of components and elements in
relation to size.
Open versus closed hierarchy. The number of
relations and the way of relational pattern have
a great influence on the disassembly potential
of structures. By application of clusters and base
elements in configuration, open systems could be
created. In which materials are kept independent
from one another by only creating dependent
relations to elements within an assembly. This
disassembly aspect need to be investigated by the
following disassembly determining factor:
9. Type of relational pattern.

Transformation capacity scheme (Durmisevic, 2006).
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Physical decomposition
The physical domain fulfils the performance of the
configuration, due to a description of elements of
clusters and their relations. It is strongly related to the
manufacturing and construction of an cluster and
guarantee easy assembly/ disassembly operations,
based on the foregoing domains of functionaland technical decomposition. For that reason the
disassembly aspects of ‘assembly sequences’, ‘interface
geometry’ and ‘type of connection’ are linked to the
physical domain.
• Assembly
sequences.
The
key
factor
for
transformable configurations is the ability to be
dismantled. Disassembly of the configurations
need to take place on a non-deconstructive way
and without generation of waste. The assembly
sequences could possible create dependencies
between building elements, in case of locking
elements together. This disassembly aspect need
to be investigated by the following disassembly
determining factors:
10. Assembly direction based on assembly type.
11. Assembly sequences regarding material levels.
• Interface geometry. This disassembly aspect is
strongly related to the type of connection, for that
reason influencing the possibility of disassembly of
a configuration. The geometry of product edges
determines the possibility of disassembly by using
an open or interpenetrating geometry. In which
an interpenetrating geometry is less suitable for
disassembly, elements can be disassembled in
only one direction or could only be removed by
(partly) demolition of elements. This disassembly
aspect need to be investigated by the following
disassembly determining factors:
12. Geometry of product edge.
13. Standardization of product edge.
• Type of connection. The last disassembly aspect,
defines the degree of freedom between different
product levels, by designing the product edge
and specification of connection type. In general
connections could be divided in three categories:
filled (connection based on chemical material),
direct (connection dependent on geometry of
product edge) and indirect (by addition of an
independent part, intermediate, as connection). This
disassembly aspect need to be investigated by the
following disassembly determining factors:
15. Type of connection.
16. Accessibility to fixings and intermediary.
17. Tolerance.
18. Morphology of joints.

3.1.4. Design for disassembly framework

In the first sub-section (3.1.1) the definition of Public
Works and Government Services Canada (2002) was
assumed. Which was chosen in the first sub-section seen:
(1) it is the most comprehensive definition of the five
presented definitions out of literature, (2) the definition
states attention towards the individual materials and
assemblies, and (3) the definition stimulates prevention
of material waste. However, considering the theory of
Crowther (2005) and Durmisevic (2006), this definition
could be reformed to form the basis of the ‘design for
disassembly’ framework.
The objective of the framework for the principle ‘design
for disassembly’, is primarily based on design principles.
For that reason, the framework should focus on how to
apply the principle ‘design for disassembly’ within the
design of buildings. Expressing the principle ‘design
for disassembly’ in building design will guarantee the
possibility of the defined re-life options, to the extent
of dismantling the building according to its ‘circular
building product levels’. To provide the designer specific
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design aspects to express ‘design for disassembly’ within
the design, the theory of Durmisevic (2006) need to be
incorporated. In which the transformation capacity
depends on the elaboration of the different disassembly
determining factors. For that reason the conclusion might
be: the principle ‘design for disassembly’ needs to be
framed with incorporation of the different disassembly
determining factors, and with the underlying thoughts
based on the broad themes of Crowther (2005).
To implement this way of thinking in the ‘design for
disassembly’ definition, the definition from Public Works
and Government Services Canada (2002) needs to be
adapted. The following parts in accordance with the
framework and the underlying thoughts of Crowther
(2005) need to be incorporated. The reference to
the disassembly determining factors need to be
added. Another improvement is the replacement of
‘construction and renovation projects’ to ‘buildings’,
seen the overarching purpose of this research makes
no distinction in different ‘building’ projects. Secondly,
in line with the ‘circular building definition’, needs to be
referred to ‘circular building product levels’, instead of
‘individual materials and entire assemblies’. Finally, the
so called ‘reuse and recycling’, will be replaced by the
proposed ‘re-life options’. Which resulted in the following
definition for the principle ‘design for disassembly’.
Definition ‘circular building design principle’ ‘design
for disassembly’
“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.”
This section did not provide an explanation and
elaboration of the different disassembly determining
factors. Therefore, a case study will be conducted
in chapter 4 ‘Case study’, to provide this relevant
knowledge on how to deal with the different disassembly
determining factors.

3.2. Design for adaptability

In this section, the principle ‘design for adaptability’
will be defined. Starting with the need for adaptable
buildings (3.2.1). Secondly, the understanding of
adaptability (3.2.2) will be put in context with the factor
‘time’, and by the identification of different perspectives
of adaptability in buildings. Thirdly, adaptability will be
framed (3.2.3), in order to make it possible to apply the
principle ‘design for adaptability’. Finally, the resulting
‘design for adaptability’ framework (3.2.4) will be
explained in general and specified for the facade.

3.2.1. Need for adaptable buildings

The Ellen MacArthur Foundation proposed the circular
economy concept based on “insights from living systems
as these have proved to be adaptable and resilient”
(EMF, 2013b, p. 26). In order to design buildings as
living systems they should be adaptable. The subject
adaptable building is already for decades on the
agenda of the construction sector (Geraedts et al.,
2014). In recent decades the interest in flexible and
adaptable building has increased, caused by the high
structural vacancy of buildings, the economic crises and
the increased awareness of- and interest in sustainability
issues (Geraedts et al., 2014). Also Croxton (2003) points
out “if a building does not support change and reuse,
you have only an illusion of sustainability. You may have
excellent building orientation and other energy-saving
systems, but the building must also be able to be
flexible to meet a change in curriculum” (p. 147). These
statements additionally confirm the need of adaptable
buildings. Together with the rise of the circular economy,
the interest and need for adaptable buildings has
increased even more significant than before (Geraedts
et al., 2014).

3.2.2. Understanding adaptability

In the construction sector adaptability has already
been extensively researched. The definition of
adaptability is defined in many ways, with different
interpretations, which are not always precise and
sometimes contradicting, as shown in the grey text box
‘five adaptability definitions from literature’. Therefore,
the following definition based on the research of
Schmidt et al. (2010) will be taken as a starting point
of this section, to provide a clear and robust view on
adaptability in regards to buildings. Schmidt et al. (2010)
based his definition on four overarching characteristics,
which he gathered from literature (69 sources). The four
overarching characteristics, which he identified, are:
‘change’, ‘remaining fit for purpose’, ‘value’ and ‘time’.
Resulting with the following definition “the capacity of
a building to accommodate effectively the evolving
demands of its context, thus maximizing value through
life” (Schmidt et al., 2010, p. 235), which is a synthesis
of the four overarching characteristics. Whereby, in this
definition ‘evolving’ refers to ‘change’, ‘demands of
context’ refers to ‘remaining fit for purpose’, ‘value’ =
‘value’ and ‘life’ = ‘time’.
Time
Adaptability starts with the understanding of time in
architecture. Understanding ‘time’ makes it possible
to design buildings that can be maintained over a
long period of time. Nowadays, designing buildings
became much more complex than before, since
the architect has to design within the sustainability
paradigm, struggling with social, economical, political,
legal, technical and environmental forces, whereby
adaptability broadens the scope even further with the
design characteristic ‘time’ (Schmidt et al., 2010). This
shifting perspective on ‘time’ is the crux for designing
circular buildings, to get a more sustainable built
environment. According to what Brand (1994) proclaims
the intent of his work is, “to examine buildings as a

Five adaptability definitions from literature
Any work to a building over and above
maintenance to change its capacity, function, or
performance (i.e. any intervention to adjust, reuse
or upgrade a building to suit new conditions or
requirements).
- Douglas, 2006 Buildings that can cope with changes (i.e. respond
to the time factor).
- Leupen, 2005 Keeps built objects ‘fit for purpose’ and ‘up to date’
; to resolve the difference between economic and
technical life spans.
- Ridder & Vrijhoef, 2008 Adaptability is the ability to meet changing user
or owner needs in three ways: without changing
the properties of the building, by changing the
properties of the building easily, or by extending or
partitioning the building as needed.
- Arge, 2005 Ability to accommodate change regarding
functions, capacity of services, and the flow of the
environment and people within and around the
facility.
- Slaughter, 2001 whole – not just a whole in space, but whole in time”
(p. 2). Designers tend to ignore ‘time’ as a design
characteristic and focus on the aesthetic fixation and
functional performance, by freezing out time in pursuit
of a static idealized object of perfection (Schmidt et
al., 2010). This is not a realistic situation, therefore time
should be considered as a design characteristic. This
requires placing architecture in context and making
it susceptible to its temporal reality, which reveals the
fear ‘change’. The capacity of buildings to respond to
‘change’ is highly determined through design decisions
that are made in an early design stage. To achieve
adaptability, it “demands a shift away from the current
emphasis on form and function in response to immediate
priorities, towards a ‘context’ and ‘time-based’ view of
design” (Schmidt et al., 2010, p. 234).
“We should not forecast what will happen, but try to
make provisions for the unforeseen.”
- Habraken, 1961 The understanding of ‘time’ refers back to the
introduction of the theory of levels, which was
introduced by Habraken (1961), as explained in
sub-section 2.1.1. Several studies are done in addressing
‘time’ in relation to building layers, in order to understand
the complexity of buildings in the longer time frame.
To illustrate the following researchers proposed similar
building decomposition models: Brand (1994), Slaughter
(2001), Rush (1986), Duffy (1990) and Leupen (2005).
Types of obsolescence
In order to understand adaptability, the reasons for
obsolescence and aging have to be understood.
Obsolescence can be identified as the resulting
condition of the inability to accommodate change
(Kohler et al., 2010). The types of obsolescence can,
for example, identify why components are prematurely
replaced and buildings demolished. Aging can be seen,
as the natural decay of building products, which in
principle cannot be avoided, and therefore aging is not
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considered as a part of obsolescence. Obsolescence
can be identified as one of the factors that requires
adaptability of buildings. In literature, the following types
of obsolescence are commonly identified, which cover
most of the changes that cause obsolescence (Langston
et al., 2008; Ashby, 2013, and; Kohler et al., 2010):
• Functional obsolescence. This refers for example
to the change of owner objectives and needs that
lead to possibly function change from the purpose
for which the building was originally designed;
• Physical obsolescence. This refers, for example, to
poor maintenance, which fastens the state of a
building to deteriorate faster, to such an extent that
its repair is no longer worthwhile;
• Technical obsolescence. This refers to the advances
that technology has made, which made, for
example, existing building products no longer
technologically superior to alternatives that are
expected of lower operating costs or greater
efficiency. Resulting in replacement of the building
products;
• Legal obsolescence. This refers to the inability of
the building to meet new regulations within their
economic constraints, for example, the increasing
requirements for thermal and sound insulation or
new requirements for disabled access;
• Economic obsolescence. This refers, for example,
to the period of time over which ownership or use
of a particular building is considered to be the least
cost alternative for meeting a business objective
regarding investor interest and obsolescence based
on economic criteria;
• Social obsolescence. This refers to fashion or
behavioural changes (e.g. aesthetics, religious
observance) in society that can lead to the need for
building renovation or replacement.
The understanding of the types of obsolescence
(causes) makes it possible to react to this, with the
question; how to prevent obsolescence. The reaction
to types of obsolescence often requires a physical
reaction (effect), to accommodate the shift and
prevent the building and its components from premature
obsolescence. However, not all changes require a
physical reaction, some can be accommodated
organizationally or individually. The issues that occur with
adaptability are mismatches between the demand (user
desires) and supply side (building capabilities), which
can cause obsolescence.
Adaptability perspectives
The approach to achieve adaptability can differ by
looking from different perspectives. From the user point
of view, called ‘human-centric’, or the building point of
view, called ‘building-centric’, whereby the following
categorization is useful: ‘tight-fit’ and ‘loose-fit’ (Schmidt,
2014).
Starting with ‘tight-fit’ and ‘loose-fit’. ‘Tight-fit’ buildings
are designed to accommodate the specific user
needs and demands, which can be compared with a
tailor-made suit. These types of buildings allow almost
no spatial redundancy, which makes them hard to
adapt and can become obsolete very fast due to their
specificity and the inability to accommodate change.
The opposite is ‘loose-fit’, these type of buildings can
be identified by their open plan and provide a high
level of redundancy. These types of buildings can easier
accommodate change from the purpose for which the
building was originally designed.
The ‘human-centric’ perspective is the traditional way of
thinking about adaptability, whereby the building should
adapt to the changing user needs and demands. In this
case, a ‘loose-fit’ approach would be preferred, seen
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the ability of the building to accommodate change is
easier. The ‘building-centric’ point of view comes from
the question: if the building should always be what has
to adapt? Schmidt (2014) points out that humans are
more adaptable than buildings, with the example:
“Generally if you’re uncomfortable, you won’t sit there
in an uncomfortable state if you don’t have to, you’ll
move or you’ll change it yourself, thus humans are (can
be) adaptable” (p. 190). This means that adaptability
can also be seen from a different perspective, whereby
the building is not the one to be adaptable, but the
organization or the human as being adaptable. In
the research of Schmidt (2014), he described a good
example about an interview he had with a developer,
about this changing perspective:
One developer gave an example of a client who
had built their own building where everything
was adaptable with standardized, modular
components, moveable partitions, etc. At the
same time, they occupied an older building in
another part of the UK where everything was
fixed with brick and block work partitions. The
developer went on, “What was interesting was
that their cost of managing the buildings, the
older one was incredibly cost effective and the
adaptable one was very expensive. The reason
for that was that the adaptable one, because
it could be adapted, they just did and they
never stopped moving things around… and for
the one that was fixed, they didn’t try to, they
just moved people around and adapted to the
building.” (p. 190)
In this case, it is seen that the organizational
(human perspective) adaptations are from the cost
management perspective better and identifies that
not all changes require a physical reaction. However,
Schmidt (2014) concluded that the organizational and
building perspective must change together and that it
cannot be one extreme or the other. These perspectives
should be recognized and understood in order to design
an adaptable building.
Determining factors for adaptability
Adaptability can be planned and buildings can
embody measures to allow adaptations in the future.
Nevertheless, the future operations of the building
may never require the embodied measures. To give
adaptability an extra point of view and contextualize
the phrase from above. Adaptability can be seen as
Aristotle (2000) explains in his Nicomachean Ethics, the
golden mean between excess and deficiency must
be found for every virtue. This can be illustrated by the
following example of courage. Courage lies between
two extremes of cowardice (lack of courage) and
recklessness (excessive courage), and neither cowardice
nor recklessness are desired. Courage has the desired
middle, ‘the golden mean’. This means: if adaptability
is the desired middle, then unnecessary adaptability
Unnecessary adaptability
Waste of resources

Fast

On demand

Inexpensive

Adaptability

Time

Effo
Effort

Cos
Cost

Rigidity
No adaptability

Time-consuming

A lot of effort

Expensive

Figure 17:

Determining factors for adaptability related to
their deficiency and excess (Schwehr & Cowee,
2012).

is the excess. And a rigid structure that does not allow
easy adaptation to new operational requirements
would be a deficiency, as represented in Figure 17. To
relate this to buildings in accordance to the circular
economy concept, excess (unnecessary adaptability) is
certainly more advantageous than deficiency (the rigid
structure). This statement can be made, seen buildings
in accordance to the circular economy concept should
be designed to allow continuous loops at every product
level, and accommodate effectively the evolving
demands of its context. In Figure 17 next to adaptability
three determinants of adaptability are represented
with their excess and deficiency, according to Schwehr
& Cowee (2012). These determinants play a big role
in determining the adaptability degree of buildings.
However, these determinants are not taken into account
in this research. The determinants are relative and not
defined into measurable parameters. Making them
measurable does exceed the scope and goal of this
research.

3.2.3. Framing design for adaptability

In this section adaptability will be framed in an
understandable and usable context, in order to make it
possible to apply adaptability as a design characteristic
for circular buildings, and clarify the principle ‘design
for adaptability’. Framing adaptability is mainly based
on the research of Gereadts et al. (2014) and Schmidt
(2014). Seen they have a corresponding research aim
of placing adaptability in an understandable and
applicable framework.
This section will start with dividing adaptability in
three types of flexibility, according to Gereadts et
al. (2014). Secondly adaptability will be framed in a
demand side (user desires) and supply side (building
capabilities), based on Gereadts et al. (2014). Thirdly, the
flexibility strategies will be discussed compared to the
adaptability strategies from Schmidt (2014). Finally, the
principle ‘design for adaptability’ will be defined and its
coherent framework will be proposed, which forms the
basis of the principle ‘design for adaptability’.
Adaptive Capacity framework
In the research of Geraedts et al. (2014), a method to
measure the adaptive capacity of buildings is proposed.
This method offers possibilities for owners or investors
in real estate to formulate their wishes or demands
about the adaptive capacity of buildings, and assess
the adaptive capacity of new or existing building. This
method is based on the framework, as shown in Figure
18. This framework will be used as starting point for the
principle ‘design for adaptability’.
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Before the explanation of the Adaptive Capacity
framework will be given, the focus of the principle
‘design for adaptability’ should be clear. The focus can
be specified by the categorization of adaptability in
three types of flexibility, according to Geraedts et al.
(2014):
• Organizational flexibility. This refers to the capacity
of the organization or users to respond to changing
demand of the built environment.
• Process flexibility. This refers to the capacity to react
to changing circumstances, wishes or demands
during the development process of the building;
initiative phase, design phase and construction
phase.
• Product flexibility. This refers to the capacity of a
building (the product) to respond to changing
circumstances, wishes or demands during the use
phase of the building.
The principle ‘design for adaptability’ focuses on the
product flexibility, which is similar to the Adaptive
Capacity method of Geraedts et al. (2014). As described
in sub-section 3.2.2 ‘Understanding adaptability’,
product flexibility can be seen as the ‘human-centric’
perspective of adaptability, and the organizational
flexibility can be seen as the ‘building-centric’
perspective of adaptability.
The framework of the Adaptive Capacity method is
split in two sides; the demand side that refers to the user
desires, and the supply side that refers to the building
capabilities.
Demand side (adaptive capacity method)
In a conventional building the demand side of
adaptability can be seen from three perspectives, as
shown in Figure 18 (Geraedts et al., 2014):
• The society. This refers to the preservation of the
use value of a building for society, which assigns
to real estate that contributes to an attractive and
sustainable living and working environment for
society.
• The user. This refers to the user of the building, in
which it is important that the building should be
adaptable to continuously fit the changing user
demands as a guarantee for a long life cycle.
• The owner. This refers to the investor of the building,
for whom it is important to have a high and
long-term profitability during the ownership of the
building.
The target of the demand side in the Adaptive
Capacity method is the translation in ‘use dynamics’
and ‘transformation dynamics’ on the three supply side
levels: location, building and unit level.
• Use dynamics. “The demands for a building can
be formulated by the demands of the users. The
building must be able to move along in time with
these (changing) demands. This may lead for
instance to the demand that the building must be
parcelled into smaller or bigger units or that specific
facilities can be added to the units or building. This
is called use dynamics” (Geraedts et al., 2014, p. 5).
• Transformation dynamics. “This concerns the
demands for a building that should be able to
accommodate totally different user groups or
different functions in the near future. This may lead
to specific demands for rearranging the building for
different user groups” (Geraedts et al., 2014, p. 5).
This implies that the ‘use dynamics’ are connected to
the user on unit level and the ‘transformation dynamics’
are connected to the owner on building level. The third
target group the society is not considered any further in
the Adaptive Capacity method.
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Supply side (adaptive capacity method)
The supply side of product flexibility within the Adaptive
Capacity method is based on three levels: location,
building and unit, which are translated into four spatial/
functional and construction/ technical characteristics.
These characteristics determine if a building can
meet the flexibility requirements, as shown in Figure 18
(Gereadts et al., 2014).
• Rearrange flexibility. To which degree the location,
the building or the unit can be rearranged or
redesigned.
• Extension flexibility. To which degree the location,
the building or unit can be extended.
• Rejection flexibility. To which degree (part of) the
location, the building or the unit can be rejected.
Adaptive Capacity method
The four types of building characteristics are divided
into two boxes, which are both connected to the
three flexibility types (Figure 18). Furthermore, the
flexibility types are connected to ‘Use dynamics’ and
‘Transformation dynamics’, in which in both situations
seven indicators are identified, as shown in Figure 19 and
Figure 20.
User - Unit
‘Use dynamics’ indicators
Rearrange flexibility

G1. Redesign
G2. Reallocate Internal
G3. Relation internal
G4. Quality
G5. Facilities

Extension flexibility

G6. Expansion

Rejection flexibility

G7. Rejection

Figure 19:

‘Use dynamics’ indicators (Geraedts et al., 2014).
Owner - Building
‘Transformation dynamics’ indicators

Rearrange flexibility

G1. Reallocate/ Redesign
G2. Grain size
G3. Facilities
G4. Quality

Extension flexibility

G5. Expansion

Rejection flexibility

G6. Rejection
G7. Transfer

Figure 20:

‘Transformation dynamics’ indicators (Geraedts
et al., 2014).

The identified indicators are used as categories in the
Adaptive Capacity assessment method (Brink groep, &
Centre for innovations in building & construction, 2014a)
This method forms the starting point for the principle
‘design for adaptability’. Nevertheless, there are several
gaps, forgotten aspects and a lack of circular thoughts
in the method. Therefore, the proposed framework by
Geraedts et al. (2014) should be adapted into a true
circular economy basis for the principle ‘design for
adaptability’.
Adaptability strategies
The proposed flexibility types in the Adaptive Capacity
method of Geraedts et al. (2014) are limited and not
overarching. This can be concluded after analysing the
six proposed adaptability strategies, from Schmidt (2014),
namely:
• Adjustable. This refers to the ability of buildings to
change their tasks. This considers for example: plug
and play elements, user control, stackable (easily
stored), non-fixed objects, detachable connections
and operable elements.
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•

•

•

•

•

Versatile. This refers to the ability of buildings to
change space. This considers for example: movable
walls, variety of room sizes, wide corridor widths,
frame construction, flexible ducts, storage space
and excess service points.
Refitable. This refers to the ability of buildings to
change their performance. This considers for
example: access points, standard shapes, dry
connections, coordinated systems, interchangeable
components, minimize points of contact.
Convertible. This refers to the ability of buildings to
change their function. This considers for example:
‘loose-fit’, raised floors, simplicity & legibility, dropped
ceilings, multi-functional spaces and excess service
capacity.
Scalable. This refers to the ability of buildings to
change their size. This considers for example:
product
platforms,
local
materials,
known
techniques, structural redundancy, modular units,
extra space and dividable/ joinable rooms.
Movable. This refers to the ability of buildings to
change their location. This considers example:
component weight, kit-of-parts, easy connections,
collapsible, component scale and inflatable.

Schmidt
(2014)
identified
and
evidenced
all
adaptability types (except for movable). The proposed
adaptability strategies embody the flexibility types
from Geraedts et al. (2014) and indicate even more
appropriate adaptability types. For example, extension
flexibility and rejection flexibility are captured in the
adaptability strategy scalable, and rearrange flexibility
can be spread over several adaptability strategies:
versatile, refitable and convertible. A conclusion can
be made that with the identification of those three
precise adaptability strategies that embrace one
comprehensive flexibility type (rearrange flexibility),
adaptability is easier to understand and ambiguities
are eliminated. Furthermore, the understanding of
adaptability is then clarified in well-defined strategies
that take away the possibility to overpassing required
adaptability criteria.
Even though, the adaptability strategies from Schmidt
(2014) are more comprehensive than the flexibility types
of Gereadts et al. (2014), they are not comprehensive
enough to be in line with the goal of the ‘circular
building framework’. Therefore, the scope of focusing
on the initial building should be broadened to also
incorporate reuse in other buildings. This implies that a
new adaptability strategy should be proposed. Namely,
‘reusable’, which can be described as follows:
Reusable. Refers to the ability of building products to
change their use, to maximize the potential of reusing
and minimize value destruction.
The added perspective ‘reusable’ differentiates the
principle ‘design for adaptability’ from adaptability in
buildings in its common sense. Therefore, the assumed
definition in sub-section 3.2.2 should be revised, in order
to provide a clear understanding of the principle ‘design
for adaptability’ within the circular economy concept in
buildings.

Definition principle ‘design for adaptability’
“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 destruction and
thus maximize value through life.“

Demand and supply side in a circular economy
The demand and supply side, as proposed in the
Adaptive Capacity framework (Figure 18), will change
in the circular economy for the building industry. In a
circular economy the building contains out of building
products that are provided by the service provider as a
performance, with product-service systems. This implies
that i.e. in case of use-oriented services or result-oriented
services, the service provider remains the owner of the
building products (that provide adaptability), which will
be done from the supply side. This has the effect that
there will be no owner anymore at the demand side, in
contrast to the proposed Adaptive Capacity framework.
The demand side will then only have the user and
society perspective. With the side note, that the society
perspective will not be taken further into consideration in
this research.
This also implies that the distinction between ‘use
dynamics’ and ‘transformation dynamics’ as proposed
in the Adaptive Capacity framework will change.
Considering the ‘transformation dynamics’ was only
connected to the owner, which is moved to the supply
side and the demands of the user in a circular economy
will not anymore be restricted to the defined ‘use
dynamics’, but will be broadened with the application
of performance based contracts. Performance based
contracts are relatively new in the building sector and
are in general not yet applied on building systems
level. Therefore, the demand side should be explicitly
determined in ‘what’ demands the user may ask, and
in ‘what’ frequency he may demand changes in the
building. These demands should be defined in the
performance based contracts, in order to make them
sustainably (economic, social and environmental)
feasible. When this is done properly, a match should
be established between demand and supply, which
should result in the minimization of value destruction and
maximize value through life of the building products.

3.2.4. Design for adaptability framework

The remarks described in the previous paragraphs are
incorporated in the ‘design for adaptability’ framework,
as shown in Figure 21. Besides the remarks described
earlier, which resulted in the ‘Design for adaptability’
framework, there are also other changes established.

These changes will be clarified in this sub-section and the
framework itself will be further declared, resulting with a
‘design for adaptability’ approach for circular buildings.
Supply side
The ‘design for adaptability’ framework (Figure 21)
has on the upper side the supply side and on the
bottom the demand side, in contrast to the Adaptive
Capacity framework. This emerged by the focus of this
research, which is focused on the building capabilities
(supply side). Furthermore, the Adaptive Capacity
framework defined location, building and unit level
on the supply side. These levels are replaced with the
sharing layers of change from Brand (1994). This is done
to make this framework coherent with the circular
building framework without losing the content of the
initial Adaptive Capacity framework. Seen unit level is
embodied within the building layers, the building layers:
structure, skin, service space plan and stuff represent the
building systems, and the building layer site represent the
location.
As represented in the ‘design for adaptability’ framework
and the Adaptive Capacity framework, the building
and location at the supply side consists out of: spatial,
functional, technical and physical characteristics. These
characteristics determine the adaptability level of the
specific building in its specific location, which can be
conducted for each adaptability strategy.
Demand side
On the demand side, the ‘user’ is changed into ‘user(s)’,
because adaptability restricts itself not only to the
first user, but also to the users after the first user. The
user(s) are represented with an icon of three people,
surrounded by a dashed circle. Around the dashed
circle is a closed circle placed, which represents the
society. The inner circle is dashed, because the user(s)
are also part of the society.
Adaptability strategies
Furthermore, a distinction is made in the representation
of the adaptability strategies in the ‘design for
adaptability’ framework (Figure 21). As already stated
in sub-section 3.2.3 ‘Framing design for adaptability’,
the adaptability strategies: adjustable, versatile,
refitable, convertible, scalable and movable are
Building systems
Structure
Skin
Service
Space plan
Stuff
Site

Supply side
(Service provider
& context)
Spatial/ functional
characteristics

Adjustable

Versatile

Refitable

Technical/ physical
characteristics

Convertible

Scalable

Movable

Reusable

Match?

Demand side
User(s)
Society

Figure 21:

‘Design for adaptability’ framework for a circular building, based on the Adaptive Capacity framework (Geraedts et
al., 2014; Schmidt, 2014).
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focused on the building capabilities to accommodate
effectively the evolving demands of its context, and the
adaptability strategy ‘reusable’, broadens the scope
from initial building to other buildings. This means that
the adaptability strategy reusable is not focused on
the initial building, but on the specific building products
to provide designs that have optimal reuse potential in
other buildings.
Functioning of the design for adaptability framework
In order to come up with a circular building design, the
principle ‘design for adaptability’ should be determined
separately on each building system (structure, skin,
service and space plan), to come up with adaptability
options. In other words, every building system should
be determined on all related adaptability strategies.
In Figure 22 the relationships between the building
systems (building layers) and the adaptability strategies
are represented. The represented relations are based
on the research of Schmidt (2014). He evidenced
the represented relationships, except for movable
and reusable. Schmidt considered movable as an
required but ‘extreme’ type of adaptability, which
he could not evidence. Furthermore, the adaptability
strategy reusable was not incorporated in his research.
However, reusable is required to be in line with the goal
of the circular economy in the building industry. The
relationships between the building systems (building
layers) and the adaptability strategies clarifies and
provides guidance during the determination of
adaptability options for each building system.
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possible

Relationships between adaptability types and
building systems (Adapted from Schmidt, 2014).

‘Design for adaptability’ framework specified for the skin
To clarify the framework and get a better understanding
an example is given of the building system skin in Figure
23. In the specified framework the building systems
are separated from each other, with the focus on
the building layer skin and also the perspective of the
demand side is clearly presented as described earlier.
As can be seen in Figure 22 adaptability strategy
adjustable is not related to the building layer skin and
will result in no adaptability options at adjustable. The
other six adaptability strategies are probable or possible
related to skin and should result in adaptability options.
In the end all adaptability options should be used to
determine the design requirements for the skin.

The adaptability strategies will be determined at the
supply side and will be done from the user(s) perspective
at the demand side. The society perspective will no
further be taken in consideration as explained in
sub-section 3.2.3 ‘Framing design for adaptability’.
During the determination of adaptability options it is
important to keep the ‘circular building product levels’ in
mind to not overpass possible adaptability options. After
the determination of adaptability options, they should
be used to determine the design requirements for each
building system.
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‘Design for adaptability’ framework for a circular building, specified for the skin, based on the Adaptive Capacity
framework (Geraedts et al., 2014; Schmidt, 2014).

In order to come up with material guiding attention
points, seven sources on material guiding attention
points are analysed. From which, fifteen relevant guiding
attention points have been selected. These lines are
analysed and adapted to be in line with the circular
Adapted material guiding attention points and
their relevance to the hierarchy of re-life options
for a circular building (fragment of the total fifteen
adapted material guiding attention points. The
full list can be found in appendix A).

••• Highly relevant
•• Relevant
• Not normally relevant
No. Guiding attention point

1. Aim to express quality through good design
rather than over dimensioning the product, with
attention to long-term quality based on re-life
options.
3. Pay particular attention to robustness of the
differential weathering and wearing of surfaces
as well as vandalism and damaging of surfaces
and allow for those critical areas to be
maintained or replaced separately from other
areas.
5.
Provide
standard
and
permanent
identification of material types, using a resource
passport. In which materials should be provided
with a non-removable and non-contaminating
identification mark to allow for future sorting, such
a mark could provide information on material
type, place and time or origin, structural
capacity, toxic content, etc.
7. Avoid energy-intensive materials, such as
aluminum, in products with a short lifetime, or
design them to be prepared for re-life options.
14. Avoid composite materials and make
inseparable subassemblies from the same
material. In this way large amounts of one
material will not be contaminated by a small
amount of a foreign material that cannot be
easily separated.

Biosphere

Adapted from: Crowther (2005), SEDA (2005), VTT
Technical Research Centre of Finland (2013), Thormark
(2001), US Army Corps of Engineers (2004), Langdon
(2009.), Crul & Diehl (2009)

Legend of level of relevance

In a circular economy, the question is: how to apply
materials to allow re-life options? Seen the systematic
and holistic approaches of these three analysed
methods, this way of life cycle thinking will be compared
with other criteria in the sustainable material selection
process. Which means, partial attention is given to the
distinctive feature of material selection in a circular
economy, to allow re-life options. Knowing that criteria
which are not related to the ambition of allowing
re-life options could be determinative, in the analysed
sustainable material selection methods, in selecting
sustainable materials. Materials that allow the proposed
re-life options are fundamental in the functioning of a
circular economy. For that reason, these three methods
are not specifically directed to material selection in a
circular economy and a material selection standard is
defined to fulfil this gap.

guiding

Cascades

Adapted
material
attention points

Recycle

Table 1:
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Remanufacture

The analysed methods demonstrated the complexity
to select sustainable materials. All methods state the
need for a systematic and holistic approach to select
sustainable materials, which can be done by identifying
and prioritizing relevant sustainability assessment criteria.
None of the three methods describes which materials
are sustainable. This can be explained by the different
interpretations of ‘sustainable materials’, which depends
on their context and therefore cannot be generalized.
For this reason, all methods use a partly subjective input
of the user to determine the conditions of the material
application.

Material guiding attention points
It could be stated, based on the foregoing material
selection standard, there is a need to come up with
another method to fulfil this principle. This method, needs
to focus on the specific aspects of the material selection
standard. This can be done by providing material
guiding attention points, which makes the designer
aware of- and stimulates him, during the implementation
of the principle ‘design with sustainable materials’ in its
building design.

Redistribution

Sustainable material selection methods
Several researchers have done research on how to
select sustainable materials. Within this research, three
different methods are analysed, namely:
1. Material selection strategy (Ashby, 2013).
2. A multi-criteria decision support system for the
selection of low-cost green building materials and
components (Yang & Ogunkay, 2013).
3. Multi-criteria evaluation model for the selection of
sustainable materials for building projects (Akadiri &
Olomolaiye, 2012).

Sustainability means in this statement a balance
between
environmental-,
social-,
economicand technical aspects; which are subdivided in
environmental impact; life cycle cost; resource
efficiency; waste minimization; performance capability,
and: social benefit, according to Akadiri & Olomolaiye
(2012). In which these six aspects forms the subjects
of the principle ‘design with sustainable materials’, as
proposed in the ‘circular building framework’.

Reconfiguration

This sub-section is built up out of three different parts.
To start, three different methods to select sustainable
materials are analysed, resulting with a material selection
standard. Secondly, to provide guidance in the material
selection in the circular economy, material guiding
attention points are presented, and reflected according
to this research. Finally, an assessment method based on
an embodied energy calculation is proposed, to provide
objectivity in the material selection, which will also be
reflected according to this research.

Material selection standard
The overarching starting point for selecting
materials needs to be sustainability, however, when
selecting materials to achieve a circular economy,
the primary objective needs to be based on the
following technical aspects: (1) select materials
which are capable to follow the re-life options
(as proposed in the circular building construction
model), and (2) the specific application of the
materials should be taken into consideration.

Re-life options

Within this chapter, the scope is limited to the principles
‘design for disassembly’, ‘design for adaptability’ and
‘design with sustainable materials’. However, in advance
of the following description of the principle ‘design with
sustainable materials’, could be stated that this principle
will be excluded in this further research. Although, the
principle ‘design with sustainable materials’ is extensively
researched. For that reason, this section provides a
summary of the conducted research and states why this
principle ‘design with sustainable materials’ is no longer
part of the scope. The complete research could be
found in Appendix A ‘Design with sustainable materials’.

Service
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economy concept. Furthermore, the adapted lines are
rated to their relevance to the hierarchy of re-life options
as proposed in the ‘circular building construction model’,
using the three score options model, based on the
research of Crowther (2005). A fragment of the resulting
adapted material guiding attention points is presented in
Table 1.
The material guiding attention points themselves offer
guidance in how to design to make the re-life options
possible. The presented relevance ranking shows the
importance of the material guiding principles for the
proposed re-life options, which makes it possible to
check the benefits for specified re-life options when the
given material guiding attention point is covered in the
design.
In the case study project, an analysis is conducted
with the resulted guiding attention points. However
this analysis was too subjective, and therefore left out.
To give an example, guiding attention point 7 about
avoiding energy-intensive materials, rises the questions:
when is a material ‘energy-intensive’? and what is a
‘short’ lifetime? For that reason, these guiding attention
points could help a designer by identifying relevant
aspects within the design stage. However, in order
to apply this principle in an objective way, a more
quantitative and measurable parameter is required.
Embodied energy calculation
To come up with a more objective assessment method,
research is done to quantitative and measurable
material parameters to assess materials within this
circular building design principle. Therefore, the
application of an embodied energy calculation is
investigated, which will now be explained.
Primarily the effects of the re-life options in material
use are distinctive, in comparison with the current
linear economy. One of the possibilities to determine
this distinction is by examining an embodied energy
calculation. Embodied energy can be divided into
two main areas, namely initial embodied energy and
recurring embodied energy. In which initial embodied
energy is related to the non-renewable energy
consumed in the process from raw materials to the
Initial Embodied energy : . . .

Recurred embodied energy

EE . . .

EE . . .

EE . . .

EE . . .

EE . . .

EE . . .
EE . . .

EE . . .

Figure 24:

50

EE . . .

Schematic representation of the calculation for
initial embodied energy and recurred embodied
energy of materials in a circular economy.

construction of building products. Recurring embodied
energy is related to the non-renewable energy
consumed in the re-life options: service, reconfiguration,
redistribution, remanufacture, recycling, and cascades,
during the building’s life span (Holtzhausen, 2007).
Figure 24 illustrates how the embodied energy
calculation works. It starts with the initial embodied
energy calculation, in which every step towards the final
building products contributes to the embodied energy
of the applied materials. When applying re-life options,
this initial embodied energy will increase, due to the
recurring embodied energy. Each re-life options requires
different procurements, such as transport and restoration
processes, which leads to an increase of the total
energy which is embodied in the material. Calculation
of the embodied energy over a longer period of time,
including different re-life options, could help the designer
considering material applications within the principle of
‘design with sustainable materials’.
Within the current linear economy, much attention is
given to the initial embodied energy, which in the first
instance could help designers in selecting sustainable
materials based on a quantitative and measurable
parameter. According to Cole & Kernan (1996), not only
the initial embodied energy has to be taken in account,
but also the recurring embodied energy. However, it
is complex to make an embodied energy calculation
over the complete life-cycle of materials, including initial
embodied energy and recurring embodied energy.
Mainly, the recurring embodied energy has a lot of
uncertainties, in which there is still much to investigate.
The following aspects hinders the calculation of initial
and recurring embodied energy: unavailability of
adequate data, and the lack of consistency in the
basic data (Kohler et al, 2010). Furthermore, there are
uncertainties influencing the calculation of recurring
embodied energy: type of required re-life options during
life time, and the maximal amount of cycles of materials.
Seen there are many obstacles in applying an
embodied energy calculation to guarantee an
objective assessment using a quantitative and
measurable parameter, it is not reliable enough to
implement this method in this research. However, such
an approach to measure the energy in the total life
cycle of building materials, should enable the designer
to make a more founded choice during the material
selection process in the design phase of circular
buildings. Seen the limited time frame of this research,
and the focus on design aspects, the circular building
principle ‘design with sustainable materials’ is left out of
the scope of this research.

Sub-research question 3
‘What are the design requirements for a circular facade?’
Based on the examination of the defined frameworks of the circular building design principles ‘design
for disassembly’ and ‘design for adaptability’ at the technical facade of municipality office Venlo.

4.

Case study

In this chapter, the case study project will demonstrate how the proposed frameworks for the principles ‘design for
disassembly’ and ‘design for adaptability’ should be applied, and will improve the provided guidance of the initial
frameworks. The selected case study project is municipality office Venlo. The analysis is scoped to the building system
skin and in particularly the facade (as shown in Figure 25 with the orange surface). To conclude this chapter, an integral
analysis is conducted to the principles ‘design for disassembly’ and ‘design for adaptability’ to determine the design
requirements for a circular facade. The proposed design requirements forms the answer to sub-research question 3.
In section 4.1, an introduction will be given about the chosen case study project, municipality office Venlo. After the
introduction, a ‘state of the art - unitised & stick facade systems’ is presented in section 4.2. Furthermore, the ‘circular
building product levels’ will be specified on the building system ‘skin’ (especially for the facade), in section 4.3. The
principles ‘design for disassembly’ and ‘design for adaptability’ will be analysed sequentially in section 4.4 and 4.5. Finally
this chapter will result with an integral analysis to determine the design requirements for a circular facade development.
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Figure 25:

Scope of the ‘case study’ identified, in the simplified representation of the ‘design domain’, with the orange surface.

4.1. Introduction case study project

The municipality office Venlo is chosen as case study
project in this research. Venlo is the first region in the
world to seek full implementation of the Cradle to
Cradle principles. This also accounts for the municipality
office, which the municipality decided to start with, in
2007. Seen the municipality set high Cradle to Cradle
ambitions for their municipality office, the building
became a state of the art Cradle to Cradle inspired
building. Furthermore, Cradle to Cradle is one of the

schools of thoughts of the circular economy concept,
and has a comparable goal. This made it clear to
choose the municipality office as case study project,
in which the latest innovations and Cradle to Cradle
knowledge is implemented.
Municipality office Venlo
Since it is not yet possible to realize a 100% Cradle to
Cradle building the design team specified four themes
with roadmaps (a roadmap describes the development
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of the building and selected elements for future
innovations and improvements), which made it possible
to reflect the Cradle to Cradle ambitions. The four
themes are:
• Enhance air and climate quality;
• Integrate renewable energy;
• Define material and their intended pathway, and;
• Enhance water quality.

Municipality office Venlo
Status
Under construction
Construction period

2009 - end 2015

Principal

Municipality of Venlo

Architect

Kraaijvanger architects,
Hans Goverde

The final design consists of a biological facade (green
facade with 2.026 m2 of plants), as shown in Figure
26. And a technical facade (aluminum facade with
1.000m2 integrated photovoltaic cells), as shown in
Figure 27. For the case study, the technical facade will
be investigated, which is the highlighted part in Figure
28. Technical materials are energy and labour intensive
materials, which require the circular approach the most.

Contractor

Laudy bouw & ontwikkeling
Ballast Nedam Bouw &
Ontwikkeling
(Kraaijvanger architects, 2015)

Building properties
Amount of floors

11

Floor area

13.500 m2

Workplaces

630 (for 900 employees)

Green facade area

2.026 m2

Cost

Figure 26:

Artistic impression biological facade (north and
east side) municipality office Venlo, (Kraaijvanger
architects, 2015).
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Artistic impression technical facade (south and
West side) municipality office Venlo, (Kraaijvanger
architects, 2015).
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Part of the western-, southern-, eastern elevation of the municipality office Venlo, in orange highlighted the technical
facade and one fragment. (Kraaijvanger architects ©).

4.2. State of the art - unitised & stick
facade systems

A state of the art of similar facades as the facade of
municipality office Venlo will be provided, which offers
several examples of facade applications. It forms a
source of inspiration for the analysis phase and also
in the development of the morphological design and
evaluation model (chapter 5 ‘Morphological design and
evaluation model’’).
The applied facade system of municipality office
Venlo is a unitised facade system. However, seen the
high correlation with stick facade system, those two
systems are expressed in the state of the art, which is in
accordance to the division of Knaack et al. (2007, p.
28). Expressing them both, provides guidance in the
analysis- and development phase by creative thinking of
other possibilities. Both systems are curtain wall systems,
which means the facade contains its own load-bearing
structure.
In a unitised facade system the entire system is
prefabricated and assembled on site. An illustration of
a unitised facade system could be seen in Figure 30.
Prefabrication will guarantee production quality, rapid
assembly and low labour requirements on site (Knaack
et al., 2007). In most cases the unitised facade system will
be applied in high-rise buildings, seen the high level of
repetitions and the possibility to mount the system from
the storey above by using a crane (Knaack et al., 2007).

Figure 29:

Stick facade system, illustrated a post-and-beam
facade, consisting of storey-high vertical mullions
linked by horizontal transoms (Knaack, 2007).

State of the art framework - unitised & stick facade
systems
A state of the art framework is developed to provide
insights in the construction and detailing of unitised
& stick facade systems, as shown in Figure 31. It is built
up out of 65 different sources, resulting in a framework
consisting of several illustrations and photographs,
such as joints, front views, exploded views, schematic
illustrations, dynamic parts, and assembly processes.
There is no further clustering in subjects in the framework
presented, because the main goal of the framework is
to provide inspiration during the analysis of the facade
of municipality office Venlo and the development of the
morphological design and evaluation model.
Almost every example is built up out of aluminum posts
and beams. However, this does not mean that every
unitised and stick facade system has to be designed with
aluminum. Seen the scope of this research is limited to
the principles of ‘design for disassembly’ and ‘design for
adaptability’, the framework is not focused on different
material options.

Figure 30:

Unitised facade system, can be fully prefabricated
and mounted on site by a small labour force
(Knaack, 2007).

In contrast to the unitised facade system, a stick facade
system is built up out of various elements which are
optionally prefabricated. One form of a stick facade
system is the post-and-beam facade. Such a system
is built up out of mullions which are connected with
transoms, as illustrated in Figure 29. The area between
the mullions and transoms could be filled to perform
various functions, such as cladding, lighting and
ventilation (Knaack et al., 2007).
The aesthetic view of the unitised and stick facade
systems are almost completely the same. One important
difference could be seen in the application of double
mullions and transoms in a unitised facade system. Which
could be explained; seen in a unitised facade system
each fragment has its own load bearing elements.
And in a stick facade system has single load bearing
elements that surround the infill parts.
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State of the art framework - unitised & stick facade systems
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http://www.joewoolhead.com
http://cargocollective.com
http://www.baupause.de
http://www.civil.uwaterloo.ca
http://www.smartrigcranes.com
http://www.steelconstruction.info
http://continuingeducation.construction.com
http://renatocilento.blogspot.nl
https://www.pinterest.com
http://www.alibaba.com
http://www.architectsjournal.co.uk
http://uk.saint-gobain-glass.com
http://www.sustainableconstructionservices.com
http://myhomeimprovement.org
http://www.architectmagazine.com
http://www.adenmetal.com
http://ecsinc-usa.com
http://www.kawneer.com
http://www.yekaloncurtainwall.com
http://www.crl-arch.com
http://sapagroup.com
http://www.cwct.co.uk
http://alibaba.com
http://www.rohoarchitecture.com
http://www.enob.info
http://www.weavingarchitecture.com
https://www.pinterest.com
https://www.google.nl
https://www.lindner-group.com
http://www.colliepl.com
http://m2jlstudio.blogspot.nl
http://rankeramg.com
http://facadesconfidential.blogspot.nl
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https://www.pinterest.com
https://yazdanistudioresearch.wordpress.com
http://www.adaptivebuildings.com
http://www.archdaily.com
http://www.detail-online.com
http://www.allianceglass.co.uk
http://www.civil.uwaterloo.ca
http://www.alibaba.com
http://www.lingyuncw.com
http://tailixing.en.alibaba.com
http://www.tjskl.org.cn
http://www.indiamart.com
http://www.halfen.com
Knaack (2007)
https://meroschmidlin.wordpress.com
https://www.behance.net
http://architecturebrio.com
http://www.fourthdoor.co.uk
http://www.baupause.de
http://www.steelconstruction.info
http://www.absystems.lv
http://www.google.com
http://www.kawneer.com
http://www.archiexpo.com
http://www.archiexpo.com
https://www.pinterest.com
http://www.greenovate-europe.eu
http://www.bine.info
http://www.steelconstruction.info
http://www.sunglazing.com
http://www.archiexpo.com
http://www.reynaers.co.uk

4.3. Circular building product levels specified for skin

The products of the lowest two levels (element- and
material level) are not further defined, seen the
proposed scope of this research paid little attention to
the element - and material level. However, it has to be
clear that after the ‘component level’, the ‘element
level’ take place; consisting of one element dividable
in materials, and finally the ‘material level’; consisting of
one material dividable in ‘raw materials’.

On building level it starts with the building system
skin, seen the facade is included in the layer skin in
accordance to the sharing layers of change (Brand,
1994). The building system ‘skin’ should be divided
in different functions, which will be done on the
system level. System level divides the system ‘skin’ in
different sub-systems: ‘single-skin facade sub-system’,
‘second-skin facade sub-system’ and ‘roof sub-system’.
Those three options are defined based on the global
system specification, within the building system ‘skin’.
The overview presents no further identified systems, for
instance curtain wall, system facade, corridor facade
(Knaack et al., 2007). This could be explained, seen the
defined circular building product levels - specified for
skin, should be applicable on all different situations within
the building system skin, which is not directed to any
specific form of a system. For that reason, the illustrations
within the ‘circular building product levels - specified for
skin’ are shown as schematic representations.

The case study analysis of municipality office Venlo
will be done in accordance with the defined ‘circular
building product levels - specified for skin’. For that
reason it mentions the involved circular building product
levels and the associated products of the levels during
the case study.

To analyse the facade of municipality office Venlo, the
circular building product levels have to be specified for
the building system skin. The defined circular building
product levels - specified for skin is presented in Figure 32,
which will now be further explained.

On sub-system level the selected sub-system (‘single-skin
facade sub-system’), is divided in different components.
Seen the limited scope of this research, only the
sub-system ‘single-skin facade sub-system’ is further
elaborated (indicated with the ‘research field’ in Figure
32). The selected sub-system could be divided in five
different components: ‘exterior facade components’,
‘facade frame components’ (which is subdivided
in ‘primary facade frame’ and ‘secondary facade
frame’), ‘infill facade components’, ‘interior facade
components’, and ‘intermediate facade components’.
The related illustrations provides insights in what is
meant by the different terms. The component options
are defined based on the state of the art - unitised &
stick system facades (section 4.2) and the case study
analysis, wherein an iterative process has taken place.
In contrast to what the images insinuate, those defined
component options should be applicable for all different
facade systems, seen all possible facade systems within
a ‘single-skin facade sub-system’ should contain the
presented components.
The component level indicates four different element
functions to which a large number of diverse elements
could be linked. In which a circular building has to
describe one specific function to each element,
according to Durmisevic (2006), as explained in section
3.1 ‘Design for disassembly’. Four different element
functions are defined, based on the research of Deniz &
Dogan (2014), namely:
• Support. Refers to load, resist and transfer all the
structural forms of loading impose by the internal
and external environments, by the building facade
system.
• Control. To manage, regulate and/or moderate
factors (such as air, moisture, heat, etc.), due to the
separation of the internal and external environments.
• Finish. To finish the facade surface and to meet
performance requirements such as visual, aesthetic,
wear and tear, etc. requirements (Straube and
Burnett, 2005, as cited in Deniz & Dogan, 2014).
• Integration. Includes space adjusting, fastening,
locking,
etc.
which
forms
supplementary
performances.
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Circular building product levels - specified for skin

Building

Building level (B.)
Consisting of one building dividable in building systems

Site

Systems

Building systems

Structure

Skin

Service

Space plan

System level (S.)

Sub-systems

Consisting of one system dividable in sub-systems

Single-skin facade
sub-system

Second-skin facade
sub-system

Roof
sub-system

Sub-system level (SS.)
Consisting of one sub-system dividable in component

Components

Facade frame
components

Exterior facade
components

Primary
Secondary
facade frame facade frame

Infill facade
components

Interior facade
components

Intermediate facade
components

Component level (C.)

Elements

Consisting of one component dividable in elements, with seperated functions.

Support

Finish

Control

Materials

Element level (E.)
Consisting of one element dividable in materials

Raw
materials

Material level (M.)
Consisting of one material dividable in raw materials

Research field

Figure 32:
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Circular building product levels - specified for skin.

Integration

Stuff

4.4. Design for disassembly analysis

This section provides a detailed explanation of the
‘design for disassembly’ analysis of the technical facade
of municipality office Venlo. Within this section each
part of the analysis will be explained, however, the
whole analysis could be found in Appendix B ‘Design for
disassembly analysis’.
To start this section, the technical facade of municipality
office Venlo will be presented in more detail. Afterwards,
sub-section 4.4.1 starts with the selection of disassembly
determining factors, which will be analysed during the
case study. How the disassembly determining factors
are analysed during the case study, will be explained
using a disassembly scheme, overall disassembly scheme
and the assembly- and disassembly sequence scheme.
These schemes shows the completed analysis of one
sub-system and its components and elements. When
explaining the different schemes, using the involved
disassembly determining factors, also the findings of the
analysis will be presented, which are called ‘disassembly
issues’. Finally, section 4.4.2 ‘Disassembly issues’, provides
an overview of all disassembly issues of the technical
facade of municipality office Venlo.
The technical facade of municipality office Venlo was
under construction during the case study phase, which
made it possible to see the assembly sequences on the
construction site (Figure 34). According to the defined
‘circular building product levels - specified for skin’
(Figure 32), the technical facade of municipality office
Venlo is divided into sub-systems and components as
presented in Figure 33 and Figure 28. Furthermore, the
facade frame component is sub-divided into primaryand secondary facade frame (Figure 35).

Figure 34:

Construction municipality office Venlo
(May 18, 2015).

Figure 36:

Transport of facade parts to municipality
office Venlo (Photo Vogt Metaalbouw ©).

P1

Finishing outside
upper panel

9.1

P3

Exterior facade component

Primary facade frame

P3

7.1

Insulation panel

Primary facade frame

Infill facade component

P4

9.2

Intermediate

Secondary facade frame

Intermediate

P5a

Window to open

P5a

P5b

P10

P10

Infill facade component

P6

8.1

Secondary facade frame

9.3

Finishing inside
middle panel

Interior facade component

P8

Secondary facade frame

8.2

Solar panel

Secondary facade frame

Exterior facade component

P7

9.4

Finishing outside
middle panel

Secondary facade frame

Exterior facade component

P10

7.2

Insulation panel

Infill facade component

P9

P9

Primary facade frame

9.5

Fixed window

Primary facade frame

Infill facade component

P2

Facade frame

Primary and secondary
facade frame

Figure 33:

Vertical section sub-system - P components
identification, P4 is outside the scope of the
facade sub-system and for that reason not further
analysed (adapted from Vogt Metaalbouw ©).

Figure 35:

Front view facade frame P2 (combination of
primary- and secondary facade frame), P5b is
not further analysed seen the similarity with P5a
and P9 (adapted from Vogt Metaalbouw ©).
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Figure 37:
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Legend disassembly scheme.

Three different disassembly analysis schemes
Disassembly Schemes (D.S.)
Overall Disassembly Scheme (O.D.S.)
Assembly- and disassembly sequence scheme

Figure 38:

x

x
x

x
x
x

x
x
x

E. Element level

Circular building
product levels

M. Material level

D.D.F. 6. ‘Use life cycle coordination’.
D.D.F. 7. ‘Technical life cycle/ coordination’.
D.D.F. 8. ‘Life cycle of components and elements in
relation to size’.
The foregoing three disassembly determining factors
are all part of the ‘Disassembly aspect of building
configuration - life cycle coordination’ as indicated in
Figure 16. Within this disassembly aspect, the analysis
is on the life cycle of applied materials. Seen each
element has their own life cycle, it is required to
analyse the life cycle and assembly sequences of each
element. However, as a result of the conducted analysis,
the conclusion might be there are different issues in
analysing this disassembly aspect, namely: unavailability
of adequate data of the expected life cycles of
elements, and the lack of consistency in the basic data.

Three different disassembly analysis schemes
Within this disassembly analysis, there is made use of
three different disassembly scheme. All of these different
schemes have their own field of analysis on specified
circular building product levels, as presented in Figure
38. Each part of the disassembly analysis has their own
goal which will be introduced in the following parts of this
sub-section, wherein each disassembly analysis scheme
will be presented.

C. Component level

D.D.F. 2. ‘Functional dependence’.
Within this D.D.F. 2 ‘Functional dependence’, the
proposed analysis according to Durmisevic (2006) is on
systematisation aspects, mainly focused on integration
of functions. Functional dependence is part of the
disassembly aspect of ‘functional independence’. This
makes this D.D.F. 2 ‘Functional dependence’ is strongly
related to D.D.F. 1. ‘Functional separation’. In which
the separation of functions is closely related to D.D.F. 4.
‘Clustering’, wherein different clusters could be defined,
based on a composition of specified functions or
assembly sequences. The so called D.D.F. 4. ‘Clustering’
could also be identified in the D.D.F. 9. ‘Type of relation
pattern’. For that reason, this D.D.F. 2 ‘Functional
dependence’, offers little added value, and works rather
confusing.

D.D.F. 16. ‘Tolerance’.
D.D.F. 17. ‘Morphology of joint’.
Those two disassembly determining factors, are bound
together for this discussion, seen they are excluded
due to the same reason. As well D.D.F. 16. ‘Tolerance’
as D.D.F. 17. ‘Morphology of joint’, are part of the
disassembly aspect of ‘type of connection’. D.D.F.
14. ‘Type of connection’ and D.D.F. 15 ‘Accessibility
to fixings and intermediary’, are also related to the
disassembly aspect of ‘type of connection’. Four
different disassembly determining factors within the
same aspect, becomes confusing. Furthermore, the
evaluation of, in particular, D.D.F. 16. ‘Tolerance’, is
difficult, seen the provided options are: ‘high tolerance’,
‘minimum tolerance’, ‘no tolerance’ (Durmisevic,
2006). Which rises the question: ‘how to assess without
measurable options?’. For that reason, these two
disassembly determining factors are left outside the
scope of this disassembly analysis.

S. System level

Excluded disassembly determining factors
First the Disassembly Determining Factors (D.D.F.) which
are excluded within this disassembly analysis will be
discussed.

Furthermore, there are uncertainties in the maximal
amount of cycles of materials which influences the life
cycle of materials. The goal of the disassembly analysis
is defined as: getting insights in the relations between
different sub-systems, components and elements.
For that reason, there might be concluded that this
disassembly aspect of life cycle coordination, with its
related disassembly determining factors is outside the
scope of this analysis.

SS. Sub-system level

Within this disassembly analysis, emphasis will be put on
the proposed disassembly determining factors. Due
to an iterative process in the case study phase might
be concluded that more focus is required to achieve
the goal of designing a circular building. Delimit the
wide range of the disassembly determining factors,
ensures that attention is given to the most important
factors. Within this delimitation, some disassembly
determining factors will be excluded (due to their little
added value or the shortage of consistent available
data). Furthermore, in some cases within the remaining
disassembly determining factors an alternative analysis
method is defined. To get more focus in the disassembly
analysis, the goal of the disassembly analysis is defined
as: getting insights in the relations between different
sub-systems, components and elements. This could be
explained by the scope of this research, which is limited
from building- to component level.

B. Building level

4.4.1. Disassembly analysis

Three different disassembly analysis schemes with
their related circular building product levels.

Component P2

Facade frame
scheme of 9.1
primary facade frame

Detail specification

P2 - 9.1

D.D.F. 1. ‘Functional separation’. This D.D.F. is analysed
using a ‘functional analysis’ as shown in Figure 39. To start
this analysis, at first each element has to be identified, as
shown in the ‘detail specification’ of Figure 39. Secondly,
within this functional analysis each element regarding
the analysing component, will be related to one or more
of the specified functions. The functions ‘support’, ‘finish’,
‘control’, and ‘integration’ are based on the research of
Deniz (2014).
As shown in the functional analysis in Figure 39, there are
elements with multiple functions. Which is undesirable,
because in case of functional obsolescence, it is possible
to disassemble the responsible element, if each element
has its own function (a more detailed objective of this
disassembly determining factor is presented in section
3.1 ‘Design for disassembly’).

Relational pattern

To give an example, element 9.1a has the related
functions: ‘finish’ and ‘integration’. Namely, this could
be seen as an aesthetic element if it is applied without
the ‘finishing outside upper panel’ (component P1).
Furthermore, at this moment the ‘finishing outside upper
panel’ (component P1) is connected to this element
9.1a using a screw. This would lead to visual damage
considering the boreholes which will be left behind when
the facade is used without the ‘finishing outside upper
panel (component P1). For that reason, this analysis
results in disassembly issue 6 ‘functions not separated’.
D.D.F. 3. ‘Structure and material levels’. The analysis
within the ‘disassembly analysis’ should be done on
different ‘structure and material levels’. For that reason
this ‘disassembly analysis’ consist out of a disassembly
scheme (Figure 39), overall disassembly scheme (Figure
42) and the assembly- and disassembly sequence
scheme (Figure 44). Within this different schemes the
different levels are indicated, in which in this case the
‘circular building product levels’ are applied.

Functional
analysis
Figure 39:

To explain the disassembly scheme P2, as presented
in Figure 39, all the remaining disassembly determining
factors will be discussed, whether and if so, how they are
analysed in the disassembly scheme. If the analysis of a
disassembly determining factor results in an disassembly
issue, than the corresponding issue of Table 2 will be
linked.

Disassembly Scheme P2 (D.S. P2.).

Disassembly schemes
As stated in the introduction of this sub-section, there
are some disassembly determining factors for which an
alternative analysis method is defined. To provide this
more in depth information on how to analyse a facade
based on the remaining disassembly determining factors,
the conducted analysis will be explained. The conducted
analysis will be explained with component P2 ‘Facade
frame’, as identified in Figure 33, and further separated
into parts in Figure 35 (with the numbers 7.1, 7.2, 8.1,
8.2, 9.1-9.5). All of the identified components in Figure
33 (unlike component P4, which is outside the scope of
the facade sub-system and for that reason not further
analysed) are completely analysed in disassembly
scheme. However, component P2 in contrast to the
other components, is only analysed for transom 9.1. Seen
the amount of parts within each mullion and transom,
it provides less insights to merge all those mullions and
transoms within one disassembly scheme.
Figure 37 provides the defined legend for the
disassembly scheme, and contains the following groups:
‘component/ element name’, ‘product levels and
clustering’ and ‘type of connection’.

Furthermore, the disassembly issues are linked to the
involved ‘circular building product level’, as can be
seen in Table 2 and Table 3. Using the ‘circular building
product levels’ within the disassembly analysis, should
stimulate the designer to design according to the
different defined levels. This disassembly scheme
P2 is an analysis on sub-system level, by identifying
the boundaries of components, and furthermore on
component level by identifying different elements.
However, in the overall disassembly scheme it is possible
to identify also the system level.
D.D.F. 4. ‘Clustering’. D.D.F. 4 ‘clustering’ on sub-system
level, indicates the ‘pre-fabricated components’,
and furthermore the ‘boundaries of the component’.
These two aspects are specified according to the
legend of the disassembly scheme (Figure 37). This
D.D.F. 4 ‘clustering’ makes it possible to identify
unclustered elements. Which would be possible by
dividing the sub-system in different components which
all should be analysed using a disassembly scheme.
The elements, which could not be clustered within one
of the component boundaries, could be defined as
unclustered elements.
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Within this disassembly scheme P2, there is no
identification of a pre-fabricated component, which
could be explained seen this disassembly scheme P2
analyses only transom 9.1, which is part of the entire
prefabricated P2 component (as shown in Figure
35). The boundaries of the component (in this case
referring to the analysed transom 9.1), are defined
(as shown in the ‘relation pattern’ of Figure 39). This
indicates some elements which are placed outside the
component boundaries, which have a direct relation
with elements inside the component boundaries. These
elements outside the component boundaries, could
be non-clustered elements. However, this has to be
analysed using the overall disassembly scheme on a
higher circular building product level, which will be
discussed at the overall disassembly scheme.
Seen the greater number of building parts integrated
into one component, the fewer are the physical
connections (indicated with the dashed lines) needed
on site (Durmisevic, 2006). For that reason, analysing the
component clusters should help the designer by possibly
rethinking the design in a more clustered way.
D.D.F. 5. ‘Base element specification’. The foregoing
D.D.F. 4 ‘clustering’, was about clustering of elements
with separated functions. Within this D.D.F. 5 ‘base
element specification’, each cluster will be analysed
on the presence of a base element. Namely,
each cluster should define its base element, which
integrates all surrounded elements of that cluster. The
application of base elements will make replace-ability
and modifications of different requirements easier
(Durmisevic, 2006). Seen different elements will be
attached to base elements, these base elements have
to be designed for adaptations, to guarantee the
possibility of different re-life options.
Within the disassembly scheme P2, two different
elements could be identified as base element. Namely,
element 9.1a and 9.1f, as indicated in ‘relation pattern’
in Figure 39, by the grey coloured frame, according
to the ‘legend disassembly scheme’ as presented in
Figure 37. There are two identified base elements within
transom 9.1, which in first instance is correct, however it is
more preferred to identify one base element within each
cluster. This will prevent unnecessary connections and
(dis-)assembly sequences.
D.D.F. 9. ‘Type of relation pattern’. The ‘type of relational
pattern’ is presented in the ‘relational pattern’, as
shown in Figure 39. The number of relations and the
way of relational pattern have a great influence
on the disassembly potential of structures. For that
reason each component need to be analysed on
the ‘relational pattern’, as presented in Appendix
B ‘Design for disassembly analysis’. The relational
patterns in the appendix indicates some components
contains a large number of relations, which makes it
hard to disassembly considering the large number of
corresponding connections. Especially the relational
pattern of component P5 ‘window to open’ and
component P7 ‘finishing outside middle panel’ indicates
a large number of relations within the components. The
amount of relations represents the amount of sequences
in case of assembly and disassembly. This could be
analysed on component level (as indicated with the
‘relational pattern’ in Figure 39), and also on sub-system
level (as identified in Figure 44). For that reason, this
D.D.F. 9 ‘type of relational pattern’ is linked to D.D.F. 10
‘assembly direction based on assembly type’ and D.D.F.
11 ‘assembly sequences regarding material levels’.
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Furthermore, within this D.D.F. 9 ‘type of relational
pattern’, different types of element are specified (as
identified in the legend disassembly scheme in Figure
37). In which a distinction is made between ‘element’,
‘base element’, ‘intermediate’ and ‘overlapping
elements between facade sub-systems’. Specifying
the type of element should help the designer by
the identification of issues, seen the type of element
influences the sequences of assembly and disassembly.
Within this disassembly scheme P2 the ‘relational pattern’
provide insights in the assembly and disassembly
sequences of the different elements within transom 9.1.
For example, element 9.1e (as shown in the ‘relational
pattern’ of Figure 39), has two relations (with element
9.1a and 9.1f), which indicates two sequences in case of
(dis-)assembly.
D.D.F. 10. ‘Assembly direction based on assembly type’.
This D.D.F. 10 ‘assembly direction based on assembly
type’, is analysed on sub-system level in the overall
disassembly scheme, and will be discussed at the overall
disassembly scheme.
D.D.F. 11. ‘Assembly sequences regarding material
levels’. This D.D.F. 11 ‘assembly sequences regarding
material levels’, is analysed on sub-system level in the
overall disassembly scheme, and will be discussed at the
overall disassembly scheme.
D.D.F. 12. ‘Geometry of product edge’. This D.D.F. 12
‘geometry of product edge’ is strongly related to D.D.F.
14 ‘type of connection’. Namely, the type of geometry
influences the type of connection. For that reason,
this D.D.F. 12 ‘geometry of product edge’ is no further
analysed on its own, but could be seen as incorporated
in D.D.F. 14 ‘type of connection’. Although, for a better
understanding of the D.D.F. 14 ‘type of connection’, a
more in depth discussion of different types of ‘product
edge’ will be presented.
Figure 40 identifies six different types of ‘geometry of
product edge’. The orange dashed lines indicates how
to disassemble the concerned part (in which ‘part’
could be a sub-system, component or element). Which
indicates the first option ‘open - linear geometry’ is the
most preferred options, seen disassembly is possible in
1. Open - linear geometry

4. Unsymmetric overlapping

2. Symmetric overlapping

5. Closed - integral on one side

3. Overlapping on one side

6. Closed - integral on two sides

Figure 40:

Six types of geometry of product edge that
influences the level of physical decomposition
and transformation level of configuration
(Adapted from Durmisevic, 2006).

both directions. In some cases (in case of ‘symmetric
overlapping’ and ‘overlapping on one side’) parts can
only be removed in one direction. In the worst case,
components can be removed only by demolition of
connected elements (in case of ‘integral on one side’
and ‘integral on two sides’).
Within this disassembly scheme P2, two forms of product
edge could be identified. First, the product edge
to infill element could be defined as an ‘symmetric
overlapping’ product edge. Furthermore, the product
edge between sub-systems could be seen as an
‘integral on two sides’ product edge, which will be
discussed later, in the overall disassembly scheme.
D.D.F. 13. ‘Standardization of product edge’. Within
this D.D.F. 13 ‘standardization of product edge’, the
standardization of each element will be identified. In
which a distinction is made in ‘pre-made element’,
‘half standardised element’ and ‘element made on the
construction site’ (as stated in the legend disassembly
scheme in Figure 37). Based on the ‘relational pattern’
of Figure 39, the conclusion might be that each element
within this transom 9.1 is prefabricated.
Prefabricated elements should possibly stimulate more
standardized product edges. Which is preferable seen
more standardized products should possibly results in
more independent and exchangeable products.
D.D.F. 14. ‘Type of connection’. Durmisevic (2006) defined
seven types of connections, as presented in Figure 41.
She states: interfaces defines the degree of freedom
between components, through design of product
edge, and specification of connection type. Which this
statement emphasizes once again the strong relation
with D.D.F. 12 ‘geometry of product edge’.
Figure 41:

The disassembly scheme P2 could be analysed
according to the defined ‘types of connection’. In
which the most flexible types of connections are the
most preferred connections (range of flexibility - fixed
is presented in Figure 37 and Figure 41). Figure 39
indicates some more ‘fixed connections’, especially
connection type ‘6. direct connection between two
pre-fabricated elements’ (connection 9.1a - 10.1; 9.1f
- 10.1g) and ‘5. indirect connection with third chemical
material’ (connection 13.4a - 9.1f), which could all be
seen as undesirable. Because, these connections types
are hard to disassemble, and sometimes impossible on
a non-deconstructive manner. Within this disassembly
scheme P2 those mentioned connections are not
related to a disassembly issue. Seen they fall outside
the component boundaries, for that reason they will be
mentioned in the overall disassembly scheme.

strongly related to D.D.F. 10. ‘Assembly direction based
on assembly type’ and D.D.F. 11. ‘Assembly sequences
regarding material levels’. Namely, the accessibility
depends on the sequences of the disassembly.
The analysis of D.D.F. 10. ‘Assembly direction based on
assembly type’ and D.D.F. 11. ‘Assembly sequences
regarding material levels’ is done on sub-system
level and component level using the assembly- and
disassembly sequence scheme. For that reason, this
D.D.F. 15. ‘accessibility to fixings and intermediary’, will
also be discussed at the overall disassembly scheme.
Concluding disassembly issues of disassembly scheme P2
The concluding disassembly issues of disassembly
scheme P2, are presented in Table 2. In which the
different involved issues are indicated, and related to:
the disassembly determining factors and the circular
building product levels. Furthermore, an indication
of specific facade product(s) linked to each issue is
presented.

D.D.F. 15. ‘Accessibility to fixings and intermediary’.
The analysis within this D.D.F. 15 ‘accessibility to fixings
and intermediary’ is mainly focused on the cause of
damage in case of access to fixings and intermediaries.
This D.D.F. 15 ‘accessibility to fixing and intermediary’ is
Disassembly Issue (D.I.) analysis D.S. P2.

Functions not seperated

7.

Base element not prepared for applied additions

x

x

9.1a; 9.1d; 9.1e; 9.1f

x

x

17.3 - 9.1a; 9.1f - 13.4a

E. Element level

x

M. Material level

B. Building level

Accessibility to fixings and
intermediary
15.

14. Type of connection

Assembly direction based
on assembly type
Assembly sequences
11.
regarding material levels
Geometry of product
12.
edge
Standardization of product
13.
edge
10.

9. Type of relational pattern

5. Base element specification

4. Clustering

Structure and material
levels
3.

x

C. Component level

6.

1. Functional seperation

D.S. P2. Disassembly Scheme (D.S.)

Disassembly Issues (D.I.)

S. System level

Circular building
product levels

Disassembly Determining Factors (D.D.F.)

SS. Sub-system level

Table 2:

Seven types of connections, ranged from flexible
to fixed (Durmisevic, 2006).

Identification of specific facade product(s)
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As already stated during this section, there will be more
related issues to component P2, which will be defined
using the overall disassembly scheme and the assemblyand disassembly sequence scheme.

the legend, Figure 43). These components and elements
have connections with more than one sub-system, which
takes away the independence of the sub-systems and
should therefore be eliminated.

Overall disassembly scheme
The overall disassembly scheme is presented in Figure
42, the corresponding legend in Figure 43. The overall
disassembly scheme is defined on the same way as
presented in the disassembly scheme. However, the
difference in the overall disassembly scheme is the
higher level of the circular building levels, as indicated
in Figure 38. It contains all the analysed disassembly
scheme (as presented in Appendix B ‘Design for
disassembly analysis’). The overall disassembly scheme
indicates how the facade components are linked to
each other and to other building products, such as the
floor. Furthermore it indicates on a higher level how the
different components (analysed in the disassembly
scheme) are clustered in sub-systems and in which kind
they are prefabricated. Seen the foregoing explanation
of all the related disassembly determining factors on
disassembly scheme P2, there will not be an explanation
again on disassembly determining factors related to
the overall disassembly scheme. For that reason, the
concluded disassembly issues (as presented in Table
3) of this overall disassembly scheme analysis will be
discussed.

D.I. 4. ‘Non-clustered elements or components’. Most
of the applied elements are combined in components
(included in a component circle in Figure 42). However,
some elements stand alone, which means they are
not clustered, which is the same for non-clustered
components outside the facade sub-system. This will
have a negative effect on the amount of (dis-)assembly
sequences.
D.I. 8. ‘Application of direct connection between
two pre-fabricated elements’. Related to this issue
is connection type 6 ‘Direct connection between
two-prefabricated elements’, as presented in Figure 41.
Related to this issue are some components, in which
Figure 42 indicates purple connection lines between
different components. It is recommended to change
these connection types to a more flexible type.
D.I. 11. ‘Accessible with additional operations
which causes no damage’. Related to this issue are
components and elements which are accessible,
however with additional operations. This in contrast to
the most preferred option wherein each element and
components is easily accessible without additional
operations.

D.I. 1. ‘Application of (in)direct chemical connection’.
Related to this issue are the connections of connection
type 5 ‘Indirect connection with third chemical material’
, and connection type 7 ‘direct chemical connection’,
as presented in Figure 41. In this overall disassembly
scheme only the connections between different
components and non-clustered elements are identified.

D.I. 12. ‘Accessible with additional operations which
causes damage’. This issue has many similarities with
the foregoing issue, distinction could be seen in causing
damage. Damage requires replacement of elements/
components in case of disassembly and for that reason
needs to be avoided.

D.I. 2. ‘Dependence between facade sub-system
or components’. As stated in section 3.1 ‘Design for
disassembly’
independence
and
exchangeable
could be seen as two key performance criteria for
transformable structures (Durmisevic, 2006). This issue
identifies which facade products are not designed in an
independence way. Dependence is mainly due to the
geometry design of related facade products and the
applied connections.
D.I. 3. ‘Overlapping components and elements’.
Overlapping components and elements are identified in
Figure 42 by the orange coloured boxes (according to

1.

Application of (in)direct chemical connection

2.

Dependence between facade sub-systems or
components

x

x

3.

Overlapping components and elements

x

x

x

4.

Non-clustered elements or components

x

x

x

8.

Application of direct connection between two prefabricated elements

12.

Accessible with additional operations which causes
damage

x

x

x

x

x

E. Element level

M. Material level

C. Component level

S. System level
x

x

x

B. Building level

Accessibility to fixings and
intermediary
15.

14. Type of connection

Standardization of product
edge
13.

12. Geometry of product edge

Assembly direction based
on assembly type
Assembly sequences
11.
regarding material levels
10.

9. Type of relational pattern

5. Base element specification

4. Clustering

Structure and material
levels
3.

1. Functional seperation

Disassembly Issues (D.I.)

Accessible with additional operations which causes no
11.
damage
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Circular building
product levels

Disassembly Determining Factors (D.D.F.)

Overall Disassembly Scheme (O.D.S.)
O.D.S.

Disassembly Issue (D.I.) analysis Overall Disassembly Scheme (O.D.S.).

SS. Sub-system level

Table 3:

Identification of specific facade product(s)
2.2 - 2.1; 20.1 - 2.2; 2.2 - 1.1; 20.1 - 4.1; 20.1 - 3.1;
20.1 - 13.3; 20.1 - 13.4a; 20.1 3.2; 20.1 - 4.2; 20.1 5.2; 2.2 - 3.2

x

x

x

x

x

x

P1 (15.1; 16.4; 18.4); P6 (13.7; 13.8; 13.9)

x

x

x

P1 (17.3; 17.4; 17.5); 23.1; 13.3; 13.1; 13.2; 22.1;
13.4a; 13.4b; P4: P6

x

P3 (due to P1); P5 (due to P1); P2 - 21.1

x

P3; P5a; P5b; P9 ; P10

x

x

x

x

x

x

x

x

15.1; 2.2; P3; P10; P7; P4; Facade sub-system
(diassembly from top to bottom)
2.2 - 3.1; 20.1 - 4.1; 20.1 - 3.1; 20.1 - 13.3; 20.1 13.4a; 13.3 - 10.1f; 13.4a - 9.1; 20.1 - 3.2; 20.1 - 4.2;
2.2 - 3.2; Facade sub-system (partly disassembly)

Figure 42:

Overall disassembly scheme (O.D.S.).

Legend

Component/ element name
0. Foundation
1. Concrete column
2. Concrete floor
3. Fixation rails in concrete
4. Steel anchor
5. Adjusting plate
6. Facade element suspension
7. Aluminum mullion (long)
8. Aluminum mullion(short)
9. Aluminum transom
10. Insulation panel
11. Fixed window
12. Window to open
13. Inside steel cladding
14. Inside fixing profile
15. Anti-drumming layer
16. Outside aluminum cladding
17. Outside fixing profile
18. Outside aluminum transom
19. Solar panel
20. Anhydrite floor
21. Structural facade hook
22. Electric window opener
23. Insulation

Figure 43:

Type of element specification
Element

Overlapping elements between
facade sub-system

facade sub-system level

Other systems

Pre-fabricated
component

Boundary facade
system

Half standardised
component

Base element
Intermediate

Type of connections

Product levels and clustering
Building level

Flexible

2. Indirect connection via
independent third element
3. Indirect connection via
dependent third element

Component made on
the construction site
Boundary one facade
sub-system including
unclusterd components Facade component level

facade system level

Facade sub-system
clustered components

1. Indirect with additional
fixing device

4. Direct connection with
additional fixing devices

Pre-fabricated element

5. Indirect connection with
third chemical material

Half standardised element

6. Direct connection between
two pre-fabricated elements

Element made on the
construction site

7. Direct chemical connection
Fixed

Legend overall disassembly scheme.
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Assembly- and disassembly sequence scheme
The last scheme of the disassembly analysis is the
assembly- and disassembly sequence scheme, as
presented in Figure 44. Within this scheme the facade
is analysed on sequences in case of assembly and
disassembly. The disassembly sequences are presented
on top of this figure and the assembly sequences are
presented below. This analysis identifies the difference
in assembly and disassembly, seen the processes are
not entirely mirrored. Which could be explained seen
the ‘facade sub-system clustered components’ (as
identified in the overall disassembly scheme of Figure 42,
according to the legend of Figure 43). These ‘facade
sub-system clustered components’ are also identified
in Figure 44, however in case of disassembly, these
clustered components can require disassembly, instead
of a full sub-system disassembly, and should then be
disassembled according to the identified steps.

a later step are only able to be disassembled, in a
non-destructive manner, when the earlier disassembly
steps are completed.
This assembly- and disassembly sequence scheme is
strongly related to D.D.F. 10 ‘assembly direction based
on assembly type’, D.D.F. 11 ‘assembly sequences
regarding material levels’, and D.D.F. 15 ‘accessibility
to fixing and intermediary’. Defining the foregoing
discussed disassembly issues resulted also from the
analysis of this assembly- and disassembly sequence
scheme.
Figure 44 indicates two lines about ‘Use LC’ and
‘Technical LC’, in which LC means Life Cycle. However,
these two lines are not specified seen the ‘Disassembly
aspect of building configuration - life cycle coordination’
is not included in this case study, as mentioned in the
beginning of this sub-section (see Excluded Disassembly
Determining Factors). Determining life cycles of all
different elements and components allows the designer
to compose the facade products according to their life
cycle, and evaluate their design with this scheme.

The amount of steps (sequences) states the
dependence between different components and
elements. Namely disassembly is only possible according
to the analysed steps, elements and components in
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Figure 44:
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Facade sub-system clustered components

Step%6
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P 5b

23.1

Step%2

Components

P 5a

P2

13.3

P3

P 5a

P 5b

23.1

P9

p 10

P1

13.2

P6

13.4

13.1

20.1

Assembly- and disassembly sequences (sub-system- and component level).

4.4.2. Disassembly issues

issues are linked. Furthermore it identifies the related
disassembly determining factors and circular building
product levels. These disassembly issues should be kept
in mind during the ‘‘Design for adaptability’ analysis’
(section 4.5) and will be part of the integral analysis of
sub-section 4.5.3.

This sub-section provides an overview of the determined
disassembly issues, as the result of the conducted
disassembly analysis of the technical facade of
municipality office Venlo, presented in Table 4. This
overview indicates to which disassembly scheme and
overall disassembly scheme the different disassembly
Disassembly Issues (D.I.) overview.

E. Element level

x

M. Material level

x

C. Component level

B. Building level

15. Accessibility to fixings and intermediary

14. Type of connection

13. Standardization of product edge

12. Geometry of product edge

11. Assembly sequences regarding material levels

10. Assembly direction based on assembly type

9. Type of relational pattern

5. Base element specification

4. Clustering

3. Structure and material levels

1. Functional seperation

Disassembly Scheme (D.S.) /
Overall Disassembly Scheme (O.D.S.)

Disassembly Issues (D.I.)

S. System level

Circular building
product levels

Disassembly Determining Factors (D.D.F.)

SS. Sub-system level

Table 4:

Identification of specific facade product(s)

1. Application of (in)direct chemical connection
2.2 - 2.1; 20.1 - 2.2; 2.2 - 1.1; 20.1 - 4.1; 20.1 3.1; 20.1 - 13.3; 20.1 - 13.4a; 20.1 3.2; 20.1 - 4.2;
20.1 - 5.2; 2.2 - 3.2

O.D.S.

Application of (in)direct chemical connection

x

D.S. P1.
D.S. P3.
D.S. P7.

Application of (in)direct chemical connection
Application of (in)direct chemical connection
Application of (in)direct chemical connection

x
x
x

x
x
x

15.1 - 16.4; 16.4 - 18.4
10.1c - 10.1d; 10.1d - 10.1e; 10.1e - 10.1f
16.3 - 18.7; 16.3 - 18.8

D.S. P10.

Application of (in)direct chemical connection

x

x

10.2-3c - 10.2-3d; 10.2-3d - 10.2-3e; 10.2-3e 10.2f

2.
O.D.S.

Dependence between facade sub-systems or
components
Dependence between facade sub-systems or
components

x

x

x

x

x

x

x

x

x

x

x

x

P3 (due to P1); P5 (due to P1); P2 - 21.1

x

x

x

P1 (15.1; 16.4; 18.4); P6 (13.7; 13.8; 13.9)

x

x

x

P1 (17.3; 17.4; 17.5); 23.1; 13.3; 13.1; 13.2; 22.1;
13.4a; 13.4b; P4: P6

3. Overlapping components and elements
O.D.S.

Overlapping components and elements
4. Non-clustered elements or components

O.D.S.

Non-clustered elements or components

x

x

x

D.S. P1.
D.S. P6.

5. Component specific connection to other component
Component specific connection to other component
Component specific connection to other component

x
x

x
x

x
x

17.3 - P2; 17.4 - P2; 17.5 - P2
14.1 - P2; 14.2 - P2

D.S. P7.

Component specific connection to other component

x

x

x

P8 - 16.1; P8 - 18.1; P8 - 18.2; P8 - 18.2; P8 - 18.3;
P2 - 17.1; P2 - 18.1; P2 - 18.2; P2 - 18.3; P2 - 17.2

D.S. P8.

Component specific connection to other component

x

x

x

19.1a - P7

6. Functions not seperated
D.S. P2.
Functions not seperated
D.S. P3.
Functions not seperated

x
x

x

x
x

9.1a; 9.1d; 9.1e; 9.1f
10.1b; 10.c; 10.d; 10.1e; 10.1g
12.1a; 12.1b; 12.1c; 12.1d; 12.1e; 12.1h; 12.1j;
12.1k

D.S. P5.

Functions not seperated

x

x

D.S. P8.
D.S. P9.
D.S. P10.

Functions not seperated
Functions not seperated
Functions not seperated

x
x
x

x
x
x

19.1a
11.2a; 11.2b; 11.2c; 11.2d
10.2-3b; 10.2-3c; 10.2-3e; 10.2-3g

x

17.3 - 9.1a; 9.1f - 13.4a

7. Base element not prepared for applied additions
D.S. P2.
8.
O.D.S.

Base element not prepared for applied additions
Application of direct connection between two prefabricated elements
Application of direct connection between two prefabricated elements

x

x

x

x

D.S. P3.

Application of direct connection between two prefabricated elements

x

x

x

P2 - 10.1a; P2 - 10.1g

D.S. P5.

Application of direct connection between two prefabricated elements

x

x

x

12.1l - 12.1j; 12.1e - 12.1k; 12.1e - 12.1f; 12.1f 12.1h; 12.1e - 12.1g; 12.1g - 12.1h; 12.1e 12.1d; 12.1d - 12.1b; 12.1h; 12.1c; P2 - 12.1i

D.S. P9.

Application of direct connection between two prefabricated elements

x

x

x

P2 - 11.2a; P2 - 11.2a; P2 - 11.2d; P2 - 11.2e;
11.2a - 11.2b

D.S. P10.

Application of direct connection between two prefabricated elements

x

x

x

P2 - 10.2-3a; 10.2-3a - 10.2-3b; P2 - 10.2-3g

x

x
x
x
x
x

P3
P5
P9
P10
P10

x
x
x
x
x
x

x
x
x
x
x
x

P1
P3
P5
P6
P8
P9

D.S. P3.
D.S. P5.
D.S. P9.
D.S. P10.
D.S. P10.

9. Component geometry symmetric overlapping
Component geometry symmetric overlapping
Component geometry symmetric overlapping
Component geometry symmetric overlapping
Component geometry symmetric overlapping
Base element not presented

10. Base element not presented
Base element not presented
Base element not presented
Base element not presented
Base element not presented
Base element not presented
Base element not presented
Accessible with additional operations which causes
11.
damage
Accessible with additional operations which causes no
O.D.S.
damage
Accessible with additional operations which causes
12.
damage
D.S. P1.
D.S. P3.
D.S. P5.
D.S. P6.
D.S. P8.
D.S. P9.

O.D.S.

Accessible with additional operations which causes
damage

x

x
x
x
x

x
x
x
x

P3; P5a; P5b; P9 ; P10

x

x

x

x

15.1; 2.2; P3; P10; P7; P4; Facade sub-system
(diassembly from top to bottom)

x

x

x

x

2.2 - 3.1; 20.1 - 4.1; 20.1 - 3.1; 20.1 - 13.3; 20.1 13.4a; 13.3 - 10.1f; 13.4a - 9.1; 20.1 - 3.2; 20.1 4.2; 2.2 - 3.2; Facade sub-system (partly
disassembly)
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Adaptability
Possible changes
strategies

Reconfiguration on
system level

Change of facade
sub-system configuration

Reconfiguration on
sub-system level

Change of facade
component configuration

Reconfiguration
component level

Change of facade
element configuration
Green facade elements

Biodiversity

Climate facade
components
Corridor/ box facade
Climate regulating

Refitable. The adaptability strategy refitable, refers to
the ability of buildings to change their performance and
can be seen as: ‘the replacement, addition, removal or
upgrade of functions’. By studying the types of functions
that a facade has and could have, the following general
functions are derived: biodiversity, climate regulating,
aesthetics and active technology. These general functions
66

Refitable

Outside sunscreen
Aesthetics

Change of aesthetics
Media facade on entire
sub-system

Convertible

Active Technology

Media facade on
components/ elements
Solar panel components/
elements
Dynamic facade
components/ elements

Change the
facade to new user
requirements

Window area +/Entire facade to outside

Increase the
building size

Part of the facade
to outside

Scalable

Addition of a storey
Decrease the
building size

Creation of an
outside space
Movable

Versatile. The adaptability strategy versatile, refers to the
ability of buildings to change space and can be seen
as: ‘the change in configuration of systems’. During the
determination of the adaptability options, the circular
building product levels are kept in mind, as can be
seen in Figure 45 at the defined ‘possible changes’ and
the concluded ‘adaptability options’. All these types of
reconfigurations demand different types of measures,
which should be taken into account in order to design a
circular facade.

Natural/ mechanical
ventilation
Inside sunscreen or
sunscreen between
glazing

Move building

Reusable

To be able to examine the adaptability strategy and
come up with adaptability options, every adaptability
strategy is investigated to the ‘possible changes’ in a
facade that might be requested by the current or future
occupants. These ‘possible changes’ are then translated
into ‘adaptability options for a facade’. All adaptability
options together are meant to be inclusive. The ‘possible
changes’ are mainly based on brainstorming sessions,
‘State of the art framework - unitised & stick facade
systems.’ (Figure 31, sub-section 4.2) and facade related
literature, for example the book: ‘Façades: principles
of construction’ (Knaack et al., 2007). This examination
resulted in the adaptability options overview, as
represented in Figure 45. The explanation of this overview
will follow hereunder.

Green facade
component
Green facade on entire
sub-system

4.5.1. Adaptability options

To start, the six adaptability strategies related to the skin
will be examined, to determine the adaptability options.
As already discussed in sub-section 3.2.4 ‘Design for
adaptability framework’, the first adaptability strategy
adjustable refers to the ability of buildings to change
their tasks, which can be seen as: ‘the change of internal
spaces for various uses’. This adaptability strategy is
not related to the skin and does therefore, not result in
adaptability options for the skin, as can be seen in Figure
45.

Adaptability options
for a facade

Adjustable

In this section, the facade of municipality office
Venlo will be analysed on the principle ‘design for
adaptability’. To continue the ‘design for adaptability’
framework for a circular building, specified for skin
(Figure 23, sub-section 3.2.4), will be used as the starting
point for this analysis. First, the six adaptability strategies
(versatile, refitable, convertible, scalable, movable,
and reusable) related to the skin will be examined,
to determine adaptability options (sub-section 4.5.1).
During the determination of the adaptability options it is
important to keep the cCircular building product levels
- specified for skin. in mind, to not oversee adaptability
options. This determination is meant to be inclusive to
create a solid basis for the ‘design for adaptability’
analysis to come up with circular facade design
requirements. After the determination of all adaptability
options, the adaptability options will be visualized to
create the ‘adaptability matrix overview - applied at
the municipality office Venlo’ (sub-section 4.5.2). This
overview will provide an easier understanding of the
adaptability options and will simplify the determination
of the circular facade design requirements. To conclude,
this sub-section will result with design requirements for
a circular facade, based on an integral analysis of
the principles ‘design for disassembly’ and ‘design for
adaptability’ at municipality office Venlo (sub-section
4.5.3).

Versatile

4.5. Design for adaptability analysis

Reuse of facade
systems, subsystems,
components or
elements

Figure 45:

Entire facade to inside
Remove of a storey
Part of the facade
to inside - loggia
Balcony/ corridor
Move all systems
Reuse of the facade
systems, sub-systems or
components
Reuse of the facade
elements

Adaptability options overview: Adaptability
strategies related to the adaptability options for
a facade.

resulted into multiple adaptability options, which are
identified on multiple circular building levels, as shown in
Figure 45. All these adaptability options, which can also
be seen as functions or performances of a facade, can be
replaced, added, removed or upgraded into the facade.
To give an example a future occupant could request the
‘possible change’ ‘climate regulating’ to create a corridoror box facade. This means that the single-skin facade
design should be designed in such a way that it allows the
addition of a second-skin facade.
Convertible. The adaptability strategy convertible, refers
to the ability of buildings to change their function and
can be seen as: ‘the change of the building function into
other building function(s)’. By analysing what can happen
with the facade after a change of building function, one
‘possible change’ is identified as ‘change the facade
to new user requirements’, as shown in Figure 45. By the
change of building function, for example the change of an
office building into residential housing, it can be required
according to the building code or occupants requirements
to increase or decrease the amount of net window area.
Therefore, the adaptability option ‘window area +/-’ is
defined. This adaptability option should lead to facade
designs that allow an increase or decrease of window area
with little effort.
Scalable. The adaptability strategy scalable, refers to the
ability of buildings to change their size and can be seen
as the increase or decrease of building size. By studying
this adaptability strategy, three ‘possible changes’ in the
change of building size are identified, as shown in Figure
45. Also in the derivation of these ‘possible changes’
and ‘adaptability options’, the circular building product
levels played a major role. Next to the ‘possible changes’
increase and decrease of the building size, the creation of
an outside space was derived by the change of building
size. Considering that the creation of an outside space
at the facade, changes the building size this ‘possible
change’ is related to ‘scalable’ instead of the other
possible adaptability strategy ‘refitable’.
Movable. The adaptability strategy movable, refers to the
ability of buildings to change their location and can be
seen as the movement of the entire building to a different
location. This adaptability strategy led to the ‘possible
change’, ‘move building’ and the adaptability option
‘move of systems’ (Figure 45). Considering the scope of this
research is focussed on the facade and this adaptability
strategy is directed to the entire building, this adaptability
option is similar to the adaptability option ‘entire facade
to outside’ and ‘entire facade to inside’ derived from
the adaptability strategy ‘scalable’. However, in order to
be thorough the adaptability option is presented in the
overview, as shown in Figure 45.
Reusable. The adaptability strategy reusable, refers to the
ability of buildings to change their use and can be seen
as the reuse of building products in other building(s). In
comparison to all other strategies, which are focused on
keeping the facade fit-for purpose in the initial building,
this strategy is focused on the ‘possible changes’ that are
required to reuse the facade products in other building(s).
This strategy results in ‘adaptability options’ that provide
guidance in order to design facades that incorporate
provisions for future reuse.
In this strategy, the circular building product levels are also
clearly visible, as shown in Figure 45. The first adaptability
option ‘reuse of the facade system, sub-system or
components’ is focussed on the connectivity and
dimensional problems in the reuse of facade products in
other building(s), as exemplified in the grey text box ‘reuse
of a facade on system level’.

Reuse of a facade on system level (example)
For example, a facade that is used in ‘building A’ with
a floor to floor height of 3 meter does not fit its purpose
anymore and the occupant want a totally different
type of facade. The facade should then be able to be
disassembled and taken away, in order to assemble
the new facade that suits the occupants demands.
However, the disassembled facade could still meet the
user requirements of other users. Then it happens that the
occupant from ‘building B’ with a floor to floor height of
3.2 meters would like to reuse the disassembled facade.
The only problem is that the facade is 0.2 meters too short.
In order to be able to reuse the facade, it would be ideal
if the facade was designed in such a way that it could
easily adapt to the required floor to floor height (3.2
meters).

Furthermore, similar problems can occur with the
connectivity of facade systems to the building of between
different facade products. This problem can be seen
as follows: when the applied connections between
the (current) facade and ‘building A’ is different than
the connection at ‘building B’. The connectivity and
dimensional problems as described, can occur at
system, sub-system, and component level. The second
adaptability option ‘reuse of the facade elements’
is focussed on the configuration of components. For
example, when a facade component is designed in
such a way that it can be taken apart and reassembled
in multiple ways, to create different types of facade
components. This means that the project specific elements
should be minimised. These type of components could
significantly increase the reuse potential of construction
elements, and the construction and demolition waste
would then probably reduce significantly. However, this is
still unknown in the current construction practise.
A solution for the described problem area could be
found in two discrepant types of solutions. The first type
of solution could be seen in designing facade products
in accordance with a modular grid, which will allow
differentiation of dimensions in pre-defined sizes. The
second type of solution could be found in designing
facade products that are easily adjustable, with for
example a sliding system. This allows the facade products
to shorten or extend them into the required dimension
in order to allow reuse. However, there will always be a
certain maximum span. Similar solutions can be found for
the connectivity problem.

4.5.2. Adaptability matrix overview

In order to do a proper ‘design for adaptability’ analysis
at the facade of municipality office Venlo, to determine
the circular facade design requirements, all adaptability
options, as described in Figure 45, are applied at the
current facade of municipality office Venlo and visualized
with an abstract representation of the adaptability
option. This resulted in the adaptability matrix overview,
as shown in Figure 46. This overview will provide an easier
understanding of the adaptability options, by creating
an image of the adaptability options and will simplify the
determination of the circular facade design requirements.
In addition, the adaptability matrix overview starts in the
upper left corner with the current facade at municipality
office Venlo. The current facade is always represented in
grey and the adaptability options are visualized in orange.
The illustrations as shown in Figure 46 depict all adaptability
options applied at municipality office Venlo and will
therefore not make the subject of the written discourse.
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1. Reconfiguration
on system level
1. Change of facade
sub-system configuration

The change in configuration of systems

Versatile

- Change of space -

Adjustable

- Change of task -

- Unitised facade -

The change of internal spaces for various uses

No influence on the facade

Current facade Municipality office Venlo

B
S
SS
C
E
M

The replacment, addition, removal or
upgrade of functions

Refitable

- Change of performance -

B
S
SS
C
E
M

Option 1

Option 2

Option 2

1c. Green facade on entire
sub-system
B
S
SS
C
E
M

2a. Climate facade
components

B
S
SS
C
E
M

2c. Natural/ mechanical
ventilation

2b. Corridor/ box facade
B
S
SS
C
E
M

B
S
SS
C
E
M

Option 1

Option 1

2d. Inside sunscreen or
sunscreen between glazing
B
S
SS
C
E
M

B
S
SS
C
E
M
Option 1

Option 2

Option 3
Option 2

Option 2
Option 1

Option 3

Option 2

Option 2

Option 2

B
S
SS
C
E
M

4b. Media facade on
components/ elements

B
S
SS
C
E
M

B
S
SS
C
E
M

4c. Solar panel components/
elements
B
S
Option 1
SS
C
E
M

Option 2

Option 2

The increase or decrease of building size

Scalable

- Change of size -

1a. Entire facade to outside

1b. Part of the facade
to outside

2. Decrease of the building size

B
S
SS
C
E
M

1c. Addition of a storey
B
S
SS
C
E
M

Option 1

Option 2

3. Creation of an outside space
3a. Part of the facade
to inside - loggia

2b. Remove of a storey
B
S
SS
C
E
M

B
S
SS
C
E
M

3b. Balcony/ corridor
B
S
SS
C
E
M

B
S
SS
C
E
M

Legend

1. Reuse of facade systems, sub-systems, components or elements

Reusable

B
S
SS
C
E
M

The reuse of building products in other
building(s)

1a. Reuse of the facade systems, sub-systems or components

- Change of use -

The movement of the entire
building to a different location

Movable

2a. Entire facade to inside
B
S
SS
C
E
M

1. Move building

- Change of location -

B
S
SS
C
E
M

Option 3

1. Move all systems
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1. Window area +/B
S
SS
C
E
M

Option 1

1. Increase of the building size

Figure 46:

4d. Dynamic facade
components/ elements

The change of the building function(s)
into other building function(s)

B
S
SS
C
E
M

1. Change the facade to
new user requirements

4. Active technology
4a. Media facade on entire
sub-system

Convertible

3. Aesthetics
3. Change of aesthetics

- Change of function -

2. Climate regulating
2e. Outside sunscreen

Option 1

B
S
SS
C
E
M

2. Climate regulating

1b. Green facade
component

B
S
SS
C
E
M

3. Reconfiguration on
component level
3. Change of facade
element configuration

Option 1

1. Biodiversity
1a. Green facade elements

2. Reconfiguration on
sub-system level
2. Change of facade
component configuration

Building A

Building B

B
S
SS
C
E
M

1b. Reuse of the facade elements

Option 1

Option 2

Option 5

Option 6

B
S
SS
C
E
M

Identification of adaptations
Occuring adaptation
Current parts
Removed parts
Identification of appropriate
product levels
Product level not
appropriate

Option 3

Product level
appropriate

Option 7
B

Building level

S

System level

SS
Option 4

Adaptability matrix overview - adaptability strategies applied at the municipality office Venlo.

Option 8

Sub-system level

C

Component level

E

Element level

M

Material level

4.5.3. Integral analysis - design requirements

In this sub-section, the integral analysis to determine
the design requirements for a circular facade will be
explained.
In order to determine the design requirements for a
circular facade the knowledge of both principles,
‘design for disassembly’ and ‘design for adaptability’,
is required. Considering the cohesion between both
principles, in which the principle ‘design for adaptability’
answers the ‘why’ question and the principle ‘design
for disassembly’ the ‘how’ question in designing a
circular facade. Therefore, an integral analysis of both
principles is required for the determination of the design
requirements for a circular facade. This analysis is
performed through an iterative process of analysing: the
disassembly determining factors, disassembly issues and
the adaptability strategies applied at municipality office
Venlo.
The concluded design requirements are shown in Table
5. The performed integral analysis will be explained with
the use of the adaptability strategy versatile. Whereby
sub-division in circular building product levels has to be
taken into account and will be explained at system level.
The full analysis can be found in Appendix C ‘Design for
adaptability analysis’.

can be clarified seen the comprehensive frameworks
defined in section 3.1 ‘Design for disassembly’ and
3.2 ‘Design for adaptability’, which enabled the
comprehensive analysis of both circular building
principles at the municipality office Venlo. Therefore, this
integral analysis to determine the design requirements
for a circular facade can be identified as inclusive, even
if there are adaptability options missing. Considering
if there are adaptability options missing, they will likely
require the already mentioned design requirements.
The proposed design requirements form the answer
to sub-research question 3: ‘What are the design
requirements for a circular facade?’ To be clear, the
design requirements are established with the aim to
design the optimal circular facade, which means that
the requirements strive to a very high level of circularity.
Therefore, it is unclear if it is possible to design a facade
that complies with all proposed design requirements.
In order to be able to approach the proposed design
requirements, the next chapter will provide additional
guidance in the development of a circular facade and
propose a model to evaluate a circular facade design.

The adaptability strategy versatile, refers to the ability
of buildings to change space and can be seen as: ‘the
change in configuration of systems’, as mentioned in
Figure 46. This means that the facade on system level
should be designed in such a way that a change of the
facade sub-system configuration (VER. 1.) is possible to
meet changing occupants requirements. Hereby, the
question ‘why the facade should be designed in such a
way’, is answered with this adaptability option. Together
with the question ‘how to enable this adaptability
option’ design requirements, such as: D.R. 1.S. ‘The
facade system should be dividable in separate facade
sub-systems that contain one or more of the following
functions: single-skin facade sub-system, second-skin
facade sub-system, and roof sub-system’, D.R. 2.S. ‘The
connection between the facade sub-system and the
other building (sub)-systems should be demountable
in a non-destructive manner’, D.R. 3.S. ‘The connection
between the facade sub-systems and the building
structure system should be easily accessible’, and D.R.
5.S. ‘The facade sub-system should be independently
detachable from the adjacent facade sub-systems’ are
formulated. These design requirements are in reaction
to several disassembly issues, such as: D.I. 1 ‘Application
of (in) direct chemical connections’, D.I. 6. ‘Functions
not separated’, and D.I. 12 ‘Accessible with additional
operations which causes damage’. Furthermore,
these design requirements are in accordance with
the disassembly determining factors, such as: D.D.F. 1.
‘Function separation’, D.D.F. 3. ‘Structure and material
levels’, and D.D.F. 4 ‘Clustering’.
All design requirements for a circular facade as
shown in Table 5, are defined using the same method
as in the previous explanation. The entire integral
analysis of the design requirements related to the:
circular building product levels, disassembly issues,
disassembly determining factors, adaptability strategies
is represented in Appendix C ‘Design for adaptability
analysis’ - Table 28.
As can be seen in Appendix C ‘Adaptability analysis’,
there are design requirements that allow multiple
adaptability options. To give an example, the
adaptability options VER. 3., REF. 1a., REF. 2c., REF. 2d.,
REF. 2e., REF. 3a., REF. 4b., REF. 4c., REF. 4d., CON. 1. and
SCA. 3b. require all the same design requirements. This
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Table 5:

Design Requirements (D.R.) overview.

Design Requirements (D.R.)
1.

Seperation of functions

1.B.

The building should be dividable in separate building systems, that contain one or more of the following functions: site,
structure, skin, service, space plan and stuff.
The facade system should be dividable in separate facade sub-systems that contain one or more of the following
functions: roof/ single-skin facade/ second-skin facade.
The facade sub-system should be dividable in separate facade components that contain one or more of the following
functions: primary facade frame/ secondary facade frame/ exterior facade component/ infill facade component/
interior facade component/ intermediate.
The facade components should be dividable in separate facade elements that contain one or more of the following
functions: support/ finish / control/ integration.

1.S.
1.SS.

1.C.
2.

Demountable connections

2.S.

The connection between the facade sub-system and the other building (sub)-systems should be demountable in a nondestructive manner.
The connection between the facade frame and the exterior-/ infill-/ interior facade components should be demountable
in a non-destructive manner.
The connection between the facade elements and the other facade elements within one component should be
demountable in a non-destructive manner.

2.SS.
2.C.
3.

Easily accessible

3.S.

The connection between the facade sub-systems and the building structure system should be easily accessible.

3.SS.

The connection between the exterior-/ infill-/ interior facade components and the facade frame should be easily
accessible.
The connection between the facade elements and the supporting facade element within one component should be
easily accessible.

3.C.
4.

Identification of a base element

4.S.

The building structure sub-system should be identified as base element for the facade sub-systems.

4.SS.

The primary facade frame should be identified as base element for the facade components.

4.C.

The element with the supporting function should be identified as base element for the other facade elements within each
component.

5.

Independently detachable

5.S.

The facade sub-systems should be independently detachable from the adjacent facade sub-systems.

5.SS.

The infill component should be independently detachable from the facade frame.

6.

Removable to inside and outside

6.S.

The facade sub-systems should be removable to the inside and outside.

6.SS.

The Infill facade components should be demountable to the inside and outside.

7.

Independent intermediary

7.S.

The facade sub-system should be connected with an independent intermediary.

7.SS.

The interior-/ infill-/ exterior facade components should be connected with an independent intermediary.

8.

Consistent connections

8.S.

The facade sub-systems should be connected with consistent connections to the building structure sub-system.

8.SS.

The exterior-/ infill-/ interior facade components should be connected with consistent connections to the facade frame.

9.

Dimensions and position

9.S.

The vertical facade sub-system dimensions and position should be in line with the net floor height.

10.

Load bearing connection

10.S.

The facade sub-system should enable a load bearing connection to the building structure sub-system

11.

Adjustable transoms/ mullion

11.SS.

The transoms/ mullion of the secondary facade frame should be vertically horizontally adjustable.

12.

Cables and pipes in facade

12.SS.

The facade frame should provide the possibility to let electricity cables/ water pipes through, in an invisible manner.

13.

Adjustable facade components

13.C.

The facade components should be adjustable in length, depth and function by reconfiguration, replacing, adding,
removing and upgrading of elements.
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Sub-research question 4
‘How to provide guidance in the design and evaluation of a circular facade design?’
With an integral approach to the determined design requirements

5.

Morphological design and evaluation model

In this chapter, the developed ‘morphological design and evaluation model’ will be explained. This model provides the
facade designer guidance in the application of the findings of this research in the development of circular facade designs.
This chapter consist of three sections, starting with the ‘underlying investigations’ (section 5.1), secondly the ‘development
of the morphological design and evaluation model’ will be explained (section 5.2), and finally the ‘application of the
morphological design and evaluation model’ will be discussed, concluding with the answering of sub-research question 4
(section 5.3).

5.1. Underlying investigations

The development of the ‘morphological design and
evaluation model’ is based on the findings of the
previous chapters, namely: chapter 2 ‘Framing circular
building’ which resulted in the developed ‘circular
building framework’, chapter 3 ‘Circular building design
principles’ with the frameworks for the ‘circular building
design principles’: ‘design for disassembly’ and ‘design
for adaptability’, and the defined ‘design requirements’
from chapter 4 ‘Case study’. Furthermore, the underlying
investigations within these chapters, are also used as
input for the development of the ‘morphological design
and evaluation model’. An overview of related research
parts is given, to provide insight in the underlying used
knowledge for the development of the ‘morphological
design and evaluation model’.
Circular building framework. The defined ‘circular
building framework’, addresses building design and
construction of a circular building. Furthermore, it will
take away underlying ambiguities during the design
process by aligning the focus in the same direction. For
that reason, the ‘circular building framework’ can be
seen as the starting point of this ‘morphological design
and evaluation model’, which has to be taken into
account.

Circular building product levels - specified for skin.
The basis structure of the ‘morphological design and
evaluation model’ is in line with the proposed levels and
corresponding technical/ physical representations. In
which the same research field (as mentioned in Figure
32) is applied; from system level to component level.
Case study Municipality office Venlo. This analysed
case study project provided insights in how to design
a circular facade in practice. Which allowed the
development of the ‘morphological design and
evaluation model’ to be in reaction to the ‘disassembly
issues’ and ‘adaptability matrix overview’ of the
conducted case study.
Design
requirements.
The
proposed
‘design
requirements’ enables an examination of a circular
facade design. For that reason, an integral analysis
between the ‘morphological design and evaluation
model’ and the proposed ‘design requirements’ will be
executed.

Design for disassembly. To guarantee the possibility of
future dismantling of a circular facade, the ‘circular
building design principle’ ‘design for disassembly’ is
fully implemented in the ‘morphological design and
evaluation model’. The ‘disassembly determining factors’
provided guidance in determining the most preferred
design options in the design of a circular facade.
Design for adaptability. The ‘morphological design
and evaluation model’ strives to designing facades
with the capacity to accommodate effectively the
evolving demand of its context. For that reason, all
defined ‘adaptability options’ should be possible in case
of designing a circular facade and are therefore all
integrated in the ‘morphological design and evaluation
model’.
State of the art - unitised & stick facade systems. The
existing design examples of facades forms a source of
inspiration for the development of the ‘morphological
design and evaluation model’.
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5.2. Development of the morphological
design and evaluation model

To demonstrate the developed ‘morphological design
and evaluation model’, a fragment of the developed
model is presented in Figure 47 and the entire model
is also included in this section. Presented are the first
three parameters of the ‘morphological design and
evaluation model’. Within this section the working of the
‘morphological design and evaluation model’ will be
explained. This section is divided in three sub-sections.
Starting with the ‘main goal’ (sub-section 5.2.1).
Secondly, the ‘structure’ of the model will be explained
(sub-section 5.2.2). Thirdly, the proposed ‘conceptual
design options’ will be clarified (sub-section 5.2.3).

5.2.1. Main goal

facade products), both options are possible. For that
reason, the starting point of the ‘morphological design
and evaluation model’ is the application of unitised
or stick facade systems, in order to design a circular
facade.
The ‘morphological design and evaluation model’
does not describe material options in the design of
a circular facade. Seen the scope of this research is
limited on the principles ‘design for disassembly’ and
‘design for adaptability’, the model is not focused on
different material options. For that reason, the model
allows several material options. Further research to
the principle ‘design with sustainable materials’ should
provide more insights in the most preferable materials in
the design of a circular facade.

The main goal of the ‘morphological design and
evaluation model’ is to provide guidance in the design
and evaluation of a circular facade. The model allows
the application of unitised & stick facade systems, in
line with the ‘state of the art - unitised & stick facade
systems’ and the analysed case study ‘municipality
office Venlo’.

In line with the previous explanation, only the principle
‘design for disassembly’ and ‘design for adaptability’ are
included in the ‘morphological design and evaluation
model’. Therefore, the term ‘circular facade’ refers to
the design of a facade based on the ‘circular building
design principles’ ‘design for disassembly’ and ‘design
for adaptability’.

The application of unitised & stick facade systems,
enables different aesthetic appearance of the
facade (such as masonry, cladding, windows, and
infill components). Furthermore, it is possible to change
these finishes, without replacement of the entire
facade system. Providing these limited options of
facade systems, should enlarge the application of
them. When facade systems are designed with the use
of standardised connection types, it will possible lead
to an easier exchangeability of facade products, with
a positive effect on the reusability of them. Seen the
unitised and stick facade systems could be designed
on the same way (such as the connection type to other

5.2.2. Structure

The ‘morphological design and evaluation model’ is
built in accordance with the defined ‘circular building
product levels’. This makes sure that the process of
designing a circular facade follows the top-down
approach as presented in the
‘circular building
framework’.
As already stated, the scope of the ‘morphological
design and evaluation model’ is from system level to
component level. Additionally, at sub-system level there
is made a limitation to ‘facade frame components’.
This means the ‘morphological design and evaluation

Morphological design and evaluation model
to develop a circular facade

C.B.P.L.

Category

Sub-category

Parameter

1a. Unitised facade system

1b. Stick system (mullion)

1c. Stick system (transom)

Legend Morphological Design & Evaluation Model

1. Type

Conceptual circular facade design
solutions
Adaptable circular facade design

System level (S.)

Modular circular facade design

Sub-system level (SS.)

Conceptual analysis case study
Unitised facade municipality office Venlo

- Facade is suspended to the building
structure sub-system
2b. Movable to outside

2c. Movable to inside

2d. Fixed

3a. Two or more per floor height

3b. One per floor height

3c. One per two floors

3d. One per n x floors

Properties
Intermediate

2. Fixed or movable

2a. Movable in two directions

Component level (C.)

Category

3. Height

Single-skin facade sub-system

Properties

Startpoint conceptual circular facade design

System level

Circular building product
levels (C.B.P.L.)

CIRCULAR
Figure 47:
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LINEAR

Fragment of the developed ‘morphological design and evaluation model’, presented are 3 of the total 28 parameters.

model’ focusses mainly on the facade frame
components, consisting of the primary and secondary
facade frame. This limitation is chosen to provide a more
in depth model on one specific component in stead
of a more general model on all different components.
Furthermore, the facade frame components can be
seen as the most important part of the circular facade
design. This can be stated, considering the facade
frame components fulfil different functions, such as
connections towards other building systems and
connections with other facade components (exterior-,
infill-, interior-, and intermediate facade components).
For that reason, designing the facade frame
components on a circular way, allows the other facade
components to react on the proposed circular facade
frame components. For that reason, this ‘morphological
design and evaluation model’ might be seen as a model
intended for the design and evaluation of a ‘circular
facade’, by only focussing on the circular facade
frame components. This limitation to facade frame
components ensures that the ‘morphological design and
evaluation model’ is restricted to the elements within the
facade frame components at component level.
Seen the large amount of information provided by
the ‘morphological design and evaluation model’, a
further subdivision is required to come up with a more
structured model. For that reason, next to the ‘circular
building product levels’, a subdivision is made in: circular
building product levels - category - sub-category parameter. There are two different types of categories
defined, namely properties and intermediate. This
distinction is made at each ‘circular building product
level’, and provides a clear overview of the subject of
the different sub-categories and parameters. There are
several sub-categories within the categories defined.
These sub-categories ensures a clear overview of the
‘morphological design and evaluation model’. Namely,
the titles of the parameters, are formulated as short as
possible, which prevents unnecessary repetition of what
is meant by the different parameters. This resulted in a
clear overview of parameters, in which direct relations
could be seen between parameters on different ‘circular
building product levels’ (for example: ‘position’ of
sub-systems, ‘position’ of components, and ‘position’ of
elements). In total there are defined 28 parameters in 9
sub-categories.
The resulted parameters are related to the
corresponding ‘design requirements’, as presented
in Appendix D ‘Integral analysis’ - Table 29. Within this
integral analysis each parameter is related to one
or more ‘design requirements’ at the corresponding
‘circular building product level’. Considering all ‘design
requirements’ are related to one or more parameters
of the ‘morphological design and evaluation model’,
states that the ‘morphological design and evaluation
model’ provides guidance in -, and evaluation of all the
proposed ‘design requirements’.

5.2.3. Conceptual design options

Within each parameter different conceptual design
options are presented. As can be seen in the
‘morphological design and evaluation model’, almost
each conceptual design solution is presented in a
drawing. In which the drawing consist out of a grey
and an orange coloured part. These coloured parts
provides a better understanding of what is meant by the
conceptual design solution.

model’ inferior to the facade designer, considering
the facade designer has to react to the project
specific context and architectural appearance.
There are several technical elaborations possible by
the application of different building products, which
are already available in the building industry. For that
reason, each proposed conceptual design option allows
different elaborations. Maximal six different conceptual
design solutions are proposed within the ‘morphological
design and evaluation model’ for each parameter. The
proposed conceptual design solutions should provide
enough insight to be clear about the differences
between circular and linear design solutions. However,
it is possible to add more conceptual design options to
improve the model, which could be placed within the
provided ranking based on the gained knowledge of the
entire research. This enables also the application of other
conceptual design solutions due to future innovations.
The proposed conceptual design options are ranked
from circular to linear (option ‘a’ to ‘f’), which makes
the designer directly aware about the circularity of his
design choices. Although a ranking from circular to linear
is presented, there is not a real turning point identified,
from where the conceptual design options could
be seen as linear. There is insufficient experience to
identify a real turning point between circular and linear
options. To gain more experience, the ‘morphological
design and evaluation model’ should be applied in
many design assignments. By analysing multiple design
assignments, the turning from linear to circular could be
identified. The application of the ‘Morphological design
and evaluation model’ can also provide insight in order
to select ‘conceptual design options’, which can be
identified as pre-conditional requirements in order to
design a circular facade.
Functioning of the morphological design and evaluation
model.
When the entire ‘morphological design and evaluation
model’ is conducted, all the selected conceptual design
options together forms the conceptual design of the
circular facade. Seen the ‘morphological design and
evaluation model’ is based on a top-down approach,
choices of specific conceptual design options within
a parameter should possible rule out other specific
conceptual design options within the lower parameters.
To explain this situation, an example will be discussed.
The facade designer starts with the first parameter.
The first parameter is named ‘type’ and is part of the
sub-category ‘single-skin facade sub-system’. The most
preferred options are the conceptual design options
on the left, however based on project context and
architectural design is it also possible to select another
option.
Within the second parameter the designer select in
what kind of way the ‘single-skin facade sub-system’
(sub-category name) is ‘fixed or movable’ (parameter
name). For example, the facade designer selects the first
proposed conceptual design option (the most preferred
option) ‘movable in two directs’, which means he is
restricted in his further choices in the lower parameters.
For example, within the third parameter ‘height’, it is
impossible to select the proposed options ‘3b. One floor
height’, ‘3c. ‘One per two floors’, and ‘3d. One per n
x floors’. Namely, only the first presented conceptual
design option ‘3a. Two per floor height’, makes it possible
to realize ‘movable in two directions’ (the selected
conceptual design option in the second parameter).

The ‘morphological design and evaluation model’
provides the facade designer conceptual design
solutions, to guarantee a variety of design elaborations.
This makes the ‘morphological design and evaluation
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Morphological design and evaluation model

Part 1/4
C.B.P.L.

Category

to develop a circular facade

Sub-category

Parameter

1a. Unitised facade system

1b. Stick system (mullion)

1c. Stick system (transom)

Legend Morphological Design & Evaluation Model

1. Type

Conceptual circular facade design
solutions

Circular building product
levels (C.B.P.L.)

Adaptable circular facade design

System level (S.)

Modular circular facade design

Sub-system level (SS.)
Component level (C.)

Conceptual analysis case study
Unitised facade municipality office Venlo

Startpoint conceptual circular facade design
- Facade is suspended to the building
structure sub-system
2b. Movable to outside

2c. Movable to inside

2d. Fixed

3a. Two or more per floor height

3b. One per floor height

3c. One per two floors

3d. One per n x floors

4a. In front of building structure

4b. Aligned with building structure

4c. Behind building structure

Properties
Intermediate

4. Building structure position

Building
structure

Building
structure

Building
structure

5a. Internal floor height

5b1. Heart floor to heart floor

5b2. Top floor to top floor

5b3. Bottom floor to bottom floor

5c. Halfway the floor height

5d. Variable floor height

6a. Between column span

6b1. Heart column to heart column

6b2. Edge facade sub-system
aligned with left edge column

6b3. Edge facade sub-system
aligned with right edge column

6c. halfway the building structure

6d. Variable width

5. Position
(vertical)

Single-skin facade sub-system

Properties

System level

3. Height

2. Fixed or movable

2a. Movable in two directions

Category

Horizontal section
Primary building
structure

Horizontal section
Primary building
structure

Horizontal section

Horizontal section
Primary building
structure

Primary building
structure

Horizontal section

Horizontal section

Primary building
structure

6. Position
(horizontal)

Primary building
structure

7b. Overlapping on one side

7c. Unsymmetric overlapping

7d. Symmetric overlapping

7e. Closed - integral on one side

7f. Closed - integral on two sides
only downside or upside

7. Geometry (vertical)

7a. Open - linear geometry
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Morphological design and evaluation model

Part 2/4

to develop a circular facade

8a. Open - linear geometry

Horizontal section

9a. Indirect connection via
dependent third component

9b. Physical fixation
between elements

9c. Indirect with additional fixing
device

9d. Direct connection between two
pre-made components

10a. Fixed connection on top

10b. Fixed connection on bottom

10c. Fixed at top & bottom

10d. Fixed connection halfway

8e. Closed - integral on one side
Horizontal section

8f. Closed - integral on two sides
only leftside or rightside
Horizontal section

9e. Indirect connection via
independent third component

9f. Direct connection with
additional fixing device

Loose connection

10. Location

Fixed connection

Fixed connection

Loose connection

Loose connection

Fixed connection

Fixed connection

Loose connection
Fixed connection

Loose connection

11a. With intermediate

11b. Indirect

11c. Direct

12a. Front

12b1. Side

12b2. Bottom

12b3. Top

13a. With intermediate

13b. Indirect

13c. Direct

13.d None of the presented options

14a. Front

14b1. Side

14b2. Bottom

14b3. Top

12. Position (fixed)
13. Type (loose)
14. Position (loose)

Single-skin facade sub-system
to building structure sub-system

Intermediate

11. Type (fixed)

System level

Horizontal section

8d. Symmetric overlapping

8. Geometry
(horizontal)

Horizontal section

8c. Unsymmetric overlapping

9. Vapour barrier

Single-skin facade sub-system

Properties

Horizontal section

8b. Overlapping on one side

CIRCULAR

LINEAR

75

Morphological design and evaluation model
to develop a circular facade

15b. Demountable intermediate
component overlapping on one side

15c. Treatment with raised floor and/ or
dropped ceiling

16a. Intermediate component with
connection

16b. Connection through the infill
components

16c. Not possible

15d. Open treatment

15e. Traditional treatment

15. Accessibility

15a. Demountable intermediate
component

Vertical section

16. Type

Vertical section

17a. Two facade components that
are both scalable

17b1. Two facade components of
which one is scalable

17b2. Two facade components of
which one is scalable

17c. One facade component of
which one is scalable

17d. Two or more fixed components

17e. One fixed component

18a. One slide mullion

18b. Two slide mullion

18c. modular frame with scalable
module

18e. Modular frame with project
specific module

18d. modular frame with modular
module

18f. Not possible/ fixed frame

19a. Separation of load
bearing elements

19b. Fixed load bearing elements

20a. Front facade frame

20b. Integrated in facade frame

20c. Side facade frame

20d. Top or bottom facade frame

20e. Front infill component

21a. Connection that can slide in
two directions

21b. Two pre-fabricated
connection points

21c. Multiple pre-fabricated
connection points in grid

21d. Random made connection
points

21e. No connection point

18. Type (length)
20. Position

20f. Integrated in infill component

21. Location
(horizontal)

Exterior- and interior facade components
to facade frame components

Intermediate

19. Fixed or adjustable
(depth)

X

Adaptability of the facade
frame in length and depth

X

x

Sub-system level

X

xx
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x

Properties

17. Fixed or adjustable
(length)

Other (facade-) sub- Single-skin facade subsystem to building
systems to building
structure sub-system
structure sub-system

Intermediate

System level

Part 3/4
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Morphological design and evaluation model

Part 4/4

to develop a circular facade
22c. Multiple pre-fabricated
connection points in grid

22d. Random made connection
points

22e. No connection point

22. Location (vertical)

22b. Two pre-fabricated
connection points

23b. Indirect connection with open cluster 23c. Direct connection with closed cluster

23d. No connection between the base
elements and exterior components

24a. No connection between the infill
components and exterior components

24b. Connection with intermediate to infill
element

24c. Indirect connection to infill element

24d. Direct connection to infill element

25a. Infill component assembly from
inside and outside

25b. Infill component assembly from inside

25c. Infill component assembly from
outside

26a. Aluminum brackets that can
slide in mullion

26b. Aluminum brackets with additional
fixing device in pre-defined holes in mullion

26c. Fixed position in transom in
random place from inside

26d. Fixed position in transom in
random place from outside

Vertical section

Vertical section

25. Type

24. Type (to infill
components)

23. Type (to facade frame
components)

23a. Intermediate connection with open
cluster

Vertical section

26. Type

Vertical section

27b. Cable shaft in front of infill
component

27c. Cable schaft integrated in
front of load bearing system

27d. Cable schaft next to infill
element

28a. finish with a separate capping
element

28b. Wet paint as finish

28c. Powder coat finish

28d. Raw elements without finish

27e. Cables put loose through
mullion

27f. Not possible

27. Position

27a. Cable schaft between capping
element and load bearing element

28. Type

Exterior- and interior facade components
to facade frame components
Inclusion of cables or
pipes in facade frame
Separation of facade
frame finishing

Properties

Component level

Intermediate between
Infill facade
facade frame
components to facade
components
frame components

Intermediate

Sub-system level

22a. Connection that can slide in
two directions

CIRCULAR

LINEAR
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5.3. Application of the morphological
design and evaluation model

As already stated, the conceptual design options on the
left side of the ‘morphological design and evaluation
model’, are ranked as the most preferred option,
which is based on the proposed input of this model.
However, it is unknown how a circular facade looks.
Therefore, in the search of the optimal circular facade
design, the proposed ranking of the ‘morphological
design and evaluation model’ will be discussed with the
identification of two types of conceptual circular facade
design solutions. First the identified conceptual circular
facade design solutions will be explained. And secondly,
the proposed solutions will be discussed by projecting
them in the bigger picture about the transition towards
circular facades.
Conceptual circular facade design solutions
The two identified conceptual circular facade design
solutions are called: ‘adaptable circular facade design’
(which is identified with the dark green coloured line)
and ‘modular circular facade design’ (which is identified
with the light green coloured line). The proposed names
already indicates what the conceptual circular facade
design solutions imply. To be clear about the proposed
conceptual circular facade design solutions, both
solutions will be explained.
Adaptable circular facade design. This conceptual
circular facade design solution is identified by designing a
circular facade in accordance with the best conceptual
design options (at all parameters in the ‘morphological
design and evaluation model’, conceptual design
option ‘a’), as identified in the ‘morphological design
and evaluation model’. This conceptual circular facade
design solution indicates a circular facade frame, that
is designed with built in provisions that allows the design
to be adjusted (up to a reasonable point) to all possible
changes in a facade, in terms of: dimensions, connection
possibilities, load bearing capacity, and appearance.
This solution is in accordance with all design requirements.
Modular circular facade design. This conceptual
circular facade design solution is also in accordance
with all design requirements. Although, this solution is in
accordance to the design requirements, it does not
include all best conceptual design options as identified
in the ‘morphological design and evaluation model’. In
Table 6:

contrast to the ‘adaptable circular facade design’, this
solution is designed with the use of modular coordination
(as defined in the grey text box ‘definition modular
coordination’) and standard connection types. This
allows the design to be adjusted within the predefined
solution area.
Definition modular coordination
Modular coordination is an agreement about
the place and dimensions of building products.
This is the basic requirement to design and
built with non-project specific products with
industrialised production processes. This simplifies
the communication process in the design
and construction phases, and allows easy
exchangeability of building products.
- NEN 6000, as cited in Brink groep, & Centre for
innovations in building & construction, 2014b (Translated from Dutch)
What can be noticed is that the differences between
both solutions only occur at sub-system level and
component level. This can be clarified, considering that
the conceptual design options at system level are not
directly related to neither one of the conceptual circular
facade design solutions, but to the main thoughts of
the circular building framework (specifically the ‘circular
building design principles’, ‘design for disassembly’ and
‘design for adaptability’).
In order to clarify the differences between both
conceptual circular facade design solutions, the pro’s
and con’s of all sub-categories in which different
conceptual design options are shown, is represented in
Table 6. This table identifies, that the ‘modular circular
facade design’ has only con’s in comparison with the
‘adaptable circular facade design’. The main reason
for this are the difficulties in the reusability of modular
components, considering most of the current buildings
are not designed according to a modular coordination.
Therefore, the design should always be adaptable to
any dimension, in order to fit in the current building stock.
Considering the ‘modular circular facade design’ has
only con’s, might rise the question: What is the reason,
why the ‘modular circular facade design’ is identified as
a conceptual circular facade design solution? In order
to answer this question a vision is developed, how the
transition towards circular facades could go.

Comparison of the pro’s and con’s of the two identified conceptual circular facade design solutions (analysed from the
morphological design and evaluation model).

Adaptable circular facade design

Modular circular facade design

Adaptability of the facade frame in length and depth
(parameter 18 and 19).
+ Allows the facade frame to be adapted to any (restricted)
length, which simplifies the reuse and reconfiguration
+ Allows the load bearing elements to be adapted to the
required dimensions.
- Over-dimensioning requires extra material, with the
possibility that it will never be used.
Exterior- and interior facade components to facade
frame components (parameter 21 and 22).
+ Allows the connection to exterior and interior
components at any height, which simplifies the reuse
and reconfiguration
- The adjustable connection requires extra material.

Adaptability of the facade frame in length and depth
(parameter 18 and 19).
- The length and depth can only be adjusted within the
predefined dimensions.
- To allow multiple types of lengths, multiple types of
components have to be identified.
- Possibility that several components will never be used
Exterior- and interior facade components to facade
frame components (parameter 21 and 22).
- Only the connection heights within the modular
coordination is possible.
- Only components within the modular coordination are
possible.

Intermediate between facade frame components Intermediate between facade frame components
(parameter 26).
+(parameter 26).
Allows the secondary facade frame to adjust to any - Only secondary facade frame heights within the
height, which simplifies the reuse and reconfiguration of
modular coordination is possible.
- The adjustable connection requires extra material.
- infill components.
The adjustable connection requires extra material.
- Only infill components within the modular coordination
are possible.
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Vision for the ‘transition towards circular facades’
The vision is based on the innovation adoption curve
from Rogers (1995). He describes that innovations has
to pass through five consecutive steps, namely: (1)
innovators, 2,5 %; (2) early adopters, 13,5%; (3) early
majority, 34%; (4) late majority, 34%, and; (5) laggards,
16%. At this moment the application of the circular
economy concept in buildings is in the first stage of
innovation, whereby the application of circular facades
can be considered as nearly zero.
The current building stock did not get to an agreement
about the application of fully standardised dimensions
(modular coordination) and standardised connections
types. This led to an enormous variety in building
products, with in most cases the application of project
specific solutions, which complicates the reusability
of building products in initial and other buildings.
Considering most building products did not reach
their end-of-life because of aging, but because of
one of the six reasons for obsolescence, as stated in
3.2.2 ‘Understanding adaptability’. If those building
products were designed according to the circular
building framework, the building products did not
have to be demolished and down-cycled into, for
example: highway granulate or end as landfill. The
building product could then enter the re-life options.
However, because of the wide variation of project
specific solutions it would be very difficult to reuse them.
For example: the reuse of a ‘modular circular facade
design’ on another building would still be very difficult,
considering the wide range of variations in dimensions
and connections and will therefore, almost certainly
not fit at other buildings. Therefore, the ‘adaptable
circular facade design’ solution, which can adapt to the
required dimensions and connection locations would
be the solution, in order to prevent the facade from
becoming obsolete and turn into waste.

Circular facade vision
To start, an agreement about the place and dimensions
of building products (modular coordination) and
standard connections should be defined. Then the
modular coordination and standard connections should
be applied in newly built buildings. However, these
designs should not be constructed with the proposed
‘modular circular facade design’ solution, but with
the adaptable circular facade design solution. This
should be done, because if the requirements change,
the adaptable circular facade can be reconfigured
or even reused at the existing building stock, which
require adaptations to any dimension. Therefore, it is
in the beginning of the transition to circular facades
beneficial to put extra materials in the facade, in order
to prevent the facade from obsolescence. However, at
one point, when the innovation reached approximately
the late majority, the circular facade application will
have reached a certain percentage of the total market
share, which can be identified as the turning point.
Then it is beneficial, to design facades according to
the ‘modular circular facade design’, considering this
conceptual design is less material intensive. If a modular
facade does not fit its purpose anymore, the probability
is big enough that another building can be found
that requires the facade. This forms the answer to the
previous question: What is the reason, why the ‘modular
circular facade design’ is identified as a conceptual
circular facade design solution? And also states, how the
transition to circular facades can be accomplished in
either new or refurbishment projects.
Therefore, the ‘morphological design and evaluation
model’ and its prescribed conceptual circular facade
design solutions forms the answer to sub-research
question 4: ‘How to provide guidance in the design and
evaluation of a circular facade?’

However, the ‘adaptable circular facade design’
solution will always require extra material input, because
of its over-dimensioning to allow adaptations to the
required dimensions. Therefore, the following ‘transition
curve towards circular facades’ is introduced in Figure
48, which finally leads to the modular circular facade
design solution as the best solution. Considering this
solution does not require over-dimensioning and thus is
more material efficient.
As can be seen in Figure 48, there is a ‘time’ axes and an
‘amount of circular facade application’ axes, whereby

Amount of circular facade application

Transition curve towards circular facades

Turning point

Traditional facade design
(Project specific)

2015

Time

Figure 48:

Adaptable circular
facade design
(Non-project specific)

Modular circular
facade design
(Non-project specific)

Transition curve towards circular facades (based
on Rogers, 1995).

the vertical line in the middle with ‘2015’ represents
today. Everything before the vertical line, considers
the past in which the traditional facade designs, with
in general project specific solutions, were applied.
According to the innovation curve from Rogers (1995),
the application of circular facades would increase
according to the yellow line.
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6.

Conclusion

This chapter will complete the research by providing the
conclusion (section 6.1), discussion and recommendations
(section 6.2), of the conducted research.

6.1. Conclusion

In contrast to the current ‘take-make-dispose’ pattern,
closing the material loops should result in a less intensive
way of material use. For that reason, this research was
set out to explore how the circular economy concept
of the Ellen MacArthur Foundation could be integrated
in the design and functioning of buildings. The study has
also sought to provide a method to design and evaluate
a facade based on this concept. The general theoretical
literature on the subject of circular economy, and
specifically in the context of buildings is inconclusive on
several vital questions about how to express the circular
economy concept in buildings. The study sought to
achieve the research aim:
“The development of a framework for buildings
according to the circular economy concept, which
will be specified for the design of circular facades”
This aim has been reached through the development of
the circular building framework and the morphological
design and evaluation model.
The circular building framework has solved the issues of
the chosen starting point: the circular economy concept
as proposed by the Ellen MacArthur Foundation. This has
been accomplished by the identification of a design and
construction domain specified for the building industry.
Furthermore, the framework provides a clear circular
building definition and circular building design vision.
It can be concluded that the proposed design and
construction domains are essential in the implementation
of the circular economy concept in buildings. These
domains form the basis for the application of the
concept. The current conception of a building as a
static entity has to change into the conception of
buildings as dynamic structures in order to create circular
buildings. For that reason, the design domain contains
a method specifying how these dynamic structures
should be designed, having to be done in accordance
with the systems thinking approach, and is identified
with the circular building product levels. In order to
design circular buildings specific design principles that
are directed towards the building industry are required,
which are specified in the design domain. There can be
concluded that the proposed circular building design
principles provide a holistic view on the key aspects of
the circular buildings design. The implementation of
these principles in the building design will guarantee
the possibility of building products being able to close
material cycles.

The construction domain with its circular building
construction model provides a thorough view on the
functioning of buildings in according to the circular
economy concept. It can be concluded that the
identified processes, participants and re-life options
that are all directed to the building industry, provide
an accessible level of understanding and allows a full
application of circular buildings. It can be stated that
the first process step disassembly is essential in order
to realize the re-life options with the least amount of
embodied value loss.
It can be concluded that the composition of different
building products is of major importance in allowing
them to enter the re-life options at high quality. The
principles design for disassembly and design for
adaptability should provide guidance for how the
composition of building product should be executed.
For that reason, these principles are researched further
resulting in specified frameworks, that improve their
applicability in the design of circular buildings. These
concluding frameworks were verified and exemplified
within the case study analysis of the technical facade of
municipality office Venlo.
A morphological design and evaluation model is
developed. This model guides the designer in the
development of circular facades in an accessible way.
Additionally, the model enables an evaluation of the
facade based on the determined design requirements
resulted from the conducted case study. To conclude,
a vision is defined for how the transition towards circular
facades should be executed. This vision states that the
transition should start with the application of facades
according to the proposed adaptable circular facade
design solution. When a sufficient number of circular
facades are being applied, the adaptable design
solution must be replaced by a modular circular facade
design solution.
All in all, the defined circular building framework forms
a holistic view on all aspects related to the design and
functioning of a circular building. Furthermore, the
morphological design and evaluation model provides
the specification for the development of a circular
facade design. The proposed framework and model
must be seen as the first step in the transition towards
a circular building industry, in which buildings are
built-to-rebuild.

81

6.2. Discussion and recommendations

The aim of this research has been reached. In this
research there are several limitations made, in order to
provide focus and allow an in-depth research within
the limited time-frame. Therefore, these limitations
will be discussed and recommendations will be
provided. Furthermore, a discussion will be given
about the overarching goal of this research. Finally,
recommendations for further research in the field of
circular buildings are offered.
Limitations
• Within the circular building design principles the
research was limited to the principles ‘design for
disassembly’ and ‘design for adaptability’. However,
to provide a thorough view on all defined circular
building design principles, it is recommended
to investigate also the other principles: ‘be
self-sustaining with renewable energy’, ‘stimulate
diversity’ and ‘design with sustainable materials’,
and express them in specific parameters. This will
allow the designer to apply them with ease in the
design of a circular building.
• After the development of the circular building
framework the research is limited to: the principles
design for disassembly and design for adaptability,
the building systems skin, and especially the
single-skin facade sub-system. To enable the
development of an entire circular building, a
morphological design and evaluation model should
be developed, including all circular building design
principles and the four main building systems.
Discussion
• The application of the circular economy concept
in buildings is assumed as the solution to reduce
the material intensity of the building industry. This
research proposed the circular building framework,
which can be seen as the first step towards a
circular building industry. However, it is still unclear if
this assumption is true. Therefore, it is recommended
to validate the proposed framework and confirm
that this approach leads to a less material intensive
building industry.
• The re-life options should be realized hierarchically,
to enable the most preferred reuse. Although, there
might be exceptions where the proposed hierarchy
is not the ideal way. Therefore, it is recommended to
always consider the project specific situations.
• At this moment it is unclear if it is possible to let
materials cycle infinitely according to the proposed
re-life options. Therefore, the end-of-life options
are shown in the construction model to provide a
thorough view. However, in a fully implemented
circular economy concept in buildings, these
end-of-life options should be eliminated.
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Recommendations for further research
• The range of the circular building product levels is
limited from building level to material level, to focus
entirely on the composition of building products.
It would be very interesting to extend the circular
building product levels into the urban context. This
allows not only possibilities of centralized systems in
each building, but allows also the opportunities of
decentralized systems. In for example, the circular
building design principles ‘be self-sustaining with
renewable energy’ and ‘stimulate diversity’, the
creation of smart energy grids and shared natural
areas which could be beneficial.
• The proposed circular building framework is focused
on the design and construction aspects of circular
buildings. To guarantee the functioning of circular
buildings it is recommended to incorporate the
economical aspects and in particular the circular
business models. At this moment it is unclear how
to integrate them, therefore research on how to
integrate these circular business models is required.
• The
proposed
morphological
design
and
evaluation model forms a qualitative method in
the development of a circular facade. However, it
would be very interesting if a quantitative parameter
could be identified to measure the circularity of the
entire circular building.
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A. Design with sustainable materials
This appendix provides the whole research of the principle
‘design with sustainable materials’. Section “3.3. Design
with sustainable materials” summarizes the conclusions
of this research, for that reason, this appendix need to be
seen as the underlying research.
This section consist of six main parts: Defining efficiency
strategies (A.1); Sustainable material selection methods
(A.2); Material selection in a circular economy (A.3);
Materials and re-life options (A.4); Material guiding
attention points (A.5), and; Reflection to design with
sustainable materials (A.6).
The first sub-section A.1 will start with addressing the relation
between energy, biomass and material flows; to state the
relations between them and how they effect and impact
each other. Resulting with three efficiency strategies.
Secondly, three methods to select sustainable materials
will be analysed. This will provide an overall impression
of relevant criteria for selecting sustainable materials
and indicate the complexity of selecting sustainable
materials, resulting with a synthesis on how this will affect
this research. The third sub-section will provide a material
selection standard, which forms the overall starting point
of material selection in a circular economy, and states
the delimitation of the principle ‘design with sustainable
materials’ within this research. The fourth sub-section a
further elaboration of material selection and application
within this research will be given; which states how to
implement the selected criteria of the third sub-section in a
material design approach to be prepared for the defined
re-life options. In the fifth sub-section an overview of
resulting guiding material design points will be given, which
will be one part of the guidelines as a result of this research.
Finally, the sixth sub-section will contain a reflection to the
whole section, which forms a summary and a critical view
of this section.
This section takes sustainability as a starting point, which will
substantially focus on the overlapping objectives with the
circular economy principles. For that reason it is important
to start with the definition of sustainable development.
Sustainable development has been defined in many
ways, but the most frequently quoted definition is from the
report ‘Our Common Future’, also known as the Brundtland
Report (WCED, 1987): ‘Sustainable development is
development that meets the needs of the present without
compromising the ability of future generations to meet their
own needs.’ Seen the multitude of different definitions,
it might be clear that ‘sustainability’ is a word that has
become to mean whatever the user wants it to mean
(Ashby, 2013).

A.1. Defining efficiency strategies

Seen ‘sustainability’ can have different meanings, it is
extremely difficult to go in detail on ‘sustainable materials’,
because ‘sustainable materials’ have no meaning without
context. This sub-section will provide a literature review,
which is cited from and based on a study of Ashby
(2013, p.p. 327). Resulting with three efficiency strategies
according to the sustainable development definition.
Finally, a reflection of the strategies and their applicability
within this research will be done.
‘Every human activity has an associated impact on
nature’
-Vefago & Avellaneda (2012) To introduce the complex relationship between energy,
biomass and material flows on earth, a schematic
representation is shown in Figure 49, which will now be
explained in more detail. Starting with the boxes across

the top which itemizes the five families of natural resources
available on earth: energy, minerals, land, water, and air.
All, except minerals, natural resources have a renewable
component and so can be drawn upon indefinitely
provided when they are managed. The top-left of the
figure illustrates the renewable energy, which reaches us
from the sun via radiation, from wind and wave power,
form the moon via the tides, and from the earth via
geothermal heat. At this moment we get about 8% of our
energy from these, relying instead on the mineral reserves
of oil, coal, and gas for all the rest. Before we can use
any of this renewable energy, the energy needs to be
converted in useful energy, and could then be used for
activities listed on the center left. Once used, almost all this
energy decays to low-grade heat and is lost. The right side
of the figure shows the biosphere, which draws energy form
the sun, carbon from the atmosphere, water from rain, and
minerals from the land to create biomass.
Materials occupy the center of the picture. At this moment,
most of the materials are extracted by mining. This requires
energy, about 21% of all the useful energy available to us is
consumed in material production. Materials in the form of
wood, fiber, and the raw materials for bio derived animal
and vegetable products of engineering are drawn from
biomass, about 2% of all biomass is used in this way. After
the materials enter the supply chain and are processed
into products. At the end of product life, the material
may be rejected and sent to landfill or burned for energy
recovery, or it may recirculate through the supply chain via
recycling, remanufacturing, or reuse.
Efficiency strategies
It might be clear that materials take a central role within
the tripartite division of energy, biomass, and material
flows. Seen the central role of materials and the incoming
arrows, there is a dependence between the material
stock with fossil fuels, minerals, useful energy and biomass.
For that reason, efficiency strategies, which are meanly
focusing on one aspect (energy, material or biomass), are
influencing the others. Sustainability can then be reached
as stated by the research of Ashby, by the application of
three efficiency strategies: energy efficiency; material
efficiency and bio-efficiency. Which could be defined as:
• Energy efficiency. When the energy consumed by
transportation, industry, and daily life equates to the
useful energy derived directly from the sun, moon, and
earth. To promote energy efficiency the demand for
energy need to be reduced and there need as much
generation as possible from low carbon, renewable
resources.
• Bio – efficiency. When the total biomass consumed
equates to the quantity that can be supported
by land, water, and air without loss of habitat or
biodiversity.
• Material efficiency. Seek to maintain sufficient material
stock to meet present needs while minimizing new
inputs of minerals, energy, and biomass.
‘Conservation’, as mentioned in , has a double meaning:
conserving mineral, energy, and biomass resources, and
conserving the material stock currently in circulation.
Reflection of the defined efficiency strategies
All three efficiency strategies are influencing each other,
however current innovations are mostly related to one of
these strategies. In contrast to the circular economy, which
aims a whole system change, including all three strategies.
This can be seen in the principles of the circular economy,
as stated section ”1.2. Starting point” of the report, which
are related to all three strategies of Ashby. For example:
‘Design out waste’ is mainly related to material efficiency;
‘Think in cascades’ is mainly related to bio-efficiency,
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Figure 49:

Schematic representation of the energy, biomass, and material flows on earth and three different efficiency strategies(Asbhy,
2013

and; ‘shift to renewable energy sources’ is mainly related
to energy efficiency. Seen the central goal of the circular
economy, which can be
summarized as maximize
reusability of products and raw materials and minimize
value destruction, the main purpose is to maintain the
material stock and reduce the addition of new materials.
In other words, related to the efficiency strategies of
Ashby, changes within the central placed material stock
by application of the material efficiency strategy, will
unburden the energy and bio-efficiency strategies.
Figure 50 is given, to illustrate the effect on the material
stock and landfill, incorporating the material efficiency
strategy in a circular economy (values are indicative), in
comparison with the busniness as usal situation (BAU). ‘The
circular system will decrease the growth of landfill and
total material stock. Furthermore, the growth rate would
not resume the same speed of material demand as in
the business as usual scenario. The substitution at product
level will proportionally save more raw material than a
comparative product created from virgin material. As a
result the underlying run rates will reduce’(Ellen MacArthur,
2013a, p.p. 33-35), by maintaining the material stock in a
healthy sustainable way.
The model in Figure 50 is based on the idea of material
efficiency. However, there are many uncertainties to
achieve this effect. One of the uncertainties are the
technical possibilities; to select the ‘right’ material and to
retain materials in the material stock.

Seen the central goal of the circular economy is a
complete system change, all three strategies have to be
taken into account. However, the strategy of material
efficiency is mainly related to the principle ‘design with
sustainable materials’ and for that reason will be further
expressed in this section. As claimed by Ashby, material
efficiency is about two aspects: (1)new addition to the
material stock and (2) maintain the material stock.

A.2. Sustainable material selection
methods

A thoughtful selection of sustainable materials, has been
identified as the easiest way for designers to express
sustainable ambitions in building projects (John et al.,
2005). Seen the complexity of material efficiency and the
technical challenges to achieve material efficiency, this
sub-section will provide insight in three methods how to
select sustainable materials. The following strategies will be
explained:
1. Material selection strategy (Ashby, 2013).
2. A multi-criteria decision support system for the selection
of low-cost green building materials and components
(Yang & Ogunkay, 2013).
3. Multi-criteria evaluation model for the selection of
sustainable materials for building projects (Akadiri &
Olomolaiye, 2012).
Resulting with a reflection on the three selection methods
and their applicability within this research.
1. Material selection strategy (Ashby, 2013).
Ashby clarifies selecting materials involves seeking the best
match between design requirements and the properties
of the materials that might be used to make it. To find a
match, Ashby describes a four step approach: translation,
screening, ranking, and documentation. Which will now be
described in detail.

Figure 50:
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Effect of circular system on the material stock
and landfill, ²Business as usual, (Ellen MacArthur
Foundation, 2013a, p.35)

The first step is to come up with design requirements and
translate them into:
• Function: What does the component do?;
• Constraints: What non-negotiable conditions must be
met?;

• Objectives. What is to be maximized or minimized?;
Free variables: What parameters of the problem is the
designer free to change?

economic performance into a single performance value
that is easily interpretable. The methodological steps are
schematically shown in Figure 51.

Table 7 gives an example of common constraints and
objectives, which could be possible elaboration of step 1
(only on constraints and objectives aspects).

In Table 8 his framework of material selection to select
appropriate low-cost green building materials is
presented. The framework is divided in six main factors
and sub-divided in a multitude of 60 sub-factors. With the
multi-criteria decision support system a ranking could be
determined by the user, in order to rank the sub-factors
and main factors. Several materials can be compared
using the AHP approach, based on the defined sub-factors
and the determined ranking system. This will finally result in
the best material option, which is the most sustainable for
the given situation.

The second step is screening and eliminating the materials
that cannot meet the constraints. The third step is the
ranking step. In which the survivors will be ordered by their
ability to meet a criterion of excellence, such as that of
minimizing cost, embodied energy, or carbon footprint.
The final step is documentation; explore the most promising
candidates in depth, examining how they should be used
at present, and how best to design with them.
Table 7:

Example of common constraints and objectives
(Ashby, 2013)*

2. A multi-criteria decision support system for the
selection of low-cost green building materials and
components (Yang & Ogunkay, 2013)
The study of Yang & Ogunkay react to the problems of:
identifying and defining financially viable low-cost green
(sustainable) building materials and components. Selecting
materials, is a crucial exercise in subjectivity, with so many
variables to consider, the task of evaluating such products
can be complex and discouraging.
The study of Yang & Ogunkay resulted in a multi-criteria
decision support system, which aimed improving
the understanding of the principles of best practices
associated with the impacts of low-cost green building
materials and components. The method will help designers
in comparing sustainable materials. This will be provided
by using the concept of the Analytical Hierarchy Process
(AHP). The AHP approach is designed to be practical, as
it combines environmental, technical, socio-cultural and

3. Multi-criteria evaluation model for the selection of
sustainable materials for building projects (Akadiri
&
Olomolaiye, 2012)
The study of Akadiri & Olomolaiye states the importance of
selection of sustainable building materials, which represents
an important strategy in the design and construction of a
building. In which a principal challenge is the identification
of assessment criteria based on the concepts and
principles of sustainability, and the process of prioritizing
and aggregating relevant criteria into an assessment
framework.
Akadiri & Olomolaiye states that current material selection
methods put emphasis on the technical properties of
materials. Thereby ignoring environmental and intangible
factors which are necessary in material selection. He states
that integration of all relevant criteria (environmental,
technical and socio-economic), will provide an holistic
view of a material and thus, helps in selecting sustainable
materials. Akadiri & Olomolaiye makes use of the same
method as Yang & Ogunkay, by using the AHP approach,
and proposed also a framework of material selection
criteria to select sustainable materials, as shown in Table 9.
The difference between the research of Akadiri &
Olomolaiye and Yang & Ogunkay could be seen in the
defined main goal of the methods & Ogunkay (Table 8 and
Table 9) and the sampling method within their approach
to come up with this framework. After their first proposed
model they both used a survey engineers and architects,
to capture their perceptions on the importance of the
proposed criteria. The scope of Akadiri & Olomolaiye is
limited to the UK, in the research of Yang & Ogunkay the
scope is larger; China, UK and USA. Yang & Ogunkay states
the overall aim of piloting the survey in the three regions
is to check, establish and confirm that the final prototype
of the model will operate the same way in varying
circumstances, irrespective of their different local settings.
This in contrast to Yang & Ogunkay, which research is
especially focused on the development of a sustainable
building material selection tool for the UK building industry.
Reflection of the material selection methods
The analyzed methods demonstrated the complexity
to select sustainable materials. All methods state the
need for a systematic and holistic approach to select
sustainable materials. By identifying and prioritizing relevant
sustainability assessment criteria.

Figure 51:

Graphical representation of the decision support
system (Yang & Ogunkay, 2013)

A significant difference could be marked between the
elaboration of the three methods, while the approaches
are quite similar. Seen the methods do not described a
preferred outcome. This can be explained by the different
interpretations of ‘sustainable materials’ depending on
their context, which cannot be generalized. For this reason,
all methods use a partly subjective input of the user to
come up with criteria (in the method of Ashby) or ranking
systems on the prescribed criteria (in the method of Yang &
Ogunkay and Akadiri & Olomolaiye).
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Framework of material selection to select appropriate low-cost green building materials, subdivision: goal - main factors sub-factors (Yang & Ogunkay, 2013)

Goal

Table 8:

Sub-factors

Main factors

Selecting appropriate low-cost green building material
General/site factor

Environmental factor

Economic factor

Socio-cultural factor

Technical factor

Sensorial factor

GS1 - Locatin
GS2 - Availability

EH1 - Env. Compliance
EH2 - CO2 emissions

C1 - Life-cycle cost
C2 - Embodied energy cost

SC1 - Compatible (tradition)
SC2 - Compatible (region)

T1 - Recyclability
T2 - Removability

SN1 - Aesthetics
SN2 - Texture

GS3 - Distance
GS4 - Building certification

EH3 - Users' safety
EH4 - Ozone depletion

C3 - Capital cost
C4 - Labour cost

SC3 - Control on usury
SC4 - Clients' preference

T3 - Maintenance
T4 - Stress tolerance

SN3 - Colour
SN4 - Temperature

GS5 - Designers' experience

EH5 - Pesticide treatment

C5 - Replacement cost

SC5 - Custum knowledge

T5 - Available skills

SN5 - Acoustics

GS6 - Site geometry

EH6 - Climate

C6 - Maintenance cost

T6 - Fixing speed

SN6 - Odour

GS8 - Spatial structure

EH7 - Env. Toxitiy

T7 - Fire resistance

SN7 - Thick/thin

GS9 - Spatial activities

EH8 - Fossil depletion

T8 - Thermal resistance

SN8 - Glosiness

GS10 - Material scale

EH9 - Nuclear waste
EH10 - Waste disposal

T9 - Moisture resistance
T10 - Scratch resistance

SN9 - Hardness
SN10 - Lighting effect

T11 - Weahter resistance
T12 - Chemical resistance

SN11 - Translucence
SN12 - Structure

T13 - Resistance decay
T14 - Weight
T15 - Life expectancy
T17 - UV Resistance
T18 - Compatibility

Framework of material selection to select sustainable materials, subdivision: goal - main factors - sub-factors (Akadiri &
Olomolaiye, 2012)

Goal

Table 9:

Sub-factors

Main factors

Selecting sustainable material
Environmental impact

Life cycle cost

Resource efficiency

Waste minimization

Performance capability

Social benefit

E1 - Environmental staturory
compliance

L1 - Initial cost

R1 - Method of raw material
extraction

W1 - Environmentally sound
disposal option

P1 - Fire resistance

S1 - Labour availability

E2 - Toxicity

L2 - Maintenance cost

R2 - Emobied energy

W2 - Recycling and reuse

P2 - Resistance to decay

S2 - Aesthetics

E3 - Ozone depletion

L3 - Disposal cost

R3 - Amount of likely wastage

P3 - Energy saving and
thermal insulation

S3 - Use of local material

R4 - Environmental impact
during harvest

P4 - Life expectancy of
material (durability)

S4 - Health & safety

E4 - Pollution
E5 - Air quality

The three methods indicates the need of a holistic view to
influential aspects, to come up with a sustainable material
selection. These methods are not specifically directed to
material selection in a circular economy. For that reason,
the next sub-section will focus on material selection in a
circular economy.

A.3. Material selection in a circular
economy

Given the foregoing sections on defining efficiency
strategies and sustainable materials selection methods,
there is a need to come up with an improved material
selection method to select materials in a circular economy.
In this section a material selection standard for the circular
economy will be formulated, which forms the fundamental
idea of material selection in a circular economy and within
this research. First, there will be done a review to the first two
sections. Subsequently, the material selection standard will
be given and further explained in the following paragraphs.
Review of the defined efficiency strategies
Seen the central goal of the circular economy and the
main goal of this research is focused on the design of
buildings and in particularly facades, material selection in
a circular economy can be classified as the objective to
become material efficient. Material efficiency could be
divided in two aspects: (1)new addition to the material
stock and (2)maintain the material stock. For that reason,
there is a need to come up with an approach that focuses
on these two aspects.
Review of the analyzed material selection methods
The three methods indicates the need of a holistic view on
influential aspects, to come up with a sustainable material
selection. Seen there is no preference for material re-life
options within this methods (it is only one of the indicators),
these methods are not specifically directed to material
selection in a circular economy. For that reason, there is a
need to come up with a methodology specially focused on
material selection regarding the circular economy principles.
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P5 - Maintainability

Material selection standard for a circular economy
Above reviews states the need for a more specific
approach to select materials in a circular economy. Based
on these conclusions, a standard will be generated, which
forms the starting point of material selection in a circular
economy. First the standard will be given and would then
be further clarified.
Material selection standard
The overarching starting point for selecting materials needs
to be sustainability, however, when selecting materials to
achieve a circular economy, the primary objective needs
to be based on the following technical aspects: (1) select
materials which are capable to follow the re-life options (as
described in the introduced circular economy model for
the built environment), and (2) the specific application of
the materials should be taken into consideration.
Sustainability means in this statement a balance between
environmental-, social-, economic- and technical
aspects; which are subdivided in Environmental impact;
Life cycle cost; Resource efficiency; Waste minimization;
Performance capability, and: Social benefit, according to
Akadiri & Olomolaiye (2012). This subdivided terms will be
the overarching parameters for the principle of sustainable
materials, which are shown as starting points within this
principle.
Visionary view
At this moment, the circular economy is in a relatively
early stage of innovation, namely the ‘early adopters’
stage, according to Rogers (1995) adoption/ innovation
curve. Which states that innovations have to pass through
five consecutive steps, namely: (1) innovators; (2) early
adopters; (3) early majority; (4) late majority, and; (5)
laggards. When the circular economy has reached the
majority, it should get a better result. At this moment the
manufacturing processes are mainly focused on the linear
way of thinking, with a few obvious exceptions. Therefore,
it is difficult to compare materials, due to the lack of the
required processes for material re-life options. There are

Research delimitation
The significant preference to materials which are capable
to follow the different material re-life options, implies that the
focus of this research should be on the technical challenges,
and ignoring the influence of environmental-, social- and
economic criteria. Knowing that these aspects will influence
decisions by application in practice. For that reason the
overarching starting point needs to be sustainability, although
this research will only take technical aspects into account.
Research limitations
Focusing only on technical properties, could be seen
as an incomplete view (seen the need of a holistic view
according to analyzed literature). At this moment there
are multiple obstacles for further development of a
circular economy in the built environment, in all areas of
sustainability. To illustrate, the following frequently asked
questions are given per sustainability aspect:
• Environmental. Will re-life options always have a lower
impact on the environment, compared to extraction
of raw materials? Do we have to build only with
renewable materials to prevent depletion? In some
cases, re-life options require more initial material, is this
desirable?
• Social. Will re-life options always meet the user
satisfaction over the long term? Is endless adaptability
desired for the user?
• Economic. Are all the re-life options always
economically more attractive, or is it cheaper to buy
a new product? How do service models look like in
the built environment with the long service lives? Who
should pay for future adaptability?
• Technical. Is it possible to make a distinctive design,
when every design needs to be exchangeable and
adaptable? When is a re-life option possible, and in
what extent is this determined by the detailing?
The examples from above exemplify the complexity of
related sustainability criteria in the further development
of a circular economy. Focusing on one aspect, in this
research ‘technical aspect’, should lead to a more in
depth research, with respect to the other sustainability
criteria. Realizing the other aspects will probably be
determinative for the success of the circular economy
within the built environment. It is essential to keep
this limitation in mind and a supplement with other
sustainability aspects need to be added to this material
selection approach, at a later stage of the circular
economy innovation. Which will lead to a material
selection method for the circular economy based upon all
different sustainability aspects.

A.4. Materials and re-life options

In this section, a further elaboration of material selection
and application in the circular economy will be given,
focusing on technical aspects. This will be done by
starting with an example of material design in a facade
sub-system, in which two re-life options will be investigated
on the necessary material selection decisions. Resulting
with a design approach of material selection in a circular
economy, which will be elaborated in sub-section A.5.

Figure 52 shows the circular building construction model,
in which the re-life options are represented. The figure
illustrates the complications in determining parameters
on technical aspects to enable re-life options. Because,
all defined re-life options start with a greater or lesser
extent of disassembly steps. After the disassembly step,
the re-life options should take place. Within the principle
‘design for adaptability’, a study has been done to define
the required adaptability strategies. For that reason,
technical parameters to enable re-life options, are
primarily determined by the principles of disassembly and
adaptability.
Construction domain

Circular building construction model
Building systems

Technical
Materials
Site

Structure

Skin

Service

Space plan

Biological
Materials

Stuff
Use of raw biological resources

Materials
Farming/
collection

Resource extraction
(to be minimized)

Cascades
Open loop

Reuse of biological materials

Biosphere
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Circular building product levels

also other reasons, such as the absence of data and the
conflictions between the available data, in which there
are conflicts such as: researched material properties,
assumptions which are done regarding to material
re-life options and lifetime of materials (Belzen, 2014).
Which makes it, at this moment, practically impossible
to compare all aspects of sustainability in the material
selection process in a circular economy. Therefore, the first
step needs to be the stimulation of innovation processes
to make re-life options of products possible. Which will
also provide more detailed information of those re-life
processes, which will help to create constantly improved
and informed choices.
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(Re) Use

Service

Linear
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Energy recovery

Re-life options
End-of-life options
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Landfill

Figure 52:

Circular building construction model

Considering this research is only focusing on the design of
buildings, there will not be conducted a further analysis
of processes within the re-life options. But, there will be a
more detailed analysis conducted on material design
aspects to enable re-life options. This because, nearer
formulated design guidelines have to be taken into
account in the early design stage of a project to be
prepared for future re-life options. The following example
of an aluminum framed facade sub-system will illustrate
the effect of material design decisions on the re-life options
reconfiguration and recycling.
In case of an enlargement of the building, the facade
has to be reconfigured. Then the sub-systems need to be
designed for disassembly and the reconfiguration could
be seen as an adaptation in the system. However, the
sub-systems, and therefore also the aluminum profiles has
to be designed for such an adaptation. Thinking of, inter
alia, the mounting system and intermediate connections
between sub-systems. Both are incorporated in the
principle of design for disassembly, and thus, within this
example, have no connection with material selection
guidelines.
In case of recycling, first the sub-systems should be
disassembled (which may be done on a destructive way)
and then the recycling process may take place. This
research does not investigate this recycling process further.
However, to be prepared for this recycling process, several
attention points need to be taken into account during
the early design process. For example, give preference to
locally manufactured materials (minimize transport) and
avoid the use of finish materials, which are not necessary
for performance or aesthetics (minimize depletion and
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pollution). The given example attention points are both
not specifically related to ‘design for disassembly’ or
‘design for adaptability’, but could have an major
influence on the future possibilities- or related (economic,
social, environmental) impacts within the re-life options.
For that reason, the designer needs to be aware of the
consequences related to the material selection and the
application.
To help the designer in the material selection, during
the early design stage, material guiding attention points
are necessary. To come up with these material guiding
attention points, the subjects will be determined in the next
sub-section.

A.5. Material guiding attention points

Material selection in a circular economy has to be done
properly, to fulfill the full potential of the defined re-life
options. This sub-section will present the material guiding
attention points for designing materials in a circular
economy. In which the distinction between the principles
‘design with sustainable materials’, ‘design for adaptability’
and ‘design for disassembly’, as mentioned in the
foregoing sub-section, is taken into account. Starting with a
reflection to waste hierarchy, which addresses the baseline
for designing, and therefore also material selection
and application, in a circular economy. Secondly, this
sub-section will give material guiding attention points to
be prepared for the defined re-life options. The material
guiding attention points are also rated according to their
relevance for material design in a circular economy.
The presented material guiding attention points are the
outcome of a literature study, which is presented in:
Appendix B - Guiding attention points based on literature
about material
The waste hierarchy, according to SEDA (2005), provides
the options for managing waste within the construction
sector should be done in the following order of priority
(cited from SEDA, 2005, p. 9):
1. Waste should be prevented or reduced at source as
far as possible;
2. Where waste cannot be prevented, waste materials or
products should be reused directly, or refurbished before
reuse;
3. Waste materials should then be recycled or
reprocessed into a form that allows them to be reclaimed
as a secondary raw material;
4. Where useful secondary materials cannot be
reclaimed, the energy content of waste should be
recovered and used as a substitute for non-renewable
energy resources;
5. Only if waste cannot be prevented, reclaimed or
recovered, it should be disposed of into the environment
by landfilling, and this should only be undertaken in a
controlled manner.
The difference between the given waste hierarchy and the
defined circular economy model for the built environment
can be identified in the first step of the waste hierarchy,
namely ‘waste prevention and reduction’. This step is
not included in the developed model, seen this is not a
material assemblage- or re-life step. For that reason the
guiding attention points need also respond to reducing the
material use within the design process.
Literature study on material guiding attention points
In order to come up with scientific based material guiding
attention points, there is done a literature study on seven
sources to material guiding principles. The following sources
are consulted: Crowther (2005), SEDA (2005), VTT Technical
Research Centre of Finland (2013), Thormark (2001), US
Army Corps of Engineers (2004), Langdon (2009), and Crul
& Diehl (2009). These sources are analyzed in: A.6.
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The completed analysis could be summarized as: The
selection of sources based on foregoing conclusions
on material design. The selection of relevant guiding
attention points, this is done in case of Langdon and Crul
& Diehl. The complete guiding attention points have been
analyzed and divided in 12 defined categories. Out of
every category have been selected the one or two most
relevant guiding attention points, in line with this research,
resulting in 15 guiding attention points based on literature.
The 15 lines are analyzed and adapted, to the circular
economy constrains (adaptations are visible), resulting
in 15 ‘Adapted material guiding attention points’. The
adapted lines are rated to their relevance to the hierarchy
of re-life options for a circular economy in the built
environment, which is presented in Table 5. Furthermore,
rating has taken place to signify their relevance per re-life
options using the three score options model, which could
refers to the research of Crowther (2005).
As evidenced by Crowther (2005), conflicts can occur
between material attention points. Crowther (2005) shows
the following examples:
The need to minimize the number of different
material types will not always be compatible with
the need to use lightweight materials. In such a
case the potential environmental benefits from
each principle may need to be compared and
evaluated in light of the broader issues. (p. 6)
The material guiding attention points themselves offer
guidance on how to design to make re-life options
possible. The presented relevance ranking shows how
different material guiding principles will be more or less
relevant for different re-life options. The ranking system
makes it possible to check the benefits for specified re-life
options when the given material guiding attention point is
covered in the design.

A.6. Guiding attention points based on
literature about material selection
and application

The research method within this literature study is done,
based on the following steps:
1. Selection of literature on this topic.
2. Selection of relevant guiding attention points.
3. Sub-division in 12 categories (Table 11).
4. Selection of the most relevant lines (Table 11).
5. Adaptation and transformation to circular economy
constrains (Table 12).
Below several guiding attention points of material selection
and application are presented, cited from the literature:
Crowther (2005), SEDA (2005), VTT Technical Research
Centre of Finland (2013), Thormark (2001), US Army Corps
of Engineers (2004), Langdon (2009), and Crul & Diehl
(2009). The selection of these sources is done based on
the conclusion of material selection and application, as
described in sub-section 3.3.5 Material guiding attention
points. The results of the analysis on these presented
guiding attention points, are included in the elaboration of
the same sub-section.
Crowther, 2005 (C)
1. Minimise the number of different types of materials. This
will simplify the process of sorting during disassembly, and
reduce transport to different recycling locations, and result
in greater quantities of each material.
2. Avoid toxic and hazardous materials. This will reduce
the potential for contaminating materials that are being
sorted for recycling, and will reduce the potential for
health risks that might otherwise discourage disassembly.
3. Avoid composite materials and make inseparable
subassemblies from the same material. In this way large
amounts of one material will not be contaminated by a
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Adapted material guiding attention points and their relevance to the hierarchy of re-life options for a circular economy in
the built environment.

Cascades

Biosphere

Remanufacture

••• ••• ••• •••

Recycle

1. Aim to express quality through good design rather than over
dimensioning the product, with attention to long-term quality based
on re-life options.
2. Make sure that the materials are correctly detailed so that it does
not become prematurely obsolete in the technical sense.
3. Pay particular attention to robustness of the differential weathering
and wearing of surfaces as well as vandalism and damaging of
surfaces and allow for those critical areas to be maintained or
replaced separately from other areas.
4. Minimize the number of different types of materials. This will simplify
the process of sorting during disassembly, and reduce transport to
different recycling locations, and result in greater quantities of each
material, which will signify the reusability.
5. Provide standard and permanent identification of material types ,
using a resource passport. In which materials should be provided with
a non-removable and non-contaminating identification mark to
allow for future sorting, such a mark could provide information on
material type, place and time or origin, structural capacity, toxic
content, etc.
6. Avoid toxic, hazardous and carcinogenic or otherwise harmful
content materials. This will reduce the potential for contaminating
materials that are being sorted for recycling, and will reduce the
potential for health risks that might otherwise discourage
disassembly.
7. Avoid energy-intensive materials, such as aluminum, in products
with a short lifetime, or design them to be prepared for re-life
options.
8. Make use of materials supplied by local producers, to minimize
transportation distance.
9. Preferably specify reused materials or reusable materials rather than
recycled, which will increase the market demand for reused
materials.
10. Select materials and material properties to realize a more classic
(timeless) design that makes it aesthetically pleasing and attractive
during the complete life time and removes obstacles for reuse.
11. Preferably use recycled materials, or materials with a recycled
content. Which will increase the market demand for recycled
materials.
12. Preferably use recyclable materials for which: a market already
exists; cascades processes already exists or safely could products
that can safely re-enter the biosphere
13. Avoid secondary finishes to materials. Such coatings may
contaminate the base material and make recycling difficult, where
possible use materials that provide their own suitable finish or use
mechanically separable finishes.
14. Avoid composite materials and make inseparable subassemblies
from the same material. In this way large amounts of one material
will not be contaminated by a small amount of a foreign material
that cannot be easily separated.
15. Use lightweight materials and components. This will make handling
easier and quicker, making disassembly and reuse a more
attractive option. This will also allow easier disassembly for regular
maintenance and replacement of parts.
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••• Highly relevant
•• Relevant
• Not normally relevant
No. Guiding attention point

Reconfiguration

Legend of level of relevance

Service

Adapted from: Crowther (2005), SEDA (2005), VTT Technical Research Centre of
Finland (2013), Thormark (2001), US Army Corps of Engineers (2004), Langdon
(2009.), Crul & Diehl (2009)
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small amount of a foreign material that cannot be easily
separated.
4. Avoid secondary finishes to materials. Such coatings
may contaminate the base material and make recycling
difficult, where possible use materials that provide their
own suitable finish or use mechanically separable finishes
(Note: some protective finishes such as galvanising may
still on balance be desirable since they extend the service
life of the component despite disassembly or recycling
problems).
5. Provide standard and permanent identification
of material types. Many materials such as plastics are
not easily identifiable and should be provided with a
non-removable and non-contaminating identification
mark to allow for future sorting, such a mark could provide
information on material type, place and time or origin,
structural capacity, toxic content, etc.
6. Minimise the number of different types of components.
This will simplify the process of sorting and reduce the
number of different disassembly procedures to be
undertaken, it will also make component reuse more
attractive due to greater numbers of fewer components.
7. Use lightweight materials and components. this will
make handling easier and quicker, making disassembly
and reuse a more attractive option. This will also allow
disassembly for regular maintenance and replacement of
parts.
SEDA, 2005 (S)
1. Design Buildings to be adaptable to different
occupancy patterns in plan, in section and in structural
terms.
2. Ensure that buildings are conceived as layered
according to their anticipated lifespans.
3. Ensure all components can be readily accessed and
removed for repair or replacement.
4. Adopt a fixing regime which allows all components
to be easily and safely removed, and replaced through
the use of simple fixings. Design connectors to enable
components to be both independent and exchangeable.
5. Use only durable components which can be reused.
Try to use monomeric components and avoid the use of
adhesives, resins and coatings which compromise the
potential for reuse and recycling.
6. Pay particular attention to the differential weathering
and wearing of surfaces and allow for those areas to be
maintained or replaced separately from other areas.
7. Carefully plan services and service routes so that
they can be easily identified, accessed and upgraded or
maintained as necessary without disruption to surfaces and
other parts of the building.
VTT Technical Research Centre of Finland, 2013 (T)
1. Avoid materials that later became environmental
hazards for workers and for disposal
2. Choose components that are durable enough to be
repaired or reused
3. Choose materials which will not be destroyed in
deconstruction so that they can be reused or recycled
4. Maximize the number of times the components and
materials can be reused
5. If more material types are necessary, the separation
of the materials in deconstruction should be carefully
considered
6. If prefabricated modules and components are used,
they should be dimensioned for reuse
Thormark, 2001 (TH)
1. Choose recycled materials. Stimulates the recycling
market.
2. Choose recyclable materials. Reduces waste to landfill
and increases the value of the product when it will be
replaced.
3. Parts containing hazardous materials should be easy to
remove. Facilitates elimination of hazardous parts.
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4. Minimize the number of different materials if they
constrain the recycling process. Simplifies dismantling and
sorting.
5. Make inseparable parts from the same material or a
material that does not constrain the recycling process.
Reduces the need for dismantling and sorting.
6. Code and mark all materials. Simplifies the sorting and
recycling process.
US Army Corps of Engineers, 2004 (F)
1. Use value-engineered products that make more
efficient use of resources such as engineered lumber.
2. Select durable and heavy materials that can provide
thermal mass.
3. Avoid materials with toxic, carcinogenic, or otherwise
harmful content.
4. Select materials with low VOC content including
adhesives, paints, sealants, flooring, and composite wood
products.
5. Specify local, sustainably harvested timber and wood
products. Use wood- based materials that are certified
in accordance with the Forest Stewardship Council, or
equivalent, for components such as framing, flooring,
finishes, furnishings, and other construction applications like
bracing and forms.
6. Specify
materials
that
are
resourced
and
manufactured within the region (500 miles).
7. Specify materials with a high post-consumer recycled
content (20 percent) and a high postindustrial recycled
content (40 percent).
8. Choose materials with the lowest embodied energy
that will accomplish the task (consider this on a life-cycle
basis).
9. Minimize and recycle packaging materials delivered to
the site.
Langdon, 2009 (L)
1. Consider structural solutions that use less material and
simplify the structural solutions as much as possible (e.g. use
concrete solutions like post tensioning instead of cast in situ
reinforced concrete).
2. Group functions with similar special requirements
so that the building is composed of repeatable special
elements and the overall design is simplified.
3. Consider the design of the building and how it might
be simplified in terms of:
• building form;
• the structural system;
• the building services; and
• construction sequence/methodology.
4. Investigate opportunities to avoid excavation (e.g.
consider important aspects like orientation, existing services
etc. when positioning the building on the site and set key
levels in relation to site contours and ground conditions).
5. Assess extent of excavation (e.g. assess the need for
full or part basement).
6. Review foundation solutions to ascertain if options such
as rotary or displacement piles, (rather than replacement)
can be considered.
7. Discuss and agree with the client and design team the
implication of minimisation of excavation solutions (impact
on the building design, functionality, cost, programme
aesthetics etc).
8. Discuss appointment and requirements of demolition
contractor with the client to maximise reuse, recovery and
recycling.
9. Consider the implications the design solution to
construction activities (e.g. specifications and contracts).
10. Begin the process of dimensional coordination by
selecting appropriate structural and planning grids,
together with an appropriate structural system when the
design is at an appropriate stage.
11. Standardise similar elements of the building so that
repeatability of the process leads to manufacturing and
installation efficiencies including waste reduction.

12. Establish floor to floor heights, structural and services
zones to minimise the extent of material offcuts.
13. Carry out three-dimensional co-ordination exercises to
eliminate all dimensional conflicts that lead to extensive on
site waste.
14. Embed all of the design options to be pursued into
project briefings and procurement.
15. Consider how the building is going to be constructed
and the impact on waste.
16. Identify (in collaboration with the main contractor
and/or
specialist
subcontractors)
where
potential
significant on site waste streams are likely to occur. This can
be done by making use of the project team’s experience,
the use of the WRAP Net Waste Tool or any other
assessment methods.
17. Determine the procurement routes responsible for
the identified waste streams and initiate discussions with
potential contractors and/or subcontractors to identify
ways to minimise waste.
18. Once
waste
minimisation
initiatives
during
procurement are identified and agreed as practicable,
they should be assessed in terms of the impact on cost,
programme and building design.
19. Agree the adoption of the waste minimisation
initiatives with the client and embed them in drawings,
specifications and/or contracts.
20. Identify if there are any special contract conditions
that need the input of the client’s legal advisors and if so
advise the client accordingly and initiate process.
21. When incorporating requirements for waste reduction
in procurement documentation, refer to WRAP guidance
on model wording.
22. Use lime mortar or other mortars so that bricks/blocks
can be easily dismantled.
23. Use mechanical fixings that facilitate deconstruction.
24. Avoid gluing and composite materials.
25. Specify materials that can be reused rather than
recycled.
26. Use landscaping materials that can be easily taken up
and reused (e.g. grasscrete).
27. Use structural elements that can be easily
disassembled.
28. Design foundations that can be retracted from the
ground and reused after the service life of the building
ceases.

11. Preferably use recyclable materials for which a market
already exists.
12. Make use of materials supplied by local producers.
13. Stimulate arrangements for recycling of materials by
local companies which can substitute (part of) the raw
materials of the company.
14. Aim for rigidity through construction techniques such
as reinforcement ribs rather than ‘over dimensioning’ the
product.
15. Aim to express quality through good design rather than
over dimensioning the product.
16. Aim at reducing the amount of space required for
transport and storage by decreasing the product’s size and
total volume.
17. Design the product to minimize material waste,
especially in processes such as sawing, turning, milling,
pressing and punching.
18. Design the product in such a way that it needs little
maintenance.
19. Give the product a classic design that makes it
aesthetically pleasing and attractive to a second user.
20. Make sure that the construction is sound so that it does
not become prematurely obsolete in the technical sense.
21. Give priority to primary recycling over secondary and
tertiary recycling.
22. Try to use recyclable materials for which a market
already exists.
23. If toxic materials have to be used in the product, they
should be concentrated in adjacent areas so that they
can easily be detached

Crul & Diehl, 2009 (U)
1. Do not use materials or additives which are prohibited
due to their toxicity. These include PCBs (polychlorinated
biphenyls), PCTs (polychlorinated terphenyls), lead (in
PVC, electronics, dyes and batteries), cadmium (in dyes
and batteries) and mercury (in thermometers, switches,
fluorescent tubes).
2. Avoid materials and additives that deplete the ozone
layer such as chlorine, fluorine, bromine, methyl bromide,
halons and aerosols, foams, refrigerants and solvents that
contain CFCs.
3. Avoid the use of summer smog-causing hydrocarbons.
4. Find alternatives for surface treatment techniques
such as hot-dip galvanization, electrolytic zinc plating and
electrolytic chromium plating.
5. Find alternatives for non-ferrous metals such as copper,
zinc, brass, chromium and nickel because of the harmful
emissions that occur during their production.
6. Avoid energy-intensive materials such as aluminum in
products with a short lifetime.
7. Avoid raw materials produced from intensive
agriculture.
8. Use recycled materials wherever possible, to increase
the market demand for recycled materials.
9. Use secondary metals such as secondary aluminum
and copper instead of their virgin (primary) equivalents.
10. Avoid materials which are difficult to separate such as
compound materials, laminates, fillers, fire retardants and
fiberglass reinforcements.
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Table
Transformationtable
tableto
toprovide
provide insight
lines.
Table12:
7 Transformation
insightininthe
theadapted
adapted
lines.

Original material guiding attention points

Adapted material guiding attention points

1. Aim to express quality through good design rather
than over dimensioning the product (U15).

Aim to express quality through good design rather than
over dimensioning the product, with attention to long-term
quality based on re-life options.
Make sure that the materials are correctly detailed
construction is sound so that it does not become
prematurely obsolete in the technical sense.
Pay particular attention to robustness of the differential
weathering and wearing of surfaces as well as vandalism
and damaging of surfaces and allow for those critical
areas to be maintained or replaced separately from other
areas.
Minimize the number of different types of materials. This will
simplify the process of sorting during disassembly, and
reduce transport to different recycling locations, and result
in greater quantities of each material, which will signify
the reusability.
Provide standard and permanent identification of material
types, using a resource passport. In which Many materials
such as plastics are not easily identifiable and should be
provided with a non-removable and non-contaminating
identification mark to allow for future sorting, such a mark
could provide information on material type, place and
time or origin, structural capacity, toxic content, etc.
Avoid toxic, hazardous and carcinogenic or otherwise
harmful content materials. This will reduce the potential for
contaminating materials that are being sorted for
recycling, and will reduce the potential for health risks that
might otherwise discourage disassembly.
Avoid energy-intensive materials, such as aluminum, in
products with a short lifetime, or design them to be
prepared for re-life options.
Make use of materials supplied by local producers, to
minimize transportation distance.
Preferably specify reused materials or reusable materials
rather than recycled, which will increase the market
demand for reused materials.
Give the product Select materials and material properties
to realize a more classic (timeless) design that makes it
aesthetically pleasing and attractive during the complete
life time and removes obstacles for reuse to a second
user.
Choose Preferably use recycled materials, or materials
with a recycled content. Stimulates the recycling market.
Which will increase the market demand for recycled
materials.
Preferably use recyclable materials for which: a market
already exists; cascades processes already exists or
products that can safely re-enter the biosphere
Avoid secondary finishes to materials. Such coatings may
contaminate the base material and make recycling
difficult, where possible use materials that provide their
own suitable finish or use mechanically separable finishes
(Note: some protective finishes such as galvanizing may
still on balance be desirable since they extend the service
life of the component despite disassembly or recycling
problems).
Avoid composite materials and make inseparable
subassemblies from the same material. In this way large
amounts of one material will not be contaminated by a
small amount of a foreign material that cannot be easily
separated.
Use lightweight materials and components. This will make
handling easier and quicker, making disassembly and
reuse a more attractive option. This will also allow easier
disassembly for regular maintenance and replacement of
parts.

2. Make sure that the construction is sound so that it
does not become prematurely obsolete in the
technical sense (U20).
3. Pay particular attention to the differential weathering
and wearing of surfaces and allow for those areas to
be maintained or replaced separately from other
areas (S6).
4. Minimize the number of different types of materials.
This will simplify the process of sorting during
disassembly, and reduce transport to different
recycling locations, and result in greater quantities of
each material (C1).
5. Provide standard and permanent identification of
material types. Many materials such as plastics are not
easily identifiable and should be provided with a nonremovable and non-contaminating identification
mark to allow for future sorting, such a mark could
provide information on material type, place and time
or origin, structural capacity, toxic content, etc. (C5).
6. Avoid toxic and hazardous materials. This will reduce
the potential for contaminating materials that are
being sorted for recycling, and will reduce the
potential for health risks that might otherwise
discourage disassembly (C2).
7. Avoid energy-intensive materials such as aluminum in
products with a short lifetime (U6).
8. Make use of materials supplied by local producers
(U12).
9. Specify materials that can be reused rather than
recycled (L25).
10. Give the product a classic design that makes it
aesthetically pleasing and attractive to a second user
(U19).

11. Choose recycled materials. Stimulates the recycling
market (U1).

12. Preferably use recyclable materials for which a market
already exists (U11).
13. Avoid secondary finishes to materials. Such coatings
may contaminate the base material and make
recycling difficult, where possible use materials that
provide their own suitable finish or use mechanically
separable finishes (Note: some protective finishes such
as galvanizing may still on balance be desirable since
they extend the service life of the component despite
disassembly or recycling problems) (C4).
14. Avoid composite materials and make inseparable
subassemblies from the same material. In this way
large amounts of one material will not be
contaminated by a small amount of a foreign material
that cannot be easily separated (C3).
15. Use lightweight materials and components. This will
make handling easier and quicker, making
disassembly and reuse a more attractive option. This
will also allow disassembly for regular maintenance
and replacement of parts (C7).
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B. Design for disassembly analysis

Figure 53:

Vertical section sub-system - P components identification
(P4 is outside the scope of the facade sub-system and for
that reason not further analyzed)

Figure 55:

Legend Disassembly Schemes

Figure 54:

Front view facade frame P2 (combination of
primary- and secondary facade frame), P5b is not
further analyzed seen the similarity with P5a and
P9.
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Component P2

Component P1

Facade frame
scheme of 9.1
primary facade frame

Finishing outside upper panel

Functional
analysis

Functional
analysis

Relational pattern

Relational pattern

Detail specification

Detail specification

P2 - 9.1

6.

Functions not seperated

7.

Base element not prepared for applied additions
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x
x

x

B. Building level

Accessibility to fixings and
intermediary
15.

14. Type of connection

Assembly direction based
on assembly type
Assembly sequences
11.
regarding material levels
Geometry of product
12.
edge
Standardization of product
13.
edge
10.

9. Type of relational pattern

5. Base element specification

4. Clustering

Structure and material
levels
3.

1. Functional seperation

D.S. P1. Disassembly Scheme (D.S.)
D.S. P2.

Disassembly Issues (D.I.)
1. Application of (in)direct chemical connection
5. Component specific connection to other component
10. Base element not presented

x

x

Identification of specific facade product(s)

x

15.1 - 16.4; 16.4 - 18.4
17.3 - P2; 17.4 - P2; 17.5 - P2
P1

x

x

9.1a; 9.1d; 9.1e; 9.1f

x

x

17.3 - 9.1a; 9.1f - 13.4a

x

x
x

E. Element level

Circular building
product levels

Disassembly Determining Factors (D.D.F.)

M. Material level

Disassembly Issue (D.I.) analysis D.S. P1. & D.S. P2.

C. Component level

Table 13:

Disassembly Scheme P2 (D.S. P2.)

S. System level

Disassembly Scheme P1 (D.S. P1.)

SS. Sub-system level

Figure 57:

Figure 56:

Component P3

Component P5
Window to open

Functional
analysis

Functional
analysis

Relational pattern

Relational pattern

Detail specification

Detail specification

Insulation panel

Figure 59:

Application of (in)direct chemical connection
Functions not seperated

8.

Application of direct connection between two prefabricated elements

Functions not seperated

8.

Application of direct connection between two prefabricated elements

9. Component geometry symmetric overlapping
10. Base element not presented

Accessibility to fixings and
intermediary

B. Building level

15.

14. Type of connection

Assembly direction based
on assembly type
Assembly sequences
11.
regarding material levels
Geometry of product
12.
edge
Standardization of product
13.
edge
10.

9. Type of relational pattern

5. Base element specification

4. Clustering

Structure and material
levels

x

x
x

x
x

9. Component geometry symmetric overlapping
10. Base element not presented
6.

3.

1. Functional seperation

Disassembly Scheme (D.S.)
D.S. P3.
D.S. P5.

Disassembly Issues (D.I.)
1.
6.

x

x

x

x
x
x
x
x

x
x

E. Element level

Circular building
product levels

Disassembly Determining Factors (D.D.F.)

M. Material level

Disassembly Issue (D.I.) analysis D.S. P3. & D.S. P5.

C. Component level

Table 14:

Disassembly Scheme P5 (D.S. P5.)

S. System level

Disassembly Scheme P3 (D.S. P3.)

SS. Sub-system level

Figure 58:

Identification of specific facade product(s)
10.1c - 10.1d; 10.1d - 10.1e; 10.1e - 10.1f
10.1b; 10.c; 10.d; 10.1e; 10.1g

x

P2 - 10.1a; P2 - 10.1g

x
x

P3
P3

x

12.1a; 12.1b; 12.1c; 12.1d; 12.1e; 12.1h; 12.1j;
12.1k

x

12.1l - 12.1j; 12.1e - 12.1k; 12.1e - 12.1f; 12.1f 12.1h; 12.1e - 12.1g; 12.1g - 12.1h; 12.1e - 12.1d;
12.1d - 12.1b; 12.1h; 12.1c; P2 - 12.1i

x
x

P5
P5
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Component P6

Component P7

Finishing outside middle panel

Functional
analysis

Functional
analysis

Relational pattern

Relational pattern

Detail specification

Detail specification

Finishing inside middle panel

Component specific connection to other component

Application of (in)direct chemical connection

5.

Component specific connection to other component
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x

B. Building level

Accessibility to fixings and
intermediary
15.

14. Type of connection

Assembly direction based
on assembly type
Assembly sequences
11.
regarding material levels
Geometry of product
12.
edge
Standardization of product
13.
edge
10.

9. Type of relational pattern

5. Base element specification

x

10. Base element not presented
1.

4. Clustering

Structure and material
levels
3.

1. Functional seperation

D.S. P6. Disassembly Scheme (D.S.)
D.S. P7.

Disassembly Issues (D.I.)
5.

x

x
x
x

x

x

E. Element level

Circular building
product levels

Disassembly Determining Factors (D.D.F.)

M. Material level

Disassembly Issue (D.I.) analysis D.S. P6. & D.S. P7.

C. Component level

Table 15:

Disassembly Scheme P7 (D.S. P7.)

S. System level

Disassembly Scheme P6 (D.S. P6.)

SS. Sub-system level

Figure 61:

Figure 60:

Identification of specific facade product(s)
14.1 - P2; 14.2 - P2

x

P6

x

16.3 - 18.7; 16.3 - 18.8
P8 - 16.1; P8 - 18.1; P8 - 18.2; P8 - 18.2; P8 - 18.3;
P2 - 17.1; P2 - 18.1; P2 - 18.2; P2 - 18.3; P2 - 17.2

Component P8

Component P9
Fixed window

Functional
analysis

Functional
analysis

Relational pattern

Relational pattern

Detail specification

Detail specification

Solar panel

Component specific connection to other component
Functions not seperated
Base element not presented
Functions not seperated

8.

Application of direct connection between two prefabricated elements

9. Component geometry symmetric overlapping
10. Base element not presented

x

x

B. Building level

Accessibility to fixings and
intermediary
15.

14. Type of connection

Assembly direction based
on assembly type
Assembly sequences
11.
regarding material levels
Geometry of product
12.
edge
Standardization of product
13.
edge
10.

9. Type of relational pattern

5. Base element specification

4. Clustering

Structure and material
levels
3.

1. Functional seperation

D.S. P8. Disassembly Scheme (D.S.)
D.S. P9.

Disassembly Issues (D.I.)
5.
6.
10.
6.

x

x

x
x
x

x
x
x
x
x

x
x

E. Element level

Circular building
product levels

Disassembly Determining Factors (D.D.F.)

M. Material level

Disassembly Issue (D.I.) analysis D.S. P8. & D.S. P9.

C. Component level

Table 16:

Disassembly Scheme P9 (D.S. P9.)

S. System level

Disassembly Scheme P8 (D.S. P8.)

SS. Sub-system level

Figure 63:

Figure 62:

Identification of specific facade product(s)
19.1a - P7
19.1a
P8
11.2a; 11.2b; 11.2c; 11.2d

x

P2 - 11.2a; P2 - 11.2a; P2 - 11.2d; P2 - 11.2e; 11.2a
- 11.2b

x
x

P9
P9
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Unclustered elements

Component P10

Functional
analysis

Relational pattern

Detail specification

Detail specification

Insulation panel

Application of (in)direct chemical connection

6.

Functions not seperated

8.

Application of direct connection between two prefabricated elements

9. Component geometry symmetric overlapping
10. Base element not presented
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B. Building level

Accessibility to fixings and
intermediary
15.

14. Type of connection

Assembly direction based
on assembly type
Assembly sequences
11.
regarding material levels
Geometry of product
12.
edge
Standardization of product
13.
edge
10.

9. Type of relational pattern

5. Base element specification

4. Clustering

Structure and material
levels
3.

1. Functional seperation

Disassembly Scheme (D.S.)
D.S. P10.

Disassembly Issues (D.I.)
1.

x
x

Identification of specific facade product(s)

x

x

10.2-3c - 10.2-3d; 10.2-3d - 10.2-3e; 10.2-3e - 10.2f

x

10.2-3b; 10.2-3c; 10.2-3e; 10.2-3g

x

x

P2 - 10.2-3a; 10.2-3a - 10.2-3b; P2 - 10.2-3g

x
x

P10
P10

x
x

E. Element level

Circular building
product levels

Disassembly Determining Factors (D.D.F.)

M. Material level

Disassembly Issue (D.I.) analysis D.S. P10.

C. Component level

Table 17:

Unclustered elements within (sub-)system configuration,
required for Overall Disassembly Scheme (O.D.S.)

S. System level

Disassembly Scheme P10 (D.S. P10.)

SS. Sub-system level

Figure 65:

Figure 64:

x

Figure 66:

Overall Disassembly Scheme (O.D.S.)

Legend

Component/ element name
0. Foundation
1. Concrete column
2. Concrete floor
3. Fixation rails in concrete
4. Steel anchor
5. Adjusting plate
6. Facade element suspension
7. Aluminum mullion (long)
8. Aluminum mullion(short)
9. Aluminum transom
10. Insulation panel
11. Fixed window
12. Window to open
13. Inside steel cladding
14. Inside fixing profile
15. Anti-drumming layer
16. Outside aluminum cladding
17. Outside fixing profile
18. Outside aluminum transom
19. Solar panel
20. Anhydrite floor
21. Structural facade hook
22. Electric window opener
23. Insulation

Figure 67:

Type of element specification
Element

Product levels and clustering
Building level
Other systems

Pre-fabricated
component

Boundary facade
system

Half standardised
component

Base element
Intermediate
Overlapping elements between
facade sub-system

Type of connections
facade sub-system level

Flexible

2. Indirect connection via
independent third element
3. Indirect connection via
dependent third element

Component made on
the construction site
Boundary one facade
sub-system including
unclusterd components Facade component level

facade system level

Facade sub-system
clustered components

1. Indirect with additional
fixing device

4. Direct connection with
additional fixing devices

Pre-fabricated element

5. Indirect connection with
third chemical material

Half standardised element

6. Direct connection between
two pre-fabricated elements

Element made on the
construction site

7. Direct chemical connection
Fixed

Legend overall disassembly scheme
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Disassembly Issue (D.I.) analysis Overall Disassembly Scheme (O.D.S.)

1.

Application of (in)direct chemical connection

2.

Dependence between facade sub-systems or
components

x

x

3.

Overlapping components and elements

x

x

x

4.

Non-clustered elements or components

x

x

x

8.

Application of direct connection between two prefabricated elements

x

x

x

x

x

x
x

Disassembly%sequences

E. Element level

M. Material level

C. Component level

x

x
x

x

P1 (15.1; 16.4; 18.4); P6 (13.7; 13.8; 13.9)

P3 (due to P1); P5 (due to P1); P2 - 21.1

x

x

x

P1 (17.3; 17.4; 17.5); 23.1; 13.3; 13.1; 13.2; 22.1;
13.4a; 13.4b; P4: P6

x

P3; P5a; P5b; P9 ; P10
15.1; 2.2; P3; P10; P7; P4; Facade sub-system
(diassembly from top to bottom)

x

x

x

x

x

x

x

x

2.2 - 3.1; 20.1 - 4.1; 20.1 - 3.1; 20.1 - 13.3; 20.1 13.4a; 13.3 - 10.1f; 13.4a - 9.1; 20.1 - 3.2; 20.1 - 4.2;
2.2 - 3.2; Facade sub-system (partly disassembly)

2.2

Step%6

P4

Step%5

P2

Step%4

P3

Step%3

13.3

P 5a

P 5b

P9

p 10

23.1

Step%2

P1

P6

P7

13.2

Step%1

13.1
%Load%
bearing

P8

13.4

20.1

Floor%system

Facade

1

2.2

P4

13.3

15.1

13.2

13.1

20.1

P2

P3

P 5a

P 5b

P9

p 10

P1

P6

P7

P8

P 11

Use%LC

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

Technical%LC

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

P7

P8

Step%1

Assembly%sequences

Step%2

Step%3

2.2

P4
Facade sub-system clustered components

Step%5

Step%7

Figure 69:

1

Step%4

Step%6
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x

1

Step%7

Components

Identification of specific facade product(s)
2.2 - 2.1; 20.1 - 2.2; 2.2 - 1.1; 20.1 - 4.1; 20.1 - 3.1;
20.1 - 13.3; 20.1 - 13.4a; 20.1 3.2; 20.1 - 4.2; 20.1 5.2; 2.2 - 3.2

x

x

Accessible with additional operations which causes
damage

Step%8

S. System level

x

Accessible with additional operations which causes no
11.
damage

12.

B. Building level

Accessibility to fixings and
intermediary
15.

14. Type of connection

Standardization of product
edge
13.

12. Geometry of product edge

Assembly direction based
on assembly type
Assembly sequences
11.
regarding material levels
10.

9. Type of relational pattern

5. Base element specification

Structure and material
levels

4. Clustering

Disassembly Issues (D.I.)

3.

1. Functional seperation

Overall Disassembly Scheme (O.D.S.)
O.D.S.

Circular building
product levels

Disassembly Determining Factors (D.D.F.)

SS. Sub-system level

Figure 68:

P2

13.3

P3

P 5a

P 5b

23.1

P9

p 10

P1

13.2

P6

13.4

13.1

20.1

Assembly- and disassembly sequences (sub-systeem- and component level)
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C. Design for adaptability analysis
1. Reconfiguration
on system level
1. Change of facade
sub-system configuration

The change in configuration of systems

Versatile

- Change of space -

Adjustable

- Change of task -

- Unitised facade -

The change of internal spaces for various uses

No influence on the facade

Current facade Municipality office Venlo

B
S
SS
C
E
M

The replacment, addition, removal or
upgrade of functions

Refitable

- Change of performance -

B
S
SS
C
E
M

Option 1

Option 2

Option 2

1c. Green facade on entire
sub-system
B
S
SS
C
E
M

2a. Climate facade
components

B
S
SS
C
E
M

2c. Natural/ mechanical
ventilation

2b. Corridor/ box facade
B
S
SS
C
E
M

B
S
SS
C
E
M

Option 1

Option 1

2d. Inside sunscreen or
sunscreen between glazing
B
S
SS
C
E
M

B
S
SS
C
E
M
Option 1

Option 2

Option 3
Option 2

Option 2
Option 1

Option 3

Option 2

Option 2

Option 2

B
S
SS
C
E
M

4b. Media facade on
components/ elements

B
S
SS
C
E
M

B
S
SS
C
E
M

4c. Solar panel components/
elements
B
S
Option 1
SS
C
E
M

Option 2

Option 2

The increase or decrease of building size

Scalable

- Change of size -

1a. Entire facade to outside

1b. Part of the facade
to outside

2. Decrease of the building size

B
S
SS
C
E
M

1c. Addition of a storey
B
S
SS
C
E
M

Option 1

Option 2

3. Creation of an outside space
3a. Part of the facade
to inside - loggia

2b. Remove of a storey
B
S
SS
C
E
M

B
S
SS
C
E
M

3b. Balcony/ corridor
B
S
SS
C
E
M

B
S
SS
C
E
M

Legend

1. Reuse of facade systems, sub-systems, components or elements

Reusable

B
S
SS
C
E
M

The reuse of building products in other
building(s)

1a. Reuse of the facade systems, sub-systems or components

- Change of use -

The movement of the entire
building to a different location

2a. Entire facade to inside
B
S
SS
C
E
M

1. Move building

Movable

B
S
SS
C
E
M

Option 3

1. Move all systems

- Change of location -

1. Window area +/B
S
SS
C
E
M

Option 1

1. Increase of the building size

Figure 70:

4d. Dynamic facade
components/ elements

The change of the building function(s)
into other building function(s)

B
S
SS
C
E
M

1. Change the facade to
new user requirements

4. Active technology
4a. Media facade on entire
sub-system

Convertible

3. Aesthetics
3. Change of aesthetics

- Change of function -

2. Climate regulating
2e. Outside sunscreen

Option 1

B
S
SS
C
E
M

2. Climate regulating

1b. Green facade
component

B
S
SS
C
E
M

3. Reconfiguration on
component level
3. Change of facade
element configuration

Option 1

1. Biodiversity
1a. Green facade elements

2. Reconfiguration on
sub-system level
2. Change of facade
component configuration

Building A

Building B

B
S
SS
C
E
M

1b. Reuse of the facade elements

Option 1

Option 2

B
S
SS
Option 5 C
E
M

Identification of adaptations

Option 6

Identification of appropriate
product levels

Occuring adaptation
Current parts
Removed parts

Product level not
appropriate
Option 3

Product level
appropriate

Option 7
B

Building level

S

System level

SS
Option 4

Option 8

Sub-system level

C

Component level

E

Element level

M

Material level

Adaptability matrix overview - Adaptability Strategies (A.S.) applied at the Municipality office Venlo.
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Figure 71:

Legend adaptability analysis

Figure 72:

Change of facade sub-system
configuration (A.S. VER. 1.)

Table 18:

Design requirements related to versatile

No.

Figure 73:

Option 1

B
S
SS
C
E
M

Option 2

Change of facade component
configuration (A.S. VER. 2.)

3. Reconfiguration on component
level

1. Reconfiguration on system level

B
S
SS
C
E
M

2. Reconfiguration on sub-system
level

Versatile - Change of space
The change in configuration of systems

Figure 74:

Option 1
Adjust in length

Option 2
Adjust in depth

B
S
SS
C
E
M

Change of facade element
configuration (A.S. VER. 3.)

Design requirements

1. Reconfiguration on system level
The facade system should be dividable in separate facade sub-systems that contain one or more of the following
functions: roof/ single-skin facade/ second-skin facade.
2.S.
The connection between the facade sub-system and the other building (sub)-systems should be demountable in a
non-destructive manner.
3.S.
The connection between the facade sub-systems and the building structure system should be easily accessible.
4.S.
The building structure sub-system should be identified as base element for the facade sub-systems.
5.S.
The facade sub-systems should be independently detachable from the adjacent facade sub-systems.
6.S.
The facade sub-systems should be removable to the inside and outside.
7.S.
The facade sub-system should be connected with an independent intermediary.
8.S.
The facade sub-systems should be connected with consistent connections to the building structure sub-system.
2. Reconfiguration on sub-system level
1.SS. The facade sub-system should be dividable in separate facade components that contain one or more of the following
functions: primary facade frame/ secondary facade frame/ exterior facade component/ infill facade component/
interior facade component/ intermediate.
2.SS. The connection between the facade frame and the exterior-/ infill-/ interior facade components should be demountable
in a non-destructive manner.
3.SS. The connection between the exterior-/ infill-/ interior facade components and the facade frame should be easily
accessible.
4.SS. The primary facade frame should be identified as base element for the facade components.
5.SS. The infill component should be independently detachable from the facade frame.
6.SS. The Infill facade components should be demountable to the inside and outside.
7.SS. The interior-/ infill-/ exterior facade components should be connected with an independent intermediary.
8.SS. The exterior-/ infill-/ interior facade components should be connected with consistent connections to the facade frame.
11.SS. The transoms/ mullion of the secondary facade frame should be vertically/ horizontally adjustable.
3. Reconfiguration on component level
1.C. The facade components should be dividable in separate facade elements that contain one or more of the following
functions: support/ finish / control/ integration.
2.C. The connection between the facade elements and the other facade elements within one component should be
demountable in a non-destructive manner.
3.C. The connection between the facade elements and the supporting facade element within one component should be
easily accessible.
4.C. The element with the supporting function should be identified as base element for the other facade elements within
each component.
13.C. The facade components should be adjustable in length, depth and function by reconfiguration, replacing, adding,
removing and upgrading of elements.
1.S.
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B
S
SS
C
E
M

2. Climate regulating

1. Biodiversity

B
S
SS
C
E
M

Figure 75:

Green facade on entire
sub-system (A.S. REF. 1c.)

Table 19:

Design requirements related to refitable on system level

No.

Figure 76:

Corridor/ box facade (A.S. REF.
2b.)

4. Active technology

Refitable - Change of performance
The replacement, addition, removal or upgrade of functions

Figure 77:

B
S
SS
C
E
M

Media facade on entire
sub-system (A.S. REF. 4a.)

Design requirements

The replacement, addition, removal or upgrade of functions on system level
The facade system should be dividable in separate facade sub-systems that contain one or more of the following functions:
roof/ single-skin facade/ second-skin facade.
2.S. The connection between the facade sub-system and the other building (sub)-systems should be demountable in a
non-destructive manner.
3.S. The connection between the facade sub-systems and the building structure system should be easily accessible.
4.S. The building structure sub-system should be identified as base element for the facade sub-systems.
5.S. The facade sub-systems should be independently detachable from the adjacent facade sub-systems.
6.S. The facade sub-systems should be removable to the inside and outside.
7.S. The facade sub-system should be connected with an independent intermediary.
8.S. The facade sub-systems should be connected with consistent connections to the building structure sub-system.
9.S. The vertical facade sub-system dimensions and position should be in line with the net floor height.
10.S. The facade sub-system should enable a load bearing connection to the building structure sub-system.
1.S.
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Option 1
Sunscreen

B
S
SS
C
E
M

Option 2
Addition of single
glazing

Option 1
Natural ventilation

2. Climate regulating

1. Biodiversity

B
S
SS
C
E
M

2. Climate regulating

Refitable - Change of performance
The replacement, addition, removal or upgrade of functions

Option 2
Natural ventilation

B
S
SS
C
E
M

Option 3
Natural ventilation

Option 4
Mechanical ventilation

Option 5
Mechanical ventilation

Option 2
Sunscreen between
glazing

Option 3
Combination
of both

Inside sunscreen/ sunscreen
between glazing components
(A.S.REF.2d.)

B
S
SS
C
E
M

4. Active technology

Option 1
Sunshade louvres

Option 2
Sunshade extension

components

Figure 82:

Option 1
Parapet solar
panels

Figure 85:

B
S
SS
C
E
M

Option 2
Sunshading solar
panels

Media facade
(A.S. REF. 4b.)

Table 20:

Design requirements related to refitable on sub-system level

Natural
&
mechanical
ventilation components (A.S.
REF. 2c.)

Option 1
Enlargement of
window area

B
S
SS
C
E
M

Option 2
Change of facade by
addition of a door and
increase of cladding area

Option 3
Change of cladding
type and increase of
cladding area

Outside
sunscreen
components (A.S. REF. 2e.)

Figure 84:

No.

B
S
SS
C
E
M

Figure 80:

Option 3
Outside sunscreen

4. Active technology

Figure 81:

Climate facade components
(A.S. REF. 2a.)

Solar panel components (A.S.
REF. 4c.)

Figure 83:

4. Active technology

Option 1
Inside sunscreen

B
S
SS
C
E
M

Figure 79:

3. Aesthetics

Green facade components (A.S.
REF. 1b.)

2. Climate regulating

2. Climate regulating

Figure 78:

Figure 86:

Change
of
aesthetic
components (A.S. REF. 3.)

B
S
SS
C
E
M

Dynamic facade components
(A.S. REF. 4d.)

Design requirements

The replacement, addition, removal or upgrade of functions on sub-system level
1.SS. The facade sub-system should be dividable in separate facade components that contain one or more of the following
functions: primary facade frame/ secondary facade frame/ exterior facade component/ infill facade component/
interior facade component/ intermediate.
2.SS. The connection between the facade frame and the exterior-/ infill-/ interior facade components should be demountable
in a non-destructive manner.
3.SS. The connection between the exterior-/ infill-/ interior facade components and the facade frame should be easily
accessible.
4.SS. The primary facade frame should be identified as base element for the facade components.
5.SS. The infill component should be independently detachable from the facade frame.
6.SS. The Infill facade components should be demountable to the inside and outside.
7.SS. The interior-/ infill-/ exterior facade components should be connected with an independent intermediary.
8.SS. The exterior-/ infill-/ interior facade components should be connected with consistent connections to the facade frame.
11.SS. The transoms/ mullion of the secondary facade frame should be vertically/ horizontally adjustable.
12.SS. The facade frame should provide the possibility to let electricity cables/ water pipes through, in an invisible manner.
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B
S
SS
C
E
M

Option 1
Natural ventilation

2. Climate regulating

1. Biodiversity

B
S
SS
C
E
M

Option 2
Natural ventilation

Option 3
Natural ventilation

Option 4
Mechanical ventilation

2. Climate regulating

Refitable - Change of performance
The replacement, addition, removal or upgrade of functions

Option 2
Sunshade extension

4. Active technology

Option 1
Parapet solar
panels

Option 1
Enlargement of
window area

Option 2
Change of facade by
addition of a door and
increase of cladding area

elements

B
S
SS
C
E
M

Option 2
Sunshading solar
panels

Figure 91:

Change of aesthetic elements
(A.S. REF. 3a)

Figure 93:

Solar panel elements (A.S. REF.
4c.)

Table 21:

Design requirements related to refitable on component level

No.

Inside sunscreen/ sunscreen
between glazing elements
(A.S. REF. 2d.)

B
S
SS
C
E
M

Figure 94:

Figure 92:

Media facade elements (A.S.
REF. 4b.)

B
S
SS
C
E
M

4. Active technology

Outside sunscreen
(A.S. REF. 2e.)

B
S
SS
C
E
M

Figure 89:

Option 3
Change of cladding
type and increase of
cladding area

Option 3
Outside sunscreen

Figure 90:

Natural
&
mechanical
ventilation elements (A.S. REF.
2c.)

4. Active technology

Option 1
Sunshade louvres

B
S
SS
C
E
M

Figure 88:

3. Aesthetics

2. Climate regulating

Green facade elements (A.S.
REF. 1a.)

Option 2
Sunscreen between
glazing

Option 3
Combination
of both

Option 5
Mechanical ventilation

Figure 87:

Option 1
Inside sunscreen

B
S
SS
C
E
M

Dynamic facade
(A.S. REF. 4d.)

elements

Design requirements

The replacement, addition, removal or upgrade of functions on component level
1.C. The facade components should be dividable in separate facade elements that contain one or more of the following
functions: support/ finish / control/ integration.
2.C. The connection between the facade elements and the other facade elements within one component should be
demountable in a non-destructive manner.
3.C. The connection between the facade elements and the supporting facade element within one component should be
easily accessible.
4.C. The element with the supporting function should be identified as base element for the other facade elements within each
component.
13.C. The facade components should be adjustable in length, depth and function by reconfiguration, replacing, adding,
removing and upgrading of elements.
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Change the facade to
new user requirements

Convertible - Change of function
The change of the building function(s) into other building function(s)

Option 1
Enlargement of
window area

B
S
SS
C
E
M

Option 2
Enlargement of
window area
with a door

Figure 95:

Increase or decrease of the
window area (A.S. CON. 1.)

Table 22:

Design requirements related to convertible

No.

Design requirements

The change of the building function(s) into other building function(s) on sub-system level
The facade sub-system should be dividable in separate facade components that contain one or more of the following
functions: primary facade frame/ secondary facade frame/ exterior facade component/ infill facade component/
interior facade component/ intermediate.
3.SS. The connection between the facade frame and the exterior-/ infill-/ interior facade components should be demountable
in a non-destructive manner.
4.SS. The connection between the exterior-/ infill-/ interior facade components and the facade frame should be easily
accessible.
5.SS. The primary facade frame should be identified as base element for the facade components.
The infill component should be independently detachable from the facade frame.
6.SS. The Infill facade components should be demountable to the inside and outside.
7.SS. The interior-/ infill-/ exterior facade components should be connected with an independent intermediary.
8.SS. The exterior-/ infill-/ interior facade components should be connected with consistent connections to the facade frame.
11.SS. The transoms/ mullion of the secondary facade frame should be vertically/ horizontally adjustable.
Change of the building function into another building function on component level
1.C. The facade components should be dividable in separate facade elements that contain one or more of the following
functions: support/ finish / control/ integration.
2.C. The connection between the facade elements and the other facade elements within one component should be
demountable in a non-destructive manner.
3.C. The connection between the facade elements and the supporting facade element within one component should be
easily accessible.
4.C. The element with the supporting function should be identified as base element for the other facade elements within each
component.
13.C. The facade components should be adjustable in length, depth and function by reconfiguration, replacing, adding,
removing and upgrading of elements.
1.SS.
2.SS.
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Scalable - change of size
The increase or decrease of building size
B
S
SS
C
E
M

Decrease of the building size

Increase of the building size

B
S
SS
C
E
M

Figure 96:

Entire facade to the outside
(A.S. SCA. 1a.)

Table 23:

Design requirements related to scalable on building level

No.
1.B.
2.S.
3.S.
4.S.
7.S.
8.S.

Figure 97:

Entire facade to the inside (A.S.
SCA. 2a.)

Design requirements
The increase or decrease of building size on building level by changing the system level
The building should be dividable in separate building systems, that contain one or more of the following functions: site,
structure, skin, service, space plan and stuff.
The connection between the facade sub-system and the other building (sub)-systems should be demountable in a
non-destructive manner.
The connection between the facade sub-systems and the building structure system should be easily accessible.
The building structure sub-system should be identified as base element for the facade sub-systems.
The facade sub-system should be connected with an independent intermediary.
The facade sub-systems should be connected with consistent connections to the building structure sub-system.
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Figure 98:

Part of the facade to the
outside (A.S. SCA. 1b.)

Creation of an outside space

B
S
SS
C
E
M

Figure 101: Part of the facade to the inside
(A.S. SCA. 3a.)
Table 24:

No.

Increase of the building size

B
S
SS
C
E
M

Figure 99:

Addition of a storey (A.S. SCA.
1c.)

Creation of an outside space

Increase of the building size

B
S
SS
C
E
M

Decrease of the building size

Scalable - change of size
The increase or decrease of building size
B
S
SS
C
E
M

Figure 100: Removal of a storey (A.S. SCA.
2b.)

B
S
SS
C
E
M

Figure 102: Addition of a balcony/ corridor
(A.S. SCA. 3b.)

Design requirements related to scalable on system level

Design requirements

The increase or decrease of building size on system level
1.S. The facade system should be dividable in separate facade sub-systems that contain one or more of the following functions:
roof/ single-skin facade/ second-skin facade.
2.S. The connection between the facade sub-system and the other building (sub)-systems should be demountable in a
non-destructive manner.
3.S. The connection between the facade sub-systems and the building structure system should be easily accessible.
4.S. The building structure sub-system should be identified as base element for the facade sub-systems.
5.S. The facade sub-systems should be independently detachable from the adjacent facade sub-systems.
6.S. The facade sub-systems should be removable to the inside and outside.
7.S. The facade sub-system should be connected with an independent intermediary.
8.S. The facade sub-systems should be connected with consistent connections to the building structure sub-system.
9.S. The vertical facade sub-system dimensions and position should be in line with the net floor height.
10.S. The facade sub-system should enable a load bearing connection to the building structure sub-system.

122

Scalable - change of size
The increase or decrease of building size
Creation of an outside space

B
S
SS
C
E
M

Figure 103: Addition of a balcony/ corridor
(A.S. SCA. 3b.)
Table 25:

No.

Design requirements related to scalable

Design requirements

The increase or decrease of building size on sub-system level
1.SS. The facade sub-system should be dividable in separate facade components that contain one or more of the following
2.SS. functions: primary facade frame/ secondary facade frame/ exterior facade component/ infill facade component/
interior facade component/ intermediate.
3.SS. The connection between the facade frame and the exterior-/ infill-/ interior facade components should be demountable
in a non-destructive manner.
4.SS. The connection between the exterior-/ infill-/ interior facade components and the facade frame should be easily
accessible.
5.SS. The primary facade frame should be identified as base element for the facade components.
The infill component should be independently detachable from the facade frame.
6.SS. The Infill facade components should be demountable to the inside and outside.
7.SS. The interior-/ infill-/ exterior facade components should be connected with an independent intermediary.
8.SS. The exterior-/ infill-/ interior facade components should be connected with consistent connections to the facade frame.
11.SS. The transoms/ mullion of the secondary facade frame should be vertically/ horizontally adjustable.
The increase or decrease of building size on component level
1.C. The facade components should be dividable in separate facade elements that contain one or more of the following
functions: support/ finish / control/ integration.
2.C. The connection between the facade elements and the other facade elements within one component should be
demountable in a non-destructive manner.
3.C. The connection between the facade elements and the supporting facade element within one component should be
easily accessible.
4.C. The element with the supporting function should be identified as base element for the other facade elements within each
component.
13.C. The facade components should be adjustable in length, depth and function by reconfiguration, replacing, adding,
removing and upgrading of elements.
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Movable - Change of location
The movement of the entire building to a different location
Movement of the building

B
S
SS
C
E
M

Figure 104: Move all building systems (A.S.
MOV. 1a.)
Table 26:

No.
1.B.
2.S.
3.S.
4.S.
7.S.
8.S.
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Design requirements related to movable

Design requirements
The movement of the entire building to a different location on building level by changing the system level
The building should be dividable in separate building systems, that contain one or more of the following functions: site,
structure, skin, service, space plan and stuff.
The connection between the facade sub-system and the other building (sub)-systems should be demountable in a
non-destructive manner.
The connection between the facade sub-systems and the building structure system should be easily accessible.
The building structure sub-system should be identified as base element for the facade sub-systems.
The facade sub-system should be connected with an independent intermediary.
The facade sub-systems should be connected with consistent connections to the building structure sub-system.

Existing building A

New building B

B
S
SS
C
E
M

Figure 105: Reuse of facade systems,
sub-systems, components (A.S.
REU. 1a.)
Table 27:

No.
1.B.
1.S.
1.SS.
2.S.
2.SS.
3.S.
3.SS.
4.S.
4.SS.
5.S.
5.SS.
6.S.
6.SS.
7.S.
7.SS.
8.S.
8.SS.
11.SS.
12.SS.
1.C.
2.C.
3.C.
4.C.
13.C.

Reuse of facade systems, subsystems, components or elements

Reuse of facade systems, subsystems, components or elements

Reusable - change of use
The reuse of building systems, sub-systems, components or elements in other building(s)
Option 1
Reuse without
any change
Option 2
Reuse of
elements by
upgrading the
appearence
Option 3
Reuse of
elements by
changing the
appearence

Option 4
Reuse of
elements by
integration of
plants

Option 1
Reuse of
element by
integration of
solar panels
Option 2
Reuse of
elements by
integration of
media elements

B
S
SS
C
E
M

Option 3
Reuse of
elements by
adjusting the
depth
Option 4
Reuse of
elements by
adjusting the
length

Figure 106: Reuse of the facade elements
(A.S. REU. 1b.)

Design requirements related to reusable on building, system, sub-system and component level

Design requirements
The reuse of facade systems, sub-systems or components in other building(s)
The building should be dividable in separate building systems, that contain one or more of the following functions: site,
structure, skin, service, space plan and stuff.
The facade system should be dividable in separate facade sub-systems that contain one or more of the following functions:
roof/ single-skin facade/ second-skin facade.
The facade sub-system should be dividable in separate facade components that contain one or more of the following
functions: primary facade frame/ secondary facade frame/ exterior facade component/ infill facade component/
interior facade component/ intermediate.
The connection between the facade sub-system and the other building (sub)-systems should be demountable in a
non-destructive manner.
The connection between the facade frame and the exterior-/ infill-/ interior facade components should be demountable
in a non-destructive manner.
The connection between the facade sub-systems and the building structure system should be easily accessible.
The connection between the exterior-/ infill-/ interior facade components and the facade frame should be easily
accessible.
The building structure sub-system should be identified as base element for the facade sub-systems.
The primary facade frame should be identified as base element for the facade components.
The facade sub-systems should be independently detachable from the adjacent facade sub-systems.
The infill component should be independently detachable from the facade frame.
The facade sub-systems should be removable to the inside and outside.
The Infill facade components should be demountable to the inside and outside.
The facade sub-system should be connected with an independent intermediary.
The interior-/ infill-/ exterior facade components should be connected with an independent intermediary.
The facade sub-systems should be connected with consistent connections to the building structure sub-system.
The exterior-/ infill-/ interior facade components should be connected with consistent connections to the facade frame.
The transoms/ mullion of the secondary facade frame should be vertically/ horizontally adjustable.
The facade frame should provide the possibility to let electricity cables/ water pipes through, in an invisible manner.
The reuse of facade elements in other building(s)
The facade components should be dividable in separate facade elements that contain one or more of the following
functions: support/ finish / control/ integration.
The connection between the facade elements and the other facade elements within one component should be
demountable in a non-destructive manner.
The connection between the facade elements and the supporting facade element within one component should be
easily accessible.
The element with the supporting function should be identified as base element for the other facade elements within each
component.
The facade components should be adjustable in length, depth and function by reconfiguration, replacing, adding,
removing and upgrading of elements.
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REU.
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Reuse of the facade elements 1b.
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Standardization of product edge 13.
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Component geometry symmetric
9.
overlapping

x

x

x

x

x

x

x

x

x

x

Accessible with additional operations
12.
which causes damage

x

x

x

x

x

x

Accessible with additional operations
11.
which causes no damage

x

x

x

x

x

Type of connection 14.

x

x

Accessibility to fixings and intermediary 15.

x

x

Geometry of product edge 12.

x

x

Assembly sequences regarding material
11.
levels

x

x

x

Assembly direction based on assembly
10.
type

x

x

x

x

x

x

x

x

x

x

Base element not prepared for applied
7.
additions

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

Component specific connection to other
5.
component

x

Balcony/ corridor 3b.

x

1.

x

Remove of a storey 2b.
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The connection between the facade sub-system and the other building (sub)-systems
should be demountable in a non-destructive manner.
The connection between the facade frame and the exterior-/ infill-/ interior facade
components should be demountable in a non-destructive manner.
The connection between the facade elements and the other facade elements within
one component should be demountable in a non-destructive manner.
The connection between the facade sub-systems and the building structure system
should be easily accessible.
The connection between the exterior-/ infill-/ interior facade components and the
facade frame should be easily accessible.
The connection between the facade elements and the supporting facade element
within one component should be easily accessible.

3.S.

The building structure sub-system should be identified as base element for the facade
sub-systems.
The primary facade frame should be identified as base element for the facade
components.
The element with the supporting function should be identified as base element for the
other facade elements within each component.

4.S.

The facade sub-systems should be independently detachable from the adjacent
facade sub-systems.
The infill component should be independently detachable from the facade frame.
Removable to inside and outside
The facade sub-systems should be removable to the inside and outside.
The Infill facade components should be demountable to the inside and outside.
Independent intermediary
The facade sub-system should be connected with an independent intermediary.
The interior-/ infill-/ exterior facade components should be connected with an
independent intermediary.
Consistent connections
The facade sub-systems should be connected with consistent connections to the
building structure sub-system.
The exterior-/ infill-/ interior facade components should be connected with consistent
connections to the facade frame.

5.S.
5.SS.
6.
6.S.
6.SS.
7.
7.S.
7.SS.
8.
8.S.

The vertical facade sub-system dimensions and position should be in line with the net
floor height.
Load bearing connection
The facade sub-system should enable a load bearing connection to the building
structure sub-system
Adjustable transoms/ mullion
The transoms/ mullion of the secondary facade frame should be vertically horizontally
adjustable.
Cables and pipes in facade
The facade frame should provide the possibility to let electricity cables/ water pipes
through, in an invisible manner.
Adjustable facade components
The facade components should be adjustable in length, depth and function by
reconfiguration, replacing, adding, removing and upgrading of elements.

9.S.
10.
10.S.
11.
11.SS.
12.
12.SS.
13.
13.C.

Dimensions and position

9.

8.SS.

Independently detachable

5.

4.C.

4.SS.

Identification of a base element

4.

3.C.

3.SS.

Easily accessible

3.

2.C.

2.SS.

Demountable connections

2.S.

The facade components should be dividable in separate facade elements that
contain one or more of the following functions: support/ finish / control/ integration.

The facade sub-system should be dividable in separate facade components that
contain one or more of the following functions: primary facade frame/ secondary
facade frame/ exterior facade component/ infill facade component/ interior facade
component/ intermediate.

The facade system should be dividable in separate facade sub-systems that contain
one or more of the following functions: roof/ single-skin facade/ second-skin facade.

The building should be dividable in separate building systems, that contain one or
more of the following functions: site, structure, skin, service, space plan and stuff.

Seperation of functions

2.

1.C.

1.SS.

1.S.

1.
1.B.

Integral analysis

x

1.

x

Application of direct connection
8.
between two pre-fabricated elements

x

Part of the facade to inside - loggia 3a.

x

Addition of a storey 1c.
x

Dependence between facade sub2.
systems or components

x

Reuse of the facade systems/ sub1a.
systtems/ components

x

Climate facade component 2a.

x

Natural/ mechanical ventilation 2c.

x

Green facade elements 1a.

x

Inside sunscreen or sunscreen between
2d.
glazing

x

Green facade component 1b.

x

Outside sunscreen 2e.

x

Change of facade element configuration 3.

x

3.

x

2.

x

Media facade on components/ elements 4b.

x

Type of relational pattern 9.

x

Solar panel components/ elements 4c.

x

4.

x

Dynamic facade components/ elements 4d.

x

Base element specification 5.

x

Part fo the facade to outside 1b.
x

Application of (in)direct chemical
1.
connection

x

Move of all systems
x

Component level C.

x

Entire facade to inside 2a.

x

Circular building
product levels

Sub-system level SS.

x

1a Window area +/-

x

Corridor/ box facade facade 2b.

x

Green facade on entire sub-system 1c.

x

Media facade on entire sub-system 4a.

x

Change of facade sub-system
1.
configuration

x

Entire facade to outside 1a.

x

Change of aesthetics

x

Change of facade component
configuration

x

Functional seperation 1.

x

Structure and material levels 3.
x

Non-clustered elements or components 4.

x

Clustering
6.

x

Functions not seperated

x

Disassembly Issues (D.I.)
Overlapping components and elements 3.

x

Disassembly Determining Factors
(D.D.F.)

S.

x

VER.

B.

System level

x

Adaptability Strategies (A.S.)
CON.
REF.

Building level

x

SCA.

Design requirements (D.R.) related
to
- Hierarchy of product levels
- Disassembly Issues (D.I.)
- Disassembly Determining Factors
(D.D.F.)
- Adaptability strategies (A.S.)

x

MOV.

Table 28:
Integral analysis Design requirements (D.R.) related to: Circular building product levels; Disassembly Issues (D.I.); Disassembly
Determining Factors (D.D.F.); Adaptability strategies (A.S.)
Design Requirements (D.R.)

Material level M.
Element level E.
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Component
level

Sub-system level

System level

Category

Properties

Intermediate

Properties

Properties
Sub-category

Single-skin facade subsystem

Other (facade-) subsystems to building
structure sub-system

Adaptability of the facade
frame in length and depth

Exterior- & interior facade
components to facade
frame component

Intermediate

Intermediate between
facade frame components
No.

Infill facade components to
25 Type
facade frame components
4 Building structure position

11 Type (fixed)

Single-skin facade sub12 Position (fixed)
system to building structure
13 Type (loose)
sub-system

16 Type

19 Fixed or adjustable (depth)
1 Type

2 Fixed or movable

3 Height
x

5 Position (vertical)

6 Position (horizontal)

10 Location
7 Geometry (vertical)
x
x
x
x

8 Geometry (horizontal)
x
x
x
x

9 Vapour barrier
x
x
x
x

x

x

x

x

x

x

14 Position (loose)

x

x

15 Accessibility

x

x

x

x

x

x

20 Position

x

Inclusion of cables or pipes
27 Position
in facade frame

x

Separation of facade frame
28 Type
finishing

x

x

26 Type

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

23 Type (to facade frame components)

x

x

x

x

x

x

24 Type (to infill components)

x

x

x

x

x

x

x

x

x

x

x

x

x

x

21 Location (horizontal)

x

22 Location (vertical)

x

x

x

x

The facade system should be dividable in separate facade sub-systems that contain one or more of the following functions: roof/ single-skin facade/ second-skin facade.
The facade sub-system should be dividable in separate facade components that contain one or more of the following functions: primary facade frame/ secondary facade frame/
exterior facade component/ infill facade component/ interior facade component/ intermediate.
The facade components should be dividable in separate facade elements that contain one or more of the following functions: support/ finish / control/ integration.
Demountable connections
The connection between the facade sub-system and the other building (sub)-systems should be demountable in a non-destructive manner.
The connection between the facade frame and the exterior-/ infill-/ interior facade components should be demountable in a non-destructive manner.
The connection between the facade elements and the other facade elements within one component should be demountable in a non-destructive manner.
Easily accessible
The connection between the facade sub-systems and the building structure system should be easily accessible.
The connection between the exterior-/ infill-/ interior facade components and the facade frame should be easily accessible.
The connection between the facade elements and the supporting facade element within one component should be easily accessible.
Identification of a base element
The building structure sub-system should be identified as base element for the facade sub-systems.
The primary facade frame should be identified as base element for the facade components.
The element with the supporting function should be identified as base element for the other facade elements within each component.
Independently detachable
The facade sub-systems should be independently detachable from the adjacent facade sub-systems.
The infill component should be independently detachable from the facade frame.
Removable to inside and outside
The facade sub-systems should be removable to the inside and outside.
The Infill facade components should be demountable to the inside and outside.
Independent intermediary
The facade sub-system should be connected with an independent intermediary.
The interior-/ infill-/ exterior facade components should be connected with an independent intermediary.
Consistent connections
The facade sub-systems should be connected with consistent connections to the building structure sub-system.
The exterior-/ infill-/ interior facade components should be connected with consistent connections to the facade frame.
Dimensions and position
The vertical facade sub-system dimensions and position should be in line with the net floor height.
Load bearing connection
The facade sub-system should enable a load bearing connection to the building structure sub-system
Adjustable transoms/ mullion

1.SS.
1.C.
2.
2.S.
2.SS.
2.C.
3.
3.S.
3.SS.
3.C.
4.
4.S.
4.SS.
4.C.
5.
5.S.
5.SS.
6.
6.S.
6.SS.
7.
7.S.
7.SS.
8.
8.S.
8.SS.
9.
9.S.
10.
10.S.
11.

17 Fixed or adjustable (length)

x

x

18 Type (length)

x

x

Cables and pipes in facade

x

x

x

x
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Adjustable facade components
13.C. The facade components should be adjustable in length, depth and function by reconfiguration, replacing, adding, removing and upgrading of elements.

13.

12.SS. The facade frame should provide the possibility to let electricity cables/ water pipes through, in an invisible manner.

12.

11.SS. The transoms/ mullion of the secondary facade frame should be vertically horizontally adjustable.

The building should be dividable in separate building systems, that contain one or more of the following functions: site, structure, skin, service, space plan and stuff.

1.S.

Parameter
Seperation of functions

Integral analysis 'morphological design &
evaluation model' - 'design requirements'

1.B.

Table 29:

1.

D. Integral analysis
Integral analysis ‘morphological design & evaluation model’ related to the ‘design requirements’.
Design Requirements

x
x

x
x

x
x

x

x
x

x

x

x

x

x

x

x

x

x

Division of tasks
Section

Division

1.1

P+R

1.2

P+R

1.3

P+R

1.4

P+R

1.5

P+R

1.6

P+R

2.1

R

2.2

P

2.3

P

3.1

R

3.2

P

3.3

R

4.1

P

4.2

R

4.3

R

4.4

R

4.5

P

5.1

P

5.2

R

5.3

P

6.1

P+R

6.2

P+R
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P+R

Appendix B

P+R

Appendix C

P+R

Appendix D

P+R

Legend
P = Pieter Beurskens
R = René Bakx

